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Today, researchers around the globe are looking for suitable alternatives of conventional fillers which can form flexible pavements
with satisfactory engineering performance in an environmental friendly and cost-effective manner. &is study investigated the
engineering, economical, and environmental viability of recycling waste glass powder (GP) and glass-hydrated lime (GL)
composite as alternative fillers, in place of stone dust (SD). All fillers were characterized, and asphalt concrete mixes incorporating
them at different proportions (4–8.5%) were designed using the Marshall mix design method. &e engineering performance of
asphalt mixes was analyzed using the static creep analysis, indirect tensile fatigue test, Cantabro test, modified Lottman test,
resilient modulus test, mixing time analysis, and boiling water test. Additionally, the design of single km of two-lane flexible
pavements utilizing aforesaid mixes was done as per the mechanistically empirical method suggested in IRC 37 guideline. Finally,
the economic and environmental analysis was done by comparing their material cost and global warming potential (GWP). GL
and GPmixes exhibited better resistance against rutting, fatigue, and low temperature cracking at lower optimum asphalt content
than SD mixes. However, GP mixes also displayed poor moisture resistance and adhesion due to the high amount of silica in GP.
GL mixes had satisfactory moisture resistance up to 7% filler content due to the fine nature and anti-stripping properties of
hydrated lime.&e pavement containing GL and GP fillers also reduced material cost and GWP up to 35% while consuming up to
74 tons of GP.

1. Introduction

In recent years, reclaim, reuse, and recycling of wastes in
place of virgin materials have become a recurring theme of
growing importance. Transportation infrastructures play a
key role in this context, as any new construction or re-
habilitation consumes a huge amount of natural materials
[1]. Utilization of wastes as alternative to virgin materials
solves two important issues: the issues regarding the eco-
friendly disposal of wastes as well as fulfilling the need to
find suitable alternative to conventional/virgin materials.
Global pavement network majorly consists of flexible
pavements which use asphalt concrete mixes as their
surface and base courses. Asphalt mix is a heterogeneous
multiphase material which primarily comprises aggregates

of various shapes and sizes, asphalt binder, and filler.
Asphalt mixes are extensively adopted in flexible pave-
ments around the world as surface and binder courses
which are with the combination of aggregates and asphalt
binder. Various sizes of mineral aggregates in the asphalt
mixes make up a rigid skeleton while the asphalt binder
behaves as an adhesive. &e aggregate portion which passes
through the No. 200 sieve (75 μm) is termed as filler, which
influences the mechanical behavior and durability of the
asphalt mix [2–4]. &e filler present in the asphalt mix
combines with asphalt binder to form asphalt mastic. &e
filler activity in the mastic is due to the physical hardening
and chemical interaction [5]. Based on this activity, the
fillers can be generally classified into two categories known
as active fillers and passive (inert) fillers. &e fillers which
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exhibit chemical activity in the mastic due to their alkaline
nature and acidic nature of binder are termed as active
fillers [5–7]. &is chemical reaction is reported to improve
the anti-aging potential, adhesion, and high temperature
resistance in asphalt mastic and mixes [7, 8]. It is majorly
dependent on the compositional and elemental charac-
teristics of filler and binder. &e fillers such as hydrated
lime, cement, steel slag, and so on fall under the category of
active fillers. On the other hand, the inert or passive fillers
exhibit little to no chemical activity in asphalt mastic.
However, they are usually responsible for causing stiffness
or physical hardening in the asphalt mastic owing to their
physical characteristics. &e fillers such as stone dust,
limestone, and granite fall in the category of passive fillers
[9]. Overall, the performance of asphalt mixes against
distresses like permanent deformation, load and non-load
dependent cracking, aging, and moisture sensitivity is
largely dependent on the physical and chemical charac-
teristics of fillers [3, 10–12]. Hence, it can be said that
nature and quantity of fillers are essential to ensure the cost
effectiveness and long-lasting performance of flexible
pavements. &e cement, stone dust, and lime are primarily
used as conventional fillers. However, various agencies are
promoting the utilization of waste and secondary by-
products in place of conventional materials not only to
reduce landfill waste and to save the cost of conventional
materials but also to ensure sustainable pavement con-
struction by limiting the amount of greenhouse gas
emission. It is essential that the asphalt mixes made with
alternative materials should exhibit satisfactory engineer-
ing performance in a cost-effective and environmental
friendly manner. &e enhanced performance of asphalt
mixes containing alternative solid waste fillers such as
bauxite residue [13]; biomass ashes [14]; brick dust [15];
coal fly ash [16, 17]; and lime kiln dust [18] as fillers has
inspired researchers to investigate the viability of other
wastes to form technically, economically, and environ-
mentally feasible flexible pavements. However, majority of
the available studies are concerned with the examining the
engineering performance of asphalt mix and very limited
attention has been given in analyzing the material cost and
environmental suitability of asphalt pavements made with
these mixes.

Glass is one of the primarily used commodities which
have numerous applications such as utensils, lighting,
window shelves, flooring, appliances, solar panel, and fibre
optic cables. &e disposal of waste glass has become a
primary environmental concern due to growing demand for
landfill spaces and increasing emphasis on carbon footprint
reduction of construction industries. Glass is a non-bio-
degradable material due to its inert nature. Non-recyclable
waste glass takes around 1 million years to decompose and
occupies precious landfill spaces. &e waste glass disposal
has emerged as a primary environmental concern due to the
growing demand for landfill spaces and increasing emphasis
on carbon footprint reduction of construction industries.
Glass is one of the widely used materials whose annual
global production is estimated to exceed 130 million tons
[19]. Waste glass is usually referred to as a by-product of

crushed bottles, window panes, and other glass items ob-
tained from streams of industrial and municipal wastes.
However, a significant quantity of waste is also obtained as
waste slurry which is produced during cutting and polishing
operations of glass slabs in glass industries [20]. Recently,
waste glass has been successfully utilized in manufacturing
products like cementitious binding material [21], acid re-
sistant concrete [22], pavement base course [23], geo-
polymers [24], and ceramics [25]. However, there are only a
few studies which have attempted to recycle the crushed
glass and glass powder as aggregates (fine and coarse) and
filler in asphalt mixes, respectively. Earlier studies [26, 27]
have observed that the incorporation of glass powder in
different quantities as filler led to the formation of asphalt
mixes with higher Marshall stability in comparison to the
asphalt mixes containing conventional fillers like cement
and limestone dust. Arabani et al. [15] observed that the
asphalt mixes containing glass powder as filler exhibited
superior Marshall stability and rutting and fatigue resis-
tance than conventional asphalt mixes. &ey concluded that
the physical and chemical characteristics of glass powder
filler are responsible for its better physicochemical inter-
action with asphalt binder that ultimately improved the
performance of their asphalt mixes.

Simone et al. [28] also observed that incorporation of
glass powder as filler increased the stiffness of asphalt
mastics which may result in formation of asphalt mixes
having better bearing capacity and rutting resistance.
However, despite the superior performance of asphalt mixes
against rutting and cracking, a few recent studies [29–31]
have reported the poor behavior of asphalt mixes containing
glass powder against stripping and ravelling. &is was at-
tributed to low asphalt absorption by the glass and high silica
content in its composition [29, 31, 32]. In order to establish
glass as alternative filler, it is vital that the asphalt mixes
made with it exhibit satisfactory moisture resistance. Hence,
attempts are needed to be made to introduce glass powder
along with an anti-stripping agent in the form of a composite
filler to ensure satisfactory performance of the asphalt mixes
against moisture resistance. However, the primary challenge
in this approach is to identify the appropriate anti-stripping
agent along with its optimum proportion in the composite
filler.

