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Abstract

In the recent past, emphasis was given roller-compacted concrete in the field of pavement construction owing to its proven
advantages like fast construction method, high density, and economical when compared with conventional concrete. Roller
compacted cement concrete is the name given to stiff concrete that can be compacted by a roller which is generally used
in surface and base courses of pavements. Many marginal materials were used for developing sustainable roller-compacted
concrete. In this paper, an effort has been made to consolidate the research done to date to make roller-compacted concrete
a sustainable material for pavement construction. The feasibility of using various materials like reclaimed asphalt pave-
ment wastes, recycled concrete aggregate, electric arc furnace slag, cross-linked polyethylene waste, silica fume, bagasse
ash, ground granulated blast furnace slag, jarosite, crumb rubber, rice husk ash, fly ash, sugarcane ash, coal waste ash and
coal waste powder explored by various researchers in the past were consolidated under one roof in this study. The effect
of all the materials on different mechanical, durability and fresh properties of Roller-compacted concrete was reported
in the study. Many of these materials yielded satisfactory results when partially replaced or partially added to various
constituents of roller-compacted concrete. In essence use of these materials not only have environmental benefits like
reduction of carbon footprints but also saves the cost of construction.

Keywords Sustainability - Reclaimed asphalt pavement (RAP) - Recycled concrete aggregate (RCA) - Electric Arc
furnace slag - Fly Ash

1 Introduction Cement concrete pavements, although a bit expensive dur-

ing the initial stages of construction have their advantages

Sustainability is the buzzword among all researchers in
the present scenario, which emphasizes the protection of
natural resources to make them available for future gen-
erations without compromising the needs of today. The
use of sustainable materials in pavements is one among
such research done in the stream of pavement engineering.
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with respect to performance. Roller compacted concrete
by its name is concrete that supports a roller while being
placed by a paver during construction [1]. It is concrete that
has enough water content to ensure proper mixing and, at
the same time, ensure the stiffness to support a roller while
being compacted [2]. Dams, wood storage yards, freight
haul routes, loading bays, intermodal port infrastructure,
and parking spaces are some applications where Roller
Compacted Concrete (RCC) has been employed for many
years [3]. Later RCC mixtures are increasingly being used
in Pavement applications, such as urban streets, highways,
and highway shoulders [3]. Generally, Pavement Quality
Concrete is used in the surface course of rigid pavements,
which also concrete constitutes the same ingredients as that
roller-compacted concrete [4]. Roller compacted concrete
is a substitute for pavement quality concrete in the surface
course of rigid pavements [5]. Roller compacted concrete is
said to be originated in Italy, where it was first used for the
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construction of a dam called Alpe Gere Dam near Sondrio in
the 1960 s[6]. Later in the 1970s, it was adopted into pave-
ments for using it as a sub-base and base material because
of its versatile properties [7].

Roller compacted concrete contains the same primary
constituents as that of Pavement quality concrete (PQC) but
differs in mix proportions. The variation of material ratios
between conventional and RCC was presented in Fig. 1
[1]. RCC contains a higher percentage of fine aggregates
that make the concrete matrix denser compared to PQC.
The significant differences between PQC and RCC are pre-
sented in Table 1. RCC possesses more stiffness compared
to zero slump conventional concrete [3]. Roller Compacted
Concrete pavements (RCCP) do not need dowels, steel
reinforcement, or forms which results in considerable cost
reductions as compared to traditionally produced concrete
pavements [8]. The following are some of the potential con-
straints and challenges: RCC’s surface characteristics may
not be ideal for high-speed traffic pavements without dia-
mond grinding, and owing to the less water content of the
RCC mix, the amount of RCC that can be prepared in a tran-
sit mixer is often lesser than for conventional concrete [9].
One of the distinct properties of RCC is its water content.
Generally, conventional concrete is based on Abraham’s law
of water-cement ratio [9]. This law states that the strength of
concrete is contrariwise proportionate to the water-cement
ratio, but RCC is not reliant on the water-cement ratio and is
reliant on maximum density that can be achieved at optimal
water content. The size and type of aggregates, aggregate
gradation, cement content, and water content significantly

@ Springer

influence the fresh and hardened characteristics of RCCP
[10]. Various materials like reclaimed asphalt pavement
wastes, recycled concrete aggregate, electric arc furnace
slag, cross-linked polyethylene waste, silica fume, bagasse
ash, ground granulated blast furnace slag, jarosite, crumb
rubber, rice husk ash, fly ash, sugarcane ash, coal waste ash,
and coal waste powder were tested experimentally for eval-
uating their viability in RCC pavements either individually
or in combination and are discussed below. However, there
are some challenges and limitations observed from the lit-
erature while using these sustainable materials in RCC. For
instance, Reclaimed Asphalt Pavement (RAP) has an aged
asphalt film that affects bonding, and Recycled Concrete
Aggregate (RCA) has an absorbent old mortar layer that
contributes to strength reduction [11]. Gradation is a sig-
nificant property that differentiates RCCP from PQC and is
responsible for the tight packing of particles [10]. The gra-
dation requirements of RCCP as per IRC SP 68 are depicted
in the gradation curve shown in Fig. 2. Different agencies
like Portland cement association (PCA), Indian Roads Con-
gress (IRC), and American Concrete Institute (ACI) have
given gradation specifications for RCCP that are presented
in Table 2.

