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ABSTRACT

Owing to the depletion rates of coastal limestone, the characterization of cementitious

materials occurring on the dry land is important in order to assess their potential as al-

ternative materials for the manufacture of cement. In this study, a naturally occurring

terrestrial rock herein referred to as “Matisaa gray rock” has been studied to determine

its potential for the manufacture of cement. Matisaa gray rock is found in Matisaa vil-

lage, Kitui County, Kenya, and it covers an approximate area of 7 acres.

These cementitious properties were studied using X-ray fluorescence, X-ray diffrac-

tion, vibrational spectroscopy, scanning electron microscopy, micro-sieve, and Blaine

techniques. Matisaa gray rock was found to contain all the oxides of cement in the fol-

lowing percentage abundances: 39.03 – 42.73 wt.% for CaO, 15.68 – 16.79 wt.% for

SiO2, 0.47 – 4.81 wt.% for Al2O3, 0.55 – 1.04 wt.% for Fe2O3, 1.56 – 3.56 wt.% for

MgO, 3.30 – 6.06 wt.% for SO3, 0.11 – 0.21 wt.% for Na2O, and 0.59 – 2.64 wt.% for

K2O. Except for SO3, the proportions of the remaining oxides were found to be within

the recommended thresholds.

The minerals that dominate Matisaa gray rock are dolomite (CaMg[CO3]2) and kut-

nohorite (Ca[Mn2+,Mg,Fe2+][CO3]2) with trace mineral phases of quartz (SiO2) and

periclase (MgO). The morphology of Matisaa gray rock powder comprises of irregu-

larly shaped particles that are compact with rough superficial texture. 69.65% of the

particle size composition of Matisaa gray rock was found to be <90 µm. Out of this

composition, 71.60% of the particle sizes were <45 µm, contributing to a specific sur-

face area of 292.5 m2/kg. The high proportion of CaO and SiO2 indicates that Matisaa

gray rock is a silicious limestone. Its general comparison with cement properties of

established raw materials of cement like Konza kunkur suggests that Matisaa gray rock

has potential for utilization in the manufacture of cement.
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CHAPTER 1

INTRODUCTION

1.0 Background
The need for modern-world structures is increasing in the developing world. In Kenya,

the government has initiated the modern-world infrastructural development projects

which are directly related to Kenya’s Vision 2030. This work is devoted to the smart-

city and housing pillars of Kenya’s Vision 2030. These pillars are meant to raise the

living standards of Kenyans to significant levels by the year 2030 (Kenya Vision 2030,

2007). Foremost, the smart-city agenda that includes but is not limited to Konza Tech-

nology City and Tatu City. Konza Technology City and Tatu City are some of the

flagship projects whose establishment is envisioned to create a world-class smart city

that will serve as key economic hubs in the country (Johari, 2015; Splinter & Van Leyn-

seele, 2019).

These cities are expected to be interconnected via firm road networks, railways, and

ports, just to mention a few (Government of the Republic of Kenya, 2007). Second,

the housing agenda of which affordable housing is one of the four-point (The ‘Big Four

Agenda’) main concerns singled out by His Excellency President Uhuru Kenyatta for

action in pursuit of Kenya’s Vision 2030 (Wanderi & Makandi, 2019). It is a kind of a

mid-term plan driven to see all Kenyans in decent housing. The main material required

for the implementation of these projects is cement. The raw materials availability plays

a critical role in the building and construction industries by ensuring an adequate and

continuous supply that maintains the production of cement. The reserves for limestone

which is the main raw material of cement are facing depletion, thus necessitating the

study of materials that could potentially serve as alternatives.

Shelter is considered as one of the immediate basic needs of human beings (Chavarria

et al., 2014). Good shelter is not only essential but also ensures the safety and good

health of the occupant. Good and durable shelter requires cement as one of the essential

1



raw materials. Building and construction, all hallmarks of development require cement

as a primary component. However, one of the bottlenecks in the 21st century is the de-

pletion of natural resources (Schneider et al., 2011). The cement industry is not spared

from this deficiency. Limestone, the primary material for the manufacture of cement,

has been depleted significantly (Rodriguez et al., 2013; Kinyua, 2013).

Most of the cementitious materials that have been explored extensively are artificially

modified materials (Arvaniti et al., 2015). However, natural materials with cementi-

tious and pozzolanic capabilities also require exploration. This is due to the technical

advantages of natural cementitious materials proven in natural materials (Lothenbach

et al., 2011). Moreover, natural raw materials have a broader range in mineralogical

proportions and large variability in physical properties as compared to industrial by-

products (Juenger et al., 2012).

Nevertheless, materials that can improve the mechanical features of concrete have shown

a significant contribution towards the diversification of the natural raw materials for ce-

ment.In this regard, Matisaa gray rock has been characterized as a potential raw material

that could substitute limestone in the manufacture of cement. This research was motiv-

ated by the local use of Matisaa gray rock as a gabion filler by the community living

in Matisaa village. In this particular application, the fine particles of Matisaa gray rock

were seen to embed in the lining of the gabion wire mesh in the presence of moisture.

This property motivated the search for scientific details of Matisaa gray rock.

1.1 Potential Raw Materials of Cement
Materials characterization is important in determining their appropriateness for specific

applications. Cement raw materials are distinguished by the nature of their chemical

composition, mineralogical phases, and some physical properties. The quality of ce-

ment raw material is dependent upon the proportion (wt.%) of the fundamental oxides

(CaO, SiO2 ,Al2O3, Fe2O3, and MgO) (Atiemo, 2012). Each of the fundamental oxides

plays a critical role in cement-based applications. For example, the content of CaO and

SiO2 control the hydration levels; Al2O3 and Fe2O3 control the pozzolanic activities,

2



MgO control the expansion; SO3 regulate the setting time, and the alkalis (K2O and

Na2O) control the corrosion (Simonsen et al., 2020).

More than 30 raw materials have been tested for their potential to manufacture cement

(Worrell et al., 2001). This includes both the natural and the artificially modified ma-

terials. The vast majority of the naturally occurring raw materials of cement are of car-

bonate origin (Dukic et al., 2018). There are three primary types of carbonate mineralo-

gical phases namely aragonite (CaCO3), calcite (CaCO3) and dolomite (CaMg[CO3]2)

along with other non-carbonate phases like quartz (SiO2). Both calcite and aragonite

are polymorphs of calcium carbonate. However, in other raw materials of cement-like

sandstone, quartz is the main mineral phase (Mounia et al., 2013).

The performance of cementitious materials in concrete has been found to strongly de-

pend on their physical characteristics and more specifically the particle size distribu-

tion (Celik, 2009). Small average particle size enhances nucleation and the pozzolanic

activity of cementitious materials and therefore the strength of the resulting mixture.

However, particles of the cementitious material that are smaller in size than optimal

value consume more water to attain the anticipated workability, which can reduce the

strength of the mixture.

In the manufacture of cement, the key features of the powders that are examined include

the particle size distribution, particle shape, density, and specific surface area. Specific

surface area is the general property that is applied in industrial control purposes to de-

scribe the fineness of portland cement but it does not reveal the anticipated details about

the actual particle size distribution, which bears more information in resulting mixture

performance (Bouyahyaoui et al., 2018). However, the particle size distribution can

also be evaluated by the sieve analysis method (Dishman, 2006).

