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Abstract

The research seeks to experimentally evaluate the utilisation of construction and demolition waste (CDW) in cement-treated
sub-base, incorporating a blend of fly ash and lime. This involved mixing CDW-based recycled concrete aggregates (RCA)
with natural aggregates in varying proportions (25%, 50%, 75%, and 100%) with a 25% increment. Additionally, 10%, 15%,
and 20% of the cement (C) percentage was replaced with a mixture of fly ash and lime (FA +L). Overall, this investigation
highlights the potential benefits of utilising CDW and waste fly ash in construction projects. The research involved conduct-
ing physical properties tests on natural aggregates and RCA, adhering to IS codes and MoRTH: 5th revision specifications.
Strength and durability tests were performed in the laboratory, meeting IS, AASHTO Code and IRC: SP: 89 specifications.
The physical and chemical properties of C+FA + L mixes with RCA blends were investigated. Numerous properties like
specific gravity, Atterberg’s limit, pH, compaction, UCS, and CBR were determined to understand the effect of these blends.
By conducting SEM and XRD analysis, we are able to delve into the microstructural properties of the mixture containing
RCA, fly ash, and lime. This is especially important as the high specific gravity of RCA results in an improved MDD for
the C+FA +L blend. After testing various proportions, it was found that a combination of 50% RCA and 50% NA with
6% fly ash and 6% lime produced the best results. Not only did this mixture increase the UCS value from 0.24 to 1.09 MPa,
but it also showed an increase in the modulus of resilience (Mr) value. By introducing fly ash and lime into RCA +NA,
significant enhancements in strength properties are achieved, thanks to the formation of CASH gel and CSH, as evidenced
by X-ray diffraction analysis. This is further exemplified by the clear reflections of C—S—H gel revealed in the SEM image
of the original CDW mix sample.
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Introduction

The transportation sector covers 64,285,009-km global net-
work by connecting all merging towns and villages [1] with
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expected to exist by 2030 which demands extensive quantity
of raw materials [5]. Amongst the total generated waste, only
20-30% is recovered adequately and the remaining large
portion of things like bricks, concrete waste, soil, wood and
metal, gravel, and masonry are disposed of in landfills or
illegally dumped [6]. In recent era, there has been a substan-
tial increase in the demand for recycling CDW materials due
to increased environmental impact and rapid rate of natural
resource depletion. The majority of developed Nations had
built facilities for processing CDW material several decades
ago. India’s first processing plant was installed and in func-
tion from 2009 at Burari, New Delhi, with a recycling capac-
ity of 1200 tpd, subsequently in Shastri Park—New Delhi,
Ahmedabad—QGujarat, Vikhroli—Mumbai, Kharghar—
Mumbai, and East Kidwai Nagar—New Delhi [7]. The pro-
cessed CDW material contains a substantial amount of recy-
cled aggregate. It reduces the necessity of non-removable
quarried aggregates that are essential constituents of road
construction. Nowadays, the choice of materials and selec-
tion process with a low carbon footprint aids in the protec-
tion of natural resources. The majority of studies consist
of the usage of CDW in concrete, agricultural, brick, and
asphalt layer construction. The same has undervalued its
usefulness in the pavement base and sub-base that have a
significant possibility to consume a considerable amount of
material in larger quantities.

Sustainable practice for pavement requires reduction
in life cycle cost at the phase of design, construction, and
maintenance along with bulk utilisation of non-conventional
materials. Extensive research studies illustrate the applica-
tion of industrial by-products like fly ash, lime, silica fume,
ground granulated blast furnace slag (GGBS), and rice husk
ash. The inclusion of such materials increases the density
of the mixture and reduces rutting and cracking at an early
age of construction to improve the conventional mechanical
properties by replacing natural materials for base/ sub-base
quality enhancement.

