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Energy from coal-fed thermal power plants is provided at the cost of the
generation of coal ash. Coal bottom ash (CBA) is an ash generated in coal-fed
power plants which is landfilled. Existing literature reports the potential of CBA
as a replacement for Portland cement (PC) and natural fine aggregates (NFA) in
concrete. Carbonation is an important durability parameter of concrete having
fatal consequences at later ages if not estimated and controlled as it leads to

Keywords: corrosion in reinforcement. In the present study, experimental, microstructural,

and statistical analysis along with life cycle assessment was performed to

investigate the combined effect of two-hour grinded CBA (GCBA) as PC (10-30%)

Concrete: and raw CBA as NFA replacement (0-50%) on compressive strength and

. carbonation resistance. Accelerated carbonation tests were performed at an
Carbonation; .

Carbon footprints; exposure of four weeks after 28 and 90 days of curing. Among CBA-based

. ’ concrete mixes, concrete with 20% GCBA and 25% CBA (G20C25) reported

Compressive strength; hich . h . h . lani

Eco-costs: igher compressive strength and carbonation depth owing to pozzolanic

reactivity and filler effect of fine CBA particles. However, G20C25 resulted in
comparable performance in comparison with the control mix in terms of
strength and carbonation resistance. The findings of X-ray diffraction
spectroscopy, scanning electron microscopy and Fourier transform infrared
spectroscopy also validate the trends. The mathematical models derived for the
carbonation resistance and strength were well-fitted. Multi-objective
optimization recommended 21.5% GCBA and 29.8% CBA as the optimum
amount that resulted in 20.08% and 19.40% lower carbon footprints and eco-
costs compared to control mix.

Microstructure
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1. Introduction

The durability and sustainability assessment of concrete are key aspects in the production
of concrete as it is the most consumed building material around the world. The majority of
the constituents of concrete are dependent on natural resources for procurement [1].
Concrete is being utilized at a very rapid pace hence, the rate at which natural resources
are depleted is much higher than the rate at which they are being replenished. The
construction of new infrastructure is not only a concern, as poor durability performance
of concrete also demands repair and retrofitting which also increases the demand for
concrete. The need of the hour is to reduce the overburden on the natural resources and
alternative constituents of concrete must be explored that can perform in tandem with
concrete prepared with conventional ingredients. Numerous industrial waste has been
investigated for the potential replacement of cement, fine aggregates, and coarse
aggregates in concrete [2-12]. Recently, many industrial wastes like fly ash, silica fumes,
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slag, recycled concrete aggregates, etc. have been discovered as alternative cement and
aggregates in concrete, and promising results have been stated worldwide [2,4-12]. The
rise in the global population results in increasing demand for concrete as well. Hence, it is
important to develop alternatives that are not only durable but also sustainable.

With the rise in population, the energy demand especially electricity is also rising. The
majority of the world depends on coal-fed thermal power plants for electricity generation.
It has been estimated that 47% of global electricity will be provided by coal-fed thermal
power plants by 2030 [13,14]. It has also been expected that despite the world's focus on
renewable energy resources, the dependency on coal-fed power plants will persist for the
coming decades. The cost effective and surplus energy from coal-fed thermal power plants
is provided at the cost of the generation of coal ash that pollutes the environment. Coal
bottom ash (CBA) is one such ash that is generally landfilled and unlike fly ash is yet to be
developed as a potential replacement for building materials. The CBA particles are heavy
and settle at the foot of the combustion chamber. It constitutes around 20-30% of overall
coal ash. Also, the concentration of heavy metals like Arsenic, Barium, Nickel, etc. is three
to four times higher than permissible limits that make it unsafe for landfill. It has been
estimated that around 100 million tons of CBA are annually dumped into various
dumpsites [15]. Attempts have been made in recent years to develop CBA as a replacement
of natural fine aggregate (NFA) and cement in concrete [16-24]. The CBA resembles the
size of NFA due to its coarser size and has been studied as NFA replacement. Few studies
also reported CBA as cement replacement after grinding CBA to obtain size similar to the
cement particle [25-34].

The replacement of aggregates and cement with industrial waste is common practice now
a day. However, satisfactory performance in terms of mechanical as well as durability
parameters must be ensured. Durable and environment sustainable products is the need
of hour not only in construction industry but other industries also [1,35]. The durability of
concrete is also related to environmental impacts of concrete as less durable concrete
demands more repair and retrofitting those further aids in to enhancement of impacts
associated with the concrete. Among the durability of concrete, carbonation is an
important property as carbonation poses serious threat to reinforcement of the structures
[9,36,37]. Carbonation may have fatal consequences if not rectified on time. Carbonation
tends to lower the pH of concrete resulting in decreasing the alkalinity of concrete and
making reinforcing bars prone to corrosion. Carbonation is one of the key aspects that
leads to deterioration of concrete structures. Extensive research has been carried out to
study the influence of industrial waste based concretes on the carbonation resistance [37-
41], however, research carried out on the carbonation behavior of CBA-based concrete is
scarce.

It has been revealed that when CBA has been used as NFA replacement, the carbonation is
not governed by diffusion theory i.e. carbonation depth depends on square root of
exposure period, as porous CBA particles provides easy permeability to diffusing gases
[42]. It has also been stated that the carbonation depth increases with increase in CBA
content. Existing literature revealed that due to pore size densification by the fine particle
of CBA, using 10% CBA as NFA replacement yields similar carbonation depth in CBA-based
concrete when compared to conventional concrete [19,42-46]. At higher replacement
levels, the presence of porous CBA leads to poor interlocking between the particles
consequently increasing the carbonation depth. Also, CBA as PC replacement in CBA
concrete resulted in better performance in terms of carbonation resistance than fly ash-
based concrete. However, there is very limited research available of the carbonation
resistance of CBA concrete where CBA has been used as cement replacement [33]. Also, the
effect of combined replacement of grinded CBA and raw CBA as cement and NFA
replacement respectively on carbonation resistance is yet to be explored.
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1.1. Research Objectives and Significance

The brief review of the existing studies has been presented in the above sections and it can
be interpreted that carbonation resistance and environmental impacts of CBA-based
concrete where CBA has been used as joint replacement of cement and NFA is yet to be
explored. Therefore, the prime objectives of the present investigations are:

e Investigating the potential of CBA to be use as dual replacement i.e. as PC
replacement in grinded form (GCBA) and as NFA in raw form (CBA) in concrete.

e Maximizing the utilization of GCBA and CBA so as to attempt reduction in
environmental impacts and the consumption of natural resources in concrete
without significant reduction/compensation in compressive strength,
microstructural characteristics and carbonation resistance of the designed
concrete mixes.

e Determining the carbon footprints and eco-cost associated with the CBA based
concrete so as to determine its sustainability potential and reduction in
environmental impacts in comparison with the conventional concrete.