Hydrated lime is a well-known anti-stripping agent used
in reducing moisture damage (stripping). Hydrated lime not
only strengthens the asphalt-aggregate bond but also reacts
with the highly polar molecules in asphalt to form strong
chemical bonds to reduce stripping. &e addition of hy-
drated lime also stiffens the mix and reduces the stripping by
increasing the mechanical strength of the asphalt-aggregate
bond. Hence, the addition of a small amount of hydrated
lime with glass powder can reduce the possibility of stripping
and can increase the allowable percentage of glass in the mix.
&e hydrated lime addition improved mechanical properties
of asphalt mix and its aging resistance [33]. Hence, hydrated
lime could be admixed in an optimum amount to the glass
powder to form a glass-hydrated lime composite filler which
could form asphalt mixes with superior rutting and cracking
resistance without compromising its moisture sensitivity.
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&ere are very limited studies which have utilized glass as a
construction material along with hydrated lime. Lachance-
Tremblay et al. [34] examined the effect of glass aggregate
and hydrated lime content on linear viscoelastic (LVE)
properties of asphalt mixes, and asphalt mixes containing
glass aggregates were found to have lower stiffness values
than conventional asphalt mixes (i.e., no glass aggregates).
Raschia et al. [35] investigated the performance of glass filler
alone and in combination with hydrated lime as composite
filler in cold emulsion asphalt mixes. Results indicated that
after the curing period of three days, mixes stabilized with
glass powder were unable to reach satisfactory resilient
modulus and mechanical performance due to the poor re-
activity of the silica with the asphalt binder/water. On the
other hand, the composite filler formed with glass and
hydrated lime delivered better performances due to the
reaction between silica and calcium hydroxide. In this study,
the authors have performed the investigation herein de-
scribed to fill the huge research gap by developing a glass-
hydrated lime composite filler and analyzing the engineering
suitability of asphalt mixes containing glass powder and
glass-hydrated lime composite (newly developed) fillers
against conventional asphalt mixes containing stone dust
filler. Additionally, this is the first study which has inves-
tigated the economical and environmental suitability of
asphalt mixes containing glass powder and glass-hydrated
lime composite mixes.

2. Objectives and the Brief Outline of the Study

&e overall objective of this study is to maximize the uti-
lization of waste glass powder (GP) in asphalt concrete mixes
as filler without compromising with the engineering, eco-
nomical, and environmental suitability of asphalt mixes.
Previous literatures observed that the GP is notorious in
causing stripping in asphalt mixes, and hence the GP is
incorporated not only as filler but also in the form of glass-
hydrated lime composite (GL) filler. GL as filler was pre-
pared with an intention of avoiding the possibility of for-
mation of the moisture-sensitive mix due to high silica
content in glass by adding a nominal amount of HL as an
anti-stripping agent.

To achieve this objective, the study is divided into four
parts: (1) prequalification assessment of glass powder (GP),
hydrated lime (HL), and stone dust (SD) fillers; (2) design of
asphalt mixtures containing GP, GL, and SD fillers at dif-
ferent quantities (4, 5.5, 7, and 8.5% by weight of asphalt
mix); (3) evaluation of mechanical and durability perfor-
mance of designed mixes with relevant static and dynamic
tests; and (4) design and cost analysis of flexible pavements
using MEPDG-based IITPAVE software utilizing designed
mixes in the surface course. Waste glass powder was col-
lected from dumping ground of glass factory, where it was
generated as dried slurry. &e GL filler was prepared by
fixing the proportion of hydrated lime at 2% in the respective
filler proportion of the mix (4–8.5%) and assigning the
balance part to GP. &e maximum permissible limit of HL
used in the asphalt mix is specified as 2% by Indian pave-
ment design guidelines [4]. Hence, the proportion of

hydrated lime is fixed at 2% in GL to envisage the maximum
utilization of GP (as per the objective) without compro-
mising the asphalt mix’s moisture resistance. &e asphalt
mix design was done as per MS-2 specification [36]. &e
asphalt mixes were compared in aspects such as strength,
volumetric properties, rutting, fatigue and low temperature
cracking resistance, moisture sensitivity, ravelling resistance,
resilient modulus, and active and passive adhesion as per
relevant testing specifications. &e design and cost analysis
of flexible pavements utilizing the aforesaid mixes in their
surface course was done with IITPAVE software according
to Indian pavement design guideline IRC 37: 2018 [37]. &e
researchmethodology of the study is displayed in the form of
flow chart as shown in Figure 1.

3. Materials and Experimental Investigation

3.1. Materials. Dolomite aggregates were utilized, and their
characteristics are mentioned in Table 1. &e design gra-
dation for the preparation of the asphalt concrete is stated in
Table 2.

VG 30 asphalt binder (synonymous to PG 76-XX
binder), whose properties are mentioned in Table 1, was
used in the study. SD and HL were collected locally from
Varanasi city, while GPwas procured from the glass factory’s
dump yard situated in Bhopal city, India.

3.2. Tests on Filler. Various characterization properties of
fillers were obtained as per relevant specifications. Specific
gravity was assessed according to ASTM D854-14 [38].
Particle size distribution curves of fillers was drawn with
Malvern mastersizer, and fineness modulus (FM) and mean
particle size (D50) were assessed. Scanning electron mi-
croscopy (SEM) analysis was performed to analyze the shape
and texture of fillers. &e German filler test was done to
determine the porosity of fillers [39]. X-ray diffraction
(XRD) analysis was done with a Rigaku benchtop XRD
device to obtain the minerals in fillers. &e harmful clay
content was assessed as per EN 933-9 [40]. Finally, the
relative affinity of fillers towards binder and water was
compared by determining their hydrophilic coefficients as
per JTG E42 [41] specification.

3.3. Testing of Asphalt Concrete

3.3.1. Marshall and Volumetric Properties. Asphalt mixes
were designed as per Marshall mix design procedure, in
which binder content corresponding to 4% air voids is
considered as OAC [4, 42]. &e binder content was varied in
the range of 4.5–6.5%, and three specimens were prepared at
each binder level, and a total of 240 specimens (5 binder
contents× 4 types of fillers× 4 filler contents× 3 replicates)
were prepared for the determination of OAC. &e gradation
for the mix is chosen as per MoRTH specification as shown
in Table 2, and filler content was varied between 4, 5.5, 7, and
8.5% by the weight of the aggregates. &e filler proportion
was increased by reducing the fine aggregate proportions
which help to maintain the chosen gradation. As stated in
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the previous section, asphalt concrete mixes incorporating
GL filler were designed by replacing 2% GP at each filler
dosage level with HL. &e average Marshall (stability and
flow) and volumetric properties (voids in mineral aggregates
(VMA) and voids filled with binder (VFB)) of mixes were
also determined at OAC.&e three specimens were prepared
at each OAC, and a total of 48 specimens (4 types of fill-
ers× 4 filler contents× 1 OAC× 3 replicates) were prepared
for the calculation of Marshall and volumetric properties,
and average values are reported. &e apparent film thickness
(AFT) of mixes was estimated as per the following equation:

AFT �
1000VBE

SsPsGmb

, (1)

where Ss � specific surface of aggregates (m2/kg);
Ps � percentage of aggregates (%); Gmb � bulk specific
gravity; and VBE� effective asphalt content (%)

3.3.2. Rutting Resistance. &e rutting resistance was deter-
mined using a uniaxial static creep test. &e testing was done
as per BS 598-111 by imposing a static compressive load to
specimen and determining its axial deformation with time
[43]. &e evaluation of the reversible part of deformation is
determined by removing load and measuring the defor-
mation recovered. &e constant load was applied to the
specimen to generate 100 kPa axial stress during the loading
period of 60 minutes, while the unloading period of the test
is taken as 30 minutes.&e three specimens were prepared at
each OAC, and a total of 48 specimens (4 types of fillers× 4
filler contents× 1 OAC× 3 replicates) were prepared for the
calculation of rutting resistance, and average values are
reported.

3.3.3. Cracking Resistance. &ere are two primary types of
cracking in asphalt mixes, namely, thermal cracking at low
temperature and fatigue cracking. Cracking at low

temperature is generated due to excessive tensile stresses
generated in the mixes due to low temperature and em-
brittlement [44]. &e low temperature cracking was deter-
mined at 0°C by calculating the indirect tensile strength
(ITS) per ASTM D 6931-12 [45] specification. Higher ITS
value corresponds to higher resistance to low temperature
cracking and vice versa [44, 46].

Fatigue cracking is initiated at bottom of layer of asphalt
mixes by the generation of tensile stresses due to repeated
traffic loading at intermediate temperature [47]. &e fatigue
life of asphalt mixes was calculated as per EN 12697-24
guideline. &e test was done at 25°C under controlled stress
condition, and the testing stress is taken as 40% of the ITS.
&e haversine loading is applied through the haversine load
pulse with loading period of 0.1 s and rest period of 0.4 s. &e
three specimens were prepared at each OAC, and a total of
48 specimens (4 types of fillers× 4 filler contents× 1 OAC× 3
replicates) were prepared for the calculation of low tem-
perature cracking and fatigue resistance, and average values
are reported.

3.3.4. Asphalt Aggregate Adhesion and Moisture
Susceptibility. An asphalt mix must have good adhesion
between asphalt binder and aggregates in both dry and wet
conditions. &e adhesion loss in the aggregate-binder in-
terface is one of the primarily responsible mechanisms for
high moisture susceptibility in the mixes. It could be divided
into two components, namely, active adhesion and passive
adhesion. Active adhesion is the ability of binder to com-
pletely coat aggregates in mixing operation of asphalt mixes
[48, 49]. Active adhesion can also be represented by the term
mixability. On the other hand, passive adhesion is the ability
of the asphalt binder to remain coated on the surface of
aggregate while being subjected to the external moisture and
traffic (also represented as moisture susceptibility) [48, 49].

&e effect of various fillers on the active adhesion was
analyzed bymeasuring the time required by the aggregates in

Table 1: Properties of aggregate and asphalt.

Material Property Specification Results Requirements

Aggregates

Bulk specific gravity of coarse aggregate ASTM C127 2.795 -
Bulk specific gravity of fine aggregate ASTM C128 2.720 -

Water absorption of coarse aggregate (%) ASTM C127 0.374 2% (max)
Aggregate impact value (%) IS:2386 (Part IV) 11.1% 24% (max)

Los Angeles abrasion value (%) IS:2386(Part IV) 13.4% 30% (max)
Combined flakiness and elongation index IS: 2386(Part I) 21.3% 35% (max)

Asphalt

Absolute viscosity at 60°C (poise)

IS 73: 2013

2692 2400–3600
Penetration at 25°C (0.1mm) 62 50–70

Softening point (oC) 51.5 47 (min)
Ductility at 27°C (cm) >100 75 (min)

Specific gravity 0.999 0.98–1.04

Table 2: Adopted gradation of asphalt concrete mix.

Sieve sizes (mm) 19 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Allowable limits (%) 100 90–100 70–88 53–71 42–58 34–48 26–38 19–28 12–20 4–10
Adopted gradation (%) 100 91 74 62 50 43 35 25 14 4, 5.5, 7, and 8
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the mix to get uniformly coated with the binder. &e total
time elapsed between the moment of the addition of binder
to the moment of all aggregates in the mix getting 100%
coated is measured. In this study, the analysis of passive
adhesion/moisture susceptibility of loose mixes and the
compacted specimen was conducted using two empirical
tests as per ASTM D 3625-12 [50] and AASHTO T283
guidelines, respectively. &e loose asphalt mixes were sub-
merged in the boiling water for 10 minutes (maintained at a
temperature between 85 and 100°C), and the retained asphalt
binder coating on aggregates was calculated by visual ob-
servation. &e three specimens were prepared at each OAC,
and sets of 48 specimens (4 types of fillers× 4 filler con-
tents× 1 OAC× 3 replicates) were prepared for the calcu-
lation of active adhesion and passive adhesion of loose
mixes, while themoisture resistance of compactedmixes was
estimated by comparing their tensile strength ratio (TSR)
[51]. In this analysis, two sets of Marshall specimens
(conditioned and unconditioned) were prepared at 7% air
voids for each mix. &e six specimens were prepared at each
OAC, and a set of 96 specimens (4 types of fillers× 4 filler
contents× 1 OAC× 2 conditions of specimens× 3 replicates)
were prepared for the calculation of TSR. &e conditioned
specimens were then subjected to a cycle of freeze-thaw
conditioning. &e TSR of the mixes was then determined as
the ratio of mean ITS of conditioned specimens to the mean
ITS of unconditioned specimens. &e mix having higher
TSR value exhibited lower moisture susceptibility.

3.3.5. Ravelling Resistance. &e ravelling resistance of as-
phalt mixes was estimated with the Cantabro loss test as per
Spanish norm NLT-352/86 [52]. In this test, Marshall
specimens were placed in the Los Angeles abrasion (without
steel charges) and were subjected to 300 rotations at the rate
of 33 rpm. &ree specimens were prepared for each type of
mix, and a total of 48 specimens (4 types of fillers× 4 filler
contents× 1 OAC× 3 replicates) were prepared for the
calculation of ravelling resistance, and average values are
reported. &e percentage loss of weight suffered by the
specimens was measured and termed as Cantabro loss. &e
mix which suffered lesser Cantabro loss exhibited better
resistance against ravelling and vice versa.

3.3.6. Resilient Modulus. Resilient modulus (Mr) is an in-
tegral parameter used in pavement design using mecha-
nistic-empirical pavement design guidelines which analyze
the ability of pavement layer to disperse load.Mr of Marshall
specimens was determined according to ASTM D4123-82
[53] at 35°C using a universal testing machine. &e stress
level used in testing should lie between 10 and 50% of the
ITS, and hence the load corresponding to 10% of ITS was
used for testing [53]. &e haversine load pulse was used in
analysis at 1Hz frequency (0.1 s load and 0.9 s rest period),
while Poisson’s ratio of each mix was taken as 0.35 [15, 54].
&ree specimens were prepared for each type of mix, and a
total of 48 specimens (4 types of fillers× 4 filler contents× 1

OAC× 3 replicates) were prepared for the calculation of
resilient modulus, and average values are reported. &e
resilient modulus was determined using the following
equation:

Mr �
P(] + 0.27)

tΔδ
, (2)

where Mr � resilient modulus (MPa), P� repeated load (N),
]�Poisson ratio, t� specimen thickness (mm), and
δ � recoverable horizontal deformation (mm).

