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Abstract

The incorporation of supplementary cementitious materials (SCMs) into cementitious materials canbe
used to offset the overall carbon footprint of cement in addition to improving perfofmance and promoting
circular economy. Synthesized silicomanganese fume (SiMnF), silica fume (SF), and ordinary Portland
cement (OPC) based binary and ternary cementitious mortar specimens were designed and optimized
using the Taguchi method. Four factors with three levels each were investigated —SiMnF content of O-
40% and SF content of 0-10% (by mass) of the total cementitious, sand-to-binder of 1.5-2.5, and water-
to-binder ratio of 0.35-0.45. Based on the orthogonal array proposed by the Taguchi method, nine
mortar mixes were batched and their flow after mixing and compressive strength at 3, 7, and 28 days
of casting were measured. The strength data were statistically analyzed using ANOVA to investigate
the effects of the chosen experimental variables. It was observed that the strength is considerably
reduced from the addition of SiMnF, but the reduction is marginal from increasing the sand-to-binder
ratio. The addition of 5% SF increased the strength. A restricted analysis indicated that specimens
prepared with 20% SiMnF, or 20% SiMnF and 5% SF can yield mortar strengths of up to 30.5 MPa and
48.8 MPa, respectively. Microstructural investigations revealed that the mixes with SiMnF have
detectable pores at x1000 magnification, however, the addition of 5% SF densifies the matrix with no
visible pore at the same magnification. This corroborates the strength data. The life-cycle assessment
(LCA) indicates that the utilization of SiIMnF in the mortar mixtures can reduce CO2 emissions by up to

25% at a reasonably acceptable compressive strength.

Keywords: Silicomanganese fume; Silica fume; Taguchi method; Compressive strength;

Microstructure; Life cycle assessment.
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1. Introduction

The cement industry, being one of the most carbon-intensive manufacturing sectors, is a well-
recognized CO2 emission source (Santos et al. 2021). The production of Portland cement is associated
with over 5-8% of the world’s human-induced CO2 emissions (Gao, Shen et al. 2016) and is predicted
to rise as the demand for cement in concrete manufacture for infrastructural development is continually
going up. With a growing interest in sustainable practices, the high emission potential of the cement
and construction industry has been recognized and several innovative engineering solutions have been
realized to reduce and manage its carbon footprint. Backed by decades of research, the use of
supplementary cementitious materials (SCMs) has been identified as a promising avenue in reducing
the carbon footprint of cement and by extension, of concrete (Anurag et al. 2021; Arrigoni et al. 2020).
As SCMs are predominantly industrial byproducts and wastes, their utilization in concrete does not just
offset the overall carbon footprint of cement, it also allows the use of end-of-life wastes within a circular
economy. The use of SCMs as cement replacement has also been recognized to offer concrete
durability which essentially extends the design life of structures; concrete assets need not be replaced
as often as with a relatively low-durable product. This also offers a sustainable approach as the demand

for concrete, at least in replacing like-for-like concrete, is kept reasonably limited.

Backed by research and trial data, the use of SCMs and other mineral additions to cement is often
regulated, for instance, Australian Standard AS 3972 general purpose and blended cements allows the
use of up to 20% mineral additions. This extends to State specifications such as the Transport for New
South Wales (TfNSW) QA Specification 3211 outlines provisions for the use of fly ash, ground
granulated iron blast-furnace slag (GGBFS), amorphous silica, and powdered glass as SCMs. There
are specific standards to regulate the quality of SCMs too, for instance, AS 3582 supplementary
cementitious materials for use with Portland and blended cement has three parts AS 3582.1,
AS 3582.2, and AS 3582.3 covering specifications for fly ash, GGBFS, and amorphous silica. This
demonstrates the reliability of SCMs and as such, the demand for SCMs is on the rise. A recent report
by the American Coal Ash Association (ACAA) (American Coal Ash Association (ACAA) 2017) has
estimated that fly ash production (more appropriately, generation) has dropped by about 40% while the
demand has almost doubled between 2000 and 2017. This is a combined effect of the realization of the
benefits of fly ash while the energy sector is shifting towards alternative green sources of electricity

moving away from coal-powered power plants, the suppliers of fly ash. This creates an avenue to
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investigate alternative SCM sources in understanding their contribution to concrete strength,
microstructure, and impact on the environment as such alternatives are likely to compensate for the

higher demand for SCMs in the near future.

