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Abstract
Globally, agro-waste ashes are increasing significantly due to the rapid implementation of
biomass-based power plants. In the present trend, agro-wastes are disposed of in an
unsustainable manner. The recycling of agro-waste has significantly contributed to sustainable
goals. In the construction sector, it is possible to dispose of waste more efficiently. However,
the efficiency of locally available agro-residual waste in cementitious composites is not well
understood. In the present investigation, the practicability of using agro-residual ash obtained
from the burning of cashew nut shells on the properties of eco-friendly blended cement paste
and mortars is explored. Blended cement mixtures containing cashew nut shell ash (CNSA)
were prepared at five replacement levels, 5, 10, 15, 20, and 25%, relative to the weight of the
cement. To understand the characteristics of CNSA, microstructure investigations such as X-
ray diffraction, thermogravimetric analysis (TGA), scanning electron microscopy, and energy-
dispersive spectroscopy analyses were performed. Paste properties of CNSA-based cement are
observed through consistency, setting time, mini-slump flow, and expansion tests. For the
CNSA-based mortars flow table, compressive strength, ultrasonic pulse velocity (UPV),
electrical resistivity (ER), water absorption, Bulk density, and porosity tests were performed to
understand its efficiency. The strength indices of mortars were used to quantify the pozzolanic
effect of CNSA. With the incorporation of CNSA, water demand increased by 57%, initial and
final setting time decreased by 90% and 83%, respectively. Results showed that CNSA-based
mortars absorbed more water and had higher porosity, which reduced compressive strength,
UPV, and ER values. CNSA blended mortar is more suitable for applications that do not require
high compressive strength. Results indicated that the compressive strength, UPV, and ER are
within the limit specified. Strength indices indicated that CNSA has a positive and negative
pozzolanic effect during early and later ages, respectively. Further, the sustainable assessment
showed that the introduction of CNSA in mortar could substantially reduce embodied carbon,
embodied energy, and strength efficiency over the control mortar. The inadequate amount of
Si0O2, Fe203,and Al203 in CNSA makes it an unsuitable pozzolanic material. However, it can
be utilized in smaller amounts as a fractional replacement of cement and is found to be

promising for specific desired properties of cement as a cost-effective accelerator.
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CNSA improves early-age strength due to its high alkali content and accelerates hydration
at an early age.

CNSA blended mortars can be used for applications that do not require high compressive
strength.

CNSA is a regional waste material that can be used in smaller amounts.

CNSA is found to be promising for specific characteristics of cement as a cost-effective

accelerator.
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1. Introduction

The global cement market is expected to reach USD 488.4 billion by 2027, with a compound
annual growth rate (CAGR) of 6.1%. India is the second-largest cement producer in the world
[1] and accounts for a 7.8% share of global production. The cement industry will play an
important role in building a new India, with cement demands forecast to double by
2030. Cement production in India is envisioned to reach 660 MMT by 2030 at a CAGR of
6.6%. Fig.1 shows the Projected cement demand (MMT) and per capita consumption (kg),
2018 — 2030 of Indian cement. The escalating population and improved industrialization are
the main reasons for the significant demand for cement. Population growth has ensued in
increased needs for infrastructure and housing. This has surged the demand for cement across
the globe for substantiating the facilities in the form of residential, office, healthcare centers,
and industrial buildings to support life activities [2]. The construction sector is one of the
fastest-growing sectors worldwide. Cement is an essential building material used in
construction [3]. Hence, the growing demand from the expanding construction sector is

currently influencing the market.

660
Demand CAGR
6.6%
305
2018 - . 2023 2030
Per Capita ¢ L 4 L 4
Consumption 226 kg 309 kg 434 kg

Fig.1: Projected cement demand (MMT) and per capita consumption (kg), 2018 — 2030
(Source: Kanvic Cement Demand Projection Model 2018)[4]

Compared to other industries, pollution from the cement industryis significant that
sustainability should be prioritized among issues related to cement production [5]. Due to the

energy-intensive processes involved in cement manufacturing, carbon dioxide (CO2)
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constitutes the majority of greenhouse gas emissions [6]. Carbon emissions from the cement
industry could increase 27% by 2050 from their current discharge of 5-8% of global CO:2
emissions [7-9]. 39% of energy-related carbon emissions are generated by the building and
construction industry [10].

The cement organization is accountable for the over-extraction and consumption of raw
material and energy resources, making its manufacturing highly unsustainable [11]. The huge
demand for cement as a building material has led to a concern about its substitute with
supplementary cementitious materials (SCM). Industrial and agricultural-based remains are the
most feasible alternatives for the cement binder [12]. Therefore, the construction industry is
motivated to use these remains as construction materials [13]. Researchers have previously
investigated the possibility of reusing industrial derivatives as partial alternatives for cement.
Fly ash and slag are commonly used industrial residues as SCM [14]. The prolonged
obtainability of fly ash is also in doubt, as coal-based electricity development is not a tenable
process [15]. It was reported that the slag production is less than 10% of the cement production.
However, the accessibility of these residues is reported to be limited [16]. Hence, diversified
SCMs need to be interposed against the fast-increasing societal pressure to attain sustainability
[17].

The utilization of agricultural waste ashes is a more cost-effective alternative to fly ash
and slag since their logistic price is significantly lower. The agricultural residue ashes are
locally available to cement plants and ready-mix concrete plants, reducing the transportation of
fly ash or slag over long distances [18]. Therefore, the paramount focus of the development
and characterization of SCMs has been accorded with by-products from the agro-sector [19].
Agro-based residue ashes as SCMs may proffer economic feasibility, green conservation, and
society's endorsement as the three pillars of sustainable development [20].

Several studies have been conducted to analyze the efficacy of diverse agro-industrial
residues such as rice husks ashes, bagasse ashes, bamboo leaves ashes, corn cob ashes, banana
leaves, palm oil fuel ashes, elephant grass ashes, tea ash, tobacco ash, barley straw, wheat
straw, hazelnut, pistachio shell, Rice straw ash [2, 11, 13, 21-31], have shown pozzolanic
activity and been used as a fractional substitute in binary blend cement. There have been several
studies on using agro-based residue ashes, but there have been limited studies on CNSA. The
feasibility of using CNSA as a cement substitute should be assessed.

Cashew nut is a cash crop found in India, Africa, Brazil, Vietnam, and Central America,
Portuguese explorers introduced the cashew tree (Anacardium occidentale) to India nearly five

centuries ago [32]. Cashew is one of the major horticultural crops, and India is the second-
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largest producer, processor, and exporter of cashews, with more than 15% of the world's export
share. As a marketable commodity, cashew has a crucial role in the liberalized Indian economy.
In India, Cashew was cultivated on a total of 1.02 million hectares of land, with a productivity
of 706 kg/ha as of 2020. Fig.2 indicates the production of Cashew Nut and CNSA in India. The
country's approximate raw cashew by 2050 is estimated to be 4-5 million metric tons or
more. India is one of the world's topmost cashew nut-producing countries, and it has 3650
cashew processing industries spread across the states [33]. Some of India's top cashew nut-
producing states are Maharashtra, Andhra Pradesh, Orissa, Karnataka, Kerala, and Tamil Nadu.