The characterization of Matisaa gray rock was based on the chemical evaluation, min-

eralogical composition, and physical attributes of the rock grains. The characteristics

of Matisaa gray rock were compared with those of some established materials that are

used by some cement manufacturing companies in Kenya. The experimental findings

reported herein reveal the potential of Matisaa gray rock in the manufacture of cement

as well as serving as a basis for further studies on reaction kinetics, engineering, and

geological tests of Matisaa gray rock.
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1.2 Matisaa Gray Rock
Matisaa gray rock is found in Matisaa village in Mwingi West, Kitui County, Kenya.

It is a rock (in raw form) with a gray shade and hence the name “Matisaa gray rock”.

Matisaa locality is located by the GPS coordinates 1o03’57.7”S37o57’01.3”E, and ap-

proximately 150 km away from city of Nairobi. Its location on the map of Kenya is

shown in Figure 1.1.

Figure 1.1: A Map of Kenya showing the location of Matisaa area.

In Matisaa, the natural scenery is characterized by distinctive high-density gray hard

rocks that span the entire locality and also extend to its neighborhood. Gray rock hills

and shallow valleys with smooth sides are the well-known features of Matisaa land-

scape. A photograph showing a section of Matisaa gray field is shown in Figure 1.2.
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Figure 1.2: A photograph showing a section of Matisaa gray field. The general grayish appearance of
Matisaa gray field is as a result of Matisaa gray rock dust. The field is characterized by shallow valleys
with smoothly rising hills and sparse vegetation apart from the native sisal.

As shown in Figure 1.3, Matisaa gray field is distinctively marked by its grayish shade

from the other general areas of Matisaa.
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Figure 1.3: A photograph showing the distinct appearance of Matisaa gray field.

1.3 Statement of the Problem
The cement industry is constrained in the supply of raw materials due to dwindling re-

serves of the available raw materials (Luo et al., 2016). A survey based on the utilization

pattern of limestone predicts severe constraints in the cement industry by 2030 (Gao et

al., 2015) and a bleak future by 2065 (Karstensen, 2006). Limestone, like any other

non-renewable resource, has a limited supply and its pace of depletion is dependent on

the utilization patterns. In view of the expected massive infrastructural development,

the consumption of cement will stress the cement raw material reserves. The produc-

tion capacity of cement is greatly influenced by the availability of raw materials. There

is a need, therefore, to diversify the cement raw materials (Naqi & Jang, 2019) to satisfy

the demand.
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1.4 Objectives of the Study

1.4.1 General Objective
This study was carried out to investigate the potential of using Matisaa gray rock for the

manufacture of cement.

1.4.2 Specific Objectives
(i) To determine the chemical and mineralogical composition of Matisaa gray rock us-

ing X-ray florescence and diffraction techniques

(ii) To examine the morphological properties of Matisaa gray rock using scanning elec-

tron microscopy

(iii) To study the particle size distribution of Matisaa gray rock.

1.5 Justification and Research Significance
The demand for cement in Kenya since the year 2000 has been in an upward trend until

2018 when it fell for the first time. Even then, the fall was attributed to economic factors

other than competition from cement substitutes (Kenya National Bureau of Statistics,

2018). This implies cement still plays a key role in Kenya’s infrastructural develop-

ment. Globally, demand for cement is forecast to expand at 1% per year further igniting

interest in the search for cement raw materials such as limestone.

Due to the unlocked potential of cement raw materials in Kenya, the country (Kenya)

has been importing clinker (an intermediary raw material of cement) from other coun-

tries ( Mbongwe et al., 2014). The clinker imports have been approximated to 2 million

tonnes every year, costing the country over 10 billion Kenya shillings annually (Capital

Business, 2020). Exploiting the potential of the cement raw materials locally available

in Kenya could spur the growth of the cement industry, create more jobs for Kenyans,

relieve Kenya from clinker imports, reduce cement cost, create an enabling environ-

ment for Kenyans to build decent houses, thus resonating with Kenya’s development

blueprint.
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CHAPTER 2

LITERATURE REVIEW

2.0 Introduction
This chapter gives an overview of the types of cement and cementitious materials. Their

chemical and structural properties at the microscopic level are discussed. Knowledge

of the chemical and microstructural behaviour of cementitious materials goes a long

way in determining the application of a newly identified material. The mineralogy,

morphology, and particle size distribution among various cementitious materials have

been presented. The processes of manufacturing cement, as well as the tests for cement,

have been discussed.

2.1 Cement as a Cementitious Material
Cementitious materials are composed of calcium silicate hydrates and the calcium hy-

droxide (portlandite). Both the calcium silicate hydrates and portlandite are mainly

hydration products of tricalcium and dicalcium silicates alongside other cement phases.

These phases are formed from the oxides that make up the raw materials (Jo et al.,

2014). The chemical composition of cement is predominantly oxides (Alkhateeb, 2013),

as shown in Table 2.1 The nomenclature of cement compounds is complex and a short-

hand symbolization known as Bogue notation is therefore adopted (Abdunnabi, 2012).

Table 2.1: Phases of cement (wt.%) of Limestone. Data adapted from: (Liu et al., 2014)

Phase Chemical Notation Bogue Notation Content (wt.%)
Alite 3CaO.SiO2 C3S 64.62
Belite 2CaO.SiO2 C2S 9.99

Alumimate 3CaO.Al2O3 C3A 7.33
Ferrite 4.CaO.Al2O3.Fe2O3 C4AF 8.58

The main binding phase of cement is the calcium silicate hydrates (C-S-H) (Richardson,

2008). The structure of C-S-H mainly consists of skeletal O–Si–O and O–Ca–O chains

as shown in Figure 2.1.
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Figure 2.1: The structure of calcium-silica hydrate (C-S-H) (C is the Bogue notation for CaO, S for
SiO2, and H for H2O) (Richardson, 2008).

The tetrahedral silicate chains are connected to the hexagonal skeletons of CaO which

are coordinated by the octahedral Ca atoms and tetrahedral O atoms. Additionally, due

to the missing tetrahedron connection, some O atoms are replaceable by OH groups.

2.2 Tyes of Cement
Cement is categorized according to the type of raw materials from which they are man-

ufactured. They include Portland, slag, supersulfated, pozzolanic, high alumina and

gypsum type of cement.

2.2.1 Portland Cement
Portland cement was first produced in Leeds city, England, by calcining limestone-clay

mixture at 1450 oC (Dhir et al., 2017). Its name is coined from rocks that were quarried

near Portland Island in the United Kingdom which resemble hardened calcined mixture

of clay-limestone. The American Society for Testing and Materials categorizes portland

cement as Type I (Ordinary Portland Cement), Type II (Moderate Heat of Hydration

Cement), Type III (Rapid-Hardening Cement), Type IV (Low Heat Cement) and Type
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V (Sulphate Resisting Cement) (Consoli et al., 2013).

These types of cement further depend on the nature of aggregates that are mixed with

the clinker. Clinker is a multi-component material artificially made by pyro-fusing a

mixture of limestone and clay at 1450 oC (Ahmed & Mohammed, 2012). Upon fusion,

the mixture is cooled, to allow the formation of the four phases namely: alite, belite,

aluminate, and ferrite. According to the British standard for cement, EN 197-1, a fine

mixture of clinker (95 – 97%) and gypsum (3 – 5%) yields Portland cement.

The main component of gypsum is sulfur trioxide (Mohammed & Safiullah, 2018). The

other types of cement that fall under this category include coloured and air-entraining

types of cement. The chemical composition of Portland cement is as shown in Table

2.2.

