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ABSTRACT

Full Name : SHAYIQ RASHID

Thesis Title : MECHANICAL BEHAVIOR AND MANGANESE LEACHING
CHARACTERISTICS OF SILICOMANGANESE FUME
INCORPORATED GREEN CEMENTITIOUS COMPOSITES

Major Field . CIVIL ENGINEERING
Date of Degree : December, 2024

This study investigates the feasibility of incorporating silicomanganese fume (SMF) into
concrete by replacing varying percentages of cement with SMF (0%, 10%, 20%, and 30%).
The reactivity of different grades of SMF (SMF1, SMF2, and SMF3) was evaluated using
isothermal calorimetry by replacing 20% of OPC with SMFs and their effect on fresh,
mechanical, and microstructural properties. The mechanical properties, hydration
behavior, and microstructural characteristics were thoroughly investigated. The results
demonstrated an 8% increase in compressive strength with up to 20% cement replacement
by SMF compared to the control specimen. However, beyond the 20% replacement level,
the impact was negative. Further, the leaching behavior of manganese (Mn, a hazardous
element) and Calcium (Ca) was evaluated using ICP-OES analysis. Minimal Mn leaching
was observed in the first two days, with a maximum leaching of about 0.002 mg/L in the
specimen with 30% SMF, and no leaching of Mn was detected after 2 days. Ca leaching
was detected, and about 50% less Ca ions were present in the specimens subjected to
leaching compared to specimens not subjected to leaching. The Control(C) specimen
showed maximum Ca leaching at 90 days, with about 234 mg/L. Microstructural
investigations by SEM/EDX, XRD, and TGA further confirmed that SMF is a cement

substitute, enhancing microstructure when used within specified limits. The portlandite

Xii



content and amount of chemically bound water validated the increased degree of hydration.
The resulting denser and more compact microstructure with lower porosity substantiated

the results of mechanical properties and Mn leaching.
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CHAPTER 1

INTRODUCTION

The construction industry plays a significant role in global carbon dioxide (CO>) emissions,
with cement production alone accounting for about 8% of the world's total CO:
emissions[1]. Cement, the key ingredient in concrete, is produced through an energy-
intensive process that involves heating limestone (calcium carbonate) to produce clinker.
This process releases significant CO. from decomposing calcium carbonate and
burning fossil fuels in cement kilns. With the growing demand for construction worldwide,
especially in rapidly developing regions, the environmental impact of cement production
has faced heightened scrutiny. Minimizing the carbon footprint of construction materials

has thus become a critical focus in mitigating climate change.

One promising approach to lowering emissions in the construction sector is partially
replacing Portland cement with Supplementary Cementitious Materials (SCMs). These
materials, when blended with cement, enhance the properties of cementitious composites
by contributing to the hydration or acting as a filler. Common SCMs include industrial
byproducts such as fly ash, ground granulated blast furnace slag (GGBFS), and
silicomanganese fume from coal-fired power plants, steel production, and silicon alloy
manufacturing, respectively[2—-4]. These materials offer a dual advantage: they enhance
the durability and mechanical properties of resulting concrete while reducing the amount
of Portland cement required. This lessens CO2 emissions linked with the production of
cement and promotes the sustainable reuse of industrial waste that would otherwise be

landfilled.



SCMs enhance concrete performance through their pozzolanic and latent hydraulic
reactions, which generate additional calcium silicate hydrates (CSH) when combined with
water and calcium hydroxide. This additional CSH strengthens the concrete matrix,
reducing porosity and increasing resistance to various forms of deterioration, such as
chemical attacks, sulfate exposure, and alkali-silica reactions. For example, fly ash and
GGBS enhance the workability of fresh concrete while providing long-term strength gains
and improved resistance to cracking. Silica fume, with its extremely fine particles,
significantly increases the density and impermeability of concrete, which is particularly
beneficial in aggressive environments. By improving the durability of concrete, SCMs
reduce the frequency of repairs and maintenance, thereby lowering the long-term

environmental and economic costs of infrastructure projects.

Among the various SCMs, silicomanganese fume (SMF), a byproduct of silicomanganese
alloy production, has emerged as a valuable additive for cementitious materials. SMF is
generated during the smelting process of silicomanganese, an essential alloy used in steel
production and contains high concentrations of silica (SiO2) and manganese oxides (MnO).
These components impart SMF with pozzolanic properties, allowing it to react with
portlandite in the cement matrix to form secondary C-S-H. Incorporating SMF in between

10% to 20% concrete mixes has been found to improve mechanical properties [5,6].

This thesis aims to comprehensively explore the leaching behavior of manganese and
calcium in SMF-incorporated concrete, its effects on the mechanical and microstructural
properties of SMF-enhanced concrete, and its role in lowering the carbon footprint of

construction materials. Through experimental studies, the research will evaluate SMF’s



potential as a sustainable SCM, contributing to the ongoing effort to develop more eco-

friendly and durable construction practices.

1.1 Research Gap

A few studies exist on the use of Silicomanganese Fume (SMF) as a SCM in the making
of SCC(Self-compacting Concrete) [3], used alone or in conjunction with other SCMs
such as GGBFS to produce sustainable Alkali-Activated Binders (AABs) and alkaline-
activated mortars [4,5]. The SMF has also been incorporated in concrete in different ratios
to reduce concrete permeability and increase compressive strength [6]. However, the
possible leaching of the hazardous element Mn and Ca and their impact on the mechanical
properties of samples remains an unexplored field of research. This knowledge gap
highlights the necessity of examining Mn and Ca leaching in SMF-incorporated cement
concrete to assure environmental safety and material integrity. There is also a need for
more research on different grades of SMF's reactivity and their impact on the

microstructural and mechanical properties of SMF-incorporated cement pastes.

This study explores the leaching behavior of Mn and Ca using paste specimens
incorporating SMF. The state-of-the-art technique of inductively coupled plasma optical
emission spectrometry (ICP-OES) was employed to quantify and analyze Mn and ca
leaching. The leaching characteristics of Mn and Ca were studied for 90 days at various
intervals [7]. Moreover, the influence of multiple ratios of SMF on the microstructural
properties and strength of concrete was explored. These analyses were done before and
after the leaching process to investigate the change in microstructure leading to a possible

increase or decrease in strength with various proportions of SMF. Compressive strength is



a critical factor for structural integrity, and SMF incorporation may contribute positively
to this property. The compressive strength of SMF-incorporated paste specimens was
determined and compared to the control specimens. In addition, SEM (Scanning electron
Microscopy), XRD (X-ray Diffractometry), and TGA/DTG
(Thermogravimetry/Differential Thermogravimetry) analyses were used to observe the
microstructural changes within the matrix, which helped with comprehending the
distribution and morphology of hydration products, mineral compositions, and the

quantification of Portlandite and non-evaporable water.

The outcomes of this investigation are expected to yield significant insights into optimizing
concrete mix designs for enhanced durability and environmental safety, contributing to the

broader field of sustainable construction materials.

1.2 Research Significance

This research is significant because it has the potential to address critical challenges in
sustainable construction materials by exploring the innovative use of SMF to enhance
mechanical properties, ensure environmental safety, and reduce carbon footprints. The

following points highlight the significance of this study.

e Understanding the leaching extent of Mn and Ca from SMF-incorporated concrete
is essential to assess its environmental impact.

e Mn leaching can contaminate soil, groundwater, and nearby ecosystems and may
lead to health issues.

e Mn and Ca leaching may affect concrete durability and long-term performance,

affecting the material integrity and reducing service life.
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e Reactivity of different grades of SMF will give us a better understanding of its

performance in the concrete.

1.3 Research Objectives

The primary objective of this research is to explore the Suitability of incorporating

Silicomanganese Fume (SMF) in cement paste. The specific objectives are outlined below.

1. Explore the possible leaching of manganese from SMF-incorporated cement paste
samples over time.

2. Study the influence of different grades of SMF on the reactivity and mechanical
properties of cement paste samples.

3. Examine the impact of varying proportions of SMF on the durability and
mechanical strength of cement paste samples.

4. Evaluate the correlation between the leaching behavior and the microstructural
properties of the SMF-incorporated samples, both in scenarios with and without the
occurrence of leaching.

5. Carry out the cost-benefit analysis to ascertain the usefulness and applicability of

SMF.



CHAPTER 2
LITERATURE REVIEW

Global warming, the alarming increase in Earth's average surface temperature, is
predominantly caused by anthropogenic actions that emit greenhouse gases, such as carbon
dioxide (CO2), nitrous oxide (N20), and methane (CHs). These gases amplify the
greenhouse effect by capturing heat in the atmosphere and increasing temperatures. Since
the industrial era, the combustion of fossil fuels, deforestation, and industrial processes
have substantially increased atmospheric CO: levels, accelerating global temperature
rise[8-10]. In 1850, atmospheric CO> concentrations increased significantly from 285 ppm
to 410 ppm in 2019. As per Global Monitoring Laboratory, the amount of CO; rose from
365 ppm in 2002 to 422 ppm as of Sep-2024[11]. There is broad agreement among
scientists that human-induced climate change is causing profound impacts on the

environment and human societies[12].