RCA and fly ash blends have the lowest early age strength
compared to virgin material mixes, but over time significant
improvement in mechanical properties has been noticed.
Enhancement in the compressive and tensile strength has
been observed as the pozzolanic reaction takes place [8]. The
effect of fly ash and CDW in polymerised masonry mortar
through mechanical and microstructure analysis concludes
that the final mixture resulted in diverse outcomes of tensile
strength with the change in SiO, and Na,O content [9]. CDW
is effective substitutes for virgin aggregates that perform
not only aggregates but also contribute to the total volume
of amorphous material. This CDW has a sufficient amount
of Ca content that forms N-A—-S—H and C-A-S-H mixes
[10]. Lightweight aggregates (LWA) made from CDW/ fly
ash/ GGBS were evaluated to monitor performance through
water absorption. As a result, the strength and density of the
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granular particles made from LWA became an environmen-
tally friendly and sustainable solution [11]. The characterisa-
tion of unbound CDW aggregates like crushed bricks (CB),
recycled crushed concrete (RCA), and reclaimed asphalt
pavement (RAP) has been investigated with lime content of
1-5%. Mechanical properties like unconfined compressive
strength (UCS) and repeated load triaxial (RLT) have been
examined, and the results were found satisfactory at initial
7 days of curing for CB and RCA mixes. Engineering prop-
erties made it clear that lime-stabilised CDW aggregates,
especially CB and RCA, performed satisfactorily for the
base/ sub-base layer implementation as compared to RAP.
The effects of lime kiln dust/ cement kiln dust in different
percentages of alkali-activated fly ash were studied. Lime
kiln dust/ fly ash/cement kiln dust-stabilised CDW was dis-
covered to be acceptable for unbound pavement layer sup-
plication. Effective management of waste during recycling
along with fines in stabilising CDW for road-building by-
product may greatly reduce the carbon content for future
road construction [12]. Alumina and silica are available
in fly ash and can supplement the increased calcium level
of lime kiln dust (LKD). A variety of LKD and FA mixes
were examined and revealed that alkali activation with an
optimum combination of 15% LKD and 15% FA showed
a feasible option for base/ sub-base application [13, 14].
Automated scanning electron microscopy (ASEM) approach
applied for the physical and chemical characterisation of fly
ash in construction. Compressive strength, splitting tensile
strength, flexural strength, and modulus of elasticity were
measured at 7, 14, 28, 56, 91, and 365 days. The incorpora-
tion of fly ash as a partial replacement for fine aggregate
enhances the strength qualities. It swiftly analyses the size,
shape, and chemical content of individual fly ash particles
out of thousands of samples via X-ray diffraction, ASEM,
EDS, and particle size to distinguish the class F and class C
fly ash [15-18]. RCA with lime/fly ash/silica fume/GGBS
was investigated for concrete, masonry, sub-base, and base
course [19-21]. The usage of fly ash in the form of binder
results in decreased porosity and improved performance [22,
23]. Consequently, a reduction in the proportion of cement
along with alternative raw materials such as fly ash and
hydrated lime further decreases CO, emissions [24]. The
RAP blends demonstrated superior performance in Egyptian
conditions compared to natural aggregates for base/sub-base
layer application [29]. The results of the 100% RAP materi-
als need to be supported by permanent deformation testing
[31]. Superior-grade material for road bases is produced
by combining RAP with virgin aggregate [32]. 90% of the
total CO2 emissions and high energy consumption were
caused by the mining and chemical manufacturing indus-
tries [34]. The CO, in the manufacturing of building sup-
plies is taken into consideration [35]. The carbon footprint
is associated with recycling construction waste, specifically
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concrete, brick, steel, wood, and mortar [36]. The pavement
usage phase, the allocation process, and the transportation
distance of recycled solid waste materials all needed to be
given greater consideration because they had a big influence
on the LCA outcome [37]. The benefits of improved asphalt
binders over unmodified binders were assessed using life
cycle cost analysis (LCCA) [38].

Transport accounts for 20% of global CO, emissions,
making India the world’s largest material user. Reusing
CDW materials is essential for sustainable pavement con-
struction and resource preservation. Research indicates that
base/sub-base quality and mechanical qualities are enhanced
by industrial by-products such as fly ash, lime, silica fume,
GGBS, and rice husk ash. In addition to lowering CO, emis-
sions, this eco-friendly, lightweight aggregates enhance
building performance.

Objective and scope

The present study determines the laboratory evaluation
and potential of CDW waste collected throughout the Surat
district and processed at Surat Green Precast Private Lim-
ited (SGPPL). Around 600 tpd of waste was processed at
SGPPL. Contractors have not shown confidence in utilising
this waste for construction applications due to lack in labo-
ratory evidence of material characterisation. The properties
of CDW material vary according to the source. This novel
research was carried out in order to accommodate a huge
stack of processed RCA into the cement-treated sub-base.
Therefore, a detailed experimental assessment is necessary
to draw the attention of engineers and local contractors for
replacing the natural aggregates with RCA.