One promising alternative to traditional SCMs is silico-manganese fume (SiMnF), a by-product of the
ferroalloy industry, which is usually stored at the plant before being disposed of at landfills which
essentially makes it a waste product. Owing to its chemical composition of being rich in amorphous
silica, magnesium, and potassium, SIMnF possesses the potential to be incorporated into concrete
manufacture as an SCM. Studies on SiMnF as an SCM are very limited although it has been
successfully utilized as a precursor in alkali-activated composites (Nasir et al. 2020, 2021c). One study
on the utilization of SiMnF in producing self-compacting concrete was reported by Gawah et al. (Gawah
et al. 2022). The study reports the use of SiMnF in effectively reducing CO2 emissions, with a reduction
in the range of 10-68%, depending on the SiMnF content (10—70%). However, this study reported only
an elementary estimation of the COz emissions by varying the SiMnF content which leaves opportunities
for a detailed life cycle assessment (LCA) study on SiMnF binary and ternary (through the incorporation
of silica fume) blended binders. The LCA is gaining attention at a commercial level while major suppliers
of cement and concrete are through regulations, specified to undertake environmental product
declarations that quantify emissions of a product on its life cycle to enable comparisons between

alternatives.

To that extent, the primary aim of the current study is designed around investigating the synergistic
influence of silicomanganese fume and silica fume as SCMs on cement mortar composites including
other design variables such as the sand-to-binder ratio and water-to-cementitious ratio. The Taguchi
method has been employed for the design and optimization of the mortar mixes. The corresponding
performance of the composites was evaluated in terms of the fresh, mechanical, and microstructural
properties. A comprehensive LCA was also carried out to assess the various environmental impacts of
the mixes. This study will promote the valorization of the SiMnF industrial waste, minimize the
associated environmental risks and cost of landfilling, and contribute towards achieving the Sustainable

Development Goals (SDGs) and net-zero targets.
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2. Experimental program

2.1. Taguchi method background and Implementation

A well-known, user-efficient, inexpensive, and reliable fractional full factorial method called the Taguchi
method (TM) allows researchers to study a large number of variables with a limited number of
experiments (Ross and Ross 1988; Taguchi et al. 2005). During the design of experiments (DOE), TM
centers on the ratio of signal-to-noise (S/N) (where signal refers to the studied response and noise
refers to a set of parameters). This S/N ratio uses a specific set of arrays called orthogonal arrays (OA).
The S/N ratio acts as a decision variable that helps with data processing and prediction of results trends,
whereas the OA generates a certain humber of well-balanced experiments. There is an option of
selecting the S/N depending on the target of results as smaller, nominal, or larger is better. Since the
objective of this study is to maximize the strength, the criteria “larger is better”’ is considered and the

typical equation (1) governed in this case is as follows:

S 1% 1
N = ~10logso EZP (1)

i=1

1]

Where, “S/N” represents the signal-to-noise ratio (in decibels), “Y” represents the response, and “n” is

the number of experiments run in each trial.

In this research, the influence of mixture parameters on the strength of SiMnF, SF, and OPC-based
neat, binary blended, and ternary blended binders was assessed using the L9 (i.e., 3%) array of TM
which generated nine trial mixes. Four critical factors with three levels each were studied. The factors
were: (A) dosage of SIMnF (%) as a partial replacement of OPC in the range of 0 to 40% at an interval
of 20; (B) dosage of SF (%) as a partial replacement of OPC in the range of 0 to 10% at an interval of
5; (C) sand to binder ratio in the range of 1.5 to 2.5 at an interval of 0.5; and (D) water to binder ratio in
the range of 0.35 to 0.45 at an interval of 0.5 which are based on common dosage of these materials
in cementitious systems. The factors and their levels are summarized in Table 1 while Table 2 presents

the L9 orthogonal arrays suggested by TM.