Table 2.2: ASTM specification of the chemical composition of Portland cement (wt.%)

Data adapted from: (Yin et al., 2016).
Name of Oxide Bogue Notation Minimum Average Maximum

CaO C 58.0 62.0 66.0
SiO2 S 18.0 22.0 26.0

Al2O3 A 4.0 8.0 12.0
Fe2O3 F 1.0 3.5 6.0
MgO M 1.0 2.0 3.0
SO3 S 0.5 1.5 2.5

Na2O + K2O N + K < 1.0 <1.0 <1.0

2.2.2 Slag Cement
Slag cement, which is a by-product of iron processing, is made by sudden cooling of

molten iron metal to form granules which are then mixed with other suitable cement raw

materials. A mixture of granulated slag and Portland cement containing up to 65% slag

is known as Portland blast-furnace cement. Slag cement is rich in silica and alumina

but the content of lime is lower than that of Portland cement. This makes slag cement

more resistant to attack by chemicals and consequently performs well in aggressive

environments (Ding et al., 2018).
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2.2.3 Supersulfated Cement
Supersulfated cement is an alternative category of slag-bearing cement composed of

granulated slag mixed with 10 – 15% hard-calcined gypsum and 3% of Portland cement.

Super-sulfated cement resembles Portland cement in strength properties, except that the

former is more resistant to several types of attack in chemically active environments

(Wang et al., 2016).

2.2.4 Pozzolanic Cement
Pozzolanic types of cement are made by mixing pozzolanic materials with Portland

cement (Rodrı́guez et al., 2013). Pozzolans that occur naturally are commonly volcanic

rocks though some maybe diatomaceous. On the other hand, artificial pozzolans are

the byproducts of industrial processes such as iron smelting, energy generation using

coal, and other materials. Such materials include fly ash, calcined clays, and rice-

husk ash. Though pozzolans are rich in silica and alumina, intrinsically they are not

cementitious. However, their property that makes pozzolans cementitious when mixed

with water is due to the reactive form of their chemical composition (Tutur & Noor,

2018). Pozzolanic materials have proven to be effective alternatives of Portland clinker

thereby creating a way for the initiation of more candidates (Mavroulidou et al., 2015).

2.2.5 High-Alumina Cement
In this type of cement, a bauxite-limestone mixture is fused at 1500 – 1600 oC. The

silica and magnesia contents of the limestone employed herein should be low while the

bauxites should contain 50 – 60% alumina, not more than 25% iron oxide, not more

than 5% silica, and 10 – 30% water of hydration. This cement contains 35 - 40% lime-

stone, 40 – 50% alumina, up to 15% iron oxides, and preferably not more than 6% silica

(Reiterman et al., 2015). The principal cementing compound in high-alumina cement is

monocalcium aluminate (CaO.Al2O3) (Angelescu et al., 2017). High-alumna cement

hardens rapidly and takes 3 days to attain an equivalent strength that takes Portland
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cement 28 days (Krivoborodov & Samchenko, 2019). Due to its outstanding refract-

ory properties, high-alumina cement with minimal proportions of iron oxide is used in

linings for furnaces .

2.2.6 Expanding and Non-Shrinking types of Cement
This is a blend of any of the expansive agents like alkaline silicates, sulphoaluminate,

calcium aluminoferrite, magnesia, and aluminate with Portland cement. It is manufac-

tured by calcining a blend of bauxite, chalk, and gypsum (Oye et al., 2012). The slight

contractions of fresh concrete at the onset of drying are therefore counterbalanced by

calcium sulfoaluminate (Sousa & Marie, 1998).

2.2.7 Gypsum types of Cement
Gypsum types of cement are generated by calcining gypsum to yield calcium sulfate

hemihydrate. The hemihydrate, also known as plaster of Paris, sets quickly when mixed

with water and therefore a suitable protein is added in applications such as building

to retard the hydration process. The primary role of gypsum in cement is to set the

retardation time but it can also be optimized to improve the mechanical response and

the hydration process of the cement (Mohammed & Safiullah, 2018). Gypsum types of

cement are used for the manufacturing of plasterboards, slabs, and floor-surfacing.

2.3 Manufacturing Cement
Cement production is a multistage process. It begins right from the excavation of the

raw materials, followed by conditioning the raw meal (which is a mineral-enriching

step), crushing, grinding, drying, and mixing (Uson et al., 2013). The conditioned meal

is Calcined at 900 oC to decompose CaO from limestone (CaCO3). The CaO is fed in

the kiln to react with SiO2, Al2O3 and Fe2O3 at 1450 oC. This reaction forms a mixture

of silicates, aluminates, and ferrites (the clinker), which is chilled and mixed with 5%

of gypsum, and finally ground to make cement (Uson et al., 2013). These steps are
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summarized in the flow diagram shown in Figure 2.2.

Figure 2.2: A Flow diagram of the cement manufacturing process. The manufacture of cement requires
some raw materials to be heat treated at elevated temperatures before value addition and finally grinding.

2.4 Cement Strength
Cement strength refers to the ability of cement and its mixtures to withstand mechanical

loads without failure. Compression and tensile forces the main loads that have a critical

bearing in cement applications (Chhorn et al., 2018). Like any other material, when

a compression force is applied on cement, the atomic separation in the crystal planes

reduces and increases on applying tension force. The alteration of the mean atomic

positions leads to alteration of the bond geometry and consequently the bond strength.

The net effect of these dynamics in cement is enhanced compressive strength and weak

tensile strength (Cardoso et al., 2017). From a macroscopic perspective, compression

forces close the voids in the bulk structure of cement thereby reducing the stress concen-

tration zones that induce failure. When in tension, these voids open, creating more stress

hotspots that trigger failure. This explains why the compressive strength of cement is

way higher than its corresponding tensile strength. The tensile strength of cement is

about 10–15% of the compressive strength (Park, 2003).

2.5 Testing of Cement
The production of cement and its final use involves the mixing of a number of ingredi-

ents and several processes. Therefore, cement must be tested to ensure compliance

with specification and application-specific requirements. These tests include cement

fineness, soundness, workability, setting time, compressive and tensile strengths of the

cement.
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2.5.1 Cement Fineness

Cement fineness is a measure of the size of particles of cement. It affects the rate

of cement hydration and hence strength development. Fine particles provide a large

number of contacts that take part in the process of setting and hardening of the cement.

Cement fineness is expressed in terms of specific surface area. It is tested using the

air permeability technique (Blaine Apparatus) or calculated from particle size analysis

(laser particle diffraction or micro-sieve analysis).

2.5.2 Cement Soundness

Cement soundness refers to the ability of a cement paste to maintain its original volume

upon setting. If expansion occurs after setting, the cement is said to be unsound. This

unsoundness is caused by the presence of free CaO and high proportions of MgO (Hsu

et al., 2018). The effect of unsoundness is indicated by the formation of minor cracks

on the hardened cement mass. This deteriorates cement strength, and therefore the

durability of cement structures. A sound cement paste is the foundation of sound cement

mixtures.

A cement soundness test, known as Le Chatelier’s Apparatus Test is thus conducted to

find out the presence of free CaO and excess MgO. Le Chatelier’s Apparatus Test is

carried out by boiling the cement in water. The non-volume variation of the cement

after boiling and setting signifies that the cement is sound.

2.5.3 Cement Setting Time

The setting time of cement is characterized by two cycles. The first cycle, known as the

initial setting time, is the time taken by cement paste to lose its plasticity. Plasticity (in

the context of cement) is the ability to cast cement paste into desired molds. The initial

setting time is achieved after 30 minutes for ordinary Portland cement. This cycle is

important as it delays the hydration process of cement and therefore delayed hardening.