2 Research significance
The objective of this paper is to summarize the effect of

various sustainable materials used in the production of
roller-compacted concrete pavements. This research paves
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Table 1 Comparison of properties of conventional and Roller com-

pacted concrete

Parameters

Conventional Concrete
Pavement

Roller Compacted
Concrete Pavement

Mix Proportions

Workability

Consolidation

Paving

Finishing

Maintenance

60 to 75% of the
volume of the mixture
is made up of well-
graded coarse and fine
particles.

The concrete mix is

in a plastic state i.e. it
can be molded into the
required shape and is
flowable.
Consolidation occurs
by vibrators attached
to the paving machine
internally within the
concrete matrix.

The concrete is placed
in front of a slipform
paver, which distrib-
utes levels, consoli-
dates the concrete by
vibration, and extrudes
1t.

To increase friction,
typically, conventional
concrete is mechani-
cally textured.

Difficult to maintain
because of joints.

75 to 85% of the
volume of the mix

is made up of dense,
well-graded coarse and
fine particles.

The concrete mix is
very dry and stiff and
can not be paved using
a traditional paving
machine

Compaction by rollers
typically within 60 min
of placing leads to
removal of voids.

Usually, a heavy-duty,
self-propelled asphalt
paver is used to lay the
RCC mixture along
with a high-density
tamper bar screed, used
to compact the mixture
to a slab of constant
thickness.

Although RCC pave-
ments typically have an
open texture, a denser
surface can be achieved
by using smaller aggre-
gates and more cement.
Easy to maintain since
joints are not required.

the way for the researchers working in this field to evaluate
the impact of different sustainable materials on the fresh,
mechanical, and durability properties of roller-compacted
concrete used in pavement construction. Different proper-
ties explored by various researchers related to Roller com-
pacted concrete were presented in Fig. 3. The critical view
of the author on multiple properties of roller-compacted
concrete in combination with different sustainable materials
was presented subsequently.

3 Sustainable materials used in roller
compacted concrete

There are many materials used in roller-compacted concrete
pavements to make them sustainable. Different sustainable
materials used in RCC are presented in Fig. 4. The use of
sustainable materials in RCC has several advantages, and
the same is presented in Fig. 5. The behavior of various
such materials used was discussed in the following para-
graphs. The properties of various aggregate substituents

used in Roller compacted concrete are given in the follow-
ing Table 3. The use of sustainable materials in RCCP has
many advantages.

3.1 Electric arc furnace slag aggregate

Steel is manufactured in steel plants by the processing of
iron ore by using equipment called an electric arc furnace
(EAF). During this process of steel manufacturing, a by-
product called electric arc furnace slag is produced [20]. This
steel manufacturing takes place on a large scale every year,
which in turn contributes to the production of electric arc
furnace slag at an equal rate [21]. Since this is generated in
huge quantities and its usage is minimal managing, discard-
ing this slag safely to prevent its impact on the environment
is a challenging task [21]. Since this slag is coarse, and also
its properties, i.e., both physical and chemical, have been
similar to the natural coarse aggregate properties, it can be
used for replacing natural coarse aggregates in Roller com-
pacted concrete. EAF slag also proved to be volumetrically
stable when tested experimentally for hydration as well as
silica alkali reactions [20]. EAF slag aggregate performance
is strongly influenced by the shape of particles, surface tex-
ture, and the amount of free magnesia and lime present [22].
In some studies, EAF slag aggregate has contributed to bet-
ter mechanical properties of concrete, whereas the opposite
trend was observed in other studies [23]. In one study use
of EAF slag as a replacement for natural aggregates resulted
in optimal water content in the range of 7-9% [23]. There
was a hike in hardened as well as fresh density that was
observed with EAF aggregates when used in RCC which
may be due to denser EAF aggregates compared to natural
aggregates [23]. Rough texture, the angularity of EAF par-
ticles, and improved ITZ (Interfacial Transition zone) due to
better cement aggregate bonding were found to be the rea-
son for better mechanical properties of concrete with EAF
slag aggregates [22]. On the other hand, in some studies, it
was stated that the porous ITZ between the slag particles
and the cement paste is responsible for the drop in strength
caused by the addition of EAF slag aggregate [24]. More
water absorption nature of EAF slag was also found to be
a reason for weak concrete [24]. Furthermore, in untreated
EAF slag, the presence of free lime and magnesia adds to a
reaction with water that causes the volume to expand and
crack. However, when EAF slag was used along with fly
ash in RCC mixes unit weight of these mixes was reduced.
It was suggested by the authors that EAF slag can be effec-
tively used with a combination of supplementary cementi-
tious materials like fly ash in RCC without compromising
the mechanical properties [2].
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Fig. 2 Gradation of aggregates for RCC as per IRC SP:68

Table 2 Gradation requirements of roller-compacted concrete by dif-
ferent agencies

IRC[19] ACI[6, 7] PCAJ13]