2.2. Material characterizations
Locally available Type | — ordinary Portland cement (OPC) compliant to ASTM C150, silicomanganese

fume (SiMnF), and silica fume (SF) were used as the cementitious materials (CMs). The patrticle size
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distribution (PSD) of CMs was determined with a laser diffraction technique employing a Malvern
Mastersizer 2000. The raw CMs were dispersed in ethanol and kept under an applied ultrasound of
15Hz to avoid particle coagulation. The chemical oxide composition of the CMs was measured using
the X-ray fluorescence (XRF) technique in a PANalytic EPSILON 3 XL instrument. The bond
characteristics of the CMs (and later, the paste specimens) were identified using a Thermo Fisher’s
Fourier Transform Infra-red (FT-IR) spectrometer. The physicochemical characteristics of the CMs are
detailed in Section 3.1.

Desert sand was used as fine aggregate in all the mortar mixtures. The fineness modulus, water
absorption, and bulk-specific gravity of the fine aggregate used were 1.85, 0.65%, and 2.60,
respectively. The fineness modulus indicates the sand to be fine sand with reasonable absorption and
density. Reticulated tap water was used in the preparation of all mortar and paste mixes.

2.3. Mixture proportions, sample preparation, and testing

The mortar samples were prepared using a Hobart mixer. First, dry mixing of the CMs and the sand
was carried out for three minutes for homogeneity followed by the addition of water while the mixing
process continued for an additional three minutes. Once the mixing was completed, the flow of each
trial mixture was measured as per ASTM C1437 followed by pouring the fresh mortar in 50 mm 3-gang
cubic molds and covering the surface with a plastic sheet to limit evaporation. The samples were left
undisturbed for approximately 24 hours and cured at ambient conditions in the laboratory (25 + 3 °C)
before being removed from the molds. The strength activity index (SAl) of the mixes was measured at
28 days, as per ASTM C311, whereas the compressive strength of the mortar was evaluated at 3, 7,

and 28 days, as per ASTM C109.

Paste specimens (excluding sand) of 25 mm cubic size were also prepared for characterization. It is
worth mentioning that in the first stage, the 9 trial mixes suggested by the TM in Table 2 were
investigated, while 4 more mixes were developed in the second stage based on the outcome of the first

stage. Table 3 summarizes the mixture proportions.

2.4. Morphology
The morphology of the raw CMs, their average diameter, and elemental composition were obtained
using the JEOL’s JSM-66-10-LV scanning electron microscope (SEM) coupled with the energy

dispersive spectroscope (EDS). The paste specimens were also investigated in the SEM to identify
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changes in the morphological features from the variations in the mixture design parameters. While the
raw CMs were spread out on carbon tape for imaging, the paste specimens were embedded in resin.
The surface of the investigation was progressively ground on grit papers and polished with liquid
diamond for optimum imaging. The surface was then coated with gold and imaging was conducted at

20 kV.

2.5. Bond characteristics

The functional group identification of the raw CMs and the paste specimens was carried out using
Thermo Fisher’s Fourier Transform Infra-red (FT-IR) spectrometer. The conditions set used during the
acquisition of FTIR spectra were: (1) spectral range of 500-4000 cm* wavenumber, (2) resolution of 4

cm, (3) optical speed of 0.63 cm/s, and (4) 32 scans per spectrum.

2.6. Statistical analysis

Based on the response data obtained from optimized mixtures suggested by the Taguchi method,
numerical methods were used for various analyses. The statistical significance of each factor on the
properties of the developed mortar was determined by the analysis of variance (ANOVA) at a
confidence level of 95%. To quantify the effect of the contribution of each factor on the 28-day
compressive strength, the sum of squares method was used. The sum of squares was calculated using
Equation (2), where N, L, X; and X’ represent the number of specimens tested, the number of levels of
the factor, the mean compressive strength for level “i” and the mean compressive strength of all
experiments, respectively. A multi-linear regression analysis was also carried out to develop a model

to predict the compressive strength of the developed mortars.

L
Sum of squares =N X L X Z(X’ - X))? 2
i=1
2.7. Life cycle assessment (LCA)
In this study, LCA was carried out using the methodology described by 1SO (ISO 2006). The LCA
framework comprises four phases, including goal and scope, life cycle inventory, impact assessment,
and interpretation. The conducted LCA aimed to estimate the environmental impacts of the mixtures
and then evaluate their mechanical-environmental efficiency. The global warming potential (GWP) was
considered as an environmental index, which evaluates the impact of global warming by equivalent CO:

emissions. The GWP of the used materials was sourced from the Ecoinvent 3.2 database and available
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literature (Hong et al. 2012; Iren n.d.; Nazari and Jay G. Sanjayan. 2017; Nematollahi et al. 2017;
Ouellet-Plamondon and Habert 2015). Thus, the COz emissions of OPC, SiMnF, SF, sand, and water

were taken as 898.0, 4.40, 0.31, 2.30, and 0.11 x 10-3 kg-CO2-q/kg, respectively.