The cashew shell waste (CNS) generated in small-scale cashew processing industries
was found to be 67.5% of total weight of cashew seed [34]. The CNS is dispatched to an oil
extraction factory to remove the oil that remains in the cashew nut shell [35]. The product
obtained from the oil extrication of CNS is cashew nut shell cake (CNSC). The CNSC is
transformed into CNSA by two methods, open burning and burning in a muffle furnace at high
temperatures. In addition, CNSA can also be obtained from the boilers of biomass power plants.
CNSA obtained from the boilers are usually disposed of in open fields, causing landfill issues.
CNSA can be used as a fertilizer for some plants due to its high concentration of nutrients as
well as a soil stabilizer [36]. Also, the impact of these ashes on the cement replacement is still
at a very early stage of research. Considering this, the study is carried out to utilize CNSA as

an SCM in mortar.
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Fig.2: Production of Cashew Nut and CNSA (thousand metric tons) in India,
2017 - 2020
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Until now, there are few research on using CNSA as a building material in civil
engineering practice. Solomon et al. [37] evaluated the performance of CNSA as a potential
binder in concrete production. Results inferred that the workability is increased with a surge in
the percentage of CNSA. Adithya Tantri et al. [38] produced a sustainable self-compacting
concrete (SCC) incorporating CNSA as a cementitious material and reclaimed asphalt
pavement (RAP) as coarse aggregate. Results revealed that CNSA up to 15% was found to be
optimum for Ordinary Portland cement (OPC), and the results confirmed that CNSA could be
a potential SCM in the future. Utilizing reactivity index concepts and mix proportions,
Solomon Oyebisi et al. [39] predicted the splitting tensile strength of concrete embracing
Anacardium occidentale nutshell ash. Jugal Kishore Mendu et al. [40] prepared the concrete
incorporating CNSA as a partial substitution to cement at 5%, 10%, 15%, and 20% of CNSA
to study fresh concrete and hardened properties. He concluded that CNSA has a good pozzolan
as the strength activity index (SAI) is more significant than 75%. As indicated in previous
findings, mechanical properties of the concrete increased upto15% replacement level [37-39],
and the formation of CSH gel is more prominent. CNSA exhibited higher resistance against
sulphate than OPC [37, 41]. Additionally, the material showed stronger compressive, splitting,
impact, tensile, and bending characteristics than conventional concrete. Solomon Oyebisi et
al. [42] used the Box —Behnken design approach (BBDA) to investigate the concrete
workability and strength, incorporating binding, water/binder ratio, binder/aggregate ratio, and
curing mechanisms. Results indicated that the feasibility of using less water to optimize
concrete strength is achievable by blending OPC with CNSA.

Based on the literature, a knowledge gap exists in exploring the potential use of CNSA
as a cement alternative, specifically for normal strength preparation in a mortar. This research
aims to develop sustainable mortar using CNSA obtained by combusting cashew shells in a
boiler at a processing plant with partial substitution of cement. The present research is a portion
of more comprehensive research examining the potential use of regionally accessible remains
as a binder. The cement and concrete industries may be able to recycle some of these biomass
ashes into supplementary products if they possess sufficient SCM potential. It also ensures that
these wastes can be disposed of without enduring heavy costs and wide spaces for land
disposal.

To explore the use of CNSA as a viable alternative SCM, X-ray fluorescence (XRF),
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive

spectroscopy (EDS) was performed. The objectives of this study were to
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i) Carry out an in-depth analytical characterization-based performance evaluation of CNSA.
i) Investigate the effect of CNSA on the characteristics of cement paste.
iii) Examine the mechanical characteristics and durability properties of the CNSA based
mortars.
iv) Evaluate the sustainability and cost performance of CNSA on the various mixes.
An extensive experimental program has been carried out to answer these objectives. To
investigate the characterization of CNSA different microstructural analysis is performed,
including a) XRD, b) TGA, c) SEM — EDS. For Fresh properties of the CNSA based paste,
various tests like a) Consistency b) Setting time ¢) Mini-Slump flow d) Expansion tests are
considered. Moreover, the present study considers various mechanical and durability tests on
CNSA based mortar to address the third objective. The last objective was determined using
embodied carbon, embodied energy and eco-strength efficiency.
2. Experimental Information
2.1 Materials
2.1.1 Cement, Fine aggregates, and water
Commercially available OPC (53 grade) conforming to Type — 1 ASTM C 150 was the primary
binder. The chemical compositions of OPC are shown in Table 1. The normal consistency is
28%, the specific gravity is 3.14, 153 min initial setting time (IST), 265 min (FST), and the
specific surface area of OPC were 316 m?/kg, respectively. All the values were within the
expected range, conforming to IS 12269 for 53-grade cement. Natural river sand was used as a
fine aggregate. The aggregates were washed to remove fine particles, sundried, sieved, and
then graded. There is a risk of deleterious reactions with increasing aggregate reactivity.
Aggregate reactivity can be prevented by selecting "non-deleteriously” aggregates [43]. The
aggregates used in this study are crystalline quartz aggregates and these aggregates are less
susceptible to the reactivity [44, 45]. The aggregates passing through a 2.36 mm sieve and
retained on a 300um sieve with a maximum particle size of 2.36 mm were used in this study.
The specific gravity of fine aggregate is 2.62, with a fineness modulus of 2.60. The palatable
water was used to mix and cure concrete with pH = 7.
2.1.2 Cashew nut shell ash
For this study, CNSA was collected from Kalbhavi cashews, Mangalore, Karnataka, India.
CNSA is obtained after the cashew nut shell wastes were dried and burned in a cogeneration
boiler. After the burning process, the CNSA is then aggregated, and dumped at the nearest
disposal site, thus creating landfill problems. The step-by-step method for developing CNSA
is shown in Fig. 5. CNSA collected from a disposal site was dried at 105-110°C for 24 hours
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to remove any moisture content and cooled at ambient temperature. Subsequently, after the
cooling, to increase the reactivity of the particles, the CNSA was pulverized and followed by
grinding in a laboratory ball mill for one hour. It has been reported that biomass ash sifted
through a 75um sieve can be used to replace cement in [2, 46]. In this study, CNSA was
prepared in a similar manner. Fig.3 delineates the raw and processed CNSA, respectively. The
CNSA exhibited lower specific gravity than OPC (i.e., 1.92). The particle size distribution of
CNSA is represented in Fig.6. A laser diffraction particle size analyzer was used to measure
particle size distribution of CNSA. The particle size distribution in Fig.6 suggests that the D10
(i.e., the diameter of the particles at 10% passing), D50 and D90 values of CNSA are 5.37um,
18.68um and 40.02um respectively which meant 10%, 50%, and 90% of the sample is smaller
than 5.37um, 18.68um and 40.02um. The mean diameter of CNSA is 21.16pum. The results
from the SEM confirms that CNSA consists of small to bigger particle sizes. The specific
surface area of CNSA is 355 m?/kg by Blaine’s air permeability apparatus as per 1S 4031 (Part
2)-1995. The oxide composition of OPC and CNSA was determined using XRF. The results
are presented in Table 1. By comparing samples' weights before and after ignition for 60
minutes at 750° C, the loss on ignition (LOI) values of the CNSA were determined as seen in
Fig.4.

a) b)

(a) (b)
Fig. 3: (a) Raw (b) processed CNSA

10



Fig. 4: Sample before and after LOI (calcined at 750°C)
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305 Table 1: Physical and chemical properties of binders

. . o OPC requirements
Material Parameters Chemical composition OPC CNSA
as per ASTM C 150

Specific Gravity 3.14 3.15 1.92
Specific surface area (m2/kg) 316 225 355
pigg:ir(t:?els Pass through a 75um sieve (%) 100 - 100
Pass through a 53um sieve (%) 90 - 72
Moisture content (%) - - 5.88
Silicon dioxide, SiO2 18.90 18 -24 5.73
Aluminium oxide, Al203 4.88 26-8.0 1.50
Iron oxide, Fe203 5.28 15-70 3.24
Calcium oxide, CaO 62.70 61-69 11.20
Chemical Magnesium oxide, MgO 1.01 0.5-4.0 16.30
properties Sulphur trioxide, SO3 1.16 0.2-4.0 0.20
Sodium oxide, Na2O 0.38 - 3.02
Potassium oxide, K20 0.50 02-10 42.60
Phosphorous Pentoxide, P20s 0.23 - 9.73
LOI 1.25 5.0 max 4.50

306
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Fig. 6: Particle size distribution of CNSA

2.2 Mortar mix proportions and specimen fabrication

CNSA-based blended cement pastes and mortars were prepared with a CNSA dosage of 5, 10,
15, 20, and 25% relative to the weight of cement using a w/cm ratio and sand/cm ratio of 0.5
and 2.75, respectively. According to [41, 42] studies, specimens were cast with a water-cement
ratio of 0.5. The mix proportions for control and CNSA-based blended cement pastes and
mortars are presented in Table 2 and 3, respectively.