Sieve size  Cumu- Sieve Cumu- Sieve Cumu-
lative size lative size lative
percentage percent- percent-
of passing age of age of

passing passing

26 mm 100 19 mm 83-100 25 mm 100

19 mm 80-100 125 mm 72-93 19 mm 90-100

9.5 mm 55-80 9.5mm 6685 12.5mm 70-90

4.75 mm 35-60 475 mm 51-69 9.5mm  60-85

600p 10-35 236 mm 38-56 475 mm 40-60

75n 0-8 1.18 mm 28-46 1.18 mm 20-40

- - 600p 18-36 150 6-18

- - 300p 11-27 751 2-8

- - 150 6-18 - -

- - 75n 2-8 - -

3.2 Reclaimed asphalt pavement wastes with rice
husk ash

Rice Husk Ash (RHA) is the ash generated by burning rice
husk as fuel for various purposes. On chemical examination,
it was proved that this ash contains a large proportion of
reactive silica, which makes it suitable for replacing cement
in concrete [3]. RHA is very fine, with a specific surface
area of 3600 cm?/gm compared to cement, whose specific
surface area is in the range of 2800 to 3000 cm?/gm [25].
In the recent past, the use of RHA for pavements as filler in
hot mix asphalt and as supplementary cementitious material
for pavement quality concrete has gained a lot of attention

@ Springer

from researchers [26]. Cement was replaced by 3%, and
5% along with fine and coarse RAP for an experimental
study. There was a decline in compressive strength that
was observed while natural aggregates were being replaced
with both fine and coarse RAP. This reduction is observed
to be more in the case of fine RAP compared to coarse RAP
[27]. The presence of reactive silica in large proportion was
the reason for an extra pozzolanic reaction which in turn
contributed to an increase in various strength parameters of
RCC at more curing periods. In another experimental inves-
tigation for fatigue life that indicates durability, it was found
that RCC mix with 3% RHA showed more durability than
that of conventional RCC [3, 27].

3.3 Ground granulated blast furnace slag

Ground Granulated Blast Furnace Slag (GGBS) is a
by-product obtained during the manufacture of steel in
steel plants. It is often used as a replacement for cement
because of its chemical composition [7]. GGBS is used
for the replacement of cement in Roller compacted con-
crete. GGBS is being tested in a variety of civil engineer-
ing applications, including hot mix asphalt, sub-base, and
base courses of pavements, embankments, and Portland
cement [28]. The use of GGBS in RCC is said to increase
the optimum moisture content and is attributed to the fine-
ness of GGBS over cement. The compressive strength of
roller-compacted concrete is found to be maximum at 40%
cement replacement by GGBS in Roller compacted con-
crete pavements [29]. The abrasion resistance, which is one
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Fig. 3 Properties of roller-compacted concrete pavements

of the significant properties of cement concrete pavements,
is found to increase in proportion to compressive strength.
Overall by using GGBS, not only the properties like com-
pressive strength and abrasion resistance have improved but
also contributed to the conservation of natural resources.

Mechanical Properties

Compressive strength

Flexural strength

Durability Properties

Abrasion Resistance

Water Absorption

Total permeable voids

Sorptivity

Resistance to aggressive environments

Freeze-thaw

3.4 Reclaimed asphalt pavement wastes

Reclaimed Asphalt Pavement is a marginal material obtained
from the milling of worn-out bituminous pavements [30].
Extraction of RAP in the field is depicted in Fig. 6. use of
RAP as construction material not only saves the economy
but also aids sustainability by conserving natural resources
[31]. It also addresses the disposal problem of this waste.

Sustainable Materials in Roller Compacted Concrete

Substitute for Cement Substitute for Natural Coarse Aggregates

I

Rice Husk Ash
GGBS

Reclaimed Asphalt Pavement
Recycled Concrete Aggregate
Sugar cane Bagasse Ash Crumb Rubber Aggregates
Coal Waste Ash Electric Arc Furnace Slag
Silica Fume

Fly ash

Fig.4 Sustainable materials in RCCP

N T~

Substitute for Natural Fine Aggregates

| |

Sugar cane Bagasse Ash
Coal Waste Ash

Part addition to cement

M Sand
Reclaimed Asphalt Pavement
Silica Fume

Fly ash
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Fig.5 Advantages of sustainable materials

Because of the reduction in virgin binder percentage, RAP
is a positive addition to bituminous pavements; however,
its use in concrete pavements remains limited [36]. RAP,
from studies, is an inferior material in terms of mechanical
properties because of the aged bitumen coating present on

its surface, mainly when used in concrete. There were a lot
of studies conducted on improving RAP to be used as con-
struction material [34]. Based on earlier studies use of Rap
in Roller compacted concrete pavements has the following
effects. RAP aggregates have exhibited lower densities and

Table 3 Properties of different sustain-  property Coarse RAP  Fine RAP Electric arc furnace Recycled
able materials used [4,14,32]  [4,14,32] slag aggregate[2] concrete
aggre-
gate[18, 20]
Specific gravity 241 2.35 34 2.63
Water absorption(%) 0.7 2.03 2.93 4.58
Density (kg/m®) 1613.7 1663.1 1686 2609
Voids (%) 8.5 10.5 - -
Impact value (%) 10.03 - - -
Los angle’s abrasion - - 19.37 25
value(%)
Asphalt 1.9 4.5 - -
Content(%)
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Fig. 6 RAP Extraction process at the field