3.4. Design and Analysis of Flexible Pavements

3.4.1. Design of Flexible Pavements. &is objective of this
section is to design most economical flexible pavement
section utilizing various asphalt concrete mixes as surface
course to support similar design traffic. &e analysis was
done according to IRC 37: 2018 specification which con-
siders pavement as a multilayer system and uses “linear
elastic layered theory” for its analysis [37]. In all sections,
the pavement system was assumed to have asphalt sur-
facing, asphalt binder course, granulous base, and subbase
course and subgrade. &e primary material properties
(stiffness moduli and Poisson’s ratio) and layer thickness
for each course are shown in Figure 2. Resilient modulus
values of mixes determined in the previous section were
adopted as elastic modulus values for the surface course.
&e design traffic volume is selected as the total traffic
volume which pavement encounters during its service life.
In this study, the design traffic volume is assumed to be 200
million standard axles (msa), which corresponds to a
standard busy highway section having a very heavy traffic
volume.

As per IRC 37: 2018, the layer thickness of the surface
course should be selected in such a manner that the stress
and strain obtained at the critical locations should not ex-
ceed the allowable strains. &e allowable stress or strain is
termed as the maximum stress or strain occurring at critical
locations of the pavement system which leads to its failure.
In this particular case, the tensile strain at the bottom fibre of
the bottommost asphalt layer (binder course) and com-
pressive strain at the top of the subgrade are considered as
critical locations.

&e allowable strains at these locations can be de-
termined using subgrade rutting and asphalt fatigue
equations (3) and (4) at a 90% reliability factor with re-
spective air void volume and bitumen volume in the
mixtures [37].

Allowable vertical compressive strain at the top of the
subgrade was calculated from the following equation:

Nr � 1.41 × 10−8 1
εv

 

4.5337

, (3)

where Nf is design traffic volume and εv is the vertical
compressive strain at the top of the subgrade.

Allowable tensile strain at the bottom fibre of the binder
course was calculated from the following equation:
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Nf � 0.5161 × C × 10−4
×

1
εt

 

3.89

×
1

MR

 

0.854

, (4)

where Nf is design traffic volume, εt is the horizontal tensile
strain at the bottom fibre of the binder course, and MR is the
resilient modulus (MPa) of the binder layer.

&e factor “C” is termed as the adjustment factor which
is used to take account for the effect of variation in the
volumetric parameters (air voids and effective binder vol-
ume) on the fatigue life of the bottommost asphalt course.

C � 10M
, (5)

M � 4.84
Vbe

Vbe + Va

− 0.69 , (6)

where Vbe and Va represent effective binder volume and
volume of air voids in the binder course of the pavement. In
this study, binder course is assumed to have Vbe and Va

equal to 3% and 11.5%, respectively. &ese are commonly
preferred at the pavement site to ensure satisfactory pave-
ment performance [37]. Hence, the value of C corre-
sponding to these volumetric properties was calculated and
taken as 3.155.

For each pavement system, the thickness of the surface
course was assumed by trial and error (keeping other layer
thicknesses constant) to ensure that the strains that occurred
at critical locations should not exceed the allowable strains.
&e strains at different locations of the pavement system

were determined using IITPAVE software which is pre-
scribed by IRC: 37 guideline. &e design thickness for the
surface course was finalized as the minimum layer thickness
(most economical) at which strains at critical locations
should not exceed the allowable strains.

3.4.2. Cost Analysis of Designed Pavement Surface Course.
&e cost of materials needed to construct a single km of two-
lane (7.00m) pavement surface course for design traffic
volume is calculated in this section.&e expenditures related
to workmanship andmachinery are not taken in the analysis,
but only the material costs are taken into consideration. &e
surface layer thickness was determined in previous section,
and the quantity of ingredients was calculated accordingly.
&e detailed steps involved in the assessment of the material
quantity and their cost can be referred from the recently
published study of the authors [30]. &e price of pavement
materials was taken according to the specification of Central
Public Works Department, India [55]. GP was obtained
directly from its dumping grounds, and hence its cost is
taken as zero. &e cost required in transferring SD from the
stone crusher to pavement location was assumed to be same
of that of transporting GP from its dumping ground to
pavement site. &e GP needed minimal processing since it
was found to be already fine in their natural state. &e GP
processing (labour) cost was implied as 0.5% of the total
material cost [30]. &e cost incurred in transporting waste
materials was assumed to be the same as that incurred in

E = Experimentally Determined
Poisson’s Ratio = 0.35

Surface 
Course

E = 3000 MPa
Poisson’s Ratio = 0.35

Layer Thickness = 150 mm

Binder 
Course

E = 200 MPa
Poisson’s Ratio = 0.35

Layer Thickness = 250 mm

Base 
Course

E = 200 MPa
Poisson’s Ratio = 0.35

Layer Thickness = 230 mm

Subbase 
Course

E = 62 MPa
Poisson’s Ratio = 0.25Soil

Subgrade

Asphalt Concrete

Dense Bituminous 
Macadam

Wet Mix 
Macadam

Granular 
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Figure 2: Pavement structure designed in this study.
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transferring conventional SD from its quarries to the
pavement site.

3.4.3. Analysis of Global Warming Potential (GWP) of
Designed Surface Courses. According to Intergovernmental
Panel on Climate Change (IPCC), the GWP comprised of all
substances which contribute to the climate change [56]. To
analyze the GWP, the lifetime of a substance and its effi-
ciency to act as a GHG are estimated. &e life cycle of any
pavement comprised of four different phases: material
production, construction, use, and maintenance [57]. In this
study, the GWP for various asphalt mixes was determined by
comparing the GHG emission happened during the material
production that is required to manufacture 1 km of flexible
pavement section utilizing all twelve types of asphalt mixes
as surface course.

&e GWP for various asphalt mixes was assessed by
comparing the green house gas (GHG) emission occurred
in manufacturing 1 km of flexible pavement section uti-
lizing all twelve types of asphalt mixes as a surface course.
After the calculation of optimum design thickness for the
surface courses for each type of mixes, the amount of
material needed to construct 1 km of two-lane (7m) surface
course was calculated.&e standard amount of emission (in
terms of kg of CO2 equivalent) by different materials
(coarse and fine aggregates, stone dust (SD), hydrated lime
(HL), and asphalt binder) was taken from the several
previously published peer reviewed studies [58–61]. Eu-
ropean Union’s Waste Framework Directive (2008/98/EC)
defines “waste” as any substance or object which the holder
discards or intends or is required to discard [62]. Since GP
is discarded by its agency, it can be considered as waste. It
was also stated beforehand that these materials were in-
corporated in the asphalt mixes directly without any
physical or chemical modification. Hence, considering all
these factors, the GWP of GP was assumed as zero. For the
sake of simplification, construction, use, and maintenance
phases were not taken into analysis. &is is justified by the
assumption that different production setups for every
construction material do not influence the use and
maintenance of the pavement.