2.1 Carbon dioxide production due to the concrete industry

The foundation of the concrete industry is cement as a binder. Approximately four
billion tons of cement are produced worldwide annually [13]. The current trends indicate
that by the end of this decade, this figure is expected to surpass current levels, and by the
year 2050, the demand for concrete is expected to go beyond 18 billion tons per year
[14,15]. Concurrently, the manufacturing process of OPC (Ordinary Portland Cement)
inherently generates an equal amount of CO., with each ton of OPC manufactured
generating one ton of CO: [13,16,17], which is the primary anthropogenic cause of

greenhouse gases [18-20]. Figure 1 shows the typical manufacturing process of dry



cement. Cement production is extremely energy-demanding, accounting for about 12 to
15% of the energy consumed by industries [21]. Cement production can broadly be
categorized into three phases. The raw meal is prepared in the first stage by crushing,
blending, and grounding raw materials like limestone and clay. In the subsequent stage, the
prepared raw meal is heated in a cement kiln at around 1400 °C to 1500 °C to produce
clinker. Finally, the clinker is cooled and ground with Gypsum/anhydrite and
supplementary cementitious materials. This ground powder (cement) is finally packed and
transported. The CO> associated with the cement manufacturing process is mainly due to
the calcination of raw limestone( CaCOs) into lime(CaO) and CO- during the clinker,
accounting for about 50% of CO emissions by the cement manufacturing industry [22,23].
Fossil fuels account for about 40% of the total, and the rest is due to electric appliances

and transportation [24].

CaC0; — Ca0 + CO, 1)

About 1.6 billion metric tonnes of CO. was emitted by the cement industry alone
in 2022, which has exponentially increased since 1960, as shown in Figure 2, accounting
for about 8% of total CO2 produced worldwide. The countries with the highest CO2
emissions include China, Europe, India, and the United States[25]. The cement industries

in the KSA produced about 30 million tonnes of CO2 in 2022 [26].
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Figure 3 CO2 emission by the cement industry in Saudi Arabia from 1936 [26].

2.2 Need of Supplementary Cementitious Materials

Engineers and researchers are actively pursuing strategies to curtail cement consumption
and its associated CO2 emissions in response to the construction industry's environmental
challenges. The Cement Technology Roadmap[27] held in October 2009 suggested four
ways to diminish CO. emissions from the concrete industry. These include substituting
clinker with SCMs, capturing carbon and its storage, using alternative fuels, and improving
electric and thermal efficiency. One of the methods explored and suggested is developing

and implementing supplementary cementitious materials (SCMs) [28].

SCMs are industrial byproducts or natural materials that can be used as a partial
substitution for OPC or as a partial substitution for clinker in cement production [29-31].
Apart from CO- emission reductions caused by using SCMs, these also enhance concrete
structures' mechanical performance and durability. Various materials are used as SCMs,

such as GGBFS, silica fume, fly ash, SMF, steel slag, and biomass ash [31,32]. A



significant proportion of the materials currently used as SCMs are byproducts of other
industries, such as slag from the steel manufacturing sector and fly ash from coal-fired
power plants [33]. Natural materials need less energy input in processing than OPC. For
instance, OPC has 3.5 GJ/t clinker thermal energy intensity. While making metakaolin
SCM by calcination has only 0.35GJ/t clay [27,31], this accounts for only about 10% of

OPC.

SCMs are categorized as inert fillers or reactive SCMs. The latter can be either hydraulic
or pozzolanic, and the former doesn’t show either of the two but shows filler effects [34].
Hydraulic materials can react with water to produce cementitious compounds
independently of calcium hydroxide. GGBFS and calcined clay fall under this category.
Pozzolanic materials do not have cementitious properties but react with portlandite to form
additional cementitious compounds. Silica fume, natural pozzolans, and fly ash fall under
this category. Some materials lie in between but are not entirely inert as their reaction with
aluminate or other SCMs leads to the formation of phases of carbo aluminates [35-37].
Studies have shown that higher clinker replacement levels of inert fillers, usually greater
than 20%, negatively affect durability and performance. On the other hand, SCMs show
positive effects even at higher clinker replacements as these react chemically with
portlandite, forming hydration products. Amorphous phases like silica are usually reactive
components of SCMs. However, there are exceptions like Zeolites or phases of calcium-
rich steel slags [13,38]. Hence it can be generalised that the materials containing
amorphous phases in large amounts can be considered as the ideal SCM. However, we
cannot use them directly in concrete or cement unless they meet the required chemical and

physical properties, reactivity, and adequate supply is available. Furthermore, it should not
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negatively affect the environment, hydration, consistency, or strength development. The
fly ash production chain faces a significant threat, as the United States has already closed
40% of its coal-based power plants. Similarly, the United Kingdom intends to shut down
all coal-based power plants by 2025, and the Netherlands intends to do so by 2030 [39].
This leads to the exploration of alternative sources of SCMs and demand testing their
quality and their effect on properties like reactivity, mechanical, and leaching
characteristics of the concrete. One of the promising alternatives (SCM) is
Silicomanganese Fume, and such alternatives are likely to compensate for the higher

demand for SCMs in the near future.

2.3  Silicomanganese Fume as Supplementary Cementitious material

SMF is a manganese-rich byproduct of the steel industry. It is generated during ferroalloy
production, which is primarily used as a deoxidizing agent in the steel industry. Manganese
(Mn) plays a crucial role in steelmaking, where it removes sulfur and oxygen during the
conversion of iron ore to steel[40]. The steel industry uses almost 93% of the Mn produced
worldwide[41]. In 2020, the worldwide silicomanganese alloy production reached about
16 million tons[42]. According to recent reports, a metric ton of Mn alloy produced,
approximately 0.1 metric tonnes of SMF is generated[43,44]. This equates to an annual

global production of approximately 1.6 million tons of SMF.

Recently, SMF has gained attention for its pozzolanic properties and ultrafine particle size
(ranging from micro to nanoscale), making it a potential supplementary cementitious
material (SCM) [45-47]. The dominant oxides present in the SMF are SiO2, MnO, and

K20, with 14.5%, 33.1%, and 27.2%, respectively [48]. 70% of SMF is made of Si, Mn,
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and K [49], as determined from the elemental analysis [50]. Beyond its use in cement, SMF
is employed in road construction and drilling fluids[44,51,52]. However, studies exploring

its potential remain limited.

Nasir et al.[47] Investigated the magnesium sulfate (MgSOa4) exposure of alkali-activated
SMF-based cementitious composites, concentrating on varying the concentrations of
ground blast furnace slag (GBFS) and alkaline activator content and their effect on
mechanical properties and microstructure. The results indicate that specimens with higher
GBFS content (30%) and elevated alkali concentrations exhibit significantly better
performance, retaining residual compressive strengths of 29.4 to 39.1 MPa after 40 weeks
of exposure to MgSQa, resulting in about 60.1% strength retention. In contrast, milder
alkali systems showed lower strengths (14.2 to 28.6 MPa) and only 36.5% strength
retention. The study highlights that optimal GBFS and alkali activator proportions enhance
the formation of a dense microstructural matrix, effectively mitigating damage from sulfate
ion diffusion and minimizing the formation of harmful expansive compounds like gypsum
and brucite. These findings emphasize the potential of SMF-based composites in
applications where durability against sulfate attack is critical, suggesting that careful blend

design can considerably improve material resilience in aggressive environments.

Another study by Nasir et al. [53] investigated the development of SMF as an AAB(alkali-
activated binder) blended with BFS(blast furnace slag), utilizing sodium silicate (Na2SiOs)
and sodium hydroxide (NaOH) as activators. The effects of different curing methods,
including water ponding, heat curing, and ambient curing, were examined, focusing
initially on optimizing the oven-curing duration of 3-24 hours at 60 °C, subsequently,

temperature optimization was performed in the range of 25-95 °C for a 6-hour curing
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period. The results demonstrated good synergy among the precursor materials, leading to
the formation of critical phases such as C-Mn-S-H, K-A-S-H, and C-(A)-S-H, which
contributed to the strength development of the binder. Early compressive strength gains for
water and ambient cured specimens reached approximately 50% of their 28-day maximum
strengths of 46.4 MPa and 43.5 MPa, respectively. In contrast, oven-cured specimens (at
60 °C for 3 hours) achieved a 3-day strength of 42.6 MPa, with continuous strength
improvements observed over 24 hours. A curing duration of 6 hours was deemed optimal
from both energy and cost perspectives, yielding 3-, 7-, and 28-day strengths of 38 MPa,
41 MPa, and 45.2 MPa, respectively. The enhanced crystallinity of the C-A-S-H and quartz
phases was noted, and the morphology of the specimens indicated a dense and
homogeneous structure with fewer unreacted particles, attributed to the formation of

stratlingite and gehlenite, which functioned as effective crack fillers and pore blockers.