more water absorption characteristics compared to Natu-
ral Aggregates, which in turn are linked to the effect of the
OMC and MDD of RCC. Further substitutions of natural
aggregates with RAP have been reflected in the reduction of
compressive strength [35]. This is attributed to the existence
of an old bitumen layer over the RAP aggregate surface,
which contributes to a weak and porous interfacial transi-
tion zone[32]. Viscoelastic property of RAP contributes to
crack propagation along asphalt film, and it is the reason for
asphalt cohesion failure in RAP concrete. Various factors
like the method of procuring (controlled and uncontrolled
milling), size of particles, age of pavement, and presence of
agglomerated particles were said to affect the mechanical
properties of RAP-RCCP mixes[33]. Further, less oxidized
RAP contributed to more loss in mechanical properties, i.e.,
in the range of 26—-67%, compared to highly oxidized RAP,
i.e., 9-37% [34, 51]. More asphalt coating on RAP parti-
cle surface also resulted in more reduction in mechanical
properties; thereby, the use of fine RAP contributed to more
decline since it contains more asphalt compared to coarse
RAP. The presence of agglomerated particles will lead to
more water voids, which reduces mechanical properties.
Full-depth reclamation technique for RAP procurement is
said to yield well-graded RAP and thereby contribute to bet-
ter mechanical characteristics compared to control milled
RAP, whose gradation is found to be gap graded. Finally,
it is concluded to use the RAP aggregates with caution up
to 50%, keeping in view the mechanical properties of RCC
in sub-base for road pavements, low traffic pavements, and
rural roads [13, 36].

3.5 Reclaimed asphalt pavement wastes with
crumb rubber

Crumb rubber is a waste generated from scrap tires during
recycling. Crumb rubber used in RCCP is of a maximum size
of 10 mm and is used for substituting coarse aggregate [15,
38]. Replacement of conventional coarse aggregates with
crumb rubber resulted in reduced optimal moisture content
and maximum dry density compared to natural aggregates.
Decreased water absorption has been observed due to the
less previous nature of crumb rubber, and this resulted in

the more free mortar that increased the workability and
better consistency. The compressive strength of RCC has
decreased remarkably when RAP is used more than 50%,
and when rubber is substituted by 5% slight increase has
been observed [39]. The poor adhesion between the rubber
particles and the cement matrix due to the smooth texture
and low hydraulic conductivity is the key issue impacting
the strength qualities of RCCP mixes incorporating crumb
rubber aggregates. The entrapped air on the surface of the
crumb rubber significantly affects the growth of ITZ; as a
result, the rubber aggregates and cement matrix have low
adhesion and a fragile bond [40]. The considerable strength
reduction of Roller compacted concrete mixtures with rub-
ber aggregates can also be attributed to the lower stiffness of
the crumb rubber. The mechanical strength of crumb rubber
contained RCCP mixes is also reduced due to a decrease in
solid material expected to take the load and the accumu-
lation of stresses along the perimeter of the rubber aggre-
gates [41]. Energy absorbency for RCC has been increased
with the incorporation of crumb rubber. Finally, based on
research, it is suggested that RAP up to a maximum of 50%
and crumb rubber up to a maximum of 10% can be used
for substituting natural aggregates for producing sustainable
RCCP [16, 37].

3.6 Recycled concrete aggregates

Recycled Concrete aggregates (RCA) are obtained by
crushing the demolition wastes of different civil engineer-
ing structures [17]. The use of these aggregates makes the
RCC not only economical but also sustainable [42]. The
cement mortar layer present over the RCA surface is vulner-
able to water, and this results in higher moisture absorption
and lower density for RCC with RCA aggregates [43]. The
mixing water quantity, water to cement ratio, the strength
of the existing cement mortar paste, water absorption and
saturation condition of RCA, and ITZ between the RCA
and the cement mortar are the key elements that decide the
mechanical properties of RCA [44]. The thickness of ITZ
in recycled concrete aggregate is typically 30-60 um [45].
The adhered mortar in RCA generates a new ITZ, which
has a considerable impact on its strength because of its very
porous nature and numerous micro cracks developed during
the process of manufacturing RCA concrete [46]. In one of
the studies where RCA was used in RCCP, it was demon-
strated that compressive strength was reduced due to greater
pore volume of RCA [47]. Further cement content also has
an influence on RCA-RCCP properties [48, 49]. Irrespec-
tive of RCA content and curing age RCA concrete exhibited
lower compressive strength, whereas higher cement content
in RCA concrete exhibited more compressive strength [50].
After studying its feasibility in RCC, it was concluded that
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although there is a decline in mechanical properties that
occur due to the replacement of RCA with virgin aggre-
gates, it can still be preferred for courses like subbase in
pavements which do not require more strength [17, 46].