4. Discussion of Results

4.1. Filler Characterization. &e characteristics of fillers are
stated in Table 3 and Figures 3(a) and 3(b). SD has the
highest specific gravity while HL and GP had almost similar
specific gravities. &us, SD occupies lower volume in asphalt
mix per unit weight. Particle size distribution curves are
shown in Figure 3(a). HL was the finest filler while SD and
GP were the coarsest fillers and have higher FM and D50
values. SEM images of fillers are shown in Figure 3(b). GP
and SD have relatively large, angular particles with smooth
texture, while HL had smaller particles with rough texture.
GP and HL fillers displayed relatively higher porosity as
compared to SD as seen from their lower German filler
values. &e high porosity of filler may increase the OAC and
rutting resistance of asphalt mixes [16]. Active clay in fillers

can swell in presence of water and lower the adhesion be-
tween filler and asphalt, which weakens the asphalt mix.
However, all fillers had low active clay content as indicated
by their lower methylene blue value. HL and SD were found
to have a predominance of Portlandite and dolomite in their
composition. Both of them comprised of calcium-based
minerals which reduce moisture sensitivity of asphalt mixes.
GP consists of a high amount of silica as quartz which is
usually linked with greater moisture sensitivity of asphalt
mix [63]. However, all fillers displayed hydrophobic nature
and exhibited superior affinity towards asphalt binder. Based
on detailed preliminary characterization, all materials ful-
filled the requirements of fillers in asphalt mixes.

4.2. Performance of Asphalt Concrete Mixes

4.2.1. Marshall Properties. &e Marshall and volumetric
properties of most of the mixes fulfilled the requirements
specified in Indian specification (Table 4) [4]. However,
mixes prepared with 8.5% of GL had marginally lower
(13.9%) VMA value than required.

Up to 7% filler content, Marshall stability (MS) of mixes
tends to improve with filler content because of toughening of
asphalt mastic because of simultaneous growth in quantity of
filler as well as lowering in OAC. However, there is a
marginal drop in MS in GP and GL mixes containing 8.5%
filler whichmight be attributed to the adhesion loss inmastic
due to lower OAC and higher silica content of fillers. In
general, it is observed that GLmixes had higher MS followed
by SD and GP mixes due to the strengthening of asphalt
mastic due to the greater fineness of HL. However, at 8.5%
filler, mixes with SD had the highest stabilities followed by
GL and GP mixes that may be because of the reduction in
adhesion in GP and GL mixes caused by high silica content
in the glass [64]. OAC reduced with the increase in filler
amount due to asphalt “extender” behavior of fillers, which
enable them to form same amount of mastic with higher
filler content and lower binder content. Hence, mixes
prepared with higher filler contents require lower binder
content to the specified air voids [11, 16, 64]. Asphalt mixes
containing GP exhibited lowest OAC followed by GP and SD
mixes. HL is the finest filler followed by GP and SD. Hence,
GL showed better asphalt extender effect than other fillers.
Additionally, HL and GP have lower specific gravities, and
hence they occupy larger volume when incorporated in same
weight proportion. It consequently leaves a lower volume for
binder accumulation, thus resulting in lowering of OAC in
their mixes [18, 65].

4.2.2. Rutting Resistance. &e permanent deformation
(creep) of asphalt mixes decreased with the increase in filler
content (Table 5). &e trend is consistent for all filler
contents and agrees with results obtained in previous studies
[16, 17, 64]. For all mixes, both VMA and AFT decreased
with increase in filler content. Previous studies have sug-
gested that the mixes having lower VMA and apparent film
thickness (AFT) tend to display better rutting resistance
[44, 66]. In general, GL mixes displayed the maximum
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Figure 3: (a) Particle size distribution curves of various fillers. (b) SEM images of various fillers.

Table 3: Details of characterization properties of fillers.

Filler property Glass powder
(GP) Hydrated lime (HL) Stone dust (SD) Inferences

Specific gravity 2.370 2.363 2.698

GP and HL have lower specific gravity than
SD, and thus they occupy larger volume in
asphalt mix in comparison to SD. Hence
mixes containing GP and HL has lower
OAC than conventional asphalt mixes

containing SD.

Methylene blue value
(g/kg) 1.25 0.25 3.25

All fillers have low MBV (less than 10)
which indicated the presence of lower
harmful clay content per unit weight of

material.

German filler value
(g) 75 35 85

HL and SD were found to have lowest and
highest porosity/fractional voids per unit

weight, respectively.
Fineness modulus 4.66 2.93 5.38 SD and HL were found to be coarsest and

finest fillers, respectively.D50 (µm) 19 9 21

Particle shape and
texture (SEM)

Angular
particles with
smooth texture

Subangular and
granulous particles
with a rough texture

Angular particles with
smooth to rough texture

Particles with rough texture may negatively
affect workability and can also cause higher

asphalt absorption.

Primary
mineralogical
composition (XRD)

Quartz (SiO2)
Portlandite

(Ca(OH)2), calcite
(CaCO3)

Dolomite (CaMg(CO3)2),
quartz (SiO2), ertixite

(Na2Si4O9)

Absence of any harmful expansive clay
minerals. SD and HL consist of dolomite
and Portlandite, respectively, which is a
calcium-based water-insoluble mineral
having good asphalt adhesion. Quartz is
associated with poor moisture sensitivity.

Hydrophilic
coefficient 0.81 0.75 0.77 All materials displayed a higher affinity

towards asphalt in comparison to water.
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rutting resistance followed by GP and SD mixes. GL mixes
displayed the lowest permanent deformation trailed by
mixes containing GP and SD because of their lowest VMA
and AFT. Both waste and composite filler mixes displayed
lower permanent deformation and higher rutting resistance
than conventional SD mixes. High resistance of GL mixes
against permanent deformation may also be due to finest
particle size of HL, which tends to uniformly distribute in the
mix and increase their stiffness.

4.2.3. Cracking Resistance. &e ITS values of the mixes at
0°C were increased with filler content irrespective of the filler
type (Table 5).&e increase in ITS with filler content is due to
increase in mastic strength due to the growth in filler
proportion and decline in binder proportion. An increase in
filler content in mixes also increased the density of mixes,
which might also be a possible reason for the increase in ITS
values [67]. &e mixes having waste fillers showed superior
ITS than SD mixes. GL mixes showed the highest ITS

followed by GP and SD mixes. &e increase in the volume
fraction of filler tends to increase the stiffness of the mastic
and mixes, thus improving the ITS. Since GL and GP oc-
cupied the highest volume due to their low specific gravity,
they exhibited higher ITS values. High ITS values of GL and
GP mixes might be attributed to their fineness due to which
they distribute uniformly and form an integrated structure
which resulted in superior ITS [54, 68].

Fatigue lives of GL and GP mixes improved with filler
quantity up to 7%. However, in case of SD mixes, fatigue life
increased up to 8.5% filler content (Table 5). &e primary
reason for this phenomenon is the tendency of filler to
display “crack pinning” behavior in the filler binder mastic
which slows down the growth of microcracks by acting as
barriers and deflects the crack propagation [69–71]. Another
reason for the improvement in fatigue life with filler content
may be due to the mode of testing. It was observed that
fatigue life of mixes improved with growth in stiffness, when
controlled stress mode of testing is adopted [72, 73]. In
general, GL mixes displayed highest fatigue lives followed by

Table 4: Marshall and volumetric properties of various mixes (standard deviations are mentioned in the parenthesis).