3. Results and discussions

3.1. Characterization of cementitious materials (CMs)

Table 4 summarizes the physicochemical properties of the CMs while Figure 1 displays the particle size
distribution (PSD) of SF and SiMnF. The d10, d50, and d90 in Table 4 indicates the particle size below
which 10%, 50%, or 90% of all particles are present. The CMs are visually different owing to differences
in their composition; the OPC, SF, and SiMnF were grey, dark grey, and dark brown in color,
respectively. According to Figure 1, the particle size of SF varied between 16.9 pm (d10) to 235.12 pum
(d90) whereas the medium patrticle size (d50) and the grain span were 85.5 um and 2.55, respectively.
The patrticle size in SIMnF varied between 0.58 um (d10) to 180 um (d90) whereas the medium particle
size (d50) and the grain span were 29.17 um and 6.15, respectively. This shows a significant variation
between the grain sizes of SF and SiMnF. The variation of SiMnF particles was more than two folds of
that obtained in SF, as evident from the calculated span size. The surface area and pore volume of
SiMnF were obtained using a Quantachrome ASiQwin machine. The sample was degassed and
analyzed by N2- adsorption-desorption isotherm.

According to the XRF results, the OPC is rich in CaO, SiO2, and Al203 (sum = 92.1%), SiMnF is rich in
MnO, K20, and SiO2 (sum = 74.2%), whereas SF is rich in SiO2 and CaO (sum = 89.5%). Even though
the sum of SiO2, Al203, and Fe203 was below 50% (minimum standard limit for chemically classifying
as Class C type pozzolanic materials), the strength activity index of SiMnF-based (as well as SF-based)
test mixture was more than 70% of the control mixture at 28-days (minimum standard limit for physically
classifying as Class N, F, or C type pozzolanic materials), as per ASTM C311 (2022), at a 20% cement
replacement with the SCMs. This indicates that both CMs possess pozzolanic properties as per ASTM

C618 (2022).

3.2. Experimental results
The flow of the trial mortar mixes and the corresponding compressive strengths at 3, 7, and 28 days
are presented in Figures 2 and 3, respectively. Mixes with a higher W/C ratio, i.e., a higher water content

yielded greater flow. Mixture T1 composed of no SF and made with a water binder ratio of 0.45 exhibited



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

the highest flow. On the other hand, the use of a lower water binder ratio of 0.35 and 0.40 when no SF
was used as in T6 and T7, respectively yielded a lower flow compared to that of T1. These results
indicate that the incorporation of SF and lower water content would result in a decrease in the flow of
the mortars. The decrease in the flow of the mortars when SF was used to replace OPC partially can
be linked to the high surface area of the SF as compared to the PC and SiMnF, which consume more
water during the reaction, as evident from Table 4. These findings agree with various studies where
the use of SF as a patrtial replacement of OPC has been reported to yield a lower flow (Hamada et al.
2023). Similarly, the decrease in the water available for the cohesion of the components with a lower
water-to-binder ratio would result in a decrease in the flow. In contrast to the effect of SF on the flow, it
can be noted from T2, T3, and T7 composed of SiMnF as 40% replacement of OPC that incorporation
of SIMnF does not result in a high reduction in the flow. This is attributed to the spherical nature of
SiMnF particles which imparts a ball-bearing effect in flow mobility as well as due to the dearth of lime
in it which is responsible for slow hydration reaction, as observed from the XRF results and strength

activity index of SiMnF (Table 4).

It is evident from Figure 3 that the compressive strength of the mortars developed over time as a result
of the progressive hydration reaction of OPC and the pozzolanic reaction of SF and SiMnF. The
continuous reaction of these binder components over time results in continued product formation and
corresponding densification of the microstructure and this is reflected in the increase in compressive
strength. It can be noted that mixtures with SiMnF as a partial replacement of OPC exhibited the lowest
compressive strength. This could be ascribed to the lower reactivity of SiIMnF compared to that of SF

and OPC, as also evident from the outcomes of the strength activity index (Table 4).