Nasir et al. [54] and Najamudin et al. [55] provide a comprehensive analysis of the
chemical and physical properties of alkali-activated silico-manganese fume, positioning it
as an effective supplementary cementitious material (SCM). The study presents a rigorous
methodology where varying proportions of SMF were tested in different alkalinity
environments to determine their effectiveness in enhancing concrete strength. The
chemical composition of SMF, characterized by high silica content (around 30-40%) and
the presence of manganese oxides, plays a crucial role in the hydration process when
activated with alkalis like sodium hydroxide (NaOH) and sodium silicate (Na2SiOs). The
research underscores that when SMF is incorporated into AABs, it helps develop a
microstructure with a high density of C-S-H gel, significantly enhancing compressive and

flexural strengths. The authors conclude that the right proportion of SMF activates the
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formation of additional binding phases that improve durability against aggressive
chemicals commonly found in construction environments. The SMF was also used alone
or in conjunction with other SCMs, such as ground granulated blast furnace slag (GGBFS),

to produce sustainable Alkali-Activated Binders and alkaline-activated mortars [48,49]

Gawah et al. [6] They investigated the use of silico-manganese fume in the formulation of
sustainable self-compacting concrete (SCC). They experimented with several mixtures
containing different percentages of SMF (0%, 10%, 20%, and up to 90% replacements of
ordinary Portland cement) to assess workability and mechanical properties. The authors
compared the flowability using the slump-flow test and conducted compressive strength
tests on days 7, 14, 28, and 90. Their findings reveal that including SMF increased the
superplasticizer dosage to obtain a particular flow. However, SMF contributes positively
to the filling and passing ability of SCC due to its spherical shape and fine particle size,
which facilitate more effortless flow under gravitational forces. The SCC with 10% and
20% SMF replacement has shown significant enhancement in mechanical strength. The
research highlights that while higher percentages of SMF improve specific properties, they
can increase water demand, necessitating careful mixture design. Furthermore, the use of
SMF aligns with sustainability goals by reducing the carbon footprint associated with

conventional cement production.

Nasir et al. [56] provide a focused investigation into SMF-incorporated composites'
strength and microstructural characteristics using a robust statistical approach based on the
Taguchi method. They designed a series of experiments that varied four key factors: the
content of SMF and silica fume, the sand-to-binder ratio, and the water-to-binder ratio,

assessing nine different mortar combinations in the trial mix and then three more mixes for
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validation of the same data. The results highlighted a striking trend: while the addition of
SMF reduced compressive strength compared to pure silica fume mixtures, the synergy
observed in blended systems (20% SMF and 5% silica fume) considerably enhanced
performance characteristics, achieving compressive strengths of 48.8 MPa. The
microstructural analysis using SEM indicated a highly interconnected gel structure in the
optimal blend, promoting resistance to crack propagation. This study illustrates that while
incorporating SCMs generally influences the mechanical properties, carefully designing
mixtures using the Taguchi method can significantly optimize performance outcomes. The
SMF has also been incorporated in concrete in different ratios to reduce concrete

permeability and increase compressive strength [16].

2.4 Detrimental effects of Mn and Ca leaching from cementitious

composites

Mn is an essential element required for various biochemical processes in humans. The
absence of it would significantly affect immune function, growth potential, coagulation,
biochemical regulations, and removal of byproducts in the human body [57]. However, the
higher level of Mn has detrimental effects on humans and the surrounding environment.
Many studies have shown that it can lead to adverse health effects when exposed to high
levels. These include neurological issues like Manganism [58-60], respiratory problems
like manganese pneumonia [61], cognitive and behavioral changes [58], liver damage,
cardiovascular issues like hypertension [62], reproductive and developmental effects,
gastrointestinal disturbances like abdominal pain [63], vomiting, and diarrhea, impaired
immune function, and iron absorption interference. The higher level of Manganese in the

soil is also detrimental, as it may mix with groundwater and contaminate it, leading to a
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decline in crop production and quality and making the groundwater unfit for use [57,64].
High Mn in drinking water sources leads to deficiencies in children and could affect
reasoning, 1Q scores, memories, and academics [65], entailing comprehensive
investigation of incorporating SMF in the concrete. The maximum permissible content of
Mn in drinking water is 0.05 mg/L as per the National Research Council, USA and Council
of the European Communities. According to the Indian Standard (IS 10500: 2012) and
WHO guidelines for drinking water quality, the permissible limit for Mn is 0.1 mg/L

[66,67].

Ca leaching from cement paste matrix in concrete structures used for underground
members or members constantly subjected to low pH environments like underwater or in
concrete structures used to store radioactive waste is of significant concern. Cement-based
materials are highly susceptible to decalcification in deionized (pure) water [68—70]. The
combined processes of dissolution and diffusion lead to leaching. The concentration
gradient created by deionized water leads to the diffusion of Ca ions from the ion-rich pore
solution to the surrounding ion-deficient water. This forces the dissolution of CH (calcium
hydroxide) and C-S-H (Calcium silicate hydrate) due to the reduction of Caions in the pore
solution. Consequently, it increases the permeability and affects the mechanical properties

of the materials[70].
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3.1 Raw Materials and Mix Design

Based on the findings of the literature survey, the necessary raw materials, including
cement, silicomanganese fume (SMF), burlap, polypropylene boxes, and deionized water,
were procured. Type | ordinary Portland cement (OPC), as per ASTM C150, possessing a
3.15 specific gravity, was sourced from Saudi Cement. SMF was obtained from the Gulf
Ferro Alloy Company (SABAYEK) in Jubail, Saudi Arabia. These materials underwent
comprehensive characterization, including chemical composition analysis, microstructural
evaluation, and particle size distribution.

Cement SMF]_ ‘SMF2 SMF3

s e

T A

Figure 5 Optical images of raw materials

The particle size distribution of SMF1, SMF2, SMF3, and OPC was determined using an
Anton Paar PSA 1190, as shown in Figure 6, yielding mean particle sizes of 3.3764 um,
0.9836 pum, 8.1804 um, and 30.3490 pm, respectively. The D10, D50, and D90 particle

size metrics are presented in Table 2. The Chemical composition was determined via X-
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ray fluorescence (XRF) using an M4 TORNADO (BRUKER), with results summarized in

Table 1. MnO and SiO2 were identified as the primary components. X-ray diffraction

(XRD) analysis, performed on an Ultima IV device (Rigaku), revealed that SMF

predominantly contained quartz and manganese ferrite, with minor wollastonite peaks.

OPC exhibited major phases of Alite, Belite, C3A, and C4AF, as shown in Figure 7.
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Figure 6 Raw materials particle size distribution
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Figure 7 Raw materials XRD

The physical appearance of OPC, SMF1, SMF2, and SMF3 is grey, greyish brown,
reddish-brown, and dark brown, respectively, as depicted in Figure 5. The SEM imaging
as shown in Figure 8, shows the particle shape as spherical for all SMFs, with greater
particle sizes in SMF2 and SMF3 as compared to SMF1. Deionized water was used as a
leachate to maintain experimental consistency. Ensuring the quality and uniformity of raw
materials was critical for obtaining reliable experimental results. A trial-and-error approach
was adopted for mix design optimization, refining material proportions to meet the study's

objectives.
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Table 1 Chemical composition of raw materials

Chemical
composition | SiO2 | Fe2O3 | CaO | MnO | KO | SOs | P.Os | CI | AL2O3

/Wt %

Cement 16.27 | 3.96 | 73.97 - - - - 3.71
SMF1 33.38 | 358 | 14.79 | 43.68 | 2.17 | 1.06 | 0.82 | 0.48 -
SMF2 2585 | 7.49 | 10.77 | 50.87 | 2.03 | 149 | 0.7 | 0.79 -
SMF3 28.71 | 571 | 1343 | 48.73 | 1.12 | 1.04 | 0.69 | 0.53 -

Table 2 Particle size data and physical appearance of raw materials

o Physical
Designation | ppearance D10(um) | D50(um) | D9O(um)
Cement (C) Grey 1.87 21.67 67.69
SMF1 (;rey'Sh 0.49 1.35 9.60
rown
SMF2 Reddish 0.13 0.64 2.01
brown
SMF3 Dark brown 0.66 2.59 22.68

Figure 8 SEM of raw materials
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3.2 Specimen preparation and curing

This thesis comprises two main parts. In the first part, SMF2 was used to prepare four
distinct paste samples with varying OPC-to-SMF ratios of 100:0, 90:10, 80:20, and 70:30.
A w/b ratio of 0.3, determined through trial mixes, was used for all samples. The required
quantities of OPC, SMF, and mixing water were precisely measured. Initially, the OPC and
SMF were dry mixed, followed by the addition of water, and then wet mixed for

approximately 2.5 minutes until uniformity was achieved.

The prepared paste was cast into lubricated cubic steel molds of 50 mm dimensions in two
layers, with each layer subjected to vibration for 5 seconds. The samples were covered
immediately after casting and de-molded after 24 hours to prevent moisture loss. Instead
of traditional water curing, avoiding the risk of leaching during the curing phase, the
samples were wrapped in burlap, as shown in Figure 10, to maintain a moist environment.
Curing was conducted for 28 days by regularly sprinkling water on the burlap at a
controlled temperature of 23 + 2 °C, ensuring optimal conditions without compromising

sample integrity. Table 2 provides the mix design of these paste samples.