A study was conducted to evaluate the consistency, setting time, soundness, and acid
attack of two types of pastes: i) control cement paste (OCNSA) and ii) CNSA-based blended
cement paste. Cement paste was prepared using IKA RW 20 digital high-speed stirrer with a
maximum speed of 2000 rpm, as shown in Fig. 8.

All cement mortar mixes were prepared using a standard Digi mortar mixer shown in
Fig. 8 according to IS 2250 - 1981 guidelines. In the beginning, all the materials (cement, sand,
CNSA, and water) are mixed manually. In order to attain homogeneity, the dry materials are
mixed at low speed for one minute and 30 sec at high speed, and the mortar is left to rest for
90 sec to clean the sides of the bowl. The material is further mixed for one minute at high
speed. The IS 4031 (Part 7) -1988 was comprehended to determine the workability of mortar

14
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through the flow table. A flow diameter of 152 mm was measured for the control mixture. Each
mortar mix was kept more than or equal to the flow value of 110 + 5 mm

Table 2: Mix Proportions of CNSA-based blended cement paste

Mix ID OPC (9) Water (g) CNSA (g)
0 CNSA 400 200 0
5 CNSA 380 20
10 CNSA 360 40
15 CNSA 340 60
20 CNSA 320 80
25 CNSA 300 100

Table 3: Mix Proportions of CNSA-based blended cement mortar

Mix ID OPC () Sand (g) Water (g) CNSA (g9)
0 CNSA 450 1238 225 0

5 CNSA 427.5 22.5
10 CNSA 405 45
15 CNSA 382.5 67.5
20 CNSA 360 90
25 CNSA 337.5 112.5

2.3 Testing Methods

2.3.1 Characterization of CNSA

XRF: The chemical characteristics of CNSA were studied using the XRF technique. Bruker
model S8 Tiger and S4 Pioneer sequential wavelength-dispersive X-ray spectrometers and
sample preparation units were used with a 4 kW Rh X-ray tube. Also, SPECTRA plus software
for the qualitative and quantitative determination of elements.

XRD: XRD technique was used to study the mineralogical characteristics of the CNSA sample.
A 3rd generation Empyrean, Malvern PANalytical with 20 linearity equal or better than =0.01°
and angular resolution of 0.026°, scanning from 10° to 80° (260), with 10° intervals.
DTA/TGA: TGA quantifies changes in physical and chemical properties of materials with
accelerating temperature at a constant rate. TGA defines the properties of materials that exhibit

decomposition, oxidation, or loss of volatiles that affect their mass. In this study, TGA 4000,

15
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PerkinElmer of maximum temperature 800°C at a heating rate of 10° C/min was used to study
the properties of CNSA.

SEM: The scanning electron microscopy (SEM) technique was used to envision the
microstructure and morphology of CNSA. SEM was studied using Carl Zeiss, GEMINI 300.
2.3.2 Tests on Blended pastes and mortars

Vicat apparatus was used to assess the consistency of the control and CNSA-based cement
paste samples according to ASTM C187 -16 [47]. The amount of water required must be
determined to obtain adequate consistency of cement paste [13].

IST is the period between cement contact with water and penetration measurement.
After the cement is initially in contact with water, the FST is measured when the needle leaves
no full circular impression on the paste surface. Vicat apparatus was used to evaluate the setting
time of the control and CNSA-based cement paste samples according to ASTM C 191-08 [48].

An expansion or soundness indicates a hardened binder paste's ability to resist
expansion when excessive magnesia or free lime is present. The expansion of the control and
blended specimens are according to BS EN 196-3 [49].

A miniature design of the Abrams test was considered for the mini-slump tests that
showed the same characteristic of the cone described in ASTM C1437 [50]. Freshly prepared
pastes were filled in a reduced version of the slump cone with a top diameter of 19 mm, bottom
diameter of 38 mm, and height of 57 mm, which was placed on a grid-marked plate. In the first
stage, dry materials are mixed at 200 rpm at 60 sec, water is added to 300 g of cement, and
then mixed for 60 sec at 500 rpm. The cement paste is left to rest for 90 sec in the next stage.
In the last step, the paste is continuously mixed for 90 sec at 2000 rpm. After mixing, the fresh
pastes were tested for flow using a mini-slump cone. After lifting the filled cone, the cement
paste’s flow to a stable state, and the increase in the diameter of the cone is measured in
perpendicular directions to determine its diameter. The photo is taken from the top of the

arrangement. Fig. 7 illustrates the procedure used to carry out the mini-slump flow test.
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Fig. 7: Procedure used to determine mini-slump

365
(a) (b)
Fig. 8: Apparatus (a) high-speed stirrer (b) Digi mortar mixer (c) flow table
366 After 28 days of water curing, the compressive strength of CNSA-based mortar was

367 determined using 50mm as recommended by ASTM C109 [51]. Based on ASTM C642-13
368  [52], bulk density, water absorption, and porosity measurements were performed on mortar
369  specimens. Eq. (1,2,3) was used to calculate absorption, density, and porosity for each mixed
370 sample. The values reported are the averages obtained from testing three mortar samples per

371 mix proportion.
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Absorption after immersion, % = [(W2 — W1) / W1] x 100 Q)

Bulk Density, dry = [(W1/ (W3-Wa4)] x 100 2

Porosity = [(Ws — W1) / (W3 —Wa4)] x 100 3)
Wi = weight of the specimens dried in an oven at 105°C for 24h
W2 = weight was measured immediately to obtain the weight of the sample in water mass of
surface-dry sample in the air after immersion
W3 = surface of the cube specimens was wiped with a clean towel and reweighed for the
saturated surface dry weight in the air after immersion and boiling.
W4 = Apparent mass of sample in water after immersion and boiling

The UPV of the cured cubic mortar samples was determined using the PUNDIT
portable ultrasonic device, following ASTM C597 [53]. During this test, the pulse velocity
traveling through the cement composite medium is measured to detect cracks and voids.

Cubic mortar samples were tested for ER after 7 and 28 days of curing. To measure
resistivity, two electrodes were connected to two sides of the samples [13, 54], and an electrical
resistance measurement instrument was used, as shown in Fig. 9. Based on the formula = RA/L,
the resistivity values p were determined. Where p is the resistivity (2-cm), R is the resistance
(Q), A is the sample area (cm?), and L is specimen length (cm). An Analytical method is used
to evaluate the pozzolanic effect of CNSA as a cement substitute in mortar and was conducted
in accordance with the foregoing studies by [2, 55]. Table 4 indicates the summary of the tests
conducted in this study. In addition, SEM was performed on the chosen mixes to determine the

influence of CNSA on the microstructure of mortar.