Materials and test methods
Material

Before the utilisation of CDW wastes into cement-treated
sub-base, it was treated and recycled before reaching the
necessary aggregate size categories at the facility to gener-
ate recycled concrete aggregates (RCA). Chemical analysis
of RCA material has been carried out, and chemical con-
stituents are listed in Table 1. OPC of grade 53 was chosen

within the study in order to fulfil the chemical standards
specified in IS: 12269:1987 and physical requirements as
per IS: 12269:1987. This research has utilised fly ash of
Class F and was produced at thermal power plant. As per
ASTM C618, the chemical constitutions of various material
are shown in Table 1. Hydrated lime is additionally mixed
with material as an additive. Hydrated lime having chemical
compositions as per ASTM C977 is shown in Table 1.

Major constituents of CDW were recycled coarse aggre-
gates (RCA), recycled fine aggregates, and recycled sand
(R-Sand) which together account approximately 75% of
CDW waste. The materials used aggregates with stipulated
maximum size of 37.5 mm, 20 mm, and recycled sand.
Physical characteristics of RCA were found according to IS
specifications in the laboratory. Laboratory tests were under-
taken on bound CDW material stabilised with fly ash and
lime which encompassed their basic geotechnical properties.
Particle size distribution, specific gravity, water absorption,
impact, flakiness, elongation, and abrasion test were com-
prised to identify the fundamental properties as per Table 2.
From the mentioned results, it was recorded that materials
are acceptable for the use in the flexible pavement of sub-
base layer as per the MoRTH 5th revision.

Mix proportions and test conducted

Figure 1 represents the overview of the work. In this the mix
of cement-treated sub-base (CTSB), RCA in percentage of
25, 50, 75, and 100% (by weight of aggregates) were blended
with cement in percentage of 3, 4, 5, and 6. Other than RCA,
to limit the usage of cement by partly substituting it with
cost-effective pozzolanic materials such as FA along with
L mixes in the proportions of 10, 15, and 20 (percentage)
were blended.

In Table 3, a sample mix proportion has been shown.
Same percentage of cement+ fly ash +lime was chosen for
NA (100%), RCA (50%)+ NA (50%), RCA (75%) + NA
(25%), RCA (100%). For the cement-treated sub-base layer,
the gradation was taken according to IRC: SP: 89 (Part-2)
[39], i.e. grading IV as per Table 400-1 of MoRTH. With
the job mix formula, the RCA and NA were mixed as per
required gradation in different proportions. Cement, fly ash,
and lime were added in the RCA and NA blends as per the
described percentages. In the blended mixes the UCS, dura-
bility, repeated triaxial, proctor, and beam load test were

Table 1 Chemical composition

. Materials SiO, Al 04 Fe,05 CaO MgO Loss of ignition
of CTSB materials
Recycled aggregates - 13.80 7.86 10.65 1.98 7.28
Cement 17.10 3.70 3.10 64 0.70 4.10
Fly ash- “Class F” 55.60 25.70 5.30 5.60 2.10 1.90
Hydrated lime 1.70 0.40 0.70 72 4 24
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Table 2 Properties of CDW materials

Property IS code AASHTO standards 37.5mm 20mm Recycled sand Requirement as
per MoRTH 5th
revision

Specific gravity IS: 2386: Part I AASHTO T 331-21  2.51 2.53  2.65 -

Water absorption (%) IS: 2386: Part Il  AASHTO T 85-22 2.55 235  2.67 -

Impact value (%) 1S: 2386: Part IV AASHTO 19 29.20 31.20 - Max. 40%

Wet impact value (%) 1S: 5640: 1970 AASHTO 19 34.30 34.58 - -

Los Angeles abrasion value (%) 1S: 2386: Part IV AASHTO 19 36.00 36.46 - Max.40%

Combined flakiness & elongation index (%) IS:2386: PartI ~ AASHTO 19 29.62 24.18 - Max. 35%

Fig. 1 Overview of the present
work

Collection of the Materials for the Mix of Cement Treated Sub Base (CTSB)

l

l |

RCA (25%, 50%, 75% and Cement Fly Ash + Lime
100%) (3%, 4%, 5% and (10%, 15% and 20%)
by weight of Aggregates 6%)