In the second part, three grades of SMFs, distinguished by their chemical compositions,
were utilized to prepare four paste samples with OPC-to-SMF ratios of 100:0 and 80:20,
maintaining the same W/B ratio of 0.3. The mixing process was conducted in a HOBART
UTEST mortar mixer, as shown in Figure 9. The required OPC, SMF, and water quantities
were carefully measured. Initially, OPC and SMF were dry mixed for 2 minutes at 62.5
rpm. The mixer was then stopped to scrape and mix the bottom layers using a trowel,

followed by an additional minute of dry mixing at the same speed.
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Figure 9 HOBART UTEST mortar mixer

Next, 70-80% of the water was added, and the mix was blended for 2 minutes at 62.5 rpm.
The remaining water was then incorporated and mixing continued for 1 minute at the same
speed. Subsequently, the speed was increased to 125 rpm for 1 minute. Hand mixing was
performed with a trowel to ensure uniformity, and a final minute of mixing at 125 rpm

completed the process.

The paste was cast into lubricated cubic steel molds of 25 mm x 25 mm x 25 mm size and
subjected to 5 seconds of vibration. The samples were covered to prevent moisture loss,
de-molded after 24 hours, and cured using traditional water curing at a controlled
temperature of 23 + 2 °C and steam curing at 90 °C for 24 hours, as shown in Figure 10.

The mix designs for these paste samples are also presented in Table 3.
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Table 3 Mix design

Cement SMF (wt

Sample Code (Wt%) %) wW/B
Control(C) 100 0 0.3
SMF10 90 10 0.3
SMF20 80 20 0.3
SMF30 70 30 0.3
SMF1 80 20 0.3
SMF2 80 20 0.3
SMF3 80 20 0.3

Figure 10 Curing of samples a) burlap, b) traditional water curing, c) steam

3.3  Testing methods

3.3.1 Compressive Strength

Digital compression testing machine MATEST C55, as shown in Figure 11 with a loading
rate of 1 KN/s, was used to test the compressive strength of the specimens following ASTM
C109 [71]. The specimens were placed in the lower platens' center to avoid eccentric
loading. In the first phase of this study, the strength was determined at 28 days of burlap
curing and after three months of the leaching test, i.e., 118 days from casting. The
respective control specimens (without leaching, WL) were also tested at the same age for

comparison. Each specimen was tested in triplicate, and the average strength values were
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recorded.In the second phase, the testing was done 2 days (immediately after cooling of 24

hours steam curing) 7, 28, and 90-days steam cured followed by water curing.

Figure 11a) Compressive testing machine MATEST C55

3.3.2 Leaching Test
After burlap curing for 28 days, the specimens were put in leachate (deionized water) in a

polypropylene vessel, ensuring that all the specimen surfaces were exposed to leachate, as
shown in Figure 12. A mesh was used to subject the bottom side of the specimen to
leachate, as shown in Figure 12. A ratio of 10 cm was maintained between the leachate
volume and the external geometric surface. The test was performed at 25 °C over a 90-day
period, with leachate samples collected at intervals of 2 hours and at 1, 2, 3, 4, 5, 19, 47,
and 90 days. The leachate was replaced after each sampling. 50 mL of leachate sample was

collected for ICP analysis. Then, 2 mL of 70% HNO3 per 50 mL of leachate was added to
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the leachate to ensure that the metals were in the soluble form, preventing interference
during ICP analysis. Finally, the samples were tested for Mn and Ca content using an
ICAP6300 Duo thermo scientific ICP spectrometer. The tests were performed as per

ANSI/ANS-16.1-2003 standard.

In parallel, three replicas of each specimen type were wrapped with polyethylene sheets to
cure under normal conditions. Consequently, letters L and WL were added at the end of
the specimen designation (nomenclature) to represent specimens after leaching and without
leaching, respectively. For example, SMF10-L90 represents a specimen with 10% SMF
subjected to leaching for 90 days, followed by 28 days of burlap curing. This nomenclature
ensures clarity and consistency in identifying and discussing the various specimens and

their respective treatments throughout the study.
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Figure 12 a) ICP OES instrument ICAP6300 DUO, Specimens in deionized water. b) Top view and c) side view

3.3.3 Morphological and Mineralogical Investigation

3.3.3.1 SEM/EDX (Scanning Electron Microscope/ Energy dispersive X-ray
Spectroscopy) Analysis

SEM was employed using JEOL JSM-6610LV (Figure 13) to study the microstructural
properties, including morphology, elemental composition, and bonding within the matrix
contributing to the material's mechanical properties. The fractured samples were selected
from the specimens tested for mechanical properties, and then the samples were prepared
for SEM analysis. The solvent replacement method was used to dry the fractured specimens
to preserve the 28-day hydration age. The samples were immersed in the isopropanol

solution for 24 h, followed by vacuum-drying in a desiccator [72][73]. This drying ensures
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high-quality imaging as the moisture can affect the electron imaging. Furthermore, the
specimens were coated with a thin conductive gold layer using a sputter coater, as shown
in Figure 13. This layer reduces the charging effects from the electron beam and enhances

image clarity.

EDS/EDX was conducted alongside SEM analysis to study elements' elemental
composition and distribution within the samples selected area. For EDS, we do not need to
prepare specimens separately; the analysis is directly done on SEM specimens. It provides
a detailed elemental map, which is crucial for understanding SMF's influence on the
matrix's hydration products. EDS analysis involves both elemental mapping and spot
analysis. The former provides spatial visualization of elements like Ca, O, Mn, SI, and so
on and reveals the dispersion patterns of the elements and their integration within the
sample. The latter gives the precise quantification of the elemental composition at

a specific point of interest.

Figure 13 a) Gold Coating specimens to be investigated for SEM/EDX, b) SEM/EDX instrument JEOL JSM-
6610LV
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3.3.3.2 XRD (X-ray Diffraction) analysis
XRD analysis is a nondestructive analytical technique used to identify and quantify the

crystalline phases present in materials. It measures the intensity and angles of diffraction
of X-rays passing through the samples. This analysis is essential in providing valuable
insights into the microstructural properties, such as the type and quantities of the hydration
products formed. In this study, it was important to perform XRD to ascertain the influence

of SMF on the mineral composition of paste samples.

After stopping the hydration, as discussed in SEM analysis, the fractured samples were
carefully crushed and powdered using a mortar pestle. Then, the 100 um passing sample
powder was collected. Preparing the sample as a homogeneous, fine powder is crucial in
XRD to produce accurate and reliable diffraction patterns, as larger or non-homogeneous
particles could result in diffraction irregularities. The XRD analysis was done on these
pulverized samples using an Ultima IV device manufactured by RIGAKU, as shown in
Figure 14. The XRD data was collected in 26 mode in the scan range of 5° to 65° at a scan

speed of 2.5°/min.
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Figure 14 RIGAKU Ultima IV XRD machine

3.3.3.3 TG/DTG (Thermogravimetric/ Differential Thermogravimetry) analysis
The thermogravimetric (TG/DTG) analysis is an analytical technique performed on

PerkinElmer STA-6000, used to determine the weight losses as it is heated and phase
transformations with temperature and to quantify the Portlandite (CH) and non-evaporable
water (Wc) content. This provides insights into the thermal stability of the materials. The
10 °C/min heating rate under N2 atmosphere and a temperature range of 30 °C to 1000 °C
was observed. DTG is a derivative of TGA data, and it represents the rate of mass loss as
a function of temperature, which helps to pinpoint the specific decomposition stages. The
CH content was estimated from the decarbonation and dehydroxylation losses as calculated
by Bhatty[74]. The Wc was determined by dehydration, decarbonation, and
dehydroxylation losses. These losses were precisely determined by using the derivative
curves and the corresponding weights[74][75-77]. The applicable equations for calculating

CH and Wc are given as Eqs 2 and 3.
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CH = 4.11LLy, + 1.68 L, @)

S
I

(Lgn + Lgy) + 0.41 Ly, (3)

where,

Lan = dehydration weight loss (up to 250 °C)
Ldx = dehydroxylation weight loss (between 400 °C to 490 °C)

Ldc = decarbonation weight loss (between 600 °C to 720 °C)

Figure 15 TGA instrument PerkinElmer STA-6000

3.34 Reactivity test
The reactivity was studied through isothermal calorimetry testing, using the heat of

hydration. It is a valuable method to study the hydration kinetics of cementitious materials,
particularly when SCMs or chemical admixtures are added, as it gives us the chemical
reactivity of the materials. However, a point to be noted is that it doesn’t differentiate
between pozzolanic and hydraulic reactivity. By tracking heat flow over time, isothermal
calorimetry provides insights into how these materials affect the setting time, rate of

reaction, and early-age strength development in concrete. Understanding these parameters
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is crucial, as they help design mixes that meet specific performance criteria while

minimizing environmental impact.