14



Further delay leads to loss of plasticity which translates to the loss of binding proper-

ties.

The second cycle, known as the final setting time, is the time taken by cement paste

to lose its plasticity completely, that is, the paste converts into a hard solid mass. This

takes 10 hours for ordinary Portland cement. Disturbances before the final setting time

compromise cement structures. The setting time of cement is tested using the Vicat

apparatus. The apparatus consists of a needle (Vicat needle) which is used to charac-

terize the setting time for cement. The time taken for the Vicat needle to penetrate the

cement paste into a depth of 5 mm is the initial setting time for that particular cement.

The final setting time is indicated by zero penetration depth of and absence of a scratch

mark by the Vicat needle on the surface of the sample. This indicates the development

of sufficient strength to resist certain defined forces (Khandaker et al., 2018).

2.5.4 Cement Workability

As the name implies, workability, simply means the ‘ease to work with.’ In the context

of cement, workability refers to the capacity of a cement paste or mixture to be placed

and easily compacted without separating. The desired workability differs from one

application to another. Cement workability is influenced by several factors such as

cement composition, particle size distribution, specific surface area, and cement-water

ratio, just to mention a few. There are several methods for testing cement workability.

These include the Penetration Test for Segregation, Slump Flow Test, U-Box Test, J-

Ring Test, V-Funnel Test, L-Box Test, Fill Box Test, and Wet Sieving Stability Test

(Koehler & Fowler, 2003).

2.5.5 Cement Compressive Strength

Compressive strength refers to the ability of a material to withstand forces tending to

press the material inward, thereby resisting being pushed together. This is one of the

most important properties of cement mixtures. Cement and its mixtures are charac-
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terized by high compressive strength, a property that makes concrete pillars ideal for

supporting huge loads. The overall strength of the cement mixtures is significantly in-

fluenced by the quality of cement.

The test for compressive strength of cement is carried out using a compression ma-

chine. It involves the preparation of mortar cubes (50 mm) using cement and standard

size sand in the ratio 1:3 (by mass) and a specified volume of water. The mortar cubes

should cure in a manner approved by the specific standard. This strength is carried

out after 3 days, 7 days, and 28 days (Zhu et al., 2012). This test is done by crush-

ing the sample in a compression machine. The compressive strength is determined by

measuring the highest stress that fractures the sample.

2.5.6 Cement Tensile Strength

Tensile strength refers to the ability of a material to resist forces tending to pull it apart.

Cement and its mixtures are vulnerable to tensile forces induced by temperature vari-

ations which cause. This is one reason that makes the tensile strength of cement usually

lower than its compressive strength.

The test for the tensile strength of cement is carried out using a uniaxial tension ma-

chine. The sample is prepared just as for the compressive strength test. The tensile

strength test is done by pulling the sample apart in a uniaxial tension machine. The

tensile strength is determined by measuring the lowest force that fractures the sample.

2.6 Composition of Standard Limestone
According to Akpan et al., (2011), the composition of standard limestone should be as

shown in Table 2.3.
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Table 2.3: Elemental concentration (ppm) of standard limestone. Data adapted from: (Akpan et al., 2011)

Element Concentration (ppm)
Ca 562000.8
Si 272850.0
Al 60290.0
Fe 11416.0
Mg 0.0
K 2764.0
Ti 1175.4

Mn 322.4

As reported by Atiemo (2012), the cement composition of limestone should be as shown

in Table 2.4.

Table 2.4: Cement composition of limestone with the respective concentration (wt.%). Data adapted
from: (Atiemo, 2012)

Name of Oxide Minimum Average Maximum
CaO 38.0 40.0 42.0
SiO2 20.0 22.5 25.0

Al2O3 2.0 3.0 4.0
Fe2O3+MgO+SO3+K2O+Na2O 1.5 2.0 2.5

When compared to the chemical specifications of standard limestone, low purity lime-

stone such as dolomite are regarded as low-grade limestone (Dey et al., 2020). The

utilization of such low-grade raw materials in cement manufacturing is subject to an

industrial treatment known as beneficiation (Rao et al., 2009). Beneficiation refers to

the incorporation of corrective additives to attain the required specifications (Rao et al.,

2014). Nonetheless, the choice of the beneficiation process is influenced by several

properties that mainly include the chemical, mineral and physical characteristics (Rao

et al., 2011).

2.7 Morphological Characteristics
Morphology of cement raw materials refers to the grain shape, texture and porosity.

The morphological features are important since they influence the hydration proper-

ties of cement (Yildirim & Prezzi, 2011). The morphology of raw materials of cement
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differ from one material to another. For instance, the morphology of artificially mod-

ified raw materials of cement such as fly ash is characterized by broken and unbroken

microspherical grains that are agglomerated. The broken microspheres comprise of

sub-microspheres with hollow cavities which may be empty(cenospheres) or mineral

filled (plerospheres) (Alegbe et al., 2018); (Liu et al., 2016).

The morphology of rice husk ash is characterized by cellular honeycomb-shaped grains

that are porous (Trejo & Prasittisopin, 2015). Oil palm ash grain morphology is charac-

terized by irregular and rough surfaces with porous structure (Ooi et al., 2015). These

morphologies demand for high water to hydrate and attain the required workability.

On the other hand, the grains of naturally occurring raw materials of cement such as

limestone and sandstone are characterized by rhombohedron shapes, and thus blocky-

angular and compact morphology (Gaber, 2018).

2.8 Particle Size Distribution
The final process of manufacturing cement is grinding, which produces particles of dif-

ferent sizes. Particle size distribution is key parameter to study for a new raw material of

cement as it indicates the material’s energy intensiveness in addition to cement quality.

Most of the energy in cement production is dedicated to particles sizing. The particle

size distribution of cement is limited to 7 – 200 µm (Zhang, 2011). However, this is

centrally based on the 45 µm and 90 µm size proportion (CiMSA, 2017). The particle

retention on the 45 µm-sieve for natural pozzolans should be less than 34% (Arvaniti et

al., 2014).

Non-threshold particle sizes are attributed to adverse effects in cement strength devel-

opment, for instance, too fine particles lead to high shrinkage early hardening, whereas

large particles lead to poor hydration and thus poor strength development (Zhang,

2011). The strength of cement solely depend the distribution of its particle size dis-

tribution if the mineralogical composition of cement remains constant (Gmbh, 2018).
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2.9 Specific Surface Area

Specific surface area is the total surface area of a material per unit of mass, and it varies

inversely as the particle size. It is the property that enables solids’ interaction with the

ambiance. The specific surface area of cement is a direct consequence of its particle

size. It is the main factor that influences the hydration kinetics of cement since the

formation of reaction sites is favoured in the particle-water interfaces. The higher the

hydration rate of cement, the higher the strength it develops. The typical values for spe-

cific surface area of Ordinary Portland cement lie between 300 – 350 m2/kg, whereas

for rapid hardening Portland cement ranges between 400 – 450 m2/kg (Goncharenko et

al., 2018.

Several materials have been investigated for their potential to either supplement or sub-

stitute the depleting raw materials of cement. The materials studied as supplementary

are the agricultural and industrial by-products such as rice husk ash, bagasse ash, palm

oil ash, fly ash, silica fume, ground granular blast-furnace slag, just to mention a few

(Al-Mansour et al., 2019). However, these materials have shown little potential due to

their richness in only one element (mainly SiO2), making it difficult for beneficiation.