Based on the outcomes of the abovementioned objectives, a design mix for concrete
prepared with GCBA and CBA can be proposed that will not only satisfy the structural
requirements of a concrete but will also minimize the detrimental effects of conventional
concrete on people and the environment.

Carbonation resistance of coal bottom ash
concrete with its carbon footprints and eco-costs

l

Use of response surface methodology for design of experiment and
optimization process parameters: GCBA content, and CBA content

l

| Casting of specimen at various combinations |

l l

Compressive Carbonation Microstructural analysis: XRD.
Strength Resistance SEM & FTIR
| | |
¥

Statistical analysis and
optimization

!

I Comparison of carbon footprints and eco-cost of optimized CBA mix and control mix I

Fig. 1. Overview of the objectives and experimental program in the present study

The present research article can be divided in 4 parts where Part 1 contains present day
scenario of coal combustion products along with a brief review of the existing literature on
CBA based concrete. Part 2 contains materials and methods that are used in the present
investigation for development of CBA based concrete. Part 3 contains results and
discussions and provides in depth analysis of trends observed in compressive strength,
carbonation depth, microstructural characteristics. Statistical analysis and optimization
part has also been discussed in Part 3 along with the environmental impacts of CBA based
concrete mixes. The research article concludes with key findings of the study in Part 4.
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2. Materials and Methods

Fig.1 represents the overview of the objectives and experimental program of the present
study. The present study focuses on investigating the effect of grinding CBA (2 hours),
grinded CBA (GCBA) as Portland cement (PC) replacement and CBA as NFA replacement
on carbonation resistance and environmental impacts of concrete. Accelerated
carbonation tests along with compressive strength tests have been conducted to study the
combined effect. Microstructure analysis like X-ray diffraction spectroscopy (XRD),
scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR)
were also performed to determine the influence of GCBA and CBA on microstructural
characteristics. Statistical analysis was also performed to determine the significance of the
GCBA, CBA and their interactions on the compressive strength as well as carbonations
resistance. In addition, carbon footprints and eco-costs associated with CBA concrete were
also calculated so as to determine the sustainability potential of CBA-based concrete.

2.1. Material

The present study used ordinary Portland cement (OPC) grade 43 for preparing concrete
that conforms to IS 8112-2013 [47]. The natural coarse aggregate (NCA) of two different
sizesi.e. 20 mm and 10 mm were used in 40:60 proportion conforming to IS 383 2016 [48].
The coarse sand conforming to zone II as per IS 383 2016 was used as natural fine
aggregate (NFA). The physical properties of NFA and CBA are presented in Table 1.

Table 1. Chemical and Physical properties of PC, CBA, GCBA and NFA

Chemical composition of PC, CBA and GCBA

Compounds PC CBA GCBA
SiO2 20.89 56.4 56.5
Al203 5.88 29.13 26.6
Fe203 3.99 831 10.8
MgO 0.93 0.42 0.318
Ca0 60.58 0.78 1.24
SOs3 2.83 0.21 0.555
K20 1.12 1.27 1.48
Na20 0.81 0.07 0.24
TiO2 0.22 0.22 1.67
Loss of Ignition 2.01 0.87 -
Physical properties of NFA, CBA and GCBA

Property NFA CBA GCBA
Fineness Modulus (FM) 2.43 2.23 -
Water Absorption (%) 1.52 9.5 -
Specific Gravity 2.6 2.38 2.62
Specific Surface Area - - 1.41
(m2/g)

Average Pore Width (nm) - - 8.07
Pore Volume (cm3/g) - - 0.0024

Coal bottom ash (CBA) was acquired from Ropar thermal power plant and was utilized in
two discrete ways i.e in grinded form (GCBA) as a PC replacement and in raw form (CBA)
as NFA replacement (Fig. 2). The CBA was grinded for 2 hours so as to obtain CBA at
different specific surface area. A ball mill of 20 Kg capacity with 15 kg steel balls of varying
diameter was used for grinding CBA at 55rpm.
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(a) ®)
Fig. 2. Coal bottom ash in (a) grinded form (b) raw form

The chemical composition of CBA along with the physical characteristic of GCBA are
presented in Table 1. It is evident from Table 1 that the grinding of CBA has minimal effect
on the chemical composition of CBA however, the particle size of CBA decreases
significantly with grinding (Fig. 3). Table 1 also represents the specific surface area,
average pore width, and pore volume for GCBA as obtained from Brunauer, Emmett and
Teller (BET) test. Fig. 3 represents the particle size distribution curve for PC, GCBA, CBA
and NFA and it can be interpreted that the particles of GCBA and CBA are finer than PC and
NFA respectively. CBA also reported higher water absorption (9.5%) and lower specific
gravity (2.38) than the NFA.

100 ¢
90 | /r
80 |
70 ¢ —e— GCBA
60 / —=—PC
50 | /

: ——FNA
40

30 / —&—CBA

0
10 100 1000 10000 100000
Particle size (microns)
Fig. 3. Particle size distribution curves of GCBA, PC, CBA and NFA

Cummulative weight (%)

2.2. Experimental Program

A two factor three level central composite design was adopted to study the combined effect
of CBA as simultaneous replacement of PC and NFA in concrete. GCBA grinded for two
hours was varied over the range of 10-20-30% replacement of PC whereas the effect of
CBA was investigated over range of 0-25-50% replacement of NFA. A total of 9 concrete
mixes of M 25 grade were cast as per IS 10262-2019 [49] and detailed mix proportion has
been presented in Table 2.
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Table 2. Mix proportions adopted for various CBA-based concretes