This test was performed using the Calmetrix 1Cal 8000H, as shown in Figure 16. This test

is performed in the following steps:

e Thermostat Temperature Setting: The test begins by setting the thermostat
temperature of the calorimetry instrument to a target value of 40 °C and 23 °C, in
accordance with standards ASTM C1897-20, ASTM C1702, and RILEM TC 267-
TRM (Phases 1, 2, and 3)[78-80] . After setting the desired temperature, the instrument
is left to stabilize for a minimum of 24 hours to ensure accurate and consistent
conditions throughout the test.

e Material Preparation and Weighing: The materials are prepared and weighed
precisely. This study used a total mass of 50 grams, consisting of an 80:20 ratio of
OPC to SMF, w/b ratio of 0.3 was fixed. The mixing water must have the same
temperature as the calorimetry instrument to prevent any temperature fluctuations
during mixing.

e Preconditioning of Water: To match the calorimeter’s temperature, the measured
quantity of water is placed in sealed containers within the instrument for 2 to 3 hours.
This step, known as “preconditioning of water,” ensures that the water reaches a stable
temperature before mixing, contributing to the consistency of the hydration reactions
observed during testing.

e Mixing the Materials: After preconditioning, the materials are hand-mixed with the
preconditioned water using a spoon, ensuring thorough mixing. Care is taken to scrape

all material from the bottom and sides of the container to ensure uniformity. Once
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mixing is complete, the spoon is left in the sealed container, as shown in the setup
instructions, preventing any disturbance to the sample.

e Sample Insertion and Data Logging: The prepared sample is finally placed into the
I-Cal calorimeter. The specific mix design parameters are entered into the instrument,
and data logging is initiated. This enables continuous monitoring of heat flow,
allowing for assessing the hydration activity and reactivity of the SCM in the mixture

over time.

This standardized procedure ensures reliable and reproducible results when assessing the

reactivity of supplementary cementitious materials in cementitious systems.

Figure 16 a) Calorimetry Instrument Calmetrix 1Cal 8000H b) inside view c) data logger

3.35 Flow table test
The flow table test is a method used to determine the workability or consistency of a cement

paste or mortar. ASTM C230/C230M and ASTM C1437 are the standards applicable to
perform this test [81,82]. The former outlines the specifications for the flow table
apparatus, while the latter provides the detailed procedure for testing the flow of hydraulic

cement mortar.
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Preparation of Equipment and Materials: The primary equipment required for the test
includes a flow table, a flow mold, a tamping rod, and a scale for measuring the flow
diameter. As specified in ASTM C230, the flow table is a flat, circular surface with a
diameter of 760 mm (30 in) and a rim height of 50 mm (2 in). It should be mounted on a
stable, non-vibrating base and capable of being raised and dropped repeatedly. The flow
mold is a truncated cone with a height of 200 mm (4 in), a top diameter of 100 mm (4 in),
and a bottom diameter of 70 mm (2.75 in). A standard tamping rod, 16 mm (5/8 in) in
diameter and 610 mm (24 in) long is used to compact the mortar into the mold. Before
starting the test, the mortar or cement paste is prepared by mixing a specified ratio of
cement, water, and possibly sand, depending on the specific test requirements. The mix
should be homogeneous and free of air pockets. The water-to-cement ratio and the mix
proportions should be based on the desired consistency or workability of the mortar, which

is often indicated by the flow value expected in the test.

Filling the Mold: Once the mortar is prepared, the flow mold is placed in the center of the
flow table. The mold is then filled with the mortar in two layers. Each layer should be
compacted using the tamping rod, with 25 taps per layer, to remove any air bubbles and
ensure a consistent, dense mix. It is slightly overfilled after the mold is filled to account for

any possible settlement. The surface of the mold should be leveled to ensure uniformity.

Performing the Flow Test: After the mold is filled and compacted, it is carefully removed
from the surface of the mortar, taking care not to disturb the shape of the sample. As the
mold is lifted, the cement paste or mortar spreads radially across the flow table. The flow

table is then dropped to a fixed height (usually around 12.5 mm or 0.5 inches) by raising
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and letting it fall. The table is typically dropped 25 times within 15 seconds, allowing the

sample to spread under the repetitive impacts.

Measuring the Flow: Once the mortar has spread on the table, four perpendicular
diameters of the spread sample are measured with a caliper or ruler. The diameter of the
spread is recorded in millimeters (mm). The flow value is calculated as the average of these
four measurements. This value reflects the workability of the cement paste or mortar:
higher flow values signify a more fluid and workable mix, whereas lower flow values
indicate a thicker, less workable mix. The following formula is used to calculate the flow

in percentage:
oz _ davg—d
Flow (%) = — —x 100 4)

Where,
davg = average or mean value of the recorded four readings in millimeters.
d = original inside base diameter in millimeters.

Clean-Up and Final Steps: After the test, the flow table, mold, and tamping rod should
be thoroughly cleaned to remove any remnants of the test material. The flow table test may
be repeated with different mortar mixtures or water-cement ratios to assess the impact of
various adjustments on the mix’'s workability. If the mortar does not flow as expected,
adjustments can be made to the water content or mix proportions to achieve the desired

consistency.
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Figure 17 Flow table test

3.3.6 Setting Time
The setting time of hydraulic cement is a critical property that helps determine how long a

cement mixture remains workable before it begins to harden. According to ASTM C191 —
the standard test method for determining the time of setting of hydraulic cement by the
Vicat needle — the setting time is measured in two key stages: the initial and final. These
times indicate when the cement paste transitions from a plastic (workable) state to a solid
(hardened) state, with the initial setting time marking the beginning of the hardening
process and the final setting time marking when the cement is fully set and no longer

plastic.

A Vicat apparatus is used to conduct the test. This apparatus consists of a vertical frame
and a needle, typically 1 mm in diameter and weighing 300 grams. The needle is lowered
onto the surface of the cement paste to measure the penetration at various stages. The test

is performed with a cylindrical mold filled with freshly prepared cement paste. The paste
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is mixed with water at a specified water-to-cement ratio and placed into the mold. Once

filled, the sample is allowed to rest briefly before the testing begins.

The test is carried out by placing the filled mold on a flat surface and using the Vicat needle
to measure penetration at specific intervals. The initial setting time is determined when the
needle penetrates the surface of the paste to a depth of 5-7 mm from the bottom. This marks
when the paste has begun to stiffen but is still workable. The final setting time is identified
when the needle fails to penetrate the paste by more than 0.5 mm, which indicates that the

paste has fully hardened and is no longer in a plastic state.

The test is typically performed at a temperature of 20 £ 2°C (68 * 3.6°F), which helps
ensure consistency in results. The initial setting time is generally recorded as the time
elapsed from when water is added to the cement until the needle penetrates the specified
depth. Similarly, the final setting time is from mixing to when the needle fails to penetrate
the sample. These measurements are usually expressed in minutes. For most cements, the
initial setting time should be at least 45 minutes, and the final setting time should not
exceed 600 minutes (10 hours). However, these times vary depending on the type of cement

being used and the specific environmental conditions.

Once the test is completed, the results provide valuable information about the cement's
handling characteristics. For example, the initial setting time refers to the duration, the
cement remains workable and can be placed or finished. In contrast, the final setting time
marks the point when the material has fully hardened and is capable of bearing load or

undergoing further processing. Accurate measurement of setting times is essential for
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ensuring the cement is used within its optimal working window and achieves the required

strength and durability for construction projects.

Figure 18 Vicat Apparatus
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CHAPTER 4
Mechanical Behavior and Leaching Characteristics of
Cementitious Composites Incorporating Silicomanganese

Fume

4.1 Compressive Strength

Figure 19 shows the average 28-day strength of burlap-cured specimens. The trend shows
that the 28-day strength with partial substitution of OPC by SMF up to 20% remains almost
the same as the control. However, as the SMF content increased beyond 20%, a gradual
decrease was observed, dropping from about 77 MPa at 20% to around 56 MPa at 30%
replacement. This finding is consistent with the results reported by Gawah et al. [6]. The
drop in the strength at higher SMF substitution levels could be due to the reduction in the
primary hydration because of the reduced OPC content and limited/slower pozzolanic
reactivity of SMF, resulting in an incomplete reaction at 28 days [49,83]. This is further
discussed in the following paragraph in light of the long-term strength results. Moreover,
the higher surface area of SMF can result in insufficient cement paste needed to make a
strong matrix, which could also cause a loss of strength at higher substitution of OPC by

SMF [6].
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Figure 19 Compressive strength of control and SMF-substituted specimens

The strength of the specimens after 90 days of leaching (L), along with the compressive
strength of respective control specimens (WL), is also compared in Figure 19. As expected,
the strength of the WL specimens increased over time, potentially because of continuous
hydration and the formation of secondary C-S-H by the pozzolanic reaction of SMF [83].
The strength of the control specimen C-WL increased slightly from 82 to 88 MPa (~7%),
confirming additional hydration. However, a higher strength increase was observed in the
SMF-substituted specimens, particularly in SMF20-WL and SMF30-WL. The strength of
these specimens increased by about 13% and 52% compared to their respective 28-day
strengths, respectively. This reflects the progression of additional pozzolanic reactions in

SMF-substituted specimens over an extended period.

The strength of the specimens after leaching was found to be either comparable or less than
the respective WL specimens. This could be linked to the potential leaching of unreacted
Ca, CH, and Mn species, causing a reduction in the additional hydration and pozzolanic
reaction [70,84-87], which in turn reduced the secondary hydrates formation (i.e.,

additional C-S-H gel) that would have otherwise contributed to a higher strength gain in
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concrete by the reaction of CH with amorphous silica in SMF. Thermogravimetric analyses
can also substantiate the reduced CH content. The strength of the C-L and SMF10-L
specimens was comparable to the C-WL and SMF10-WL, signifying that the higher
content of OPC in these specimens resulted in sufficient hydration within 28 days.
However, with the decreased OPC content and increased SMF content, the hydration
degree at 28 days was reduced. Exposure to leachate after 28 days potentially reduced the
degree of additional hydration and pozzolanic reaction, resulting in lesser strength gains.
This effect was prominent in SMF30 where SMF30-L showed about only 20% increase in

strength compared to 52% for SMF30-WL from their 28-day strength.