Naturally occurring terrestrial materials like sedimentary rocks and duricrusts have been

studied as potential substitutes for the coastal limestone (higher grade limestone) and

they have shown potential for utilization (Rao et al., 2011). However, since terrestrial

materials are generally low-quality ores, their acceptance for utilization is based on the

closeness of the material’s proportion of the cement oxides to the specified thresholds,

thus necessitating exploration of ores that meet this requirement
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CHAPTER 3

THEORETICAL BACKGROUND

3.0 Introduction
This chapter describes the fundamental principles of light interaction with matter based

on the X-ray diffraction, X-rays fluorescence, and Raman scattering. The criteria for

material identification and quantification has also been described. The chapter also

presents the criterion for simulation of Portland cement clinker. It ends by describing

the Blaine permeability method for determining the specific surface area of powders.

3.1 X-ray Fluorescence
X-rays are electromagnetic radiations with high energy, typically ranging from 124 eV

to 124 keV (Morelhão, 2016). They are produced in an evacuated tube consisting of

an anode and a cathode at a high potential difference. X-ray fluorescence techniques

utilize the characteristics of fluorescent x-rays to study the composition of materials.

Materials naturally occur as compounds rather than pure elements. When the atoms

of these compounds are bombarded with energetic incident x-rays, inelastic interaction

with the atoms of the sample takes place resulting in the absorption of x-rays of specific

energy. This interferes with the stability of the atoms. The atoms regain stability by

re-emitting lower energy secondary x-rays (known as fluorescent x-rays). This process

involves knocking out inner shell electrons and filling up the created vacancies by higher

shell electrons as illustrated in Figure 3.1.

20



Figure 3.1: Schematic illustration of the principle of X-ray fluorescence. Letters K, L, and M represent
the electron shells (Uo et al., 2015).

Each spectrum of wavelengths is a set of fingerprints for each of the minerals present

in the sample. The identification of the minerals in the sample is achieved by com-

paring the resultant spectra characteristics against the standard reference spectra. The

peak energy identifies the elements in the sample (West et al., 2012), whereas the peak

height (intensity) indicates the abundance of elements in the sample (Shackley, 2011).

The abundance quantification of the elements is based on the absorption probability of

the characteristic x-rays. Assuming a monochromatic and a collimated beam, this prob-

ability, is described by Equation 3.1 in accordance with Beer-Lambert law (Schramm,

2000).

I
T

= Io exp(−µm
A

) (3.1)

where IT is the intensity of the transmitted X-rays, Io, the is the intensity of the incid-

ent X-rays, µ is the mass attenuation coefficient, m is the mass of the sample, and A

the irradiated area. The fluorescent X-rays are generally measured using either of the

two types of detection systems: energy dispersive detection (EDXRF) or wavelength

dispersive detection (WDXRF).
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3.2 X-ray Diffraction
X-ray Diffraction uses the Bragg condition to determine the crystal structure of mater-

ials. Crystals are made up of a periodic array of atoms that lie within crystallographic

planes in regular repeating patterns. When these atoms are struck by x-ray photons,

each atom within the planes scatters and emits a secondary x-ray. As a consequence

of the wave nature of electrons, the scattered x-rays interfere constructively and de-

structively to forming diffraction patterns. The constructive diffraction patterns gener-

ate angle-dependent intensity distributions that bear information that is unique to the

crystal structure of a specific material. The crystal phases are identified by converting

the Bragg’s peaks to d-spacing parameters and comparing them against those of stand-

ard reference patterns. Since each mineral phase has a set of fingerprints d-spacings,

then its identity is revealed (Le Pevelen, 2016).

3.2.1 Bragg’s condition
Bragg’s condition represents an expression for constructive interference of x-ray dif-

fraction patterns from successive atomic planes of the crystal phases of a material. A

monochromatic and collimated beam of X-rays that is incident on the sample under

test impinges on it and results in constructive interference whenever the path differ-

ence between the incident and the diffracted X-rays is a non-zero integer multiple, η of

wavelengths, λ. This is mathematically formulated as shown in equation (3.2) (Pope,

1997).

2dhkl sin θ = ηλ (3.2)

where d represents the separation distance of the crystallographic planes of the crystal

lattice, hkl represent the miller indices, θ represents the angle of incidence formed

between the crystallographic plane and the primary x-rays, η is an integer multiple

representing the order of diffraction, and λ represent the characteristic wavelength of

the primary x-rays. For a cubic unit cell, the relationship between the crystal lattice
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parameter a, d-spacing, and the Miller indices (hkl) is given Equation 3.3 (Fan, 2012).

d =
a√

h2 + k2 + l2
(3.3)

Figure 3.2 illustrates Bragg’s condition for constructive X-ray interference.

Figure 3.2: Bragg’s condition for diffraction in real space. If the condition 2dhkl sin θ = ηλ between the
incident and the scattered x-rays is satisfied, then Bragg’s peaks occur at respective angles of 2θ degrees.
The 2θ degrees scanning range of powdered materials optimizes the attainment of lattice diffraction since
powders do not assume regular orientation (Le Pevelen, 2016).

XRD spectra are characterized by five fundamental peak parameters namely: peak pos-

ition, intensity, width, shape, and symmetry (Zhou & Wang, 2003). Each of these para-

meters has the following physical interpretation: the peak position which is indicated

by the angle 2θ (degrees), and also known as the Bragg’s diffraction angle represents

the crystal phase in a material. The peak intensity represents the amount of the crystal

phase in a material. The peak width represents the size of the crystal in accordance with

Scherrer’s formulation as shown in equation (3.4) (Valério & Morelhão, 2019).

D =
Kλ

β cos θ
(3.4)

Where D is the size of the crystal, K is a constant of proportionality that is material

dependent, the Scherrer constant, β is the line of full width at half maximum (FWHM),

λ is the characteristic x-ray wavelength, and θ is the Bragg’s angle. The shape of an
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XRD peak represents the effects that arise from the lattice strain and crystal domain

size. The symmetry of the peak represents the effects that arise from aberrations of

the Bragg’s angle, scattering of reflection plane, and the geometrical orientation of the

sample relative to the instrument.

Ideally, each of the XRD peaks would have been observed as an infinitely-sharp delta-

function if every single crystal assumed a perfect orientation with the instrumenta-

tion but practically, the peaks appear somewhat broadened into intensity distributions

centered on 2θ degrees. This is a consequence of imperfections such as beam divergence

and crystal dynamics such as lattice vibrations, thermal fluctuations, crystal strain, and

stress.

3.2.2 X-ray Diffraction of Cementitious Materials
The raw materials of cement are made up of different crystal phases, namely: calcium

carbonate (CaCO3), quartz (SiO2), siderite (FeCO3), bauxite (Al2O3), and gypsum

(CaSO4). The mineralogical phases of limestone, the chief raw material of cement,

varies according to its purity level. The mineralogical phases of high purity limestone

mainly consist of CaCO3 polymorphs (calcite, aragonite, and vaterite), and chemical

mixtures of Fe, Mn, Mg, Al, Si, and C (Dukic et al., 2018). Low purity limestone

(kunkur) mainly consists of dolomite (CaMg[CO3]2), ankerite (Ca(Fe,Mg)[CO3]2) and

other impure forms of calcium carbonate-based compounds. The typical crystal phases

of limestone (99.2% purity) are represented in Figure 3.3.
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Figure 3.3: XRD peaks representing the crystal phases of 99.2% pure limestone (Šiler et al., 2018).

High purity limestone is distinguished from dolomite by Bragg’s reflection (104) which

corresponds to 2θ=30o. Shifting of this reflection is ascribed to the presence of other

mineral phases (the impurities).