3.7 Reclaimed asphalt pavement wastes with fly
ash, sugarcane ash & silica fume

Fly ash, sugarcane ash, and silica fume are wastes gener-
ated from different industries, which are often referred to
as supplementary cementitious materials (SCM) because of
their cementitious properties [12, 52]. The use of SCMs as a
cement substitute not only enhances the strength and dura-
bility of the material but also reduces the cost of cement
while lowering CO, emissions, which are projected to be
roughly 900 kg/t cement output, or about 5-7% of total
global CO, emissions [53, 54]. Fly ash is a waste generated
by coal incineration for electricity production in thermal
power plants. Despite FA being a popular pozzolana and
SCM, it is rarely utilized in ordinary concrete; in fact, it is
almost solely used in high-performance concrete. Neverthe-
less, FA has been employed as a cement replacement mate-
rial in the manufacture of low- to high-strength concrete
pavements in recent years [55]. Silica fume, also called
micro silica, is a by-product of the silicon industry, which
is said to have a significant improvement in the mechanical
properties of concrete. The addition of SF most definitely
entails the employment of a high-range water reducer, rais-
ing the overall cost of the mixture significantly. The usage
of RAP aggregates, on the other hand, could solve this prob-
lem since the asphalt coating over RAP aggregates reduces
porosity and water absorption compared to virgin aggre-
gates [54]. Because of the production of additional calcium
silicate hydrate (CSH) gels and its larger specific surface
area, Silica Fume (SF) in Portland cement concrete (PCC)
mixtures helps improve the interface between aggregate
and cement paste [58]. Sugarcane ash is the ash generated
from the incineration of sugarcane pulp, which is also waste
from sugar factories. India is the world’s second-largest
producer of sugarcane, resulting in massive amounts of SA
waste being generated each year [56]. The highest pozzola-
nic activity of SA is typically obtained by utilizing particles
that pass the Indian Standard (IS) sieve size of 45 um [57].
According to the literature, SA particles can increase the
strength characteristics of PCC mixes by up to 10% when
replaced with Portland Cement [60, 61, 63]. Due to the
hydrophilic character of Sugarcane ash particles, it has been
reported that RAP-included PCC mixtures are advantageous
for up to 5% only, after which it has a negative influence on
PCC characteristics [59].

Since the substitution of natural aggregates with RAP is
said to lower the mechanical properties of RCC, researchers
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have concentrated on how this drawback can be addressed
[59]. One of the alternatives arrived through research was
to incorporate supplementary cementitious materials in
RAP-based RCC to make it mechanically compatible with-
out compromising on mechanical properties and make its
way for use in RCC for surface courses of pavements[62].
This is proved to be successful, especially with silica fume,
which not only contributed to the enhancement of physi-
cal and mechanical properties of RAP-RCCP mixes but also
to their durability properties. By using fly ash and sugar-
cane ash, there was a decrement in mechanical properties,
and therefore, they are suggested for use in base courses of
pavements [63].

3.8 Coal waste and limestone powder

Coal waste is obtained from washing coal in the Coal wash-
ing plant. This forms a slurry which is further dried to take
out coal waste powder (CWP) [64]. This coal waste powder
further incineration produces coal waste ash (CWA). This
coal waste is responsible for a typical type of water pollu-
tion that occurs near coal mines which is one of the most
toxic types of water pollution. This water also contains iron
sulfates and other elements that contaminate groundwater
resources. So, effective disposal and use of these wastes are
very much essential for reducing the ill effects these wastes
on the environment [65]. According to prior findings, using
coal waste in soil stabilization enhanced the mechanical
characteristics of soil over time. Also, this by-product was
examined for concrete paver blocks as a partial replace-
ment for sand, where specimens with 25 and 50% coal
waste showed equivalent compressive strength at 28 days
of curing. In their study, Fras et al. used incinerated coal
waste at 10% and 20% cement replacement levels in mor-
tar mixtures and found that 10% coal waste ash had better
compressive strength at seven days than the reference mix;
however, at later ages (28 and 90 days), reduced strengths
were achieved[66]. Further use of coal waste in RCC makes
pavement construction sustainable. The use of these wastes
in RCC as a replacement for cement at various percentages
leads to an increase in water binder ratios and, thereby, opti-
mum moisture content. RCC with 5-10% coal waste ash
and 5% coal waste powder have shown similar mechanical
properties at 7, 28 & 90 days curing ages like that of conven-
tional RCC. Further, RCC with a blend of 10% coal waste
ash and 7% limestone powder as a replacement for cement
has shown more mechanical characteristics when compared
to mixtures with only 10% coal waste ash. In the end, after
experimental investigation, it was established that the use of
CWP, CWA, and limestone as substitutes for cement saves a
lot of costs as well as reduces the emission of carbon diox-
ide through cement production. Usage of these wastes in
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Roller compacted concrete also reduces water pollution that
occurs in coal mining areas, thereby making Roller com-
pacted concrete pavements sustainable [67].

3.9 M-sand and GGBS’

Fine aggregate is an inevitable ingredient of roller-com-
pacted concrete [72]. With the increase in demand for all
construction materials, the conventional fine aggregate,
i.e., river sand, has been depleting at a faster rate than any
other construction material [68, 73]. Exploration of alter-
nate materials to replace fine aggregate, therefore, gained
a lot of significance in contemporary research [70, 71].
One such alternate material used is manufactured sand, fre-
quently stated as M Sand. Hard granite stone on crushing
produces M sand. The use of manufactured sand in concrete
improves flexural strength, abrasion resistance, unit weight
and reduces permeability [68]. Li Beixing et al. [69] investi-
gated the effect of M-sand on the mechanical and durability
properties of pavement, partially replacing river sand with
M-sand from 4.3 to 20% by weight, and discovered that at
10% M-sand, abrasion resistance, and strength increased.
For making GGBS roller-compacted concrete more sustain-
able, M sand is used in place of fine aggregate. Since it was
evident that the pozzolanic reaction slows down with GGBS
incorporation in concrete, lower mechanical poperies have
been observed at less curing ages, but at more extended
periods of curing, they recovered up to 50% replacement
of cement by GGBS. Abrasion resistance which is a cru-
cial feature of roller-compacted concrete was found to
increase with the increase in compressive strength and was
not related to the percentage of GGBS replacement in RCC.
Since at large curing ages, recovery was observed in com-
pressive strength, the abrasion resistance also got improved
at the same rate, and a similar trend was observed even with
M Sand. Finally, experimental studies suggest that M sand
can be used effectively as fine aggregate in RCC without
compromising the mechanical properties [28, 73].