It can be concluded that the 20% OPC replacement by SMF appears to be the optimum to
ensure high 28 days strength. However, the 30% replacement of OPC by SMF without
leaching also exhibited the strength equivalent to the control specimen at 118 days, as
shown in Figure 19. This indicates the need for further investigation into the effects of

substituting OPC with SMF beyond the 30% threshold.

4.2  Leaching testing

The leaching is driven by a concentration gradient between the paste samples' ion-rich pore
solution and the deionized water (leachate) surrounding it. The leaching assessment of
SMF-substituted cement paste specimens demonstrated remarkable resistance to Mn
release, with minimal leaching occurring in the first two days, as shown in Figure 20a. No
Mn leaching was observed after the initial two days, continuing through the 90-day of
testing period. This suggests that only the surface-bound Mn leached out, with no internal

leaching of Mn occurring. These results were also confirmed by EDX analysis, discussed
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in Sec. 3.3.1, as the amount of Mn in the L and WL specimens was found to be in the same
range. This minimal leaching phenomenon can be linked to the stable chemical matrix of
the cement paste with SMF and the effective immobilization of manganese ions within the

paste matrix.

However, there was a leaching of Ca ions, as shown in Figure 20b and as suggested by the
EDX results in Sec. 4.3.1, which form the secondary hydration products by reacting with
SCMs [84]. The highest leaching of Ca occurred in control specimen C, with about 234
ppm of Ca leached out, followed by the SMF20, SMF10, and SMF30 with values of about
223 ppm, 176 ppm, and 133 ppm, respectively. Initially, the calcium (Ca) leaching was
very low across all specimens, with the control (C) specimen showing the highest leaching
rates at all ages. However, the Ca leaching increased significantly over time in all the
samples because of the dissolution and diffusion of CH from the paste matrix into the
deionized water. The higher leaching rate is directly linked to the replacement of the
leachate after each sampling. A concentration gradient was maintained by continually
refreshing the leachate, encouraging the continuous release of calcium ions from the
specimens. Without this replacement, the leachate would have gradually become saturated
with calcium ions, reducing the concentration gradient. As a result, the driving force for
leaching would diminish, leading to a lower leaching rate over time. The saturation of the

leachate effectively limits the extent of calcium ion release [85].

Notably, specimens with a 30% replacement of OPC by SMF exhibited better resistance to
Ca leaching, with about 43% less Ca leached out from SMF30-L than the control specimen
C-L. This better resistance can be linked to the pore-filling effect of SMF at higher

concentrations, fewer Ca ions available as 30% of OPC was replaced by SMF, and the
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utilization of Ca in the secondary hydration products formation. The leaching of Ca is
further discussed in light of XRD results in Section 4.3.2. This leaching was also evidenced
by the drop in the compressive strength of the specimens used for leaching tests compared

to those not used for leaching tests, as discussed in the previous section (Sec. 4.1).

These results affirm the environmental safety of SMF as an SCM, particularly regarding
Mn leaching and its potential to improve the sustainability quotient of construction
materials. However, the only concern while incorporating SMF in concrete should be that
it must not come directly in contact with water or moisture over a long time because of the
following reasons: the possible leaching of Ca ions, its slow strength gain, and the third is
less dense or porous microstructure even after 90 days after initial burlap curing for 28

days.
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Figure 20 a) Mn leaching over time, b) Cumulative Ca leaching after 90 days of exposure
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4.3  Microstructural and Phase transformation studies

43.1 SEM/EDX
Figure 21 illustrates the microstructural evolution of SMF-substituted cement paste

samples at varying proportions after 28 days of burlap curing and after three months of
leaching tests. At 28 days, a significant amount of SMF remains unreacted, as delineated
by circles in Fig. 21a and 21d. This observation is more pronounced in samples with 30%
SMF (Fig. 21a), attributable to the slow hydration kinetics. Consequently, this has led to a

discernible reduction in compressive strength for SMF30, as discussed earlier [49,83,88].

The microstructural analysis of WL and L samples indicated progressive densification over
time, with increased backscattered electron intensity, suggesting a more compact matrix
than 28-day samples. The microstructure of WL specimens exhibited an increased density
with minimal evidence of unhydrated particles in the SEM images, corroborating the
gradual reactivity of SMF (Fig. 21b and 21e). This densification of the microstructure is
evident by the gain in strength in these samples (SMF30-WL and SMF20-WL) due to the
pozzolanic reaction of SMF. This confirms the reactive nature of SMF, which contributes
to a more consolidated microstructure. Despite these advancements, some SMF particles
remain unhydrated, potentially due to a low calcium-to-silica (C/S) ratio or inherently inert

SMF constituents.

In contrast, specimens exposed to leaching solution displayed a porous microstructure,
showing many unreacted particles as highlighted by circles (Fig. 21c and 21f). This is
because of the slow reactivity of SMF and the possible leaching of Ca ions from the cement

matrix. The EDX mapping was done to validate this argument, and representative results

44



are shown in Figure 22. It is evident that the Ca content of the leaching specimens (SMF20-
L) was much less than that of the WL specimens (SMF20-WL). This further validates the

compressive strength and leaching results discussed in the previous sections.

1,000, ¢ 10pm /s

Figure 22.EDX mapping of without leaching SMF20-WL (left) and after leaching SMF20-L (right)

4.3.2 XRD
Figure 23 and Figure 24 show the x-ray diffractograms of the specimens at 28 days and 90

days after initial curing, respectively. The characteristic phases of hydrated OPC, such as

CH, C-S-H gel, alite, and belite, were detected in the control sample. The 28-day X-ray
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diffractograms of SMF-substituted specimens showed no change in the peak position
compared to the control specimen (C). Although the presence of SMF can impact the XRD
pattern, these changes are subtle, especially for phases like quartz and calcite [89].
However, these specimens exhibited lower peak intensities, indicating a reduction in the
crystalline phases. Notably, the CH peaks were more pronounced in the control specimen.
As the percentage of SMF increased, the intensity of these peaks decreased. This reduction
in intensity can be ascribed to the reduction in primary hydration due to the lower OPC
content and the pozzolanic reaction of SMF. Subsequently, a diffuse hump was observed
approximately between 15° to 25° in all the SMF-substituted specimens. This hump can be
linked to the existence of amorphous phases, particularly silica, which lacks the long-range

order typical of crystalline structures.

At 90 days after initial curing, the XRD patterns of the SMF samples, both with and without
leaching, showed no distinct difference in peak positions, indicating that the same phases
are present in both conditions. However, the intensity of the peaks varies, reflecting
differences in the concentration and crystallinity of the phases. Furthermore, the hump
initially present in 28-day XRD disappeared at this age, suggesting the amorphous phases
present have undergone progressive reactions over time. This transformation is likely due
to the pozzolanic reaction between the amorphous phases of SMF and the cement hydration
products. The phases around 17° 20 and 34° 26 vary in intensity, suggesting a reduced
portlandite content. This can be attributed to the pozzolanic reaction of SMF and

the leaching of Ca in L samples, as discussed in section 4.2.

In SMF30-WL and SMF30-L samples, the identified peaks are consistent; however, the

intensities of the portlandite content are slightly higher in SMF30-L at around 17° 26 and
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34° 20. This is because of the slower reactivity of SMF in leaching conditions as discussed
in section 4.2. Furthermore, the quartz quantity is larger in SMF30-WL among all samples,
possibly leading to strength gain at this age, as evidenced by the compression results. This
phase appears responsible for the late gain in strength observed in the paste samples of
SMF30-WL. The gradual increase in strength can also be attributed to the high amorphous

nature of the material, particularly in the regions between 25° to 30° 26 and 45° to 55° 26.
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4.3.3 TGA
The thermogravimetric analysis (TGA) conducted on the 28-day samples revealed distinct

weight loss phases, as illustrated in Figure 25. The derivative thermogravimetry (DTG)
curves exhibit three principal peaks. The initial peak occurred around 95 °C, which is
attributed to gel water evaporation—a process known as dehydration. The second peak
occurred around 440 °C due to portlandite decomposition. The final peak at around 670 °C
corresponds to the decarbonation of calcium carbonate (CaCQOs3). The specific temperatures
associated with dehydration, dihydroxylation, and decarbonation were accurately
determined from the DTG curves and used to calculate the content of Portlandite and non-

evaporable water, as shown in Figure 26. In secondary hydration reactions, calcium
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hydroxide (CH) consumption leads to calcium silicate hydrate (CSH) gel formation. The
reduced CH indicates the pozzolanic reactivity of SMF. Figure 26 shows a notable decrease
in CH content from 20.25% in the control sample to 15.96% in the sample with 30% SMF
substitution (SMF30), depicting the pozzolanic activity of SMF. Further, the increased
amount of non-evaporable water in the specimens with SMF (Figure 26) shows a higher
degree of hydration, leading to an enhanced and denser microstructure because more

hydration products are formed.
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Figure 25. 28-day TGA weight loss curves
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CHAPTER 5
Hydration Mechanism and Reactivity of cementitious
Composites Incorporating different grades of Silicomanganese

Fume

5.1 Setting Time and Flow Properties

Setting time is critical in understanding cement-based materials' workability and strength
development, directly influencing the construction’s transporting, placing, and finishing
processes. Setting times are affected by the chemical composition of binders, W/B ratio,

surrounding temperature, admixtures, or additives like SCMs.