3.3 Raman Scattering
The Raman scattering uses characteristic vibration bands that are unique to every phase

in a material, thus it can distinguish polymorphic crystal phases (Behrens et al., 2006).

The characteristic vibration bands are identified based on inelastic scattering of light

(Raman scattering) by the molecules in a material. The vibration mechanisms of these

molecules can be described from the perspectives of classical and quantum physics.

3.3.1 Classical Description of Raman Scattering
In the perspective of classical physics, the vibration of molecules in materials can be

modelled in Hooke’s formalism, where the atoms behave like point masses connected

by chemical bonds which represent a weightless elastic cord (Sjögren, 2018), as illus-
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trated in Figure 3.4.

Figure 3.4: Classical illustration of molecular vibrations in a diatomic Molecule (Schmidt et al., 2016).

According to Hooke’s law, the approximate vibration frequency of the bond is given by

Equation 3.5 (Siebert & Hildebrandt, 2008).

ν =
1

2πc

√
k

m
(3.5)

Where: ν is the fundamental vibration frequency in wavenumber (cm−1), c is the speed

of light, k is the bond force constant, and m is the atoms reduced mass. The Raman-

active vibrations are enabled by a net change (non-zero) in the first derivative polariz-

ability, α of molecular vibrations with respect to the normal coordinate, q of vibration

according to Equations 3.6 and 3.7 respectively (Leng, 2013).

(
dα

dq
)
q=0
6= 0 (3.6)
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Where:

α =
µ

E
(3.7)

Where: µ is induced dipole moment of a molecule which scatters the incident light; E

is the external electric field that induces the molecule polarizability.

Fundamentally, α signifies the ability to distort a molecule. The polarizability (α) de-

pends on the coordinates of the atoms in the molecule, which varies with the time, t at

the molecular vibrational frequency, ω as shown in Equation 3.8 (Wabwile, 2018).

α(E) = αEo cos(ωt) (3.8)

However, molecular polarizability changes with bond lengths and are restricted to dis-

crete vibrational energies, which have been elaborated by the quantum picture in the

ensuing section.

3.3.2 Quantum Description of Raman Scattering
The quantum description of Raman scattering is pictured by the electronic transitions

of molecular different vibrational energy levels that comprise of a Rayleigh spectrum,

Stokes shifted spectra, and anti-Stokes shifted spectra (Mikla & Mikla, 2014). The

scattering event obeys the law of conservation of total momentum and energy as given

by Equation 3.9 respectively (Meyer, 2015).

ks − ki = ±K

ωs − ωi = ±ω(K),

(3.9)

where ks and ωs is the wavevector and frequency of the scattered photon. In Equa-

tions 3.9, the plus and minus signs correspond to the anti-Stokes and Stokes scattering

respectively. When a molecule absorbs a photon, the former is excited to imaginary

states and leads to Raman or Rayleigh scattering upon re-emission. In both cases, the

final state has the same electronic energy as the initial state but higher in vibrational
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energy for Stokes Raman scattering, the same for Rayleigh scattering, and lower for

anti-Stokes Raman scattering as illustrated in Figure 3.5.

Figure 3.5: Vibrational excitations in Raman scattering (Lohumi et al., 2017).

A typical Raman spectra consists of the Stokes and anti-Stokes spectra symmetrically

shifted from the Rayleigh spectrum. This symmetrical frequency shift is a consequence

of a gain or loss of a vibrational quantum of energy in either case. The Stokes shifted

spectra are typically more intense than anti-Stokes shifted as illustrated in Figure 3.6.
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Figure 3.6: Typical spectra of Raman scattering (Lohumi et al., 2017).

The frequency of the Raman shifted photons is dependent upon the vibrational state

of the molecule under study. The knowledge of these vibrational frequencies makes

Raman spectroscopy a powerful technique for studying the structure of molecules.

3.3.3 Raman Scattering of Calcite-based Materials
Due to the difference in crystal structures, the carbonate mineralogical phases in these

materials can be readily distinguished based on the molecules’ internal vibration modes.

These vibrational modes include ν1 , ν2 , ν3 , and ν4 , and they respectively arise from

symmetric/anti-symmetric stretching, and in-plane/out-of-plane bending of the calcium

carbonate molecules (Behrens et al., 2006). These vibrational modes are illustrated in

Figure 3.7.
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Figure 3.7: Schematic illustration of the four vibrational modes of CO2−
3 in of calcium carbonate. (a)

represent ν
1

- the symmetric stretching, (b) represent ν
2

- the anti-symmetric stretching, (c), represent ν
3

- the in-plane bending, and (d) represent ν
4

- the out-of-plane bending (Behrens et al., 2006).

3.4 Raw Mix Moduli
In cement, raw mix moduli refer to the relations between the oxides of cement and it

is represented by a group of five moduli. These are the Hydraulic Modulus (HM), lime

Saturation Factor (LSF), Silica Ratio (SR), Alumina Ratio (AR), and the Sulfatisation

Modulus (SM) and are given by Equations 3.10 – 3.15 (Paine, 2019).

3.4.1 Hydraulic Modulus (HM)
The hydraulic modulus (HM) is expressed as:

HM =
CaO

SiO2 + Al2O3 + Fe2O3

(3.10)
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HM indicates the energy intensiveness of clinkerizing the raw mix. The hydraulic mod-

ulus is limited to 1.7≤HM≤2.3 (Aldieb & Ibrahim, 2010). HM is also an indicator of

the hydraulic activity that enhances strength development.

3.4.2 Lime Saturation Factor (LSF)
The lime saturation factor (LSF) is expressed as:

LSF =
CaO + (0.75)MgO

(2.80)SiO2 + (1.20)Al2O3 + (0.65)Fe2O3

(3.11)

However, if the value is higher than 2 wt.%, Equation 2.2 is rendered inappropriate for

the determination of LSF. This is because excess MgO tends to be present as free peri-

clase mineral after calcination, thus giving the incorrect values of LSF (Paine, 2019).

The British Standard -12, provides an alternative formula for determining the LSF of

clinker materials containing than 2 wt.% MgO, as given by Equation 2.3 (Winter, 2005).

LSF =
CaO− (0.7)SO3

(2.80)SiO2 + (1.20)Al2O3 + (0.65)Fe2O3

(3.12)

The LSF is used to determines the potential relative proportions of alite to belite phases

in the clinker. The lime saturation factor of the raw mix is limited to 0.80≤LSF≤0.95

(Aldieb & Ibrahim, 2010). The LSF is also an indicator of excess free lime in the

clinker. In principle, the LSF value equivalent to 1.0, indicates that the free lime is

completely combined with belite to form alite, and therefore, LSF>1.0 indicates excess

free lime (Aldieb & Ibrahim, 2010). The excess free lime hampers the burnability of

the raw mix (Aldieb & Ibrahim, 2010).

3.4.3 Silica Ratio (SR)
The silica ratio (SR), also known as the silica modulus, is expressed as:

SR =
SiO2

Al2O3 + Fe2O3

(3.13)
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The silica modulus influences the burning process of the raw mix. The silica modulus

of the raw mix is limited to 1.5≤SR≤3.2 (Aldieb & Ibrahim, 2010). This implies that

the proportion of silica should be higher than that of the weighted sum of alumina and

ferrite. High SR indicates more calcium silicates in the clinker and less aluminate and

ferrite. High SR clinker is indicated by the formation of ring-like coatings in the kiln.

The coatings are due to the distinct burning zones of the raw mix that are attributed to

poor burnability of the raw mix (Aldieb & Ibrahim, 2010).