3.10 Cross-linked polyethylene waste (XLPE)

Coastal countries generated approximately 275 million tons
of plastic trash in 2010, with around 4.6% of that reach-
ing the ocean owing to waste mismanagement [75, 76].
Plumbing, sanitary pipes, air conditioning systems, fire-
fighter equipment, and the insulation of electric cables are
just a few of the applications for cross-linked polyethylene
[77]. The production of electric cables requires an insulat-
ing material to act as a cover. This insulating material is
mostly made up of cross-linked polyethylene (XLPE), and
the production of electric cables generates a waste called
XLPE, which is either buried or incinerated since it is

non-biodegradable[78]. The cross-linking method enhances
qualities such as thermal flexibility, heat resistance, plastic
deformations, chemical impact, abrasion, and brittle frac-
ture resistance [79]. The XLPE waste is generally available
in the range of 4.75 to 10 mm. Since this size range is gen-
erally used as coarse aggregate, XLPE is used at 5%, 15%,
30%, and 50% for replacing conventional coarse aggre-
gates in Roller compacted concrete. Replacement of coarse
aggregates by 5% with XLPE proved to be effective after
the experimental investigations done with XLPE at different
percentages. However, from the experimental studies, the
use of XLPE should be restricted to 5% since there was a
decline in mechanical properties that were observed above
that percentage [74]. The lack of adhesion of the smooth and
water-repellent plastic particles to the cementitious matrix
justifies the reduction in mechanical properties [80]. Fur-
ther, replacing 5% of the sand with tiny polyethylene waste
particles of identical gradation enhances the drying shrink-
age of concrete [81]. This was attributed to the low rigidity
of polyethylene particles and their inability to control the
volumetric fluctuations of the cement paste [82].

3.11 Reclaimed asphalt pavement wastes with zinc
waste

Due to the presence of some toxic metals like copper, lead,
sulfur, cadmium, etc., in jarosite, it is often treated as a haz-
ardous waste material [83, 84]. Jarosite possesses pseudo-
cubic-shaped euhedral crystals and is often yellow in color
[89]. Jarosite’s mineral phase is hydrophobic by nature;
however, the iron sulfate hydrate phase (FeSO,) is hydro-
philic and rapidly dissolves in water, making it a toxic mate-
rial. India produces about 1.7 million kg of zinc per year,
with jarosite accounting for over 60% of the overall zinc
produced [85]. The prevalence of potentially harmful com-
ponents in jarosite pollutes the air, water, and soils nearby,
resulting in acidic mine drainages or infillings in acidic sul-
fate soils. Jarosite has been shown to enhance the production
of ettringite, which is detrimental for concrete construc-
tions when used as a substitute for gypsum in cement [86].
When used in proportions of 5 — 25% replacement level, at a
water-to-cement ratio of 0.40 and cured for 28 days, jarosite
was shown to improve the compressive strength of cement
concrete mixtures by around 13 — 50% and flexural strength
by 8 —12%[90, 91]. Up to 15% jarosite substitution of sand
was found to be beneficial for use in pavements and struc-
tural applications [86]; however, greater doses, up to 25%,
could also be employed but only with the addition of fly ash
[87, 89]. Jarosite, along with fly ash, is also used in the pro-
duction of bricks. Fly ash has been suggested as a promising
material for immobilizing the harmful heavy metals found
in jarosite. Fly ash aids in the immobilization of lead and
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Table 4 Chemical composition of different materials used for part addition and replacement of cement in Roller compacted concrete

Type CaO ALO; Na,O Fe,0; MgO TiO, SiO, K,O SO, MnO LOI
Coal waste powder[64—67] 0.513 1453 0.27 3.89 0.868 0.983 34.8 239 - 0.02  40.96
Coal waste ash[64—67] 228 2325 0.59 8.09 1.54 1.63 55.63 396 046 0.05 2.01
Limestone powder[64] 5408 0.17 - 032 093 - 058 0.12 039 - 43.26
Rice Husk Ash[4] 1.25 055 1.29 0.19 032 - 87.49 3.18 138 - 3.56
Silica Fume[52] 0.63 096 1.05 253 313 0.11 90.76 3.14 - 006 23
Fly Ash[52, 59] 096 22.69 0.76 5.11  0.73 1.49  53.08 135 - 0.04 3.86
Sugarcane Ash[52, 59] 265 226 0.80 1.49 218 020 6598 1.79 - 0.04 4.67
Jarosite[83] 1.14  2.64 3.65 3488 009 - - 032 29.02 0.07 -
Ground Granulated Blast Furnace slag [8, 28] 33.1 15.6 0.62 2.65 8.9 - 3444 0.6 2.46 - 1.01

other major toxicants from jarosite in cement concrete mix-
tures due to its physicochemical properties [85, 88]. Dis-
posal of this material is very much required, and its potential
of replacing cement in Roller compacted concrete contain-
ing 50% RAP aggregates was tested by incorporating in
increments of 5% till 25% as partial replacement of cement
[95]. Abrasion resistance and flexural strength improvement
were observed at 5% cement replacement with jarosite as
per this research work and are attributed to the filler effect
created by jarosite particles, although they haven’t contrib-
uted to any additional C-S-H gel formation as observed in
the Scanning Electron Microscope (SEM) images of this
research [83, 92-94]. The chemical compositions of various
sustainable materials used to replace cement are presented
in Table 4.