The incorporation of SMF significantly increases cement paste's initial and final setting
times, as shown in Table 4. The 20% replacement of cement by SMF1, SMF2, and SMF3
has shown a 1.875, 1.67, and 1.75 times increase in initial setting times and a 1.66, 1.5, and
1.64 times increase in final setting times, respectively, as compared to the control
specimen. This trend indicates a consistent delay in the setting times with SMF inclusion.
The SMF2 has the least amount of silica and hence has shown less retardation of setting

times.

This increased setting times can be linked to several factors: the pozzolanic reactivity
(reaction with portlandite) of SMF to form C-S-H gel; this reaction is relatively slower than
the initial hydration of cement responsible for the early age setting and strength
development. Secondly, the SMF dilutes the clinker, and the clinker phases are responsible
for early strength gain in the mix, resulting in delayed initial formation of the binding

matrix [90]. Furthermore, due to high surface areas of SMF and potential water absorption,
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the availability of free water in the mix is reduced, which could affect the mobility of ions

and delay strength development.

Flowability is a critical property of cementitious composites, as it directly influences ease
of placement, workability, and construction efficiency. This study evaluated the effect on
flowability due to the incorporation of SMF, and the results are shown in Table 4. A w/b

ratio of 0.3 was kept constant throughout the study to ensure consistency across all tests.

As illustrated in Table 4, the results indicate that the control(C) specimen exhibited the
maximum flowability, demonstrating a flow diameter of 200 mm. However, among the
SMF-containing mixtures, SMF1 displayed the lowest flowability, with a flow diameter of
only 173 mm. In contrast, mixtures with SMF2 and SMF3 showed comparable flowability
to the control specimen, with flow diameters of 191 mm and 196.6 mm, respectively. The
flow decreased by including SMF because of the fineness and high surface area, increasing

the water demand in the mix.

Table 4 Setting times and flow properties

Setting time(minutes) Flow
Specimen
Initial Final mm %
Control,C 120 280 200 100
SMF1 225 465 173 73
SMF2 200 420 191 91
SMF3 210 460 196.6 96.6
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5.2 Compressive Strength

Figure 27 illustrates the compression testing of paste specimens (control and incorporating
SMF) subjected to water curing for 7, 28, and 90 days. Across all specimens, strength
increases with curing time, consistent with the prolonged hydration of cement and
pozzolanic reactions. The control mix (C) achieves the highest compressive strength at all
ages with values of approximately 70 MPa, 80 MPa, and 84 MPa respectively. In contrast,
the performance of SMF-modified mixes varies depending on the specific SMF
properties. SMF2(the finest of all grades) demonstrates the best performance among the
modified mixes, with compressive strength comparable to the control at 90 days. On the
other hand, SMF1 and SMF3 show lower compressive strength at both curing intervals,
indicating that the variations in chemical composition, reactivity, and fineness of SMF
significantly influence the strength development. This is consistent with the reactivity

studies in the next section (section 5.3).

The control specimen's superior performance can be ascribed to its higher clinker content,
which leads to rapid hydration and early-age strength development. However, the samples
incorporating SMF have shown lower strengths at 7 and 28 days but comparable strength
at 90 days by SMF2. This could be because of the pozzolanic reactivity SMF, slower than
initial rapid hydration reactions, and the lower clinker percentage compared to C because

the SMF replaces 20% of cement.

The steam curing process involves several distinct stages: the delay period, heating period,
treatment period, and final cooling period. The delay period is the initial stage during

which the specimens are undisturbed before heating begins. According to researchers, this
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period typically lasts between 0.5 to 5 hours. The heating period follows, during which the
specimens are gradually heated to reach the desired target temperature. Once the target
temperature is achieved, the treatment period begins at 90 °C in our study, where the
specimens are maintained at this constant curing temperature for the required duration.
Finally, the cooling period reduces the specimens' temperature to normal atmospheric
levels. Each of these stages plays a vital role in ensuring the effectiveness of the steam
curing process, as they influence the material’s internal structure and mechanical properties

of the cured material [91].

Figure 28 compares the compression testing of paste specimens subjected to 2-day steam
curing with those subjected to 28-day water curing. The results indicate that the control
specimens achieved approximately 67% of the strength of the 28-day water-cured samples.
In contrast, the steam-cured specimens incorporating SMF demonstrated significantly
higher strength gains, achieving 89%, 99%, and 109% of the 28-day water-cured strength

for SMF1, SMF2, and SMF3, respectively.

While the overall strength of steam-cured specimens is lower than that of the water-cured
control, the substantial strength gain observed in SMF-containing samples can be attributed
to the enhanced reactivity of SMF under elevated temperatures during steam curing. This
highlights the potential of SMF as an effective supplementary material in accelerating early

strength development.

Figure 29 illustrates the compressive strengths of specimens subjected to 24 hours of steam
curing at 90°C, followed by subsequent curing in either moisture or water until the

specified 7, 28, and 90-day curing periods. The results reveal that the control and SMF3
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specimens experienced a reduction in strength at 28 days compared to their 7-day strengths.
In contrast, the SMF1 specimens demonstrated a noticeable increased strength at 28 days,

while SMF2 exhibited a slight improvement in strength over the same period.

The observed reduction in strength for the control and SMF3 specimens at later periods
can be linked to the adverse effects of high-temperature steam curing. Research indicates
that curing temperatures above 80°C can negatively impact the concrete microstructure,
delaying ettringite formation and promoting the development of a porous structure, which
contributes to reduced long-term strength[91]. Conversely, the strength improvement
observed in SMF1 and SMF2 specimens suggests that their reactivity and continued
hydration or pozzolanic activity during prolonged curing may counteract some of these

adverse effects, enabling better strength at later ages.
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Figure 27 Compressive strength of control (C), SMF1, SMF2, and SMF3
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Figure 29 Steam curing for 24 hours followed by water curing for 7, 28, and 90 days
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5.3 Reactivity using Isothermal Calorimetry

Isothermal calorimetry is a technique commonly employed to investigate the kinetics of
cement hydration at constant temperatures. This method measures the heat flow released
during hydration, enabling the determination of the rate of heat evolution. The total heat
evolution can be quantified by integrating the heat flow over time. The heat evolution curve
typically exhibits five stages of hydration: the initial reaction, the induction period, the
acceleratory period, the deceleration period, and the period of slow continued reaction.
Among these stages, the acceleratory period is critical as it corresponds to the rapid
hydration of silicates, reaching the maximum heat evolution rate, which is crucial for
setting. The deceleration period marks the transition from chemical control to diffusional

control, as indicated by a reduction in heat flow [92].

Figures 30(a) and 30(b) present the calorimetry test results at 23°C for paste samples with
a fixed W/B ratio of 0.3. The results compare the control sample with three grades of
silicomanganese fume (SMF1, SMF2, and SMF3). The control and SMF2 specimens show
similar heat flow profiles, with a peak heat evolution rate observed around 7 hours. This
indicates that SMF2 exhibits significant reactivity in terms of heat evolution during
hydration. In contrast, SMF1 and SMF3 demonstrate lower heat flow rates, suggesting
reduced reactivity and minimal chemical interaction during hydration. At an elevated
temperature of 40°C, the calorimetry results depicted in Figures 31(a) and 31(b) reveal
distinct trends. The control specimen exhibits the highest heat flow rate, characterized by
a steep acceleratory and deceleration period, indicating an accelerated hydration process at

higher temperatures. However, the SMF samples behave differently: SMF1 and SMF3
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display similar heat flow rates, which are lower than the control, suggesting that these
SMFs delay the hydration rate and extend the setting time. This behavior highlights their

potential use in managing the early-age properties of concrete under specific conditions.

Overall, SMF2 is the most reactive grade among the tested SMFs, demonstrating a notable
contribution to the hydration process. In contrast, SMF1 and SMF3 show limited
interaction. At higher temperatures, the inclusion of SMFs tends to delay hydration and
setting, which could be advantageous for controlling the performance of concrete. This
behavior aligns with the setting time and flow properties, as discussed in section 5.2, and
with the compressive test results in section 5.3. These findings underscore the importance
of interpreting calorimetry results accurately to optimize the use of SCMs in concrete

applications.
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Figure 31 Isothermal calorimetry tests of cement pastes and SMF incorporated pastes at 40°C

5.4  Microstructural Investigations

54.1 Scanning Electron Microscopy (SEM) Analysis
Figure 32 presents the SEM images of samples kept in water for 28 days. The

microstructural analysis reveals that the control and SMF2 samples exhibit a dense
microstructure with fewer visible pores, indicating well-developed hydration products and

a compact matrix. In contrast, the SMF1 and SMF3 samples display a less dense
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microstructure with noticeable pores, suggesting incomplete hydration or reduced
reactivity. This observation aligns well with the compressive strength results, where the
control and SMF2 samples achieved higher strength values, reflecting their dense
microstructure. Conversely, the reduced strength of SMF1 and SMF3 can be linked to the
porous structure observed in their SEM images, which compromises the overall integrity

and strength of the material.