Mix Design as per grading IV (Table 400-1 of MoRTH) and IRC: SP: 89 (Part-2)

Sample Mix Formula, RCA & NA mixed as per gradation in different proportions

Cement, Fly Ash, Lime added in the RCA & NA blends as per percentages

Samples Tested for UCS, Durability (Method-1 of IRC: SP: 89-Part-1), Repeated Triaxial (AASHTO
T307-99), Modified Proctor Test (IS: 2720-Part-8) and Beam Load Test (IRC: 89-Part-2-2018)

Resistance Index (Ri) (IRC: SP: 89-Part-1-2010) measured the resistance towards the

effect of water on the strength

|

Morphological parameters of optimum mix investigated through SEM, XRD

tests

Validation of Result, Emission Calculation and Cost Analysis

carried out. The modified proctor test was conducted on dif-
ferent blends as per the IS: 2720 (Part-8) to find the optimum
moisture content (OMC) and maximum dry density (MDD).
The derived OMC and MDD were thereafter used to cast the
mould for various test. In the present research, material has
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Conclusion

NMAS of 37.5 mm and comes under coarse grain size of the
aggregate as per the IRC: SP: 89 (Part-1)-2010. The cubes
of size 150x 150 % 150 mm were casted to find the UCS
of the blend. The collected samples were kept at the room
temperature for 24 h before remoulding and then plastic
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Table 3 Sample proportions of CTSB mix

Combination Proportion (%)

NA(100%) C(3%)+FA (20%)+L(10%)

Egigg?; + gﬁ?@) C(3%) +FA(15%) +L(15%)
)+ 0

RCA(75%) +NA (25%) C(3%)+FA (10%) +L(20%)

RCA (100%) C(4%)+FA (20%)+L(10%)

C(4%) +FA (15%)+L(15%)
C(4%) +FA (10%)+L(20%)
C(5%) +FA (20%)+L(10%)
C(5%) +FA (15%)+L(15%)
C(5%) +FA (10%)+L(20%)
C(6%) +FA (20%)+L(10%)
C(6%) +FA (15%)+L(15%)
C(6%)+FA (10%) +L(20%)

wrapped till the curing time. The samples were kept for 7
and 28 days. The durability of stabilised material was found
in accordance to Method 1 of IRC: SP: 89 (Part-1) [39]. To
perform the test, two identical sets of a blend were prepared
and each set contains three samples. All the samples were
prepared with the predetermined OMC. The prepared sam-
ples were cured for 7 days. Then, one set was kept in the
water bath and another was maintained in the moist room
to maintain moisture for another 7 days. At the end of the
14 days, both the sets were tested for the strength. The ratio
of wet UCS to dry UCS was calculated as resistance index
(Ri). The index measured the resistance towards the effect of
water on the strength. As per IRC: SP: 89 (Part-1)-2010, the
Ri should be more than 0.80. To measure elastic modulus,
beam load test was performed on the blends as per the IRC:
SP: 89 (Part-2)-2018. The beams were casted having size
of 700 X 150 X 150 mm for the test. The prepared moulds
were remoulded after 24 h of casting and cured for 28 days
before testing. The cylindrical specimen having diameter
of 100 mm and height of 200 mm was synthesised for the
repeated loading triaxial test to determine resilient modulus
(M,) as per AASHTO T307-99 [33]. The initial sitting load
of 1000 cycles was imposed to the sample, and after that,
fifteen different loading stages were applied on the specimen
having 100 cycles of load at each stage. The prepared sam-
ples were cured for 28 days before testing. Morphological
parameters of optimum mix have been investigated through
SEM and XRD tests.

Results and discussion

The job mix formula was used to blend materials for work
sampling, with the upper and lower limits determined by
MOoRTH specification for the cement-treated sub-base layer.
The blends, consisting of natural aggregates and RCA
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Fig.2 Gradation curve of blended combinations

materials, fall within the upper and lower limits of required
gradations, as detailed in Tables 1 and 2. The RCA material
exceeds IS specification for flexible pavement sub-base, with
cement mortar forming attachments to recycled aggregates
after concrete’s crushed life. RCA material has lower den-
sity and porous surface compared to NA, resulting in more
water absorption [25]. The processing method to get aggre-
gate from the concrete waste also affects the properties of
RCA. Even the strength of RCA also gets influenced by the
combined fraction type. The abrasion and impact value of
the RCA material is found higher as compared to NA due to
different compositions of the material [14, 25].