3.12 Fresh properties of RCCP

Since RCC mix design is based on soil compaction method,
optimum moisture content, maximum dry density, and vee
bee time were determined by many researchers. For estab-
lishing the OMC of RCC mixtures, the heavy compaction
method, as defined by ASTM D1557 [55], is a suitable
technique adopted by many authors in the past; however
light compaction can also be preferred in the case of weak
aggregates. Based on the water absorption characteristics of
the materials used in RCC the OMC content changed sig-
nificantly. Recycled concrete aggregates (RCA), when used
in RCC in the range of 5 to 30%, lead to an increase in
OMC by 1.5-5%. This increase in OMC is further higher
when more amount of RCA is used and is attributed to the
presence of an old mortar layer on the periphery of RCA
aggregates. A similar trend was observed when EAFSS
aggregates were used in RCC. An increase of 15 to 20% in
OMC was noticed when natural aggregates were replaced in
the range of 50-100%. The use of RAP in RCC was estab-
lished to lower the OMC by 8 to 12% owing to the presence
of asphalt film; however, agglomeration of RAP may result
in an increase of OMC by 12%. The maximum dry density
(MDD) of RCC mixes was reduced when RCA was used,
owing to low specific gravity. Likewise reduction of 5%

@ Springer

and 7% in MDD was noticed when RAP and Crumb Rubber
were used in RCC. Contrarily increase in MDD by 3.9%
was observed when EAFSS was used in RCC, owing to its
high density. The effect of various materials on OMC and
MDD are presented in the table.

3.13 Mechanical properties RCCP

The use of RCA was reported to lower the compressive
strength of RCC by 4-36%. This reduction was attributed to
the weak Interfacial Transition Zone (ITZ) between adhered
mortar on the surface of RCA and cement paste. A similar
trend of reduction in compressive strength in the range of 10
to 32% was observed when crumb rubber was used. This is
because of the weak bonding between rubber particles and
cement paste. Further, the reduction in compressive strength
increased when RAP was used in RCC owing to the pres-
ence of thin asphalt film at the mortar aggregate interface,
which contributed to weak ITZ. On the other hand use of
EAFSS showed contrary results where few authors reported
a reduction in compressive strength and others reported an
increase in compressive strength. Similar to compressive
strength, a reduction in flexural strength in the range of 12
to 27% was noticed when RCA is used in RCC owing to
porous ITZ. A contrary trend was seen when crumb rubber
was used in RCC. Many authors reported a decline in flex-
ural strength by 24 to 31%, while Fakhri et al. in their study,
observed an increase in flexural strength by 4% when 5%
crumb rubber was used in RCC. Coarser RAP contributed
to less reduction in flexural strength compared to fine RAP;
however, reduction was noticed in both cases ranging from
5 to 30%. Finer EAFSS resulted in the decline of flexural
strength by 27%, whereas the coarser portion enhanced the
flexural strength by 9%. This is due to the EAFSS particles’
enhanced morphology, such as rough surface texture and
angularity, that improved the interfacial transition zone,
allowing for an increase in the mix’s load-bearing ability.
Split tensile strength was noticed to decrease when RCA,
crumb rubber, and RAP were used in RCC. Unlike other
mechanical properties, both fine and coarse EAFSS con-
tributed to an increase in split tensile strength when used
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Table 5 Variation of Fresh properties Material Replacement Change in OMC rela-  Change in MDD rela- Refer-
of RCC Percentage tive to control mix tive to control mix ences
RCA 5 1.6 (0.8) [42]
15 32 4.5)
30 5.1 (4.6)
50 8.3 2.2) [43]
100 30 4.7
100 17-35 (1.8-3.1) [45]
EAFSS 50 15 0.7 [21,
100 21 3.9 22]
RAP 0 8.4 3.2) [52]
100 11.8 5.4)
16 10 (0.2) [55]
20 1.8 1.7 [59]
30 3.6 (2.6)
40 4.5 3.3)
60 5.9 (5.8)
100 7.1 (7.7)
Crumb rubber 10 - 0.9) [16,
*Values in Parenthesis indicate 20 ) (6.6) 381
decrement 30 - (6.5

in RCC [96]. Mass loss due to abrasion was reported to
increase irrespective of the type of RAP and percentage
inclusion in RCC. In comparison to soft surface textured
RAP with more asphalt fraction, harsh surface textured RAP
with lower asphalt volume fraction may show less degrada-
tion against abrasion. Similar to RAP, utilization of crumb
rubber also has reduced the abrasion resistance of RCC, but
lower percentages of Crumb rubber resulted in better abra-
sion resistance.

4 Conclusions

A detailed summary of the behavior of various sustain-
able materials in Roller compacted concrete is presented in
Table 7. The following conclusions can be made from the
extensive literature surveyed.