Mix Grinding PC GCBA  GCBA NFA CBA CBA NCA
Period (kg/m3) (%) (kg/m3)  (kg/m3) (%) (kg/m3)  (kg/m?)
(Hours)
Control - 395 - - 732 - - 1068
G10CO 2 355.5 10 39.5 732 0 0 1068
G10C25 2 355.5 10 39.5 549 25 183 1068
G10C50 2 355.5 10 39.5 366 50 366 1068
G20COo 2 316 20 79 732 0 0 1068
G20C25 2 316 20 79 549 25 183 1068
G20C50 2 316 20 79 366 50 366 1068
G30C0 2 276.5 30 118.5 732 0 0 1068
G30C25 2 276.5 30 118.5 549 25 183 1068
G30C50 2 276.5 30 118.5 366 50 366 1068

A total of 4 responses were investigated i.e. 28 day and 90-day compressive strength, and
carbonation depth after 28 day and 90 day of curing after 4 week of exposure to
accelerated carbonation and are presented in Table 3. Compressive strength tests were
performed on 100 mm cubes after 28 days and 90 days of curing conforming to IS
516:2006 [50]. After 28 days and 90 days of water curing, accelerated carbonation test
were performed on concrete mixes. Carbonation tests were performed on 500x100x100
mm beams that were split in two parts and covered with epoxy from 5 sides keeping one
side exposed to accelerated carbon dioxide (COz). The samples were kept in accelerated
carbonation chamber as present in Fig. 4. For the present study, the concentration of CO2
was kept at 4% and the samples prepared were exposed to CO: for 4 weeks as per CPC-18,
RILEM: 1988, EN 14360-2006 [51]. A solution containing 1% phenolphthalein in 70%
ethyl alcohol was prepared and sprinkled on the slices. The colorless area represents the
extent of carbonated area whereas pink color represents the non-carbonated area.
Statistical analysis of these responses was also performed using analysis of variance
(ANOVA). The microstructure characterization was performed using microstructure
techniques such as X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) analysis
and Fourier Transform Infrared Spectroscopy (FTIR). Panalytical X'pert Pro (NDP)
diffractometer was used for performing XRD analysis with 26 in the range 5-80 degrees.
Zeiss Sigma 500VP was used to study the SEM of the concrete mixes. FT-IR analysis was
conducted on Bruker Tensor 27 FT-IR instrument.

The fast-track Life cycle assessment method was used to determine and compare the
environmental impacts of optimized CBA concrete with conventional concrete. This
innovative method was developed by Delft University of Technology and is an innovative
and practical method for performing LCA [52]. The method is best suited for comparing
the two different scenarios of a same product to determine the sustainability impacts
metrics as this method generally focus on ‘what to calculate’ instead ‘how to calculate’ [52].
Carbon footprints and eco-costs were eco indicator selected for performing the LCA of
optimized CBA concrete mix. The amount of greenhouse gases resulting from the
production of material are represented in terms of carbon footprints and are calculated in
kg CO2 equivalent [52-57]. Eco-costs is monetized eco indicator that represents a virtual
cost that need to be sustained so as to make the production of material sustainable and
decrease the natural resource depletion and pollution to a level that resembles the carrying
potential of Earth [52].
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(c) Beams placed in accelerated (d) Tested specimen
carbonation chamber

Fig. 4. Steps in determining the carbonation resistance of concrete

Table 3. Results of 28 and 90-day compressive strength and carbonation depth after 4
weeks of exposure

(] (]
& SR ;..ﬂ? &7 E o é 5 <~ —:'3 g
= & : 35 ~g= 33'84:m83'§4:f—~
o] =l % > > [} = [} = = o ) b=t T B
22 £ 888 o8 fEg £Z8% STEBE S5
c - ° o & C n oL A< oL Ao
B < £ 90 g 203 LAfg 2 A3
S ¢ >5 T x5 Moo oo
I, ~ S @ ~ iz N o
- - Control - - 29.34 33.94 5 3
7 1 G20COo 20 0 25.87 33.09 5 1
6 2 G30C25 30 25 23.5 30.57 15 8
1 3 G10Co 10 0 23.04 28.774 14 6
9 4 G20C25 20 25 26.01 34.01 0
3 5 G10C50 10 50 20.14 27.12 5
2 6 G30C0 30 0 24.01 31.04 18 8
8 7 G20C50 20 50 24.29 32.01 8 5
5 8 G10C25 10 25 22.6 29.11 4 3
4 9 G30C50 30 50 21.57 27.6 29 14
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3. Results and Discussion
3.1. Compressive Strength

The influence of 2-hour grinding, GCBA, and CBA on the compressive strength
development of concrete has been presented in Fig. 5. It can be revealed that all the CBA-
based concrete mixes yielded lower 28-day compressive strength than the control mix.
This may be attributed to the inactive pozzolanic reactivity of GCBA particles that does not
contribute in strength development in concrete at an early age. However, G20C25 reported
a lower strength of 26.01 MPa in comparison with the control mix (29.34 MPa). Among
CBA-based mixes, the 28-day compressive strength has been increased with an increase in
GCBA content up to 20% and then decreased with a further increase in GCBA content to
30%. G20CO yielded 12.25% and 7.7% higher compressive strength than G10C0 and
G30CO0. The compressive strength development tends to decrease with the increase in the
GCBA (30%) due to the porous CBA particles that absorb the moisture and deters the
hydration process. However, at 20% CBA, fine GCBA particles imparts pore filling effect
that lead to increase in compressive strength after 28 days of curing [26,32].

28 Day CS (MPa)

40 90 Day CS (MPa) ] 3
C =28 Day-4W Carbonation (mm)
=35 1 30
g | _
= P =
:30 g { 258
s g :
3) / 1 200
520 v a
p % g
E / b 15-%
215 ¥ S
¢ 4 5
£10 / ] 102
-
o g o ]
T s =N / 1°
’ ]
0 Id é. — 4 L 2] ] 0

Control G10C0 G10C25G10C50 G20C0 G20C25G20C50 G30CO0 G30C25G30C50
Mix

Fig. 5. Trends observed in 28-day compressive strength, 90-day compressive strength, 28
days- 4-week carbonation and 90 days-4-week carbonation

The increasing CBA percentage overall decrease the compressive strength development as
shown in Fig. 5. For mixes prepared at 10 and 30% GCBA content, the compressive strength
after 28-day curing decreased gradually with increase in CBA percentage as Mix G10C25
(22.6 MPa), G10C50 (20.14 MPa), G30C25 (23.5 MPa) and G30C50 (21.57) reported lower
28-day compressive strength than G10C0 (23.01 MPa) and G30CO (24.0 MPa). However,
Mix G20C25 reported higher but comparable 28-day compressive strength (26.01 MPa) as
that of G20CO (25.87 MPa). CBA as an NFA replacement imparts two distinctive effects; the
refinement of pore size owing to fine CBA particles and the high porosity due to porous
CBA particles. The pore size refinement effect dominates the effect of imparting high
porosity up to 25% replacement resulting in higher compressive strength whereas, at a
higher replacement level porous CBA particles result in the development of excess voids,
thus, resulting in the drop in the 28-day compressive strength [17,58-63].