Mortar Specimen,
7.07cm cube

Metal Plate

le——— Handle

Fixed
Platform

Movable
Platform

Moist
Cloth

—— Multimeter

Fig. 9: Testing Method for determining electrical resistivity of mortar
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394 Table 4: Summary of the tests methods conducted in this study
Number of . .
IEII(S Tests performed Specimen Size of the Specimen Curing time samples per Standargfutés;d in this
mix

Paste

1 Consistency - - - ASTM C187 -16
2 Setting time - - - ASTM C191 -08

OPC and
3 Expansion Blended - - 2 BS EN 196-3
Pastes Top dia =19 mm,
4 Mini Slump Bottom dia = 38 mm, - - ASTM C1437
and height = 58 mm

Mortar

6 Flow table - - - ASTM C1437
7 Compressive Strength 50 x 50 x 50 mm 1, 3,7, 28 days 12 ASTM C109

OPC and
8 Ultrasonic pulse velocity Blended 7, 28 days 6 ASTM C597
Mortar

9 Water absorption, Bulk density, Porosity 70.6 x 70.6 x 70.6 mm 28 days 6 ASTM C642-13
10 Electrical resistivity 7, 28 days 3 [54]
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3. Results and Discussion
3.1 Characterization on CNSA
The chemical composition of the CNSA is presented in Table 1. The CNSA has a high K20

content, which is in accession with the results reported by [56]. The presence of more than 30%
K20 can cause the fusion of large and dense particles during oxidization [57] which is justified
by the SEM image of CNSA. More energy is required to grind these large dense particles to
get the desired fineness [24]. Studies showed that the mineral composition of cashew nuts has
the highest concentration of potassium (K), followed by magnesium (Mg), Calcium (Ca),
phosphorous (P), and sodium (Na) [58-60]. The high K contents of the CNSA could be caused
due to the occurrence of more clayey soils under the cashew plantation [61]. Such High alkali
(K and Na) levels negatively affect workability, setting, and strength [62]. Table 1 presents the
concentration of SiO2 and Al20s for the CNSA, which are substantially lesser than the
expressed in other research [37, 38, 40]. SCMs with high calcium aluminosilicate
concentrations usually exhibit pozzolanic activity. Therefore, the low concentration of SiOz,
Al203, Fe203, and CaO in the CNSA will likely result in a low pozzolanic activity. The
morphology of CNSA is examined by SEM at various magnifications as shown in Fig. 10,
CNSA particles display some aggregation, and are comprised of angular, large, and medium-
sized particles than OPC. The EDS analyzes of the CNSA particles are presented in Fig.11.
Fig.12 (a) shows the mineral composition of CNSA. The minerals were identified as Calcium
silicate (CaSiOas), Arcanite (K2SOas), Periclase (MgO), Quartz (SiO2), Potassium ferrite
(K2FeOa4), Sodium phosphate (NasPOa), Sylvite (KCI), and Harmunite (CaFe204). Harmunite
structure is highly crystalline, an oxide semiconductor, and a high anisotropy antiferromagnet
[63, 64]. Fig.12 (b) shows that potassium, magnesium, calcium, phosphorous, and silicon are

the primary oxides identified by XRF.

20



10 ym* EHT = 10.00 kv Signal A = SE1 Date :9 Aug 2022 RSN
i WD = 8.5 mm Mag= 1.00 KX Time :14:55:38

2 pm* EHT = 10.00 kV Signal A = SE1 Date :9 Aug 2022 TS
|_| WD = 8.5 mm Mag= 4.00KX Time :14:42:41

Fig. 10: SEM of CNSA particles at
a) 1.00 K X b) 4.00 K X Magnification
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Fig. 11: EDS analysis of CNSA Particles
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Fig. 13: Thermogravimetric analysis (TGA) of CNSA

Fig. 13 shows the results of the TG — DTG curves of the CNSA. During the first phase, initial
moisture is evacuated with a peak temperature of 72°C. In the second phase, hemicellulose
dissipates between 89°C and 213°C, with the maximum removal of hemicellulose detected at
112°C, as indicated by the curve inflection point. In the third phase, the decomposition of
cellulose occurred between 307°C and 513°C, with a peak occurring at 412°C. MgO is a
hygroscopic material that can absorb moisture from the air. As a result, the MgO temperature
observed in TGA might range between 367°C to 451°C, resulting in a weight loss of 24% as a
result of removing absorbed water and hydroxide groups. The fourth phase of lignin
degradation involves endothermic reactions taking place at temperatures between 661°C and
801°C. The decomposition in this range is also attributed to the presence of amorphous calcium
carbonate, which decomposes from calcium carbonate to CaO. Calcium carbonate is
decomposed with increasing temperature from 801°C to form CaO. From 801°C, the amount

of CaO is increased, as observed in the TGA curve.
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3.2 Consistency on blended cement

The amount of water of control (0 CNSA) and CNSA-blended cement pastes for the attainment
of consistency are presented in Fig. 14. The water required for the standard consistency of these
cement is substantially enhanced to 57% with the incorporation of CNSA. The consistency of
0 CNSA was found to be 28%, while the same for 5 CNSA, 10 CNSA, 15 CNSA, 20 CNSA,
and 25 CNSA was measured to be 34, 39, 41, 42, and 44%, respectively. It is observed from
the results that there was an enhancement in the consistency of the cement pastes. This increase
in the amount of water required for consistency is potentially due to the greater specific surface
of the CNSA particles. Similar results on using agricultural waste leftover ashes have divulged
the increased water demand for preparing the cement pastes [65, 66]. With the incorporation
of natural and artificial pozzolans having coarser particles than that of OPC [67], the
consistency of blended cement diminishes, and an increase in the amount of water was noticed
in the subsistence of finer-sized biomass ash [30]. A similar phenomenon was also observed in
cement pastes with fly ash blended with a high LOI. [68].
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Fig. 14: Consistency of blended cement at different CNSA percentages

3.3 Vicat setting time on blended cement

Initial setting time and Final setting time of the blended cement are presented as shown in Fig.
15. Increase in CNSA percentage subsides the IST and FST of cement pastes. A considerable
decrease of 74% and 60% was found in the IST and FST of cement at 5% of CNSA. At higher
CNSA replacement levels, the reduction was also seen but relatively in less amount. The

incorporation of 25% of CNSA reduced the setting time of cement by 90% and 83%,
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respectively. An increase in CNSA dosage reduces the IST and FST of cement pastes,
signifying that CNSA in cement paste has an accelerating effect. Shorter setting times are
achieved due to the accelerating effect of finer mineral admixture particles. The setting is an
outcome of the hydration process. Faster the setting indicates that the subsistence of CNSA
particles provides supplemental sites for the deposition of hydration products resulting in early
hydration of cement [69]. To suppress early hydration problems, the use of special chemical
activators such as nano- SiO2 [70], nano-TiO2 [71], and graphene oxide [72] has been the
nucleus of the latest studies. Thus, CNSA, a fine-grained waste accelerator, can promote the

preceding challenges with eco-efficient benefits.