3.3. Statistical analysis

Analysis of variance (ANOVA) was also carried out and the results are presented in Table 5. It can be
noted from Table 5 that the p-values of all the factors are less than 0.05 indicating their statistical
significance. The amount of contribution of each factor to the 28-day compressive strength was also
investigated by using the sum of squares method. Figure 4 shows the degree of contribution of each
factor. It can be noted from the figure that the content of SiMnF (Factor A) has the highest impact on
the compressive strength (76%) followed by water to binder ratio (Factor D) (18%), SF content (Factor

B) (4%), and sand-to-binder ratio (Factor C) (2%). The impact of the SiMnF content is also reflected in
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the 28 days compressive strength; mixes T1, T2, T3, T7, T8, and T9 resulted in a low strength that can
be linked to the high content of SiMnF used as a replacement of OPC (i.e., up to 40%) which is rich in
MnO, K20, and SiO2 with a low CaO content (Table 4). The water-to-binder ratio is also a critical factor
as identified in the ANOVA test confirming the well-known fact that the compressive strength of
cementitious materials (mortar in this study) is dependent on the water content utilized in their

production (Neville 2010).

Based on the experimental results, a further analysis was also carried out to investigate the influence
of the selected factors on the 28-day compressive strength. Figure 5 shows the effect of various factors
on compressive strength. It can be noted from Figure 5 that the incorporation of SiMnF, as a partial
replacement of the OPC, resulted in a decrease in the compressive strength. This decrease in
compressive strength can be linked to the lower reactivity of SiMnF compared to that of OPC, as stated
above. SiMnF seems to work as a filler within the timeframe of 28 days as investigated in this study and
its pozzolanic reactivity seems to be weaker than that of SF. A recent study (Nasir et al. 2021a) showed
that the use of SIMnF as a binder component does not result in any detrimental impact. However, this
could be due to the use of the SiMnF in alkali-activated systems, which promotes the dissolution of the
monomers in the SiMnF. Thus, to increase the effectiveness of SiMnF in increasing the compressive

strength, alkali activators could be incorporated into the mixtures.

On the other hand, the utilization of SF as a partial replacement of OPC resulted in an enhancement in
the compressive strength with the use of SF at 5% being the optimum. The improvement in the
compressive strength with the replacement of OPC with SF can be ascribed to high strength activity
index of 109% of control among all CMs (Table 4), which tends to increase its reactivity and
consequently increase the binding product formation. Studies have shown that the partial replacement
of OPC with low SF content can ensure an improvement in compressive strength (Joshaghani et al.
2018; Roy et al. 2001). These findings also indicate that SF possesses a higher reactivity compared to

that of SiMnF.

The increase in the sand-to-binder ratio resulted in a slight reduction in the compressive strength as
evident in Figure 5. This slight decrease in the compressive strength with the increase in the sand

content can be attributed to the reduction in the binder content with the corresponding increase in the

10
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sand content. As anticipated, the increase in the water-to-binder ratio resulted in a decrease in

compressive strength.

3.4. Optimization and validation

Optimization of the mixtures based on the experimental results was carried out by setting the goal of
the optimization process to maximize the compressive strength and include SiMnF and/or SF as patrtial
replacements of the OPC. The best three mixtures from the optimization were selected. To validate the
numerical optimization results, four new mixtures comprised of the best three mixtures and the optimum
mixture from the trial mixture (i.e., T6) were prepared in the lab to obtain their corresponding
experimental results. The factors and their level as well as the composition of the mixtures used for the

validation process are presented in Tables 2 and 3, respectively.

The results of the predicted compressive strength along with their corresponding experimental values
are presented in Figure 6. It can be observed that the experimental and predicted compressive strength
are comparable within a limit of £ 10%. This is also evident in the good correlation between the
experimental and predicted compressive strength as shown in Figure 7. Thus, the use of the Taguchi
method in the design and analysis of mortar mixtures is an efficient way to optimize mixes with
incorporated CMs. The shortlisted mixtures (T6, T11, T12, and T13) which yielded the maximum

strength were investigated in detail by analytical techniques in Section 3.5.