However, after 90 days of curing, the strength development in G20C25 was higher than the
control mix. The compressive strength in G20C25 was 34.01 MPa in comparison with the

142



Ankur and Singh / Research on Engineering Structures & Materials 10(1) (2024) 135-164

control mix that yielded a 90-day compressive strength of 33.91 MPa. The pozzolanic
reactivity of GCBA particles along with the pore size refinement effect of CBA particles
resulted in the formation of excess of calcium silicate hydrate (CSH) gel and dense
microstructure in G20C25 that further resulted in enhancement in compressive strength.
The overall behavior in CBA-based concrete was similar to 28-day strength wherein, the
increase in GCBA and CBA replacement up to 20% and 25% respectively resulted in
increase in compressive strength followed by gradual decrease in compressive strength
with further increase in replacement.

3.2. Carbonation

Fig. 5 represents the trends observed in the carbonation depth of concrete mixes prepared
with various replacement levels of GCBA and CBA. Fig. 6 illustrates the samples tested for
carbonation after 28 day-4week and 90 day-4week exposure. It can also be revealed from
Fig. 5 that after 28 days of curing and 4 week of exposure the carbonation depth in CBA-
based concrete mixes was higher than the control mix. From Fig. 6, it can be interpreted
that carbonated depth as shown by colorless region in the tested specimens was more in
case of G10C0, G20C25 and G30C50 than the control mix. However, after 90 days of curing
and 4 weeks of exposure, G20C25 yielded lower carbonation depth than the control mix.
The lower carbonation depth in G20C25 can be revealed by comparing the carbonated
depths as illustrated in Fig. 6. The pozzolanic reactivity of GCBA becomes active at the later
stages and hence contribute in the production of CSH along with formation of dense
microstructure that inhibits the moment of water and CO: in concrete.

Mix 28 Day - 4 Week Carbonation 90 Day - 4 Week Carbonation

Control

G10C0
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G20C25

G30C50

Fig. 6. Carbonation depth as observed in various specimen of different concrete mix after
28 day-4-week carbonation and 90 day-4-week carbonation

Also, among the CBA-based concrete, the rate of carbonation decreased with increase in
GCBA content at 20% and then further increased with increase in GCBA content after 28
and 90-day curing. Mix G20CO0 yielded 2 mm carbonation and 1mm carbonation after 28
day-4week and 90 day-4week exposure respectively in comparison with G10C0 and G30CO
in which the carbonation depth was 5-1 mm and 8-5 mm after 28 day and 90-day 4 week
of exposure. This may be due to pore densification by finer CBA particles and pozzolanic
action of CBA that results in limiting the air permeability and hence, reduction in the
carbonation depth. At lower percentage of GCBA (10%), the carbonation depth decreases
with increase in CBA content as G10C25 (4-3mm) and G10C50 (7-5mm) reported lower
carbonation depth than G10CO (14-6mm) after 28 day-4 Week and 90 day-4-week
exposure to accelerated carbonation. However, at higher replacement of GCBA (20%), the
carbonation depth at 25% CBA is lower than 0% and 50% CBA content as G20C25 reported
yielded 2 and 0 mm carbonation depth in comparison with G20C0 (5-1mm) and G20C50
(8-5mm) after 28 day-4 weeks and 90 day-4 week exposure. At 30% GCBA, the carbonation
depth increases with increase in CBA content, though, the carbonation depth in G30C0 and
G30C25 was almost comparable, whereas G30C50 yielded significant higher carbonation
depth (29-14 mm) than G30CO0 (18-8mm) and G30C25 (15-8mm) after 28 day-4 Week and
90 day-4 week exposure. The carbonation rate in CBA concrete increases due to porous
CBA particles that increases the permeability of gases and accelerates the CO: diffusion
into concrete. Poor interlocking between the particles of CBA and cement matrix may also
lead to increase in carbonation depth.
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3.3. Microstructural Analysis
3.3.1 X-Ray Diffraction (XRD) Analysis

The four concrete mixes i.e. D10C0, D20C25, D30C50 and control mix were analyzed for
hydrated mineral phases using XRD analysis after 90 days of curing using Xpert high score.
Several characteristics peaks of Portlandite (Ca(OH)2), Calcium silicate hydrate (CSH), and
Ettringite (Aft) were identified at various d spacing and are plotted in Fig. 7. As the total
count of Portlandite in G20C25 at d spacing 4.90 A, 2.62 A, 1.92 A was 2589 lowest among
control (2784), G10CO (3463) and G30C50 (3538), therefore, it can be interpreted that
Portlandite consumption was highest in the G20C25 and conversion of Portlandite to CSH
was highest consequently resulting in higher compressive strength and lowest
carbonation with respect to other mixes.
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Fig. 7. XRD Spectrum for different concrete mix after 90 day of curing

Also, higher counts of CSH d spacing 3.04 A, 2.72 A, 1.82 A& in G20C25 than control mix,
D10CO0 and D30C25 further validated the trend observed in compressive strength and
carbonation depth in CBA-based concretes. The presence of Ettringite (Aft) has also been
detected in XRD spectrum and intensity was highest in G30C50 (875) followed by G10CO
(819), control mix (735) and G20C25 (702). The higher intensity of Aft in G30C50 also
justified the lowest strength and maximum carbonation in the respective mix. The lean
peaks of calcite were also detected that attributes to filler effect in cementitious matrix
[64]. The existing literature also revealed the existence of these peaks in XRD spectrum
analysis [9,65].