300 300
—~ # —o—[nijtial setting time (min P
S2s0b Vo ting time (min) - |, o, =

: *#— - Final setting time (min)

g \ g
Q 200F \ 1200 &
E \ g
= \

B . o)
%D 150 150 2
= ‘. B
2 100F *\,\ {100 &
£ 50t i 150 =
E .\.\ *h'--ﬁ LL‘

— o,
0 0

% Replacement
Fig. 15: Setting time of blended cement at different CNSA percentages

3.4 Expansion test on blended cement

The expansion (soundness) is evaluated to divulge the resistance against the volume changes
of cement. The expansion of CNSA blended cement is conducted with the aid of the Le
Chatelier apparatus for free CaO content. Table 5 shows the influence of the supplements of
CNSA in cement paste on the expansion. It is seen that with the addition of CNSA content, the
expansion will increase. Compared to cement paste containing CNSA, the control paste showed
lower expansion. However, the results indicated that the expansions in all the mixes are under

the limit designated by EN 197-1 [73].
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Table 5: Expansion of blended cement pastes

Cashew nutshell ash (%) EN 197-
Property 0 5 10 15 20 25 1 Limit
CNSA CNSA CNSA CNSA CNSA  CNSA
EXpr?]rr‘]i'O”' 050 110 150 2.0 2.0 45 <10

3.5 Mini slump tests on blended cement

High mobility and moderate viscosity are essential for the forming of cement-based materials.
A mini-slump test was performed due to the limited quantity of cement paste that could be
effectuated to measure the workability. Fig. 16 illustrates pictures of the flow of the blended
paste at different CNSA percentages. There was no sign of bleeding in any of these mixes.
The mini-slump diameter of the cement paste is approximately 92 mm at 0 min, and it is
increased to 107 mm at the end of 5 min, yielding a slump of 14%, and reduced to 95 mm at
15 min. However, for the 0 CNSA, the mini-slump value is increased for 2 min and 5 min. For
5 CNSA, the mini-slump values are increased by 6% and 17% at 2 min and 5 min and decreased
by 2% and 6% at 10 min and 15 min due to the less mass of CNSA in the mix leading to similar
results to 0 CNSA. Results show that the addition of CNSA causes reductions in mini-slump
values for 10 CNSA, 15 CNSA, 20 CNSA, and 25 CNSA. Identical trends were observed at
all times for all the mixtures mentioned above. Fig. 17 shows the variation of mini-slump flow
for the pastes with different percentages of CNSA. Finer particle size has a considerable effect
on the flow. This can be due to the high specific surface area that decreases the fresh mix's
available water [74, 75]. Also, higher alkali content in CNSA accelerates the hydration thereby
affecting the flowability for the higher percentages of CNSA [76] [77].
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3.6 Flow table test of blended cement

Flow table test was performed on all the mortar mixes incorporating different percentages of
CNSA to study the flow properties of the mixes. The test results are exhibited in Table 6
and Fig. 18 presents the flow behaviour with an increase in the percentage of CNSA.
Incorporating CNSA into mortar has a noticeable effect on workability. It was observed that
the flow value for the CNSA-based cement mortars reduced with an increase in the proportion
of CNSA. The 0 CNSA has a flow value of 152 mm. The flow value of mixes 5 CNSA, 10
CNSA, 15 CNSA, 20 CNSA, and 25 CNSA indicate lower values of 141, 138, 137, 128, and
125 mm, respectively. Compared to OPC, CNSA requires extra water because of its irregular
shape, excessive porous texture, and angular particle geometry, as seen in the SEM image,
which causes a decline in the blended mixes' flow properties. This led to poor workability. As
the percentage of agricultural residue ashes increases, its workability decreases [78]. In
addition, the high specific surface area of CNSA reduces workability by adding substitution
levels. As a result, more water was required to moisten the surface [79].
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Fig. 18: Pictures of the behaviour of flow at different CNSA percentages

514 Table 6: Flow table values of Blended cement mortar at different CNSA percentages
Mix Flow value (mm)
0 CNSA 152
5CNSA 141
10 CNSA 138
15 CNSA 137
20 CNSA 128
25 CNSA 125

515 3.7 Hardened properties of blended cement

516  Fig. 19 enunciates the compressive strength test results of all the mortar mixes at 1, 3, 7, and
517 28 curing ages. The compressive strength values for OCNSA, 5CNSA, 10CNSA, 15CNSA,
518 20CNSA, and 25CNSA are 6.64, 9.14, 10.09, 9.79, 9.11, and 8.26 MPa after one day of curing
519 age. The improvement in 1-day compressive strength is 37.7, 52, 47.4, 37.2, and 24.4%,
520  respectively. Similarly, the compressive strength values for 0 CNSA, 5 CNSA, 10 CNSA, 15
521  CNSA, and 20 CNSA are 38.96, 33.54, 30.87, 28.73, 24.42, and 21.41 Mpa after 28 days of
522  curing. The decrement in 28-day compressive strength is 13.9, 20.8, 26.3, 37.3, and 45%,
523  respectively. Additionally, the incorporation of higher biomass ash in cement mortars endured

524  an excessive reduction in compressive strength values [80].
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In contrast with the control mortar, the blended mortar shows higher compressive strength at
an early age. In CNSA, K20 has a chemical composition of about 52%, much greater than other
industrial residues (fly ash, slag, and silica fume). Due to the high alkaline content in CNSA,
the addition of CNSA at increasing levels will result in a more alkaline environment than the
control mix, resulting in accelerated hydration at early ages and improving early-age strength
[77, 81]. In this study, researchers found that the strength values decreased with enhancements
in CNSA levels at 28 days as the greater alkali content suppresses hydration at later ages [82].
Also, due to the fact that the high specific surface area of CNSA requires more water to
maintain workability, resulting in fewer hydrated CNSA products, thereby reducing
compressive strength at 28 days. With higher levels of CNSA in the mortar, 28-day
compressive strength was significantly decreased. Fig.20 and Fig.21 indicates the SEM of 10%
CNSA at 1 day and 3 days respectively.

Similar findings were identified when the incorporation of the ground nut shell ash [83],
untreated corn cob ash [24], and corn stalk ash [81] was used as a cementitious material. High
alkali oxide content substantially diminished the compressive strength of the concrete due to
an enormous amount of alkali induced into a sulphate disproportion which has an anti-positive
impact on the cement hydration.

The CNSA-blended mortar has a lower compressive strength and is most appropriate
for applications that do not demand a greater compressive strength. In accordance with ASTM
C270 [84], type M, S, and N mortars should have a minimum compressive strength of 17.2,
12.4, and 5.2 MPa after 28 days, respectively. Compressive strength of 21.41 MPa was
obtained for 25 CNSA at 28 days. The compressive strength of different mixes was found
within the standard value. Also, ASTM C90 [85] requires a minimal compressive strength of
13.8 MPa for load-bearing masonry units that are laid in mortar, which is attainable with the
addition of CNSA in the mortar mixture.

According to the strength results, untreated CNSA should not be used as an SCM since
it contains high K20, P2.0s, MgO, and high LOI, which reduce the concrete's strength
significantly. In one of the research work, it was found that both water and acid washing of the
ash showed positive effects on concrete and enhanced the compressive strength at later ages
[86]. Although there is no research on the pre-treatment for CNSA, it was hypothesized that
the pre-treatment of CNSA could enhance the quality of the ash, decrease the K20, and

improves its strength.
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Fig. 20: SEM image of 10% CNSA blended paste at 1 day
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Fig. 21: SEM image of 10% CNSA blended paste at 3 days
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3.8 Ultrasonic Pulse velocity

Ultrasonic Pulse Velocity (UPV) is a non-destructive technique for examining concrete for
homogeneity and uniformity, voids, and cracks. In UPV, ultrasonic pulses pass-through
construction materials are measured to determine their durable properties and hardened
strength. UPV values are significantly influenced by pore structure, material properties, mix
proportions, and the interfacial zone between aggregates and cement paste [87]. The UPV test
results for the CNSA-based blended mortar and OPC mortar are presented in Fig. 22. All the
specimens containing different proportions of CNSA were measured for UPV at 7 and 28 days.
The UPV values for CNSA-based blended mortar vary from 3535 to 3889 m/s and 3735 to
4465 m/s after 7 and 28 days of curing, and that of OPC is 3889 and 4465 m/s for 7 and 28
days. UPV values of control mortar (0 CNSA) exhibiting dense and compact structure.