3.5. Microstructural Investigation

Figures 8 and 9 depict the SEM micrographs of raw and selected hydrated paste specimens,
respectively. It can be observed that SiMnF is partly spherical and smaller than the size of OPC. SF
also has a spherical morphology while OPC particles are of irregular polygonal shape. The difference

in the morphology can assist identify unreacted particles in the hydrated paste specimens.

Mixture T10, with the maximum compressive strength, has a compact matrix morphology which
corroborates its superior strength development pattern identified in Figure 10. In contrast, the
morphology of T11 and T12 is not as homogeneous with the presence of pores leading to lower
compressive strength in comparison with T10. No pore has been identified in T6 morphology which is

also reflected in the compressive strength as compared to T11 and T12. The morphology also confirms

11
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that the paste matrix is more homogeneous for T10 with only 5% SF inclusion, confirming the reactive

nature of SF in cementitious systems.

The FT-IR spectra of raw CMs and selected paste specimens from Stage 2, validation series in Tables 2
and 3 are shown in Figure 10. The FT-IR spectra of T6 and T10 appear to be similar while that of T11
and T12 are comparable. However, upon close observation, the disparity was evident. For instance,
the FT-IR spectra reveal the absence of the bands -OH (3640 cm* wavenumber) and C-O (1405 and
1475 cm! wavenumbers), which implies that the composition of portlandite and effects of carbonation,
respectively, are lower in T10 in comparison with T6. The occurrence of carbonation is reported to
deteriorate the microstructural matrix thereby leading to low-strength development (Pham and Prince
2014; Pizzol et al. 2014). Further, the high strength magnitude in T10 is ascribed to the asymmetric
stretching vibration of the Si-O-T chain, as manifested at 950 cm* wavenumbers, due to the siliceous
nature of the SF (SiO2 = ~93%) as observed by the XRF. This caused more silicate re-organization in
the cement matrix and ultimately led to a greater formation of the C-S-H gel and a dense skeletal

framework of the T10 specimens.

3.6. Life cycle assessment (LCA)

The CO2 emissions of all the mixtures are shown in Figure 11. The GWP values ranged from 0.098 to
0.229 kg-CO2/kg. The highest CO2 emissions were registered in mixture T6, which contained 100%
OPC without any SCMs. On the other hand, the mixes with higher volumes of SiMnF have lower GWP
values. For example, mixtures T3 and T7 having 40% SiMnF revealed a CO2 emissions reduction of
around 56.9% and 55.4%, respectively, relative to the reference mixture (T6), as can be seen in
Figure 11(b). The carbon footprint breakdown showed that the OPC is the major contributor to the total
CO2 emissions (> 99%), and thus, decreasing its quantity resulted in a significant reduction in the GWP
(Figure 11). The contributions of the other ingredients, including SiMnF, SF, and sand, are very minimal
(<1%). Thus, the LCA impact of the mixtures is governed by their compositions, mainly the intensive
carbon footprint ingredient, e.g., OPC. For further analysis on this point, Figure 11(c) shows the material
saving index of all mixtures, where the OPC is taken as the main binder. Interestingly, the data on
material saving followed the same trend as the CO2 emissions reduction. The mixtures T3 and T7

showed a material saving of about 57.4% and 55.9%, respectively.
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Since the compressive strength results revealed an adverse effect of the use of high-volume SiMnF,
the shortlist mixtures that were optimally selected are discussed further. These mixtures include T6
(OPC), T10 (OPC + SF), T11 (OPC + SiMnF), and T12 (OPC + SF + SiMnF), which reflect different
binder systems, i.e., unary, binary, and ternary. The GWP values of T6, T10, T11, and T12 were found
to be 0.229, 0.216, 0.182, and 0.170 kg-CO2/kg, respectively. The mixture with only SF (T10) showed
a comparable CO2 emission to the reference mixture with a reduction of about 5.4%. The higher CO:
emissions associated with this mixture can be attributed to the low replacement level of OPC by SF
(only 5%). The binary and ternary mixtures containing a relatively higher volume of SiMnF (T11 and
T12) showed similar CO2 emissions with a reduction of about 20.3% and 25.6%, respectively. The low
CO2 emissions of T12 are due to the higher replacement level of OPC, where 20% SiMnF plus 5% SF
were used in this mixture. The used SiMnF material is an industrial byproduct of the ferroalloy plants,
which does not require any post-processing (Nasir et al. 2021b). Consequently, its inclusion in the mixes
decreased their overall environmental impact.