Type of filler
Filler content (% of

the weight of
aggregates)

OAC (% of the
total weight of

mix)

Bulk specific
gravity VMA (%) VFA(%) Marshall

stability (kN)
Flow
(mm)

AFT
(µm)

Stone dust

4.0 6.20 2.430 (0.005) 17.02 (0.18) 74.22 (0.94) 12.22 (0.30) 3.43 (0.18) 7.85
5.5 5.95 2.444 (0.006) 16.21 (0.18) 74.43 (1.01) 13.99 (0.47) 3.62 (0.18) 7.34
7.0 5.38 2.453 (0.010) 15.31 (0.31) 74.79 (1.95) 15.96 (0.29) 3.50 (0.31) 6.47
8.5 5.34 2.466 (0.005) 14.70 (0.19) 72.01 (1.06) 16.58 (0.33) 3.22 (0.19) 5.77

Glass powder

4.0 6.03 2.427 (0.005) 16.51 (0.17) 74.85 (0.93) 12.98 (0.46) 3.38 (0.17) 7.38
5.5 5.81 2.431 (0.009) 15.96 (0.29) 73.92 (1.64) 13.46 (0.52) 3.18 (0.29) 6.83
7.0 5.48 2.441 (0.011) 14.85 (0.38) 72.97 (2.06) 14.93 (0.88) 3.37 (0.38) 6.17
8.5 5.26 2.448 (0.008) 14.23 (0.28) 72.27 (1.67) 14.52 (0.62) 2.95 (0.28) 5.62

Glass-hydrated
lime

4.0 5.65 2.448 (0.006) 15.43 (0.19) 74.18 (1.11) 14.32 (0.27) 3.21 (0.19) 6.99
5.5 5.38 2.457 (0.010) 14.62 (0.36) 70.79 (2.05) 15.04 (0.30) 3.06 (0.36) 6.07
7.0 5.12 2.455 (0.006) 14.22 (0.21) 69.15 (1.17) 16.78 (0.75) 3.30 (0.21) 5.50
8.5 5.05 2.452 (0.010) 13.92 (0.37) 69.33 (2.15) 16.10 (0.40) 2.88 (0.37) 5.25

Requirements [4]
(min) 4–10 - - 14.00 (min) 65–75 9.00 2–4

Table 5: Various properties of asphalt mixes at different filler contents (standard deviations are mentioned in the parenthesis).

Type of
filler

Filler
content
(%)

Properties of asphalt mix

Permanent
deformation

(mm)

Indirect
tensile
strength
(kPa)

Fatigue life
(cycles)

Mixing
time (s)

Retained
asphalt

coverage (%)

Tensile
strength
ratio (%)

Cantabro
loss (%)

Resilient
modulus
(MPa)

Stone dust

4.0 0.095 (0.01) 2614 (132) 2491 (164) 84 (2.65) 100 (0.00) 94.23 (1.23) 4.74 (0.84) 1360 (117)
5.5 0.085 (0.01) 2774 (184) 4201 (221) 89 (4.04) 100 (0.00) 93.28 (1.02) 3.86 (0.65) 1991 (97)
7.0 0.072 (0.02) 3124 (226) 6036 (272) 93 (4.14) 97 (2.89) 89.26 (1.96) 3.42 (0.23) 2630 (101)
8.5 0.06 (0.01) 3312 (118) 6964 (187) 108 (6.11) 93 (2.89) 85.59 (3.01) 5.32 (0.77) 2930 (88)

Glass
powder

4.0 0.075 (0.01) 2964 (148) 4324 (267) 107 (5.57) 75 (5.00) 54.05 (4.85) 3.94 (0.61) 1610 (136)
5.5 0.067 (0.01) 3108 (166) 5932 (174) 133 (9.17) 68 (2.89) 39.47 (5.59) 3.56 (0.47) 2134 (157)
7.0 0.045 (0.01) 3452 (202) 6432 (265) 153 (3.46) 55 (5.00) 17.65 (6.38) 5.16 (0.88) 2834 (103)
8.5 0.032 (0.01) 3654 (154) 5321 (301) 192 (3.51) 42 (2.89) 9.18 (2.46) 5.84 (0.28) 3072 (102)

Glass-
hydrated
lime

4.0 0.06 (0.02) 3024 (157) 4971 (144) 90 (2.00) 95 (0.00) 88.58 (1.21) 4.22 (1.01) 2042 (106)
5.5 0.04 (0.01) 3392 (209) 6326 (212) 120 (4.51) 85 (0.00) 85.34 (1.32) 4.00 (0.52) 2542 (96)
7.0 0.025 (0.00) 3712 (119) 7422 (314) 142 (6.51) 82 (2.89) 81.12 (2.54) 5.75 (0.84) 3111 (131)
8.5 0.015 (0.00) 3796 (102) 6886 (137) 183 (4.73) 68 (2.89) 71.27 (3.99) 5.95 (0.36) 3512 (114)
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GP and SD mixes. HL and GP have lower specific gravity
than SD, while their mixes have lower OAC than SD mixes.
Hence, fillers in higher volume behave as barrier in relatively
less quantity of binder, which deflected more number of
cracks and improved the fatigue lives of their mixes. &e
asphalt mix’s fatigue life is also dependent on the filler bi-
tumen bonding. In the case of mixes having 8.5% filler, the
SD filler maintained its bonding with bitumen (due to
dolomite in composition), while the bond GP and GL fillers
got weakened (high silica concentration) which led to a
decrease in the fatigue life of their mixes.

4.2.4. Asphalt Aggregate Adhesion and Moisture
Susceptibility. SD mixes displayed superior active and
passive adhesion followed by GL and GP mixes, re-
spectively (Table 5). &ey had the least mixing time and
highest bitumen coverage than GL and GP mix, respec-
tively (Table 5). &e dolomite in SD and higher OAC of
their mixes may be responsible factors for their better
adhesion. GP mix showed adhesions due to presence of
high amount of silica [29, 31]. Fillers containing high
amount of silica form weak mechanical (van der Waals
force) bond with asphalt binder which resulted in poor
adhesion [74, 75]. GL mixes have displayed almost similar
performance as SD mixes at 4% content, which may be
due to the adhesion promoter behavior of HL. However,
this influence seemed to diminish at higher filler contents
(7% and 8.5%) and GL mixes delivered performance al-
most similar to GP mixes.