5000

4500

UPV (m/s)

3000

2500

0 5 10 15 20 25

% Replacement of cement

Fig. 22: UPV Values of Blended cement Mortar at different CNSA percentages
The UPV values of all the control mortar and CNSA-based blended mortar specimens increased
with the curing period. The compressive strength of all the mortar samples also emanates a
similar trend. With increase in CNSA levels, UPV values for 7 and 28 days decreased by
2.59%, 4.24%, 4.47%, 4.75%, 9.10% and 3.76%, 6.65%, 9.24%, 11.39%, 16.34%. Higher the
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UPV values, finer will be the quality of cement composites. All the mixes in this study showed
UPV values over 3500 m/s. Concrete with pulse velocity values over 3500 m/s stipulates good
durability [88] as indicated in Table 7. Therefore, CNSA-based mortars can be classified as
durable mortars. This research showed that the mortar has become more condensed with the
increase in curing age, so the rationale for high velocity.

Table 7: Quality class achieved by OPC mortar [89-92]

Concrete Quality [89-92] UPV Range (m/s)

Excellent >4500

Good 3600 - 4500

Questionable 3000 - 3600

Poor 2100 - 3000

Very Poor 1800 - 2100

Significant abnormality has to
be anticipated inside the <1800
structure

3.9 Water absorption, Bulk density (dry), porosity

The water absorption, bulk density, and porosity of mortar with different CNSA contents are
shown in Table 8. After 28 days of curing, the absorption of water is calculated to be 5.53,
6.48, 7.13, 8.61, 10.25, and 11.63% for 0 CNSA, 5 CNSA, 10 CNSA, 15 CNSA, 20 CNSA,
and 25 CNSA. The increase in water absorption is 17, 29, 55, 85, and 110 %, respectively,
correlated to the control mortar. An important factor influencing the water absorption of mortar
samples is the formation of the pore system [93]. By observing through SEM, CNSA contains
a large number of pores, which can substantially enhance the water absorption of mortar
samples as its percentage increases. A possible explanation is that the excess CNSA lacks
adequate calcium hydroxide to react with, thus causing pores to form in the mixture, which has
caused to absorb more water.

For the above-mentioned mortar mixtures, the porosity value are 7.67, 10.51, 11.37, 13.36,
17.05, 21.31% respectively. Directly obtained biomass ash has asymmetrical shapes, bigger
particle sizes, and rough surfaces, leading to high porosity [94]. Blended mortar consists of
coarser CNSA particles, which results in the development of more pores. Due to high pores in
CNSA, the absorbed water evaporates from the mortar sample during drying. As a result, voids

are created in the mortar samples, which will surge the porosity of the mortar. An increase in
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the porosity results in weaker bonding between particles, which results in lesser compressive
strength [95].
Table 8: Water absorption, Bulk density, and Porosity of Blended cement mortar at

different CNSA percentages

Absorption after

Mix ID S mersion Bulk density, dry Porosity
0 CNSA 5.53 2.16 7.67
5CNSA 6.48 2.15 10.51
10 CNSA 7.13 2.11 11.37
15 CNSA 8.61 2.08 13.36
20 CNSA 10.25 2.02 17.05
25 CNSA 11.63 2.00 21.31

Table 8 exhibits the density of mortar with variations in CNSA content at 28 days. The density
of the sample with CNSA was lesser than that of conventional mortar. Compared with
conventional mortar, the CNSA-based mortar showed moderately less bulk. 25 CNSA-blended
mortar mix showed a 7.24% lower reduction than the control mix due to coarser particles of
CNSA than the cement particles. As illustrated in Table 1, CNSA has less SiOz, thereby, the
amount of developed hydration products was lower in CNSA-blended mortar than in the
control mortar. High pores in CNSA lead to the reduction in the density of the CNSA-based
mortar mixes.

3.10 Electrical resistivity

One of the cementitious mixtures' most essential durability factors is their electrical resistivity.
A mortar's electrical resistivity is indirectly proportional to the corrosion rate of metallic
embedment. Fig. 23 illustrates the electrical resistivity (ER) for all the control and blended
mortar mixes. The 7-day ER value for 0 CNSA is 24547 Q-cm, increasing to 44125 Q-cm at
28 days. After 7 days of curing, the ER values for 5 CNSA, 10 CNSA, 15 CNSA, 20 CNSA,
and 25 CNSA are measured to be 22737, 22171, 20361, 18089, and 14479 Q-cm, respectively.
For the same mixes, the ER values reach 42571, 41724, 35864, 30005, and 26969 Q-cm after
28 days, respectively. Nevertheless, with the increase in CNSA substitution levels, the
resistivity dramatically decreased by 3.52%, 5.44%, 18.72%, 32%, and 38.8% at 28 days. The
more CNSA was replaced with OPC, the porosities presented in mortar were increased, leading
to lower ER values. Also, due to the factuality that the CNSA is abundant in potassium, as

potassium dissolves in the pore solution, the conductivity of the pore solution increases and
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620  decreases the resistivity of concrete [24]. Corrosion is less expected when ER of concrete is
621  equal to or greater than 10000 Q-cm [96]. ACI Committee 222 [97] recommended limits for
622  corrosion through mortars shown in Table 9. From the above results, we can conclude that all

623  the mixtures with CNSA have a low probability of corrosion at all ages.
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Fig. 23: Electrical resistivity of Blended cement Mortar at different CNSA

percentages
624 Table 9: Resistivity values and risk of corrosion of reinforcement bars [97-99]
Resistivity (Q2-cm) Corrosion rate
>20000 Low
10000 — 20000 Low to Moderate
5000 - 10000 High
<5000 Very high

625
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3.11 Indices of Pozzolanic effect
Few researchers have previously quantified the pozzolanic effect of active minerals in a mortar
[55, 100, 101]. A mineral admixture supplement to concrete or mortar, where its strength is
considered in two parts, one from cement hydration and the other from its pozzolanic effect.
As per previous studies, pozzolanic effects of CNSA as a cement substitute in mortar were
quantified using strength indices [55].
The specific strength ratio is expressed as

R="f/q 4
Where f is concrete compressive strength, g is the cement or mineral admixture percentage of
the cementitious materials.
Rc articulates the influence of unit cement on concrete strength without any mineral admixture,
while Rm divulges the impact of the unit mineral admixture on concrete strength, and Re is the
contribution of the pozzolanic effect to concrete strength due to the mineral admixture,

expressed by the equation:

Rr=Rm-Rc (5)
Index of specific strength (K), K is the ratio of Rm to Rc, and the formula can estimate it:
K=Rm/Rc (6)

Contribution of pozzolanic effect to strength (P), P is the percentage value of the contribution
of the pozzolanic effect to concrete strength, and it can be written as:

P = (Rr/ Rm) x 100% (7)
Table 10 shows the influence of CNSA on indices of strength parameters (Rc, Rm, Re, K, P) at
1,3, 7, and 28 days for all mortar mixes. Fig. 24 illustrates that the P value is increased for all
the percentages of CNSA at 1 day because higher alkali content (K20 and Na20) accelerates
the cement hydration at an early age. The value of P indicates that the addition of CNSA has
positive pozzolanic effects on mortar strength at 1 day. At 3 days value of P is higher than the
amount of CNSA, up to 5%, 10%, and 15%, respectively. However, the P value is positive for
20% CNSA and 25% CNSA but is lesser than the amount of CNSA added to the mix, showing
the minor pozzolanic contribution to strength.
Similarly, at 7 days, the value of P is higher than the amount of CNSA, up to 5% and 10%,
respectively. For 20% CNSA and 25% CNSA, the value of P is negative showing minimum
contribution to the strength. These results are associated with the compressive strength test
results, where all the CNSA mixes achieved lesser compressive strength than the control mortar
at 28 days because the alkali content in CNSA contributes to the degradation of mortar

compressive strength over time [82]. Therefore, the value of P for all the CNSA blended mixes
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at 28 days was negative, indicating less contribution for pozzolanicity at later ages. This study
showed that the CNSA could be used for the application where early strength development is
required.
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Fig. 24: Pozzolanic effect of Blended cement Mortar at different CNSA percentages
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664 Table 10: Strength index parameter of mortar
Rm Rp
: q
Mix ID (%) 1 3 7 28 1 3 days 7 28 days 1 3 7 28 1 3 days 7 28 days
0
day days days days day days day days days days day days
0
100 0.07 014 025 0.38 0 0 0 0 1 1 1 1 0 0 0 0
CNSA
5
CNSA 95 010 019 028 035 0.029 0.049 0.031 -0.036 144 135 112 090 3098 26.24 1128 -10.35
10
CNSA 90 011 018 029 034 0.045 0.039 0.035 -0.046 168 128 114 088 40.77 2211 1233 -13.58
15
CNSA 85 012 017 026 033 0.048 0.032 0.0064 -0.051 1.73 123 1.02 0.86 4234 1879 249 -15.26
20
CNSA 80 011 016 024 030 0.047 0.022 -0.008 -0.084 171 115 095 078 4169 1372 -338 -27.63
25
CNSA 75 011 015 024 028 0.043 0009 -0.012 -0.104 165 107 094 073 3970 656 -5.26 -36.47
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4. Sustainability and cost assessment
4.1 CO; Emissions
The corresponding CO2 emission values for OPC [102], water [103], and fine aggregates [103]
were taken from the literature. Embodied carbon of CNSA is not available in the literature, so
the embodied carbon used is subject to certain presumptions. In the present study, only the
carbon emissions caused by the transportation and processing of CNSA are considered since
the cashew nut industry burns CNS as fuel. For CNSA, the CO2 emissions were calculated
according to the method described by [104]. CNSA is collected from Kalbhavi Industries,
Mangaluru; The distance between the cashew industry and the laboratory where the casting
and testing were done is roughly 35 km.
Multi-Utility Vehicle (MUV) capacity of 1000 kg was used to transport the CNSA. The
electricity consumed for oven drying CNSA for 24 hours at 105°C is at a rate of 1041.67 W/h
[104]. Furthermore, assuming that to process (Drying, pulverizing, and Ball milling) the 1000
kg CNSA, approximately 174.7 kWh electricity will be consumed (considering the same as
Pulverized Oil Fuel Ash) [104]. According to CO2 Baseline Database for the Indian Power
Sector, October 2021 [105], the CO2 emission factor for each kilowatt-hour of electricity
consumed is 0.79 kgCO2/kWh, while 0.145 kgCO2/km emission factors for MUV as per India
Specific Road Transport Emission Factors [106]. Using these emission factor values, 1 kg of
CNSA has an embodied carbon of 0.143 kg.
Table 11: CO; emission factors for the primary ingredients used in all the mortar mixes
Cement Sand Water CNSA
0.82 [102] 0.024 [103] 0.0013 [103] 0.143 (Table 13)

Control and CNSA-based mortar production were used to calculate the embodied GHGE
ECOze and the embodied energy EE for 1 kg of each Type of mortar using Eq.8, 9 [95]
ECO2e = X CO2i X mj (8)
EE=XEixm; ()
CO:qai is the embodied carbon factors, Ei is the embodied energy factors per unit mass of
constituent i, and mi corresponds to the mass of mortar ingredient i per kg of mortar.
The EE to produce raw materials is obtained from various sources detailed in Table 12.
Table 12: Embodied energy for the ingredients used in all the mortar mixes
Cement Sand Water CNSA
5.5 [107] 0.34 [103] 0.0017 [103] 2.21

41



694

695
696
697
698
699
700
701
702
703
704
705
706

Table 13: CO, emission factors for CNSA

Energy requirements for 1000 kg of CNSA Transportation of 1000 kg of

CNSA Total emission
Consumption (kWh
SINo Item P ( : _) Emission factor Distance Emission factor (kgﬁgi/)kg
Drying * Pulverizingand .5 co,/kWh)? (km) 4 (kg CO, /km) 5
Ball milling 2
1 CNSA 25 [104] 149.7 [104] 0.79 35 0.148 0.143

1 A 1041.67 W/h consumption rate was observed from the oven during 24 hours of drying [104]
2 Energy engrossed by Pulverizing and Ball milling machines [104]

3 Emission factors due to the development of electricity [105]

4 Distance from the cashew nut industry to the laboratory

® Emission factor of the MUV used to transport the materials [106]
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Moreover, the production of CNSA is involved in transporting, drying, pulverizing, and ball
milling. However, the embodied carbon estimated based on these aspects was 0.143 kgCO2/kg
as seen in Table 11 and Table 13. An investigation by Dissanayake et al. [108] denotes that the
utilization of the waste materials results in nearly zero EE, but the EE utilized for transporting,
drying, pulverizing, and ball milling is to be considered. As per the greenhouse gas: reporting
conversion factor from Department for Business, Energy, and Industrial Strategy, the
conversion factors is 0.233 kgCO2 per kWh [109]. Also, 1 MJ equals 0.2778 kwWh [110], and
the equivalent carbon dioxide released for the transporting, drying, pulverizing, and ball milling
of the CNSA was considered. Hence for CNSA, which was acquired as direct waste, the EE
derived as 2.21 MJ/kg. Although there are no values with the CNSA in the literature, this result
elucidates the one found for the rice husk ash [111], which is an agro-industrial waste.

Mortar with CNSA in varied proportions as a replacement for cement was evaluated for their
environmental efficacy. Compared to control mortar, CNSA mortars contribute less
greenhouse gas emissions, making them environmentally friendly. The derived results are
illustrated in Fig. 25. It can be divulged that the incorporation of CNSA in mortar led to a
substantial decrease in the embodied carbon of the mixes. CNSA incorporation into mortar
clearly affects the difference obtained for ECOze for different mortars. From Fig.25, it can be
revealed that the utilization of CNSA in mortar led to a significant decline in the embodied
carbon of the mixture. The embodied carbon of blended mortar is 3.8%, 7.6%, 11.4%, 15.2%,
and 19% lesser than that of the control mortar at 5%, 10%, 15%, 20%, and 25% of OPC
replaced with CNSA. The mix with the utmost percentage replacement of CNSA emitted the

least amount of ECO2e among the different proportions.
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4.2 Embodied Energy

Fig. 26 shows the embodied energy of control mortar and the varying percentages of CNSA.
As seen in Fig. 26, the maximum amount of EE is developed by control mortar compared to
different mixes. The amount of EE is 2.89, 2.82, 2.74, 2.67, 2.60, 2.52 MJ/kg with 0, 5, 10, 15,
20 and 25% CNSA levels. The reduction of EE is 2.5, 5.1, 7.6, 10.2 and 12.7% compared to
control mortar. According to these findings, CNSA fractionally substituted with cement led to
a reduction in EE.