Proctor test was conducted on all the combinations due
to variations in the binder content. The results of MDD and
OMC of all the combinations are shown in Figs. 2 and 3,
respectively. Both MDD and OMC play a vital part in the
compaction properties and compaction curve [28]. The vari-
ation in the MDD was observed with varied percentage of
RCA, cement, and fly ash along with lime. The OMC varies
for different blends with increased binder content. The vari-
ation was found minor in the MDD and OMC values due to
particle size distribution in the blend and the specific gravity
of the material. Compaction level exceeds the initial matric
suction and has a substantial impact on base and subgrade
rutting as well as bottom-up fatigue cracking [30]. The addi-
tion of the fly ash and lime substance facilitates the compac-
tion process [1]. The study reveals that as cement content
increases, the OMC of the blend increases, and the MDD of
the RCA (100%) is lower than that of the NA (100%).The
RCA was crushed into significantly finer fractions during the
compaction process than the NA, which led to a fall in dry
density and an increase in water content. The results of the
MDD and OMC are used to prepare the specimens for the
UCS, durability, and RLT and beam test.

Samples with lower binder content (3—4% cement)
were unstable with lime and fly ash, exhibiting weaker
adhesion between binder and RCA-NA blend surface after
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The strength gain with cement stabilised RCA and NA mate-
rial is presented in Figs. 4 and 5 for 7 and 28 days UCS
value. The experimental results show negligible decre-
ment with blending of NA75:RCA25 with various binder

Unconfined compressive strength

remoulding. Hence, casting of the mould with the lower
binder content was not adopted for the further strength

test. The strength tests were performed on the samples

with the cement content of 5 and 6%.
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content. Further, a moderate decrement in the UCS value
was found with NA50+RCAS50 blends. The improvement in
the UCS value was observed with increasing cement content
from 5 to 6%. The pozzolanic action of the fly ash and lime
with cement is predominantly liable for the development
of strength in the fly ash-lime blended mixtures. Calcium
silicate hydrate (C—S—H) gel and calcium alumino silicate
hydrate (C—A—S—H) gel were formed as a result of the lime’s
greater calcium content being supplemented with silica and
alumina-rich fly ash and silica. The binding gels’ pozzolanic
reaction results in unconfined compressive strength growth
of the mix proportions. The development of average UCS
for different binder content is presented in Figs. 5 and 6 for
7 and 28 days.

Durability

A durability test using lime and flyash stabilised samples
has been conducted in accordance with IRC:89 Part 1 to
determine the impact of varying curing conditions. The test
was designed to assess the durability of composites and
their capacity to withstand the influence of water on stiff-
ness under numerous curing conditions and was evaluated
using the durability index. This metric measures resistance
to the influence of water on strength. If the value is less
than 0.80, it is assumed that the stabiliser content is low
which ultimately has effect on long-term performance of
pavement under different traffic conditions. In Fig. 6, the
durability index for different combination of NA + RCA
along with various % of binders has been shown. The
durability index of (75% NA +25% RCA) displays a value
below the codal provision’s ideal limit. The composition of

C(5%)+FA(20%)+1L(10%) and C(6%) + FA(10%) + L(20%)
typically reflects it.

Elastic modulus using beam load test

The extent of rigidity of CTSB has been checked through
elastic modulus. The stiffness of the CTSB was determined
by calculating the elastic modulus of sub-base using the for-
mula provided as per IRC: SP: 89 parts —II. The result of
28-day cured sample for RCA (50%) + NA (50%) was tested
by conducting a load test on the beam. Then, E-value has
obtained with an experimental analysis and its comparison
has carried out by using the equation for E-rgg mentioned
in IRC: 37:2018. Epgg Was calculated from the formula of
1000* UCS, where the UCS of the CTSB at 28 days has
been taken for the calculation. The E-gp value for the mix
proportion (RCA 50% + NA 50%) was 4067 MPa for the
UCS sample, while the average E-value determined was
2565.23 MPa with the beam load test as per Table 4. The
reason for the variation in E-value is that the load operated
over a large surface area of the UCS sample, but in the beam
load test, the point load impacts a smaller surface of the
specimen. And also a lesser load has a greater influence on
the specimen. The E-value represents the specimen’s stiff-
ness and completely depends on the load value. As per the
result, this might be one of the lower numbers recorded dur-
ing the test. However, the E-rgg measured during the beam
load test is within the range specified in the IRC: 37:2018.