&e passive adhesion in the compacted specimen is
shown in Table 5. TSR values of mixes reduced with the
higher filler quantity which was caused due to lowering in
OAC and AFT of mixes. All asphalt mixes should have
atleast 80% TSR as per Indian specifications [4]. GP mixes
displayed poor performance against moisture, and none of
the GP modified mixes satisfied the given criteria (Table 5).
However, it was found that replacement of 2% glass powder
with hydrated lime (HL) had dramatically improved the
values of TSR. &e improvement in performance is due to
anti-stripping nature of HL which contains Portlandite
(Ca(OH)2) in it [12, 33]. &e hydrated lime was found to
improve the moisture resistance of asphalt mixes by
interacting with carboxylic acid in binder and forming
water-insoluble calcium salts [76]. &e improvement in
moisture resistance in GL mixes might also be due to the
formation of cementitious compounds because of the re-
action of pozzolanic compound SiO2 and lime in the
presence of water [77]. GLmixes displayed significantly high
TSR values than GP mixes and have shown satisfactory TSR
up to 7% of filler content in the mix. Hence, it can be said
that up to 5% of GP along with 2% of HL can be satisfactorily
utilized as a filler.

4.2.5. Ravelling Resistance. Ravelling resistance of all mixes
was assessed by comparing their Cantabro loss (Table 5). It
seemed that Cantabro losses reduced with filler content up to
a limit followed by a marginal decline. &e reduction in
Cantabro loss might be attributed to mastic hardening with

the increase in filler proportion, which improved the impact
resistance of the mixes [78]. However, excessive stiffening
and lowering of OAC at higher filler contents reduced the
adhesion which consequently increased the losses. GP and
GLmixes showed lower Cantabro losses (at 4 and 5.5%) than
SD mixes, while SD mixes displayed better performance at
higher filler contents (7 and 8.5%).

4.2.6. Resilient Modulus. &e resilient modulus (Mr) of
mixes is stated in Table 5 and was found to increase with the
filler content. It is due to the lower OBC of waste filler
modified mixes and due to fineness of filler particles
[54, 75]. In general, GL mixes showed highest Mr values
followed by GP and SD mixes. Hence, flexible pavements
with GP and GL mixes may support same volume of traffic
with relatively lower layer thickness than SD mix.

4.3. Analysis of Flexible Pavements

4.3.1. Structural Design of Flexible Pavements. &e allowable
vertical compressive and horizontal tensile strains at critical
locations were found to be 0.273×10−4 and 0.134×10−3,
respectively, as per equations (4) and (5). &e minimum
surface layer thickness which ensures that the strain in
critical location remains lower than allowable strains was
determined using IITPAVE software [37]. &e thicknesses
corresponding to each mix are stated in Table 6. It is seen
that the growth in filler content significantly improved the
stiffness of mixes, which ultimately resulted in a considerable
reduction in required surface layer thickness. &e com-
parison of layer thickness of various mixes with SD mix
containing 4% filler (SD 4) is also reported in Table 6. GL
mixes displayed the lowest layer thickness followed by GP
and SDmixes. &e use of waste fillers seemed to significantly
reduce the required thickness which resulted in a mo-
mentous saving in material and workmanship.

4.3.2. Cost Analysis of Flexible Pavements. &e amount of
ingredients consumed to construct 1 km of 2-lane surface
course is stated in Table 7 along with their respective cost.
&e cost comparison of various surface courses with SD mix
containing 4% filler (SD 4) mix is made in Table 8. It can be
clearly seen that cost of surface courses significantly declined
with increase in filler content. Since binder has the highest
cost, the reduction in cost of different mixes was attributed
to the its relative savings. Asphalt mixes containing GL
mixes were found to bemost economical followed by GP and
SD mixes. &e use of GL and GP resulted in momentous
savings of 33 and 35%, respectively. In the case of SD mixes,
the growth in filler content from 4 to 8.5% has resulted in a
cost reduction of up to 30%.

4.3.3. Analysis of GWP of Flexible Pavements. &e GWP of
various surface courses was analyzed by comparing their
GHG, which is shown in Tables 9 and 10. Similar to the cost
analysis, the growth in filler content tends to significantly
reduce the GWP of surface courses. &e GP mixes can be
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considered as most environmentally friendly, and use of GP
at higher quantities (8.5%) is expected to reduce the GHG
emission by 35%.&is might be due to lower consumption of
bitumen by these mixes. Interestingly, it can be observed that
GL mixes displayed higher GHG emission amongst all
mixes, despite having lower OAC and surface layer thick-
ness. &e higher GWP of these mixes might be attributed to
the hydrated lime which generates good amount of CO2
during its production. It must also be noted that surface
course containing GL filler at 7 and 8.5% exhibited almost
similar GHG as SD 4 mixes. Hence, utilization of GL at
higher filler contents could not only be environmentally
friendly but also be significantly cheaper than conventional
SD 4 mixes. &e use of GP and GL as fillers also conserves
momentous amount of non-removable resources (aggre-
gates, stone dust, and asphalt binder) in each km of surface

layer construction (Table 9). &e single km of two-lane
surface course made with GL and GP fillers is expected to
conserve up to 324 and 312 tons of aggregates and stone dust
in comparison to SD 4 mixes. &e use of GL and GL surface
course also saves up to 27 and 30 tons of asphalt binder in
each km of road construction. It will also be helpful in
reducing the cost of transportation, workmanship, and the
time of road construction. Up to 74 tons of waste GP can be
consumed in the construction of a single km of such
pavement, while up to 56 tons of waste GP can be consumed
in the form of GL composite. &is will significantly resolve
the issue regarding the safe disposal of GP. GL 7 mix can be
considered as the most superior amongst all mixes. Not only
this mix showed satisfactory resistance against moisture and
superior stiffness and cracking resistance than SD 4 mix but
also surface courses made with it were found to be 21%more

Table 6: &e adopted thickness and computed strains (using IITPAVE).

Type of
filler

Percentage of
filler in the mix

(%)

Resilient
modulus at
35°C (MPa)

&e adopted
thickness of
surface course

(mm)

Computed vertical
compressive strain

at top of the
subgrade

Computed horizontal
tensile strain at the

bottom of the
bottommost bituminous

layer

Comparison of the
surface layer thickness of

different mixes with
respect to SD 4 mix (%)

Stone dust

4 1360 70 0.2374×10−3 0.1335×10−3 100
5.5 1991 62 0.2330×10−3 0.1339×10−3 88.57
7 2630 57 0.2294×10−3 0.1339×10−3 81.43
8.5 2930 56 0.2271× 10−3 0.1334×10−3 80.00

Glass
powder

4 1610 66 0.2358×10−3 0.1339×10−3 94.29
5.5 2134 61 0.2319×10−3 0.1337×10−3 87.14
7 2834 56 0.2281× 10−3 0.1338×10−3 80.00
8.5 3072 54 0.2267×10−3 0.1336×10−3 77.14

Glass-
hydrated
lime

4 2042 62 0.2323×10−3 0.1335×10−3 88.57
5.5 2542 58 0.2294×10−3 0.1336×10−3 82.86
7 3111 55 0.2263×10−3 0.1334×10−3 78.57
8.5 3512 53 0.2247×10−3 0.1331× 10−3 75.71

Table 7: Cost analysis of various mixes.