To tradeoff between the environmental impact and mechanical performance, an efficiency-based
indicator, namely eco-strength efficiency (Esg), was used (Bheel et al. 2022). This indicator accounts
for the carbon emissions per unit of functional performance, which here is the compressive strength. It
can be noted that the smaller values of Ese indicate good mechanical-environmental efficiency. Figure
12 shows the efficiency indicator of the shortlist mixtures (T6 and T10-12). Comparable results were
obtained in all the mixtures. The Ese values at the ages of 7 and 28 days were in the range of 3.41—
4.26 and 2.98-3.78x 10 kg-CO2-eq/MPa, respectively. The mixture T10 showed the best eco-strength
efficiency (an improvement on the benchmarked efficiency to the reference mixture, T6, was about
17.9%). This can be linked to the high compressive strength of T10 among others. Additionally, T12
demonstrated a good efficiency index where its improvement was around 12.5%. Based on the results
of the mechanical-environmental efficiency indicator, it can be proposed that the order of the mixtures
be as follows: T10 > T12 > T11 > T6. It is also recommended that the expected life of the mixtures be
evaluated. Achieving equilibrium expected life by balancing composition factors and LCA is a key

concept for sustainable concrete design (Tinoco, de Mendonga et al. 2022, Pratico, Perri et al. 2023).
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Conclusions

The effects of OPC substitution by industrial waste and byproducts as SCMs, namely silicomanganese

fume (SIMnF) and silica fume (SF), respectively, on the strength, microstructure, and life cycle

assessment (LCA) of mortar mixtures were investigated. This was undertaken to trial and test

alternative SCMs as the production of fly ash declines globally with power generation shifts its energy

source from coal to other alternatives. The Taguchi method for the design of experiments was used to

suggest nine different mixtures, representing unary, binary, and ternary systems. Four key factors were

investigated — SiMnF (0-40%), SF (0-10%), sand/binder ratio (1.5-2.5), and water/binder ratio

(0.35-0.45). The following conclusions could be drawn based on the findings of this study:

The strength activity index of the mixtures incorporating SMC was more than 70%; however,
the mixtures with SiMnF showed a relatively lower reactivity compared to that of OPC.

The addition of SF decreased the flow of the mortars, while the incorporation of SiMnF had
minor effects. In addition, the influence of the water/binder ratio was noticeable in the flow
behavior.

The mixtures with SiMnF, as a partial replacement of OPC, showed the lowest compressive
strength among others. In contrast, the utilization of SF, as a partial replacement of OPC,
improved the compressive strength, and the results indicated that 5% of SF is the optimum
content. This finding can be directly related to the higher pozzolanic reactivity of SF compared
to that of SiMnF. The effect of the sand/binder ratio on the compressive strength was found to
be insignificant, as shown in the strength reduction trend.

The ANOVA analysis demonstrated that all the investigated factors had statistical significance
on the compressive strength, as evident from the p-values. Moreover, the analysis suggested
that the SiMnF incorporation level had the highest impact on the compressive strength, followed
by the water/binder ratio, SF content, and sand/binder ratio.

The optimum mixtures suggested by the Taguchi method were experimentally tested, and a
good correlation between the experimental and predicted compressive strengths (R2 = 0.998)
was obtained. This implied the efficiency of the Taguchi method in designing the mortar
mixtures and reducing the cost of the experiments.

Microstructural analysis of the optimally selected mixes revealed that the mixture with an

absence of SIMnF showed a compact microstructure with almost no pores, which in turn
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resulted in higher compressive strength. This was further supported by the FT-IR spectra, which
showed the absence of bands -OH and C-O and the asymmetric stretching vibration of the Si-
O-T chain due to the incorporation of SF.

- The mechanical-environmental index of the developed mixtures was assessed using the eco-
strength efficiency indicator, which accounts for both the compressive strength and the GWP
impact. It was found that the blended mixtures with a relatively high volume of byproducts
(~25%) possessed a good efficiency index compared to the OPC-based mixtures; for instance,

Mixture T12.
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478 Table 1. Factors and levels used in experimental design.