Fig.6 Discrepancy in UCS of 7
construction and demolition
waste with lime—fly ash for

NA100
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Table 4 E-value calculation for Specimen no. 1 5 3
RCA (50%)-NA (50%)
Failure load (kN) P 9.88 9.92 9.94
Corresponding displacement (d) mm 6.22 6.29 6.31
Dimension of beam 700 700 700 700
150 150 150 150
150 150 150 150
Effective length of beam (L) mm 600 600 600
Moment of inertia (mm4) 42,187,500 42,187,500
42,187,500
a=L/3 (mm) 200 200 200
E value (MPa) 2556.60 2566.95 2572.13
Average E-value (MPa) 2565.23
Modulus of rupture (MPa) 2.05 2.06 2.06

Resilient modulus of the RCA (50%) + NA (50%)
mixes

In compliance with AASTHO T307-99, RLT testing was
performed using a variety of combinations, including
blends of 50% RCA and 50% NA for 28 days of cured
samples [33]. The change in Mr for varying FA + L content
in the mix at varying confining pressures is displayed in
Fig. 7. For all combinations, there are an increase in Mr

with confining pressure and a rise in the concentration of
lime and fly ash. The Mr values increase with an initial
increment of lime and fly ash up to 30%. Subsequently,
with a higher amount of lime and fly ash, the increment
was not significant for all confining pressures. Addition-
ally, it was noted that the modulus rose by 30% when the
lime and fly ash concentration was increased from 10 to
30%. However, the increase in robust modulus was 34
and 36%, respectively, with 25 and 30% of lime + fly ash

Fig.7 Change in durability

[ ]100% NA[ ] 75% NA +25% RCA[7 7] 50%NA + 50 % RCAZ7] 25% NA+ 75% RCA.\] 100%RCA

index with changes in percent-

age of binder content 1.0

0.8 - %
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0.4

Durability Index

0.2

N N N
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content. The mixture became homogenous with the high
lime + fly ash content, and the Mr increase was negligible
[26].

The modulus of rupture value increases with changes
in confining and deviator stresses, as shown in figure. As
confinement increases, the sample experiences a decrease
in lateral strain and minimal axial distortion. Therefore,
the specimen became stiffer and resulted in a higher MR
value [27].

A pozzolanic reaction bonds the RCA particles with
FA +L and cement. Likewise, the deviator stresses applied
are considerably smaller than the compressive strength
of the cementitious material. Consequently, the resilient
modulus increased with the confining stresses. Resilient
modulus values could be estimated from the unconfined
compressive strength at 28 days of curing [43]. The study
found that the resilient modulus values and the uncon-
fined compressive strength have a good correlation (R
2>0.9177). Consequently, the resilient modulus values
can be predicted from the unconfined compression test
results using comparable (Fig. 8).

Mr = 730qu—293000

where Mr =resilient modulus (kPa), qu=unconfined com-
pressive strength (kPa).

Microstructure analysis

RCA (50%) + NA (50%) along with C (6%)+ FA
(15%) + L(15%) and C(6%) + FA(10%) + L(20%) was
investigated for SEM and XRD. X-ray diffraction peaks
in the range of 20-60° (2Z) on the XRD patterns were
studied. The sample of mix combinations was broken into
small pieces, for SEM study. Calcite (CaCo;) and dolomite
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Fig. 8 Resilient modulus versus confining stress for different mix pro-
portions

[CaMg(Co3),] compounds, which are nonhomogeneous
and angular cement leftovers, were found in the RCA sam-
ples both before and after mixing, according to the SEM
pictures and XRD study [48].

SEM analysis

Cube-shaped specimens were prepared as described earlier
and later fractured to expose clean, fresh surfaces. The com-
position of CDW is a combination of various components,
including aggregates; cement paste, and pores, which vary
in size and shape. The strength of the sample is significantly
influenced by its pore structure, and an increase in the num-
ber of pores leads to a reduction in mechanical strength.
An SEM imaging mode was used to examine the micro-
structures of hardened paste samples after 28 days. In Fig. 9,
sheet shape AFm (alumina—ferric oxide-mono) is seen. AFm
is made by the decomposition of the Aft (alumina—ferric
oxide-tri) and fly ash. It was responsible for the long-term
strength as well as in durability aspect.