Figure 33 shows the SEM images of specimens subjected to steam curing for 24 hours,
followed by immersion in water for 28 days. The microstructure of these specimens
appears uneven, with coarse pores compared to those cured exclusively in water. Steam
curing accelerates the hydration process and promotes rapid hardening, leading to a more
porous microstructure and irregular distribution of hydration products. This results in
higher porosity, which contributes to enhanced strength at early ages however
compromises long-term strength when compared to water-cured specimens, as discussed
in compression testing(section 5.2) [93]. Furthermore, the utilization of SCMs mitigates
the adverse effects of steam curing at later ages, as evidenced by the comparison of

compressive strength [91,94,95].

The microstructural analysis highlights the significant impact of curing methods on the
density and distribution of hydration products, which directly influence the strength of
cement paste specimens. Water curing leads to a dense and uniform microstructure, as seen
in the control and SMF2 specimens, promoting superior long-term strength. In contrast,
steam curing accelerates hydration, improving early-age strength but resulting in a more

porous and uneven microstructure that negatively affects long-term performance.
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Figure 33 SEM of different specimens steam cured for 24 hours and then immersed in water until 28 days a)
control (C), b) SMF1, ¢) SMF2, and d) SMF3
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5.4.2 X-ray Diffractogram Analysis

Figures 34 and 35 present the X-ray diffractograms of specimens subjected to 28 days of
water curing and 24 hours of steam curing (followed by immersion in water until 28 days),
respectively. Under both curing conditions, the characteristic phases of hydrated OPC,

namely CH, C-S-H gel, Alite, and Belite, were identified.

For the 28-day water-cured specimens, the XRD patterns of SMF-substituted samples
showed no significant change in peak positions compared to the control specimen (C).
However, quartz peaks were observed in SMF2 and SMF3, with a more pronounced
presence in SMF3. While including SMF can subtly influence the XRD pattern,
particularly for phases like quartz and calcite, these changes were minor. Additionally, the
SMF-substituted specimens displayed lower peak intensities, indicating a reduction in

crystalline phases, which suggests a more amorphous matrix.

Similarly, the XRD patterns of steam-cured specimens (steam curing for 24 hours followed
by immersion in water until 28 days) showed comparable characteristic peaks. However,
the peak intensities were notably lower than those of the 28-day water-cured specimens,
indicating reduced portlandite content. This reduction in crystalline phases highlights the
impact of steam curing, which accelerates early hydration but results in lower crystalline

hydration products than prolonged water curing.
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F: Portlandite  A: Alite
B: Belite C: C-S-H
CC: CaCO; Q: Quartz

SMF1

Control, C

Figure 34 XRD of 28 days water-cured specimens

P: Portlandite  A: Alite
B: Belite C:C-S-H
CC: CaCO; Q: Quartz

SMF3

SMF2

SMF1

Control, C

Figure 35 XRD of Steam cured for 24 hours and immersed in water until 28 days

5.5 Sustainability and Cost-Effectiveness of SMF as a Cement
Replacement

Incorporating silicomanganese fume (SMF) as a supplementary cementitious material
(SCM) in concrete production yields substantial economic and environmental advantages.

Cement, a major constituent of concrete, significantly impacts production costs. By
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partially substituting cement with SMF, a cost-effective byproduct of the steel industry,
material expenses decrease proportionally with the replacement percentage as shown in
Table 6. This reduction enhances concrete affordability and promotes circular economy
principles by utilizing an otherwise discarded material. Furthermore, the consistent cost of
water across all mixes underscores the direct correlation between cement reduction and

cost savings.

Furthermore, SMF replacement contributes to notable environmental benefits, particularly
in mitigating the carbon footprint of concrete production. Cement manufacturing is a major
contributor to global carbon dioxide emissions due to its energy-intensive processes.
Conversely, SMF, as an industrial byproduct, has negligible associated emissions.
Substituting cement with SMF significantly curtails overall carbon emissions per ton of
concrete, with higher replacement levels yielding greater reductions as shown in Table 7.
This aligns with sustainable construction practices and addresses climate change concerns

and carbon neutrality goals.

Table 5 Unit cost and CO2 emissions[6]

Material Cement | Water SMF
Units Ton Ton Ton
Cost(SAR/unit) 600 5 0
CO;, Emissions/unit 900 19 8.1
(Kg)
Table 6 Reduction of CO2 in percentage
Replacement Cement SMF Water Total CO;
pl_evel CO; CO, CO,, CO» Reduction
(Kg/ton) | (Kg/ton) | (Kg/ton) | (Kg/ton) (%)
C 900 0 1.9 901.9 0
SMF10 810 0.81 1.9 812.71 9.90
SMF20 720 1.62 1.9 723.52 19.80
SMF30 630 243 1.9 634.33 29.60
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Table 7 Cost reduction in percentage

Replacement Cig]sint SMF cost | Water cost, | Total cost Re((JI:lj)csttion
Level (SAR/ton) (SAR/ton) | (SAR/ton) | (SAR/ton) (%)

C 600 0 45 604.5 0
SMF10 540 0 45 544.5 9.93
SMF20 480 0 45 484.5 19.85
SMF30 420 0 45 4245 29.78

65




CHAPTER 6

Conclusions and Recommendations

6.1 Conclusions

A comprehensive study was conducted on the potential of SMF as SCM in a systematic
way to evaluate its impact on the mechanical properties, microstructural evolution, and
environmental suitability, mainly focusing on the leaching of Mn in the concrete by
substituting 0%, 10%, 20%, and 30% of OPC with SMF and w/b ratio of 0.3 was used for
preparing all the specimens. Furthermore, the reactivity of different grades of SMF was
analyzed by replacing 20% of OPC with SMF1, SMF2, and SMF3, and their impact on the
fresh properties, mechanical performance, and microstructural characteristics was

evaluated. Based on the obtained results the following conclusions can be drawn.

e The positive impact of SMF on compressive strength was only for up to 20%
replacement of OPC by SMF. Beyond 20%, it affected compressive strength
negatively, as there was a noticeable decline in strength because of the slower
reaction rate and unreacted SMF particles at higher percentages. This observation
is critical in optimizing SMF content to maximize the beneficial effects on concrete
strength without compromising the performance of concrete.

e Mn leaching assessment showed minimal release and below the standards,
indicating effective immobilization of Mn within the cement matrix. This finding
is crucial for incorporating SMF in concrete as it possesses negligible
environmental risk concerning Mn contamination to groundwater or the

surrounding ecosystem. Over time, higher percentages of SMF significantly reduce
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Ca leaching, thereby improving the durability and strength of the cement paste
specimens.

Microstructural studies through SEM, XRD, and TGA revealed crucial insights into
SMF-incorporated concrete's hydration products and structural evolution. SEM
images depicted a denser microstructure with SMF contributing to the formation of
additional hydration products. The gradual densification observed in samples over
90 days highlights the pozzolanic activity of SMF, although SEM images revealed
some residual unreacted particles in higher substitution of OPC.

The study highlights the potential of SMF to enhance the sustainability of concrete
by reducing OPC consumption and mitigating CO2 emissions associated with OPC
production. Using industrial byproducts like SMF addresses environmental
concerns and promotes resource efficiency and waste management in the
construction industry. However, caution should be taken regarding prolonged
exposure to moisture, as it may lead to calcium ion leaching and affect long-term
durability.

The inclusion of SMFs results in an increase in the setting times of cementitious
mixtures. However, their effect on flow properties is minimal. This indicates that
SMFs influence the hydration kinetics without significantly altering the workability
of the mixtures.

The effectiveness of SMF as a cement replacement is also influenced by the curing
method employed. Specifically, specimens cured under burlap have demonstrated

superior performance compared to those cured using water or steam.
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6.2

The reactivity of different grades of SMFs reveals that only SMF2 (finest of all
grades with mean particle size 0.98 um) demonstrates significant reactivity, with
heat flow and cumulative heat values closely matching those of the control
specimen, indicating active participation in the hydration process. In contrast,
SMF1(mean particle size 3.37 um) and SMF3 (mean particle size 8.18 um) exhibit
lower reactivity, reducing heat evolution. These results suggest that the finest
grades of SMF are more effective in enhancing the hydration kinetics of
cementitious mixtures, while coarser grades have a limited impact on the overall

reactivity.

Recommendations

Future research avenues could explore advanced techniques for enhancing the
reactivity of SMF, such as chemical activation or composite approaches with other
SCMs. Long-term durability studies under diverse environmental conditions would
provide further insights into the performance and sustainability of SMF-
incorporated concrete over its lifecycle. Furthermore, detailed life cycle
assessments (LCASs) could evaluate the environmental impacts and advantages of
incorporating SMF in large-scale construction projects.

The feasibility of the synergistic use of SMF with other SCMs needs to be
thoroughly assessed to explore their combined potential in enhancing concrete
performance. Additionally, it is crucial to evaluate the industrial-scale applicability

of SMF to determine its practicality and effectiveness in large-scale applications.
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