Level
Factor
1 2 3
A SiMnF (%) 0 20 40
B SF (%) 0 5 10
C Sand/Binder ratio 15 2 25
D Water/Binder ratio 0.35 0.4 0.45

479



480 Table 2. Taguchi method of the orthogonal array.

Factor A Factor B Factor C Factor D
Stages Trial Run
SiMnF (%) SF (%) Sand/Binder mass ratio Water/Binder mass ratio
T1 20 0 2 0.45
T2 40 5 1.5 0.45
T3 40 10 2 0.35
T4 0 10 25 0.45
Sty TS0 s
T6 0 0 1.5 0.35
T7 40 0 25 0.40
T8 20 5 25 0.35
T9 20 10 15 0.40
T6 Repeat as above
Stage 2 T10 0 5 15 0.35
(Validation) 711 20 0 15 0.35
T12 20 5 1.5 0.35

481
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482

483

Table 3. Composition of mixtures for trial and validation (kg/m3).

Stages Trial Run OPC SiMnF SF Sand Water
T1 5145 128.6 0 1286.2 289.4
T2 401.1 291.7 36.4 1094.0 328.2
T3 339.7 2718 67.9 1359.1 237.8
T4 512.9 0 56.9 1424.9 256.4

(S'Igﬁglerr%ixes) TS5 631.6 0 33.2 1329.8 265.9
T6 797.8 0 0 1196.7 279.2
T7 351.6 234.4 0 1465.0 234.4
T8 453.0 120.8 30.2 1510.1 211.4
T9 530.2 1515 75.7 1136.3 303.0
T6 Repeat as above

Stage 2 T10 754.8 0 39.7 1191.7 278.0

(Validation) T11 635.1 158.7 0 1190.8 277.8
T12 592.9 158.1 39.5 1185.9 276.7
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485

Table 4. Physical and chemical characteristics of the cementitious materials.

Physical properties

Chemical composition

Characteristics OPC SF SiMnF Oxide Wt. (%) OPC SF SiMnF
Color Grey Dark Grey g?or\ll(vn CaO 64.50 5.76 7.25
Particle shape Irregular Sg&ggﬁg to Spherical MnO - 0.11  35.40
Specific gravity 3.15 2.37 2.87 SiO2 2190 83.76 19.50
Surface area (m?/g) - - 10.06 K20 0.35 2.27 16.60
Pore volume (cm?/g) - - 0.0001 Al203 570 210 1.45
Grain size (um), dio 0.79 16.9 0.58 SOs3 - 195 6.25
Grain size (um), dso 9.30 85.5 29.17 MgO 210 095 5.70
Grain size (um), dso 20.10 235.12 179.95 Fe20s3 370 223 3.35
Grain span (deo-dio)/dso  2.07 2.55 6.15 '(fgls) onlgniion 55 085 5.2
28-d SAI (%) - 109 76
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Table 5. ANOVA on 28 days compressive strength.

Degree of

Sum of

Contribution on

Factors freedom squares Variance p-value strength
A 2 1142.3 571.13 0.0007 76%
B 2 56.19 28.10 0.0046 4%
C 2 35.76 17.88 0.0039 2%
D 2 273.54 136.77 0.0032 18%
Total 8 100%
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Figure Captions

Figure 1. Particle size distribution of raw SF and SiMnF.

Figure 2. The flow of mortars.

Figure 3. Compressive strength of mortars.

Figure 4. Contribution of factors on compressive strength.

Figure 5. Effect of factors on compressive strength.

Figure 6. Experimental and predicted compressive strength of mixtures used for validation.

Figure 7. Correlation between experimental and predicted results.

Figure 8. SEM micrographs of the raw cementitious materials.

Figure 9. SEM micrographs of the paste specimens.

Figure 10. FT-IR spectra of the raw and paste specimens.

Figure 11. LCA analysis: (a) CO, emissions; (b) Reduction in emissions; and (c) Material savings.

Figure 12. Eco-strength efficiency of the shortlist mixtures.
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Figure 1. Particle size distribution of raw SF and SiMnF.
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Figure 11. LCA analysis: (a) CO, emissions; (b) Reduction in emissions; and (c) Material savings.
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