The author employed a combination of cement, fly ash,
and lime to produce CDW mix in this investigation. The
development of C—S—H gel is the main result of the reaction
between cement and water. On the other hand, the reaction
between ettringite and supplementary cementitious mate-
rials (such as fly ash and lime) leads to the formation of
C—A-S-H gel as a secondary reaction shown in Fig. 10 [47].
It contributes to the production of a more refined gel and
is also accountable for the long-term increase in strength.
The alumina content has an impact on the production of
C-A-S-H gel, and the amount of alumina present in fly ash
is enough to generate the creation of secondary gel. The gel
forms are substantiated by SEM examination.

53400 15.0kV 13.6mm x2.00k SE

Fig.9 SEM image of RCA (50%)+NA (50%) along with C
(6%)+FA (15%)+L (15%) for 7 days in 20.00UM
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53400 15.0kV 15.9mm x2.00k SE

Fig. 10 SEM image of the control CDW mix samples

XRD analysis

X-ray diffraction (XRD) is a widely used analytical tech-
nique in materials science and various scientific disciplines.
They use XRD to identify different phases present in a
sample. This is particularly important when dealing with
complex materials or mixtures and contributes to a compre-
hensive understanding of the sample composition. Different
minerals obtained from the XRD data are responsible for dif-
ferent purposes. (i.e. Calcite indicates CaCO; content, etc.)

The XRD analysis was carried out of 75-micron powder
particles extracted from tested samples after 28 days. Chemi-
cal compounds were evaluated using Match 3 software.
Hydration stoppage was also incorporated for test accuracy.
The CDW mix samples identified minerals such as fettelite,
haematite, calcite, bornite, quartz, etc.

Counts l | | ||

The cubical form of hexagonal-shaped calcium hydrox-
ide (bornite) was formed after the pozzolanic reaction. In
line with early strength increment, the calcite (CaCO;) was
responsible and found in all CDW mix samples but at differ-
ent intensities. Quartz indicates the SiO, content in the sam-
ple at the apex as depicted in Figs. 11, 12 and 13. As shown
in XRD samples, bornite and portlandite are responsible
for primary gel formation in the CDW mix. SEM images
show the C—S—H and C—-A-S-H gel formation with a denser
matrix due to fly ash and lime, and the XRD results support
the SEM images. In line with early strength increment, the
calcite (CaCO;) was responsible and found in all samples
but at different intensities.

Emission calculation at various stages

In past years, environmental issues were fairly minor consid-
erations in the road construction sector. However, in recent
years, society has became more aware of the changes hap-
pening in the environment and climate due to the construc-
tion of the road and transportation sectors. Starting with
paying attention to the selection of road material choices and
construction techniques, along with long-term maintenance.
As a first step towards developing this framework, it was
recognised that understanding all possible sources of direct
and indirect CO, emission during the life cycle of any road
is vital [40]. CO, emission was calculated by multiplying the
total fuel consumption associated with material transporta-
tion with the emission factor [41]. Material transportation
means transferring material from the source to the construc-
tion site using means of transportation. This is an integral
part of highway construction. In Table 5, calculations for
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Fig. 11 XRD graph for C6:FA15:L15
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Fig. 13 XRD graph for C5:FA20:L10

Table 5 Calculation of carbon St.No Material Volume  (Capacity of (Distance from TD (km) TEC (litte) TE (tonnes CO,)
emlss¥0n fOr construction plant) COP SOurCC) DfS
materials (km)

1 CA 835.06 m® 4 18 7515 214728 571

2 FA 34496 m® 4 144 24837 709622  18.88

3 Asphalt  2395.5L 13,200 201 402 114.86 031

4 Filler 001m*> 4 18 36 10.29 0.027

Total 24.92
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Table 6 CO, emissions by
plants and vehicles during sub-
base construction

Components Vehicles Total fuel consumption  Total emission
(litre) (tonnes) CO,
Sub-base course (r=150 mm) Wheel loader 278.91 5.32
Dump truck 3531.52 9.40
Motor grader 150.36 0.4
Vibro 401.61 1.07
Water tanker 226.42 0.60