Type of
filler Filler

content
(%)

Quantity
of

bitumen
(ton/km)

Quantity of
coarse

aggregate
(m3/km)

Quantity of
fine

aggregate
(m3/km)

Quantity
of SD

(m3/km)

Quantity
of GP

(m3/km)

Quantity
of

hydrated
lime

(ton/km)

Total
material
cost (INR/

km)

Processing
cost (0.5% of
material cost)
(INR/km)

Final cost
(INR/km)

CPWD
rates

INR
39570/ton

INR 1350/
m3

INR 1350/
m3

INR
1400/m3 0 INR 2900/

ton

Stone dust

4.0 78.70 151.18 236.68 16.49 0 0 36,60,976 0 36,60,976
5.5 67.10 135.09 206.01 20.25 0 0 31,44,147 0 31,44,147
7.0 55.65 125.50 186.31 23.95 0 0 26,56,573 0 26,56,573
8.5 54.53 124.01 179.08 28.74 0 0 26,07,250 0 26,07,250

Glass
powder

4.0 71.95 142.66 223.34 0 17.71 0 33,41,227 16,706 33,57,933
5.5 64.03 132.42 201.95 0 22.60 0 29,85,075 14,925 30,00,000
7.0 55.48 122.55 181.93 0 26.62 0 26,06,267 13,031 26,19,298
8.5 51.38 118.82 171.59 0 31.34 0 24,24,978 12,125 24,37,103

Glass-
hydrated
lime
composite

4.0 63.62 135.80 212.59 0 8.43 19.98 30,45,777 15,229 30,61,006
5.5 56.72 127.91 195.07 0 13.89 18.82 27,34,973 13,675 27,48,648
7.0 51.00 121.57 180.47 0 18.86 17.88 24,77,864 12,389 24,90,254
8.5 48.38 117.10 169.10 0 23.62 17.23 23,50,835 11,754 23,62,589

Note. 1 $≈74.82 INR (on 13/08/2020).

12 Advances in Civil Engineering



economical. &e construction of single km of GL 7 surface
course can also conserve up to 280 and 28 tons of aggregates
and asphalt binder, respectively, as well as utilize 45 tons of
GP.

&e comparsion of obtained results is also made with the
previous major literatures as stated in Table 11. It can be clearly
observed that in comparison to the previous literatures, current
study explored the performance of asphalt mixes containing
variable amounts of GP and GL fillers in more multifaceted
manner. Unlike previous studies, it addressed a critical issue

concerning the moisture sensitivity of asphalt mixes containing
GP in significant detail. Additionally, it also explored the vital
aspects concerning the cost and environmental sustainability of
GP incorporation, which has not been done before. &is study
not only conclusively proved that the incorporation of GP alone
as filler can increase moisture sensitivity of asphalt mix but also
suggested a manner to maximize the utilization of GP in the
form of GL composite filler, while maintaining the engineering,
economical, and environmental viability of prepared asphalt
mixes.

Table 8: Comparison of the final cost of different mixes.

Filler type
&e total cost of mixes with respect to SD mix containing 4% filler (SD 4)

Filler content
4% 5.5% 7% 8.5%

Stone dust 100 85.88 72.56 71.22
Glass powder 91.27 81.95 71.55 66.57
Glass lime 86.31 75.08 68.02 64.53

Table 9: Global warming potential of various mixes.

Type of
filler

Filler
content
(%)

Quantity
of

bitumen
(ton/km)

Quantity
of coarse
aggregate
(ton/km)

Quantity
of fine

aggregate
(ton/km)

Quantity
of SD

(ton/km)

Quantity
of GP

(ton/km)

Quantity
of

hydrated
lime

(ton/km)
Total

emission
(kgCO2

equivalent)

Savings in
conventional
aggregates

with respect to
SD 4 mix (ton)

Savings in
bitumen
with

respect to
SD 4 mix
(ton)

GHG
emission
(kgCO2
equivalent/
kg)

0.426 0.0026 0.0026 0.0026 0 0.785

Stone dust

4.0 78.70 422.56 644.96 44.48 0 0 36419 0 0
5.5 67.10 377.56 561.38 54.65 0 0 31170 138.75 11.70
7.0 55.65 350.78 507.70 64.62 0 0 26107 229.18 23.05
8.5 54.53 346.61 487.99 77.53 0 0 25602 265.97 24.17

Glass
powder

4.0 71.95 398.74 608.61 0 41.97 0 33270 104.65 6.75
5.5 64.03 370.12 550.31 0 53.57 0 29670 191.57 14.67
7.0 55.48 342.53 495.77 0 63.10 0 25813 273.71 23.22
8.5 51.38 332.11 467.57 0 74.29 0 23695 312.32 27.32

Glass lime
composite

4.0 63.62 379.55 579.31 0 19.98 19.98 45277 153.14 15.08
5.5 56.72 357.51 531.56 0 32.93 18.82 41245 222.93 21.98
7.0 51.00 339.78 491.79 0 44.71 17.88 37928 280.43 27.70
8.5 48.38 327.30 460.80 0 55.99 17.23 36183 323.90 30.32

Table 10: Comparison of GWP of different mixes.

Filler type
GWP of mixes with respect to SD mix containing 4% filler (SD 4)

Filler content
4% 5.5% 7% 8.5%

Stone dust 100 85.59 71.69 70.30
Glass powder 91.35 81.47 70.88 65.06
Glass lime 124.32 113.25 104.14 99.35

Advances in Civil Engineering 13



5. Conclusions

&e conclusions obtained are as follows:

(i) GP, SD, and HL displayed traits of good fillers
because of their fineness, low clay content, and
hydrophobic nature. All asphalt concrete mixes
prepared with GP and GL fillers (except GL mixes
prepared at 8.5% filler content) showed superior
Marshall and volumetric properties than conven-
tional SD mixes.

(ii) OAC of all mixes decreased with growth in filler
content due to filler’s asphalt binder extender ac-
tion. GL filler modified mixes displayed the lowest
OAC in all cases and have the highest Marshall
stabilities in most of the cases.

(iii) &e resistance against cracking and rutting increased
with the filler content. GL mixes exhibited better
resistance due to the fine nature of GL and low VMA
of the prepared mixes. GL and GP mixes also dis-
played satisfactory resistance against ravelling at lower
filler contents.

(iv) GP displayed poor performance against moisture and
in terms of adhesion. GP mixes failed to fulfill the
minimum requirement of TSR at any filler content.
GL mixes displayed satisfactory TSR values up to 7%
filler content (5% GP+ 2% lime). Hence, GP can be
utilized up to 5% along with 2% HL to form mixes
with satisfactory moisture resistance.

(v) GL and GP mixes had higher resilient modulus and
displayed better load distribution behavior than SD
mixes.&e pavement structure containing thesemixes
supported similar design traffic at a much lower
thickness of pavements.

(vi) &e pavement consisting of GL and GP mixes
resulted in reduction of cost of the pavements up
to 35 and 33% in comparison to conventional SD
4 mix. &e construction of each km of surface
course with these mixes can also conserve 324

and 312 tons of natural aggregates, respectively.
GP mixes were found to be most environmen-
tally friendly since they displayed 35% lower
GWP than SD 4 mixes

(vii) GL 7 mix was found to be the most superior amongst
all mixes. It exhibited better laboratory performance,
and the asphalt pavements made with it was also
found to be 21%more economical. Use of this mix can
also conserve 280 tons and 28 tons of conventional
aggregates and binder, respectively.

In conclusion, it could be said that the utilization of
GP in the form of waste and composite filler could be an
efficient solution for the ecofriendly disposal of glass
waste. &e utilization of GP and GL fillers was proven to
form asphalt mixes exhibiting superior engineering
performance in a more economical and environmentally
friendly manner.
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