3.4.4 Alumina Ratio (AR)
The alumina ratio (AR) is expressed as:

SR =
Al2O3

Fe2O3

(3.14)

It is an indicator of the possible relative amounts of aluminate and ferrite phase in the

clinker. The alumina modulus of the raw mix is limited to 1.5≤AR≤2.0 (Aldieb &

Ibrahim, 2010). This range implies that the clinker should have more aluminate than

ferrite phases. A combination of high AR and low SR is attributed to quick setting of

the resultant cement.

3.4.5 Sulfatisation Modulus (SM)
The sulphate modulus (SM), also known as the sulfatisation of the alkali, is expressed

as:

SM =
SO3

(1.292)Na2O + (0.850)K2O
(3.15)

SM determines the molar balance between sulphur and alkalis in the raw mix. It indic-

ates the probability of sulphur or alkali accumulations in the kiln. In principle, the SM

at 1.0, indicates complete combination of the alkalis with SO3, and thus the formation

of akali sulphates. The SM of the raw mix is limited to 0.8≤SM≤1.2. The magnitudes

of SM less than 0.8 indicate excess alkalis, which lead to formation of alkali rings in

the kiln. On the other hand, magnitudes of SM higher than 1.2 indicate excess sulphur,
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which lead to formation of a solid solution with the C2S phase. This inhibits the form-

ation C3S phase. As a result, the C2S phase is enriched at the expense of C3S phase,

thus reducing the clinker quality (Winter, 2005).

3.5 Theory of Blaine Permeability
Powders play an important role in the manufacture of cement, for instance, size vari-

ation, shape, and surface roughness of their particles affect their functional behaviour.

Blaine permeability method for testing particle fineness takes care of these characterist-

ics, unlike the laser diffraction techniques that assume spherical shape for all particles.

The permeability calculations are governed by Darcy’s principle (Singh &Cai, 2019),

which states that the rate of flow is directly proportional to the pressure gradient caus-

ing flow. Permeability measurements of cementitious materials require a relation of

specific surface area and the unit mass. The specific surface area (SSA) according to

the permeability method is evaluated using Equation 3.16, which is the Kozeny-Carman

equation for granular beds (Kruczek, 2014; Niesel, 1973).

SSA =
14

ρ(1− ε)

√
ε3A∆p

ηlΦv

(3.16)

where factor 14 is an empirical constant, ρ is the density of the powder, ε is the porosity

of the powder, A is the permeated area, ∆p is the pressure difference, η is the kinematic

viscosity of the permeating medium (Stokes), l is the height of the powder bed, and Φv

is the flow rate. The application of Equation 3.16 in the Blaine technique reduces to

Equation 3.17.

SSA =
C

ρ(1− ε)

√
ε3t

η
(3.17)

where C is a constant of the Blaine apparatus, and t is the running time between the

indicated levels of the Blaine apparatus. The Blaine method for determination of SSA

of materials is a comparative criterion that employs Equation 3.17 to determine the

SSA of one material (known as the standard or reference) and then uses time is the only
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variable to determine the SSA of another material (sample under test) in accordance to

Equation 3.18 (ASTM C204-07, 2007).

S = Ss

√
t

ts
(3.18)

where S is the specific surface area of the sample, Ss is the specific surface area of

the standard, t is the flow time of the sample material, and ts is the flow time of the

standard. This technique, being comparative rather than absolute requires calibration of

the Blaine apparatus after every test in order to obtain accurate results.
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CHAPTER 4

MATERIALS AND METHODS

4.0 Introduction
This chapter describes the sample preparation and characterization techniques that were

used in this study. The sample preparation steps involved but not limited to cleaning,

drying, and crushing the rock, pulverization, ball milling, and pelletization. The charac-

terization techniques employed were Energy Dispersive X-ray Fluorescence (T NEX-

CG “Rigaku”) - Physics Department, University of Nairobi; Wavelength Dispersive

X-ray Fluorescence (PANalytical AXIOS) - Physical Testing Laboratory, East African

Portland Cement Ltd., Athi River; X-ray Diffractometry (Bruker D8 Discover) - Micro-

scopy and Microanalysis Unit, University of the Witwatersrand; Raman spectroscopy

-Laser Lab, Physics Department, University of Nairobi; Scanning Electron Microscopy

- School of Physics, University of Pretoria; Micro-sieve and Blaine analyses - Physical

Testing Laboratory, East African Portland Cement Ltd., Athi River. These equipments

were used to study the chemical composition, mineralogy, morphology, particle size

distribution, and specific surface area of Matisaa gray rock. The characteristics of this

material were compared against Konza kunkur which is an established raw material of

cement utilized by East African Portland Cement Company Ltd. (EAPCC), Athi River,

Kenya, as the chief source of calcium oxide.

4.1 Sample Preparation
The original sample of Matisaa gray rock was in the form of a stone and its conversion

into powder form (compressed and uncompressed) involved several steps, which were

guided by the flow diagram shown in Figure 4.1.
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Figure 4.1: Flow diagram showing the steps that guided the conversion of Matisaa gray rock into powder.

Foremost, Matisaa gray rock was cleaned in a sonicator for 30 minutes at room temper-

ature to remove any surface contaminants and dried in an oven at 105 oC for 24 hours

to attain a constant dry weight. It was then crushed into sizes of 10 – 20 mm using a

laboratory jaw crusher. This was done to reduce the rock into sizes that could be pul-

verized by a Herzog pulverizing machine. After pulverization, the sample was ground

using a ball mill for 30 minutes to produce average grain sizes of the micron size. To

ensure that the grain size was of micron range the sample was passed through a 1000

µm-mesh sieve. Only the particles that passed through the 1000 µm-mesh sieve were

considered for subsequent experiments.

The sample was further divided into two portions; one for uncompressed powder tests

and the other one for compressed powder tests. The sample was mixed with 10% wax

(binder) in a 22 mm aluminum cup and hydraulically pressed at a constant force of

10 kN to produce 2 mm-thick and 22 mm-wide disc-shaped pellets. The compression

force was maintained for 60 seconds to ensure the surface consistency and mechanical

integrity of the pellets that were tested under vacuum conditions. The steps that were

followed to prepare the sample for chemical analyses are summarized in Figure 4.2.
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Figure 4.2: Schematic representation of the sample preparation steps: (a) As-collected sample, (b)
Cleaned rock, (c) Crushed to sizes of 10 – 20 mm, (d) Pulverizing to the size of < 1000 µm, (e) Sifted
dust of micron-size particles, (f) Pelletizing to the size of 5 mm-thick and 22 mm-wide discs

.

4.2 Characterization Techniques
The samples were studied for chemical composition, crystal structure (mineralogy),

morphology, particle size, and specific surface area. These are the basic parameters

that determine the quality of cementitious materials (Lothenbach et al., 2011). The

chemical composition was studied using the X-ray fluorescence technique (EDXRF

and WDXRF). The crystal structure was studied using the X-ray diffraction technique

(XRD) and light scattering techniques (Raman spectroscopy). The grain morphology

was studied using scanning electron microscopy (FESEM microscope types), whereas,

the particle size distribution was studied using the micro-sieving technique (45 µm and

90 µm-mesh sieves). The specific area was studied using an air permeability technique

(Blaine Apparatus).
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4.2.1 Chemical Composition
The chemical composition of the samples was studied using the X-ray Fluorescence

technique (XRF). This study was carried out to establish the proportions of the indi-

vidual cement elements and that of the corresponding oxide in Matisaa gray rock. The

individual cement elements were studied using the EDXRF instrument shown in Figure

4.3.