Table 7 Material cost incurred per m® for natural aggregates

Aggregate size Blending of  Rate (per tonne) Total in
mix (%) Rs (per
m’)
37.5 mm 65.1 750 Rs 741
20 mm 9.9 550 Rs 83
SD 25 350 Rs 133
Total cost per m* 956

Table 8 Cost of material incurred per m® for RCA (50%)-NA(50%)

Aggregate size Blending of  Rates per tonne Total in
mix (%) Rs (per
m?)
37.5 mm 39 750 444
20 mm 5 550 42
SD 6 350 32
20 mm+ 25 400 152
20 mm— 5 350 27
R Sand 20 400 121
Total cost per m* 817

carbon emission were carried out for some majorly utilised
materials.

Apart from transportation during plant operation, CO,
emissions also take place while compaction is done, as is
asphalting [42]. At this particular stage, emissions are pro-
duced by various types of mechanical equipment, the onsite
construction phase. While construction of sub-base/ base
has been carried out, there are many pieces of equipment
required for various functions. Total fuel consumption and
total carbon emission are mentioned in Table 6; maximum
CO, emission has done around 9.394 tonnes by dump truck
and 5.324 by wheel loader [44, 45].

@ Springer

Cost analysis for conventional sub-base
and RCA-based CTSB

According to Table 7, the cost comparison of material has
been performed by considering convention sub-base and
RCA with fly ash and lime. The material costs (per m?) for
the conventional mix are listed in Table 7 while RCA (50%)-
NA (50%)-based cost is compared in Table 8. Recently, rates
of material have been considered for the cost analysis.

It was discovered that including the RCA (50%)-
NA(50%) for the building of the pavement’s sub-base layer
will save 17.86% of the material cost (per m?) [46].

Conclusion

The research showed that the design of pavement would
not only check from the structural point of view but
also from environmental considerations. RCA has been
replaced by natural aggregates at 25, 50, 75, and 100%.
Cement is also partially substituted by fly ash (FA) plus
hydrated lime (L) blends in the proportions of 10, 15, and
20% (by weight of cement).

e The resulting MDD of the RCA (100%) was less as
compared to NA (100%). Because the adhering sub-
stance of various materials on the surface of the RCA
created a porous and considerably weaker fractured
layer, the maximum dry density was reduced.

e The mix with 50%RCA + 50%NA mixed with
6%C + 10%FA +20%L met the standards specified in
IRC 37:2018 for a 7-day average UCS value. Aside
from that, the remaining proportions of mix having
50%RCA + 50%NA readily obtained the average uncon-
fined compressive strength values of 7 and 28 days for
successful utilisation in the pavement’s sub-base layer.

e The durability index for all of the mix proportions was
more than 0.80. This demonstrates that the stabiliser con-
tent was sufficient for the mix. This index measures the
resistance of the concrete to the influence of water on its
strength.

e The E-value of the mixture fraction RCA (50%) + NA
(50%) was calculated to be 2565.23 MPa. The computed
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E-value for the cement-treated sub-base layer is in the
(2000-6000 MPa) range specified in IRC: 37:2018.

e The RCA + NA aggregate with 6% cement and 10%
FA +20%L was micro-structured at various resolutions.
The aggregate surface was examined for calcium hydrate,
aluminosilicate hydrate, ettringite gel formation, micro-
cracks, and pores.

e It was found that using RCA(50%) + NA(50%) mixed
with 6%C + 10%FA +and 20%L for the building of the
pavement’s sub-base layer might save a significant pro-
portion (17.86%) of money (per m?).

e From XRD analysis, different peak broadening was
detected which is inversely proportional to the materials
size and directly proportional to the full width of half of
maxima (FWHM) according to Scherer’s equation. The
SEM image of the concrete sample under control shows
C-S-H gel reflection.

e From a sustainability point of view also, application of
such industrial by-product and RCA-based materials
helps to mitigate carbon emissions.

e The laboratory examination of the materials used in
building the pavement’s sub-base layer aided in selecting
the most ideal mix proportion, RCA (50%)-NA (50%).

Recommendations

Only laboratory evaluation has been highlighted in this
study. However, this study does not address the use of this
material for pavement construction or its long-term perfor-
mance for cement-treated sub-base construction. Fly ash
is the only by-product used in this study; however, we can
choose to explore and investigate other industrial waste, such
as silica fume, GGBS, E-slag, etc.
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