Table 6 Variation of Mechanical properties of RCC

e All the materials discussed in this paper can be used for
making roller-compacted concrete sustainable, although
care should be taken on their quantity incorporation
as some of those materials may significantly decrease
the mechanical and durability properties of roller-com-
pacted concrete.

o All constituents of roller-compacted concrete have alter-
nate sustainable materials, but as per the experimental
research existing to date, more materials are available
for cement, followed by coarse aggregate and fine
aggregate in descending order.

e Many researchers have established that reclaimed asphalt
pavement wastes can be used successfully to replace
50% of conventional aggregates for Roller compacted
pavements. Further, some supplementary cementi-
tious materials can be used as part addition to cement
to improve the mechanical and durability properties of

Material Replacement Replacement for Change in Compres- Change in Flexural Change in split Change in
level sive strength relative strength relative to tensile strength modulus of elas-
to control mix control mix relative to control ticity relative to
mix control mix
RCA[43] 30-100 Coarse aggregate (5-35%) (12-27%) (18%) (13-37%)
Crumb rubber[38] 5-30% Fine and Coarse (10-32%) (24-31%) (23%) (6-52%)
aggregate
Combined RAP[52] 50-100% Fine and Coarse (9-67%) (5-31%) (16-26%) (80%)
aggregate
Fine RAP[55] 50-100% Fine aggregate (40-60%) - - -
EAFSS[21] 30-100% Coarse aggregate (5-39%) (27%) (13-32%) (20%)
EAFSS[23] 50% Coarse aggregate 6% 9% 25%
EAFSS[24] 100% Coarse aggregate - - 32% -

*Values in Parenthesis indicate decrement
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Table 7 Behavior of different materials  Sustainable Substituent ~ Additional  Benefits Drawbacks
in roller compacted concrete pavement  aterial used  for substituents
used in literature Reclaimed Natural - * Mixes exhibited adequate abra-  + Mechani-
Asphalt Coarse sion resistance cal properties
Pavement aggregates * In terms of durability properties decreased
Wastes[32-35] like total permeable voids, water
absorption, and sorptivity RAP
mixes performed better.
* Save in construction cost by
46%
Reclaimed Natural SiO, Al,O; +Al,O; and SiO, particles in * No significant
Asphalt Coarse more proportions enhanced the effect when
Pavement aggregates compressive strength, tensile and  used in low
Wastes[32-35] flexural strength proportions
Reclaimed Natural Silica fume, - Porosity and water absorption * Increased
Asphalt Coarse Fly ash, and reduced water demand
Pavement aggregates  Bagasse ash * Could resist the chemical attack  and reduced

Wastes[32-35]

Ground Cement
calcium

carbonate[62]

Coal waste Cement
and Limestone
powder[64—67]

Electric Arc Natural
Furnace Coarse
(EAF) slag aggregates
aggregate([2]

Ground Cement
Granulated

Blast Furnace

Slag[8, 28]

Cross-linked Natural
polyethylene Coarse
Waste[74-79]  aggregates
Recycled Con- Natural
crete Aggre- Coarse
gate[17, 19] aggregates

Fly ash

of sulphate and chloride ions.

* Early strength development

* Decreased the water absorption
rates

» Low carbon emissions

* Economical and eco friendly

* Mixes up to 5% replacement
was satisfactory with respect to
mechanical properties

* wearing surface requirements
were met by concrete containing
100% EAF slag aggregates.

* In combination with 20% flyash,
mechanical proproperties were
enhanced especially at long curing
ages.

* Increase in surface as well as
Cantabro abrasion resistance at all
replacement levels

* Improvement of compressive
strength at longer curing ages.

* Decreased fresh density and Vee
Bee time

* Improved ductility, split tensile
strength, and cracking resistance

* Optimum water content has a
wide range which is beneficial in
site

fresh density

* Reduced
Mechanical
properties
significantly

* GCC more
than 15% had
negative impact

* Increased the
water/cementi-
tious materials
ratios

« strength values
and elastic mod-
ulus decreased
at higher
replacements

* a slight
decrease in
compressive
strength, split-
ting tensile
strength, and
elastic modulus

* Strength loss
was observed

at replacement
more than 5%

* Aslight
decrease in com-
pressive strength.

roller-compacted concrete with 50% reclaimed asphalt
pavement wastes.

The substitution of 50% RCA to natural coarse aggre-
gates could provide adequate strength to be used in
pavement base layers. By using physicochemical/physi-
comechanical techniques, the percentage of RCA that

@ Springer

can be used to substitute natural coarse aggregates in
RCCP might be enhanced.

The increased density of Electric Arc Furnace Slag
could improve the Maximum Dry density of RCCP
mixes, but it would demand more water than traditional
aggregates to obtain adequate compactness. However,
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coarser portions of Electric Arc Furnace Slag could be
utilized to substitute natural aggregates by 100% pro-
portion in Roller compacted concrete.

e Increased crumb rubber replacement could reduce the
mechanical characteristics like flexural, tensile, and
compressive strength of Roller compacted concrete.
On the other hand, due to improved alignment, uniform
dispersion, greater friction, and aggregate interlocking,
using a minimal crumb rubber content of approximately
5% was found to produce advantageous outcomes.
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supplementary material available at https://doi.org/10.1007/s41024-
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