3.3.2 Scanning Electron Microscopy (SEM)

The microstructure of various concrete mixes was visualized and studied using SEM
analysis. Fig. 8 represents the micrographs obtained for different concrete mixes after 90
days of curing. The presence of dense CSH can be revealed in micrographs of G20C25 as
illustrated in Fig. 8 (c) which corroborated the attainment of highest compressive strength
after 90 days and no carbonation after 4 weeks of exposure. The dense CSH gel offers
higher resistance to compressive loads as well as ingression agents like water and COz,
hence results in excellent performance of concrete. The presence of excess of Ettringite has
been revealed from micrograph presented in Fig. 8 (d) that validates the presence of high
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intensity Aft peak in XRD spectrum as well as the lowest compressive strength and
maximum carbonation in G30C50. Fig. 8 (b) represents the micrographs for G10C0 and the
presence of voids, cracks and Ettringite revealed lower compressive strength and higher
carbonation depth in comparison with G20C25. These voids make concrete porous and
provides easy passage to incoming water and COz consequently leading to excessive
carbonation. The micrographs of control mix are presented in Fig. 8 (a) shows the
existence of dense CSH gel along with few traces of Ettringite as well as cracks along the
ITZ that lead to lower but comparable strength in comparison with G20C25.

3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was performed to identify various functional groups present in different
concrete mixes and presented in Fig. 9. The characteristics peak around wavenumber 3680
cm?, 2861 cm, 1424 cm'?, 1075 cm?, 955 cm!, and 887 cm-'were produced in FTIR
spectrum. The characteristic peak around 3680 cmreveals the occurrence of Portlandite
(Ca(OH)2) that originates from O-H stretching. The presence of CSH can be detected due to
characteristic peak of Si-O originating from asymmetric bending around 955 cm-. The
reaction between Portlandite and atmospheric carbon dioxide results in formation of
intense peak around 1424 cm and 887 cm™ and confirmed the presence of carbonate
(CO3%). The sulphate group in ettringite has been observed around 1075 cm-.

<4— Aggregate

N  esH
/7 Ettringite

EHT = 500kv Mag= 26.41KX

3um  EHT=4.00kv Mag= 7.58KX
‘ WD= 3.2mm _Signal A = InLens

WD = 3.7 mm Signal A = InLens 1IC

EHT= 500kV Mag= 2430KX
WD = 3.1 mm _Ssignal A = InLens 1IC

EHT = 500kv Mag= 859KX
WD = 3.1mm _Ssignal A = InLens 11C

(b) G10CO
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Fig. 8. Micrographs for various concrete mix after 90 days of curing
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Fig. 9. FTIR spectrum for various concrete mix after 90 days of curing
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From Fig. 9, it can be interpreted that the G20C25 exhibit a sharp and intense peak of Si-O
as compared to other concrete mixes that further validates the formation of excess of CSH
in the mix. The presence of dense CSH in G20C25 was also revealed in XRD and SEM
analysis. More consumption of Portlandite in G20C25 has also been confirmed due to
broader peak of O-H in comparison with control, D10C0 and D30C50. A steep bend in S-O
as observed in G30C50 revealed the existence of higher amount of Ettringite than other
mixes that resulted in significant reduction in compressive strength and increase in
carbonation depth in the mix. The characteristics bands in the range 400-4000 cm! are in
good agreement with the previous papers [11,66-70].

3.4. Statistical Analysis

Statistical analysis was done using regression analysis to analyze the compressive strength
after 28 and 90 days of curing along with the carbonation depth after 4 weeks of exposure
to accelerated carbonation in 28 and 90-day water cured specimen. Quadratic models were
the best-found models for all the responses where p value lies below 0.05. Quadratic
models were well fitted and no transformation was required. ANOVA was further used to
check the significance of the models. Table 4 represents the results of ANOVA as obtained
for 28-day compressive strength, 90-day compressive strength, 28 day-4-week
carbonation depth and 90 day-4-week carbonation depth. Equations 1-4 represents the
regression equations as obtained for the various responses investigated.

28 Day Compressive Strength = +25.98 + 0.5480 A- 1.15B+ 0.1145 AB-2.91 (D
A?-0.8813 B2

90 Day Compressive Strength =+33.90 + 0.7010 A- 1.03 B- 0.4465 AB - 4.00 (2)
A?-1.29 B2

28 Day-4 Week Carbonation Depth = + 0.6667 + 6.17 A+ 1.17 B+ 4.50 AB + 3)
9.50 A? + 6.50 B?

90 Day-4 Week Carbonation Depth =+ 0.1111 + 2.67 A+ 1.50 B+ 1.75 AB + 4)
5.33 A%+ 2.83 B2

The statistical significance of the model is determined using the F values which are
generally the ratio of mean squares and reflect the ratio of explained variance to the
unexplained variance. The F values for the 28-day compressive strength, 90-day
compressive strength, 28 day-4-week carbonation depth and 90 day-4-week carbonation
depth were 39.86, 36.43, 61.66, and 98.50 respectively, representing there are only 0.6%,
0.69%, 0.32% and 0.16% chance that larger F values than these in models can occur due
to unexplained variations. The models are fitted satisfactorily as the RZ(adj) values of 0.96,
0.956, 0.974, and 0.983 for 28-day compressive strength, 90-day compressive strength, 28
day-4-week carbonation depth and 90 day-4-week carbonation depth respectively
revealed that only 4%, 4.4%, 2.6%, 1.7% of the total variation that cannot be explained by
the models. From the results of adequacy precisions, it can be concluded that design space
can be navigated using the fitted models as the value were greater than 4 for all the
responses. It can be revealed from Table 4 that A, B, A%, and B? are significant model terms
for 28 days compressive strength as well as the 90 days compressive strength as p-values
for these model terms were less than 0.05.

Table 4 also revealed that A, AB, A%, B? are significant model terms (p value < 0.05) for 28
day - 4 week carbonation depth whereas for 90 day-4 week carbonation the significant
model terms were A, B, AB, A%, B2 Actual vs. Predicted plots were also found to determine
the goodness of fit of the models and variations in the predicted values from the regressed
diagonal line obtained from the actual values. It can be concluded from Fig. 10 (a and c)
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and Fig. 11 (a and c) that residual points fall on regressed diagonal line throughout the
range of actuals and hence, the adequacy of models can be established. Response surface
plots were used to study the influence of GCBA and CBA along with their interactions on
various responses studied. It can be revealed from slopes of response surface in Fig. 10 (b
and d) that the compressive strength increases with the increase in GCBA and CBA content
and then gradually decrease with further addition in replacement level. On contrary, slopes
of response surface in Fig. 11 (b and d) validated that the carbonation depth decreases
with the increase in GCBA and CBA content followed by gradual rise in carbonation depth
with further addition of GCBA and CBA. The results in the current study are in good
agreement with the existing studies that revealed similar pattern in compressive strength
and carbonation depth in CBA-based concrete [19,21,26,30,32,33,71-75].