4.3 Eco-strength Efficiency

A varied mix of CNSA will result in different total CO2 emissions. However, it is essential to
focus not only on reducing embodied carbon but also on the abatement of materials and the
impact on compressive strength [112]. An eco-strength efficiency indicator using Eq. 13 [104]

can be used for a better understanding,

Average 28—day compressive strength of mortar

Eco-strength efficiency = (20)

Total Embodied carbon of mortar

According to Fig.25, the control mortar with 0% CNSA has an efficacy of 0.0976
MPa/kgCOze.kg for 28 days. From Fig.25, it can be seen that the eco-strength efficiency of
CNSA blended mortar is decreased at all levels compared to control mortar. This can be due to
the decrease in compressive strength of all the CNSA blended mortar mixes at 28 days. By
substituting OPC with 5%, 10%, 15%, 20%, and 25%, the eco-strength efficiency is lowered
by 10.4%, 14.2%, 16.7%, 26%, and 32%, respectively. As mentioned earlier, CNSA blended
mortars can be used for applications that do not require high compressive strength. Also, the
strength values obtained for CNSA blended mortars were found to be more than the ASTM
standards (ASTM C270 and ASTM C90). However, it is essential to focus not only on the
reduction of eco-strength efficiency but also on the reduction in the constituents with
replacement levels of OPC and embodied carbon.

Despite its meager contribution to reducing CO2 emissions, CNSA offers the advantage of
conservation of natural resources and can be used to develop ecologically beneficial and
energy-efficient mortars for the cement industry to promote sustainable growth.

4.4 Cost assessment

The CNSA used in this study is an untreated regional waste material obtained directly from the
industry. The ash obtained will be disposed of on land, so the processing cost for CNSA is
relatively less than the cement. Therefore, the cost for drying, pulverizing, ball milling, and

transporting CNSA will be considered in this study. From table 13, total electricity
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consumption for drying, pulverizing, and ball milling of 1000kg of CNSA is 174.7 kWh. The
cost of 174.7 units consumed for drying, pulverizing, and ball milling of 1000kg of CNSA is
Rs. 1398.00* /1000 kg. CNSA of 1000kg transported for a distance of 35 km, the cost for
transporting CNSA is Rs. 619.78* /1000 kg. Hence, total cost of CNSA is Rs. 2.017* /kg. To
calculate the quantity of cement and sand for 1m? of mortar for a mix ratio of 1:2.75, weight
of cement and sand is 510.72 kg/m® and 1404.48 kg/m®. Table 14 indicates the total cost of
mixes for 1m? of mortar

Table 14: Total cost of the mixes for 1m? of mortar

Mix Cement (kg/m3) CNSA (kg/m® Sand (kg/m3)  Total (Rs/ m®)
0 CNSA 510.72 - 1404.48 6192.48
5 CNSA 485.22 25.53 1404.48 6039.97
10 CNSA 459.66 51.06 1404.48 5886.98
15 CNSA 434.13 76.59 1404.48 5734.24
20 CNSA 408.60 102.12 1404.48 5581.49
25 CNSA 383.04 127.68 1404.48 5428.57

* Cost can be varied based on market conditions
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Conclusion

3R’s - Reducing, recycling, and reusing waste is one of the important goals of the world's

sustainability. A country's sustainable development depends on tackling waste materials that

cause regional environmental contamination and reusing them for sustainable
development. Hence, this study divulged the practicability of harnessing the waste CNSA on

the characteristics of the cement pastes and mortars. The CNSA was utilized in developing a

mortar mix by substituting the cement at various levels and the fresh and hardened

characteristics of paste and mortar is studied. Embodied energy and carbon assessment, eco-
strength efficiency were used to assess the sustainability performance of mortars. Based on the
results, the following conclusions can be drawn.

e The reactive phases and high specific area of CNSA lead to additional water for attaining
the consistency of cement paste.

e CNSA has an acceleration effect on the setting time of blended cement pastes. Due to the
presence of high alkali (K20 and Na20) in CNSA, the precipitousness of cement hydrates
occurs at a faster rate, leading to a shortening in the induction period and reduction in the
setting time of cement pastes.

e Results show that incorporating CNSA in more significant amounts decreases the mini-
slump flow of the cement paste. The particle size of CNSA has a substantial influence on
the flow.

e The workability of all the mixes of blended mortar is found to be more than 110 mm. Higher
the replacement levels, flow values were decreased by 7%, 9%, 10%, 16% and 18%
respectively. CNSA particles exhibit more angularity, aggregation and reactive phases,
leading to an decrease in flowability.

e CNSA leads to higher compressive strength at an early age as the alkali in cement
accelerates the hydration at an early age. At 28 days, the compressive strength of all the
replacement levels is 14%, 21%, 26%, 37%, and 45% less than the control mortar. At later
ages, the mechanical properties of cement-based materials were adversely affected by the
high alkali content in blended cement mortar. However, CNSA-blended mortars can be
potentially used in masonry units. The findings of this study shows that regional waste
material CNSA can be utilized in smaller amounts.

e Porosity is the main factor influencing the UPV values, and higher porosity negatively
affects the UPV. The partial replacement of OPC with CNSA in mortars decreases the UPV
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values with an increase in percentage. However, the CNSA blended mortar is in a good
quality with UPV of 3500 — 4500 m/s.

e CNSA concrete exhibited a lower bulk density than the control mortar. This is because the
specific gravity value of CNSA is lower than that of cement, resulting in a decrease in the
bulk density of mortar with CNSA.

e The indices of the pozzolanic effect ‘P’ have positively contributed to the strength during
the initial ages. For later ages (at 28day), the value of ‘P’ decreased than the amount of
CNSA, indicating negative pozzolanic contribution to the strength.

e The sustainability assessment shows a substantial reduction in the embodied carbon, energy,
and overall carbon footprint for all the replacement levels of CNSA. The eco-strength
efficiency of CNSA blended mortar was reduced than the control mortar for all the mixes.
Also, the cost assessment of the mortar mixes indicated that the CNSA can be used as a
cost-effective accelerator.

CNSA as a partial substitute for the cement found to be promising for certain desired
characteristics of cement despite its limitations in strength at later ages. CNSA is an
underutilized resource that has the potential to evolve as a construction material. A great deal
of research is required for CNSA to enhance its efficiency and material's characteristics for
construction applications. The present literature mainly focuses on mortar's fresh and
mechanical properties utilizing CNSA. However, the effects on reactivity, hydration,
microstructure, and durability are yet to be thoroughly studied. Also, researchers may attempt
to investigate the possibility of using CNSA on the performance of structural concrete. Further,
due to the higher alkali content of CNSA, more research is needed to investigate if this type of
ash promotes an alkali-silica reaction.

In addition, this work provides a dual opportunity for the production of CNSA at an industrial

scale and to blend with Portland cement. While processing CNSA, industries can adopt suitable

methods for sieving and grinding to the desired fineness. The processed CNSA from the cashew
industry can be exported to the cement industry and blended with the clinker to make high-
quality, sustainable quick accelerating cement. Thus, CNSA can generate substantial income
for the industry and be used in cement production as a blended material. However, it is still
necessary to conduct a great deal of research on CNSA to prove its suitability for cementitious

composites.
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