3.4.1 Optimization

A multi-objective optimization technique has been adopted in which response surface
methodology serves as the base to find the optimal solution. Optimum setting of factors
and responses were discovered using face central composite design method. The
importance and weight along with the objective of optimization of factors as well as
responses were defined so as to perform the objective based optimization. The
optimization was carried out in Design expert software, that uses ‘Desirability function’
approach for executing optimization. In this method, desirability function for each
response is constructed for carrying out the optimization. As presented in Table
5, Importance’ is also assigned to individual factors and responses that can vary from 1 to
5. Value ‘5’ is assigned for critical goals or goals having very high importance; value ‘3’ is
assigned for goals with medium or equal importance whereas value ‘1’ is assigned for the
goal with lowest importance. Since, the goals of maximising the replacement level of GCBA
and CBA, maximising the compressive strength and minimising the carbonation depth as
defined in multi-objective optimisation were considered to be equally important, hence a
‘value of 3’ was assigned by the authors. The ‘value of 3’ is also preferable as assigning any
one goal the importance ‘value of 5 or 1’ makes the optimisation biased towards the
assigned value of the goal. So, for practical point of view, the ‘value of 3’ delivers optimised
results that further gives almost equal desirability to all the selected goals.

Each response is transformed into a dimensionless value called Individual desirability
scale (di). The scale varies from 0 to 1, where 0 represents completely undesired response
and 1 represents completely desired response. These individual transformations are
combined using geometric mean that assists in examining the outcomes of various
responses to form overall desirability (D). The method was first introduced by George
Derringer & Ronald Suich in 1980 [76]. Though there are many other advanced methods
that have been developed for multi objective optimization [77,78], the desirability function
method has been widely used in existing studies [79-82] and hence the same methodology
has been adopted in the present study.

Multiobjective optimization with desirability as mentioned in Table 5 has been performed
in order to find the optimal combination of GCBA and CBA that would yield maximum
compressive strength and minimum carbonation depth. The optimal solution as suggested
by optimization revealed 21.51% GCBA and 29.82% CBA content as the best combination
that will yield maximum strength with minimum carbonation. The desirability of factors
and responses along with the total desirability of the optimization solution has been
provided in Fig. 12. It can be revealed from Fig. 12 that the factors GCBA and CBA have the
individual desirability of 0.57 and 0.58 whereas individual desirability for responses
varied from 0.92 to 0.98.
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Table 4. Results of ANOVA for 28-day compressive strength, 90-day compressive strength, 28 days-4-week carbonation and 90 days-4-week carbonation

28 Day Compressive Strength

90 Day Compressive Strength

Sum of Mean

Sum of

Mean

Source Squares df Square F-value p-value Squares df Square F-value p-value
Model 28.34 5 5.67 39.86 0.0060 significant 45.45 5 9.09 36.43 0.0069 significant
A-GCBA 1.80 1 1.80 12.67 0.0378 2.95 1 2.95 11.82 0.0413
B-CBA 7.98 1 7.98 56.11 0.0049 6.35 1 6.35 25.46 0.0150
AB 0.0524 1 0.0524 0.3689 0.5865 0.7974 1 0.7974 3.20 0.1718
A? 16.95 1 16.95 119.24 0.0016 32.02 1 32.02 128.33 0.0015
B? 1.55 1 1.55 10.93 0.0455 3.33 1 3.33 13.36 0.0354
Residual 0.4265 3 0.1422 0.7484 3 0.2495
Cor Total 28.76 8 46.20 8

Adjusted R? = 0.960; Predicted R2 = 0.819; Adequacy Precision = 19.09

Adjusted R2 =0.956; Predicted RZ = 0.805; Adequacy Precision = 16.12

28 Day-4 Week Carbonation

90 Day-4 Week Carbonation

Source Ss;urzrzfs df Mean Square F-value p-value Sum of Squares  df Mean Square F-value p-value
Model 582.33 5 116.47 61.66 0.0032 significant 141.36 5 28.27 98.50 0.0016 significant
A-GCBA 22817 1 228.17 120.79 0.0016 42.67 1 42.67 148.65 0.0012
B-CBA 8.17 1 8.17 4.32 0.1291 13.50 1 13.50 47.03 0.0063
AB 81.00 1 81.00 42.88 0.0072 12.25 1 12.25 42.68 0.0073
A? 180.50 1 180.50 95.56 0.0023 56.89 1 56.89 198.19 0.0008
B? 84.50 1 84.50 44.74 0.0068 16.06 1 16.06 55.94 0.0050
Residual 5.67 3 1.89 0.8611 3 0.2870
Cor Total 588.00 8 142.22 8

Adjusted R2? = 0.974; Predicted R? = 0.914; Adequacy Precision = 24.8

Adjusted R2 = 0.983; Predicted R2 = 0.927; Adequacy Precision = 32.19

Cor Total: Corrected Total Sum of Squares, df : degree of freedom
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Fig. 10. Actual vs predicted and response surface graph for compressive strength after
28 days and 90 days curing

The contour plots for the responses were also obtained and are presented in Fig. 13. The
suggested optimum combination of the GCBA and CBA was cast to validate the predicted
values. The optimum combination yielded a 28-day compressive strength of 26.03 MPa in
comparison with the predicted value of 25.773 MPa. The experimental result of the
optimized combination correlated well with the predicted result and can be adopted as
optimum mix combination while using CBA as a potential replacement of PC and NFA in

concrete.
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Table 5. Desirability criteria adopted for optimization, and importance assigned to each
investigated factor and response

Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight

A:GCBA maximize 10 30 1 1 3

B:CBA maximize 0 50 1 1 3

28 Day Compressive  maximize 20.147 26.01 1 1 3

Strength

90 Day Compressive  maximize 27.12 3401 1 1 3

Strength

28 Day-4 Week minimize 2 29 1 1 3

Carbonation Depth

90 Day-4 Week minimize 0 14 1 1 3

Carbonation Depth
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Fig. 12. Desirability of individual factors and responses along with overall combine
desirability as obtained using desirability function approach

3.5. Life Cycle Assessment

The environmental impacts in terms of carbon footprints and eco-costs were calculated in
order to compare the impacts associated with optimized concrete mix with conventional
concrete mix. The optimization suggested 21.51% GCBA and 29.82% CBA content as the
optimum content which is really encouraging in transforming traditional engineering
design criteria considering function, cost and safety to more sustainable engineering
design criteria that also considers impact on people and planet. Fast track life cycle
assessment has been used to determine and compare the environment impacts of
optimized CBA concrete with conventional concrete mix. The methodology adopted for
performing Fast track LCA was in accordance with ISO 140040, 140044, and the LCA
handbook of the ILCD [52,83-85].

3.5.1 Goal and Scope

The goal of conducting Fast track LCA was to determine the environmental impacts
associated with optimized CBA-based concrete and compare it with conventional concrete
mix so as to validate the benefits of utilizing the CBA in concrete over conventional
concrete. An attempt has been made to enhance the environmental impacts of traditional
concrete with the upcycling of CBA as a resource in concrete and reduce the burden on the
natural resources from where majority of ingredients of concrete are acquired. 1 m3 of
concrete was considered as the functional unit for performing the LCA. Fig. 14 represents
the system boundaries adopted for performing ‘Gate to Gate’ LCA of optimized CBA
concrete and control mix. The data sets compiled by Delft University of Technology were
used to perform the LCA. Idemat 2023 database was referred for determining the eco
impacts of various materials and processes involved in production of concrete [52].
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3.5.2 Life Cycle Inventory Analysis

Inventory analysis was done under three broad categories as mentioned in the
methodology of Fast track LCA i.e. Materials, Transportation, and Energy use. Since, the
LCA in the present study considered only ‘Gate to Gate’ scenario, hence ‘End oflife’ category
was excluded from the inventory analysis. Table 6 compiled the various materials,
transportation and energy use processes considered along with the life cycle inventory
source. The 21.51% GCBA as PC replacement curtailed the cement content to 310 Kg per
m?3 from 395 Kg per m3. The cement in both the scenario were purchased from same vendor
and were transported over a distance of 5 KM. Similarly, the content of NFA was curtailed
from 732 Kg/m3 to 517 Kg/m?3 with 29.82% replacement of fine aggregate with CBA. The
coarse aggregate content was 1068 in both the scenarios. The aggregates (NCA and NFA)
were procured from same crusher and that required transportation over 28 KM. A total of
1800 Kg and 1585 Kg aggregates were transported over the specified distance. CBA was
acquired from Ropar Thermal power plant and a total of 310 kg of CBA was transported
over a distance of 80 KM. The impacts associated with transportation of CBA were only
considered in optimized CBA concrete. GCBA was grinded for 2 hours in a ball mill in case
of CBA-based optimized concrete mix, hence electricity consumption for grinding CBA was
also included. The calculations and units’ conversions adopted for determining the
inventory analysis has been presented in Table 6.

3.5.3 Life Cycle Assessment

The excel sheet available on ‘Sustainability Impact Metrics’ website was used to perform
the life cycle assessment and calculate carbon footprints as well as eco-costs associated
with each step in manufacturing of conventional and optimized CBA concrete. Fig. 15
illustrates the total carbon footprints and eco-costs obtained from fast track LCA. A total
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reduction of 21.519 % have been achieved in cement consumption in optimized CBA
concrete as it yielded carbon footprint of 282.1 kg COz equiv. in comparison with control
mix that yielded carbon footprint of 359.45 kg COz equiv. Also, carbon footprint associated
with NFA in control mix is 1.464 kg CO2z equiv. which was 29.317% higher than optimized
CBA concrete (1.034 kg CO2 equiv.). A total reduction of 21.645% has been reported in
material stage of optimized CBA concrete mix as compared to normal control mix (Fig. 15).
The reduction in cement content also reduced the carbon footprints associated with the
transportation of cement wherein, cement transportation in optimized CBA concrete
resulted in 21.229% lower carbon footprints (Fig. 15). The optimized concrete mix
requires CBA which includes additional carbon footprints of 2.178 kg CO2 equiv. with
respect to control mix. Also, it can be revealed from Fig. 15 that lower aggregate content in
optimized CBA concrete reduced the carbon footprints associated with transportation of
aggregates. Total carbon footprints associated with transportation of aggregates reduced
from 11.259 in case of control mix to 9.985 kg CO2 equiv. in case of optimized CBA concrete.
The carbon footprints associated with transportation stage increased by 7.57% in case of
optimized concrete mix when compared with the control mix (Fig. 15). Similarly,
optimized CBA concrete requires grinding of CBA that results in additional carbon
footprints in comparison with the control mix. Control mix resulted in 0.283 kg COz equiv.
in energy use stage which was lower than the carbon footprints associated with optimized
CBA concrete (1.0393 kg CO: equiv.). Overall, the carbon footprints associated with
optimized CBA concrete was 303.06 kg CO2 equiv. which were 20.08% lower than control
mix (379.22 kg CO:z equiv.).

Similarly, the eco-costs associated with cement consumption in optimized concrete mix
was €49.6 which was 21.51% lower than the eco-costs of cement consumption in control
mix (€63.2). Also, the lower consumption of fine aggregates resulted in 29.37% reduction
in eco-costs associated with optimized CBA concrete (Fig. 15). A total reduction of 21.01%
in eco-costs has been observed in material stage of optimized CBA concrete in comparison
with control mix. In transportation stage, the transportation of CBA is an additional
process that resulted in €0.717 more eco-costs in optimized concrete mix. Lower cement
and fine aggregate content in optimized CBA concrete resulted in 22.03% and 11.32%
lower eco-costs in comparison with the control mix. Grinding of CBA also resulted in
additional eco-costs of €0.717 in optimized CBA concrete in comparison with control mix.
Overall, the eco-costs associated with optimized CBA concrete was €55.415 which was
19.40% lower than control mix (€68.759).
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Table 6. Life cycle inventory analysis for comparing the impacts associated with control mix and optimized CBA concrete

Eco-Impacts Amount
S . Impact Factor . Carbon
No Stage Description Considered Unit Footprint Eco-costs LCI Source Control Mix Optimized CBA
(kg CO: (€/unit) Concrete
equiv./unit)
Idemat2023 European reference
Cement Cement (Portland Kg 0.91 0.16 Life Cycle Database 395.00 310
CEMI52.5N) (ELCD)
Delft University of
. Technology based
Fine Aggregate Idemat2023 Sand Kg 0.002 0.001 thesis (JG Vogtlander 732.00 517
1. Materials 2001)
Delft University of
Coarse Aggregate Idemat2023 Gravel Kg 0.006 0.0016 Technology based on 1068.0 1068.00
Dutch Industry
Idemat2023 European reference
Water Drinking water Kg 0.001 0.0001 Life Cycle Database 180.00 180.00
Europe (ELCD)
Aggregates (From Idemat2023 1800 Kg transported 1585 Kg transported
Quarry to Lab) Tractor (240 pk) tkm 0.225 0.06 ELCD for 28 Km = 50.04 for 28 Km = 44.380
Cement (From Idemat2023 tkm 0.091 0.03 395 Kg transported 310 Kg transported
2 Transport Distributor to Lab) Truck+trailer. 24 ' ' for 5 Km =1.97 for 5 Km = 1.550
Coal bottom ash tops net (min Idemat Database 299.28 Kg
(From Thermal Welght/volume3 tkm 0.091 0.03 - transported for 80
Power Plant to Lab) 1210 0:32 ton/m?) Km = 23.942
(tkm)
Electricity (Concrete 3 HP motor run for 3 HP motor run for
Mixing, Vlbratlpg and Idemat2023 M] 0.141 0.02 15 min = 2.01 15 min = 2.01
3 Use other Operations) Electricity General Idemat Database
Electricity (Grinding Industry 1 HP motor run for 2
of CBA) Mj 0.141 0.02 ) hours = 5.364

Adopted Unit Conversions: 1HP = 0.745 Kwh; 1Kwh = 3.6 MJ; 1 Kg for 1 Km = 0.001 tkm
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3.5.4 Interpretation

The prime objective of the research was to obtain at comparable or at least at par
performance of CBA-based concrete with respect to control mix in terms of compressive
strength and carbonation resistance. Herein, it is important to mention that more concern
was in maximizing utilization of coal ashes/bi-products (in form of GCBA and CBA) so as
to reduce environmental impacts and the consumption of natural resources without
significant reduction/compensation in strength and durability of the designed concrete
mixes. It is further important to mention that GCBA/CBA mixes (5 out of 9 in total i.e.,
mixes G20C0, G20C25, G20C25, G30CO, and G30C25) made in this study resulted in
compressive strength more than 30 MPa (as original mix was designed for a target strength
of atleast 25 N/mm?). Such grades of concrete can be successfully used for both structural
and non-structural construction works.

Since considerable reductions in carbon footprints (20.08%) and eco-costs (19.40%) were
observed as per the fast-track LCA, it can be inferred that the use of CBA as a potential
cement and NFA substitute is an environmentally friendly sustainable alternative. Lack of
significant impact on compressive strength has been rewarded with added advantage of
significant reduction in the environmental impacts of CBA based concrete on comparing
with the control mix. In comparison to the control mix, the CBA-based ideal concrete mix
produced comparable mechanical and durability performance in terms of strength and
carbonation resistance, and had less negative environmental effects. However, utilizing
more effective milling parameters, such as increasing ball mill revolutions, ball mill feed,
and shortening the optimal time for grinding CBA, can reduce the increased carbon
footprints and eco-costs related to grinding CBA.

4., Conclusions and Future Work

The present investigation studied and optimized the compressive strength and
carbonation resistance in CBA-based concrete wherein the effect of 2-hour grinding of
CBA, GCBA as PC and CBA as NFA replacement was considered. The GCBA as PC
replacement lead to increase in compressive strength and carbonation resistance at 20%
replacement followed by a reduction in strength at 30% replacement. The pozzolanic
reactivity of GCBA becomes active at later stages that leads to development of excess CSH
and dense microstructure, consequently leading to enhancement in strength at later
stages. The CBA as NFA replacement resulted in an enhancement in compressive strength
and carbonation resistance till 25% replacement owing to the ascendency of the pore size
refinement effect. At higher replacement (beyond 25%), the porous CBA particles resulted
in excess water absorption as well as porous microstructure leading to the formation of
excess voids in concrete, consequently resulting in a reduction in the strength as well as
carbonation resistance. XRD spectrum revealed higher count intensity of Portlandite and
calcium silicate hydrate gel in G20C25. SEM analysis revealed dense cement matrix and
interfacial transition zone (ITZ) formation in G20C25. FT-IR spectroscopy also governed
the higher strength development and carbonation resistance at 20% GCBA and 25% CBA
content, as broader peak of O-H bending and sharp-intense peak of Si-O was observed in
G20C25 when compared to control and CBA-based concrete. The mathematical models
obtained for compressive strength and carbonation depth strength are well fitted and are
in good agreement with experimental as well as predicted values. 21.51% GCBA and
29.82% CBA are the optimum values of the factors that have combined desirability of 0.80
in achieving the desired compressive strength and carbonation resistance.

A reduction of 20.08% and 19.40% in carbon footprints and total eco-costs with the
inclusion of 21.51 % GCBA and 29.82% CBA as PC and NFA replacement in concrete has
been revealed in fast-track life cycle assessment.
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Fig. 15. Results of fast track life cycle assessment at various stages in production of CBA-based concrete and control mix
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Based on the optimized values of the factors studied, a design mix for concrete prepared
with GCBA and CBA can be proposed that will not only satisfy the structural requirements
of a concrete but will also minimize the detrimental effects of conventional concrete on
people and the environment. However, the grinding period of GCBA can be optimized
further using more efficient milling factors like increase in revolutions of ball mill, increase
in ball mill feed, etc. Also, reducing the water absorption of CBA is still a major concern
and various chemical and physical treatment must be investigated to overcome the
excessive water absorption. With these improvements, higher replacement of PC and NFA
can be targeted without compromising the mechanical, durability and environmental
aspects of CBA-based concrete.
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