Figure 4.3: A photograph of the EDXRF instrument (T NEX-CG “Rigaku”) that was used in this work.
(Courtesy of the University of Nairobi, Kenya). The parts labelled A - shows the sample irradiation
chamber, and B - vacuum pump.

This equipment has 15 autosampler units in the X-ray irradiation chamber. The sample

was run in compressed form in a vacuum atmosphere. The software that runs this instru-

ment is programmed to quantify the elemental abundance in parts-per-million (ppm).

On the other hand, the cement oxides that constitute Matisaa gray rock were studied

using the WDXRF instrument shown in Figure 4.4.This equipment runs on software

that quantifies the composition abundance in percentage weight (wt.%).
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Figure 4.4: A photograph of the WDXRF instrument (PANalytical AXIOS) that was used in this work.
(Courtesy of East African Portland Cement Ltd., Athi River, Kenya). The parts labelled A - shows the
sample chamber, and B - the display.

4.2.2 Crystal Phase Composition
To examine the crystal phases in Matisaa gray rock, the samples were characterized

using the X-ray diffractometer shown in Figure 4.5. This characterization was done on

uncompressed powders since it enhances the optimization of diffraction and therefore

improved identification of the crystalline phases.

A parallel test of the mineral phases in Matisaa gray rock sample was run in parallel with

that of Konza kunkur. The samples were mounted the sample stage and the instrument

was set to operate at 8.0 kV Cu-Kα radiation (λ =1.5418 Å), 40 kV and 40 mA at 2θ

Bragg angle range of 10o to 90.0062o using a step size of 0.0264o. The setting of the

operating parameters was enabled by Diffrac.suite software, which is the program that

runs the entire instrument.
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Figure 4.5: A photograph of the XRD equipment (Bruker D8 Discover) used in this work (Courtesy
of University of the Witwatersrand, South Africa). The parts labelled A - shows the detector, B - the
secondary optics, C - the sample stage, D - the copper X-ray tube, E - the primary optics, and F - the
vacuum pump system.

The XRD data obtained were analyzed using EVA program, which is a computer code

for identifying crystal phases of materials and the respective phase composition. This

program compares the diffraction pattern of the sample against a database containing

reference patterns.

Even though the XRD technique is the most ideal technique for structural analysis of

crystals, its efficiency is however limited by the weak diffraction of low Z elements.

Additionally, the XRD may sometimes not detect crystals with minute elemental con-

centrations. In the present study, where the sample under investigation was suspected

to contain low Z elements, a complementary technique that can furnish this information

was necessary. The Raman spectroscopy was thus chosen. The Raman spectrometer

set-up that was used to study the vibrational modes of the crystals in Matisaa gray rock

is shown in Figure 4.6.
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Figure 4.6: A photograph of the Raman spectrometer that was used in this work. (Courtesy of the
University of Nairobi, Kenya). The parts labelled A - shows the microscopy unit, and B - the light
filtration unit, C - the laser unit, D - the display, and E-the central processing unit.

The measuring system was first calibrated against the 520.5 cm−1 spectrum of a silicon

wafer at 18 oC. The sample was placed and aligned on the stage controller, which was

interfaced with a Raman microscope system. The Raman microscope system incudes

the monochromator, light filtration system, and detector CCD camera. The spectra were

excited by a 532 nm He – Ne laser at a resolution of 2.0 cm−1 in the frequency range

of 50 – 4000 cm−1. The spectral acquisition was done using STR Raman spectrometer

software (Seki Technotron Corporation, Japan). The spectral acquisition was repeated

three times in three different regions of the sample.

The Raman spectra of Matisaa gray rock were obtained by filtering the background

radiation due to Raman fluorescence using the Vancouver Raman Algorithm software

package. This program extracts Raman signals from the measured data that usually has

Raman signals due to the sample and background fluorescence signals. The Raman

signatures of the sample were identified using the ‘search-match’ routine.
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4.2.3 Morphological Studies
The surface morphology of Matisaa gray rock was probed using a FESEM instrument.

A FESEM setup with its main instrumental parts is shown in Figure 4.7.

Figure 4.7: A photograph of the SEM equipment (Zeiss ULTRA Plus) that was used in this work. (Cour-
tesy of the University of Pretoria, South Africa). The parts labelled A - shows the vacuum-pumped
chamber, and B - the Gemini column hosting the beam focusing optics.

The rock powder was mounted onto the stubs of the FESEM instrument located in

the vacuum-pumped chamber and the electrons emitted from the electron gun were

accelerated to the sample at a voltage of 15 kV and a working distance of 12.5 mm.

The electron beam was focused by an optical set in the Gemini column. Scanning of

the sample surface was carried with an aid of SmartSEM software which the entire

instrument runs on. The sample was insulating to the electron beam and was therefore

unmounted and sputter coated with two layers (10 nm) of gold-palladium coating before

further scanning. A thin layer of gold and palladium inhibits electrostatic charging and

thus enhancement of optical reflectivity (Mohammed et al., 2013). The sample was then

remounted for FESEM scanning.
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4.2.4 Particle Size Distribution
The particle size distribution for milled samples was carried out on 90 µm and 45 µm-

sieve, respectively to obtain two samples, one of < 90 µm other of < 45 µm by fol-

lowing the ASTM C618 – 12a, (2012) method. For < 90 µm particle size evaluation,

50.000 g of the sifted MGR dust were put into a 90 µm-sieve and gradually agitated

to freely pass through the sieve mesh. The mass of the particles that passed was recor-

ded and further sieved through the 45 µm-sieve. Due to the fineness level of particles

< 45 µm, wet sieve evaluation was carried out for the < 45 µm, where the complete

passage of the sample was aided by applying a controlled stream of distilled water over

the sieve. The wet mass of the sample was recorded and dried in an oven at 105 oC for

24 hours to attain a constant mass. The constant mass was recorded as the new mass of

the sample. A similar parallel procedure was applied to Konza kunkur.

4.2.5 Specific Surface Area Analysis
The specific surface area (SSA) of Matisaa gray rock was measured according to the

ASTM C204-07, (2007) standard test method for determining the specific surface area

of hydraulic cements by air permeability. Matisaa gray rock sample was run and com-

pared to that Konza kunkur in the Blaine Analyzer.

The Blaine test was carried out by loading the samples (uncompressed powders) in

the sample compartment. The samples were tightly mounted on the top of a U-tubed

manometer which was filled partially with dibutyl phthalate (Blaine fluid). The time

taken for the dibutyl phthalate to drop to a given position of the manometer column

was measured. The procedure was repeated two more times for validation of the results

consistency.The measured time was then used to compute the specific surface area of

the sample in accordance with Equation 3.18. The Blaine apparatus that was used to

carry out the SSA of the samples are shown in Figure 4.8.
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Figure 4.8: A photograph of the Blaine Analyzer (CM/L 0278348) that was used in this work. (Courtesy
of East African Portland Cement Ltd., Athi River, Kenya). The parts labelled A - shows the sample
compartment, B - the U-manometer, C - rubber bulb.
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CHAPTER 5

DATA PRESENTATION, ANALYSIS, AND DISCUSSIONS

5.0 Introduction
In this chapter, the experimental findings, analyses of the data obtained that character-

izes Matisaa gray rock, and discussions of the results are presented. The experimental

results include the measured concentration of individual elements and oxides of cement,

phase composition, particle size, and specific surface area.

5.1 Chemical composition
The elements found in cement were also found in Matisaa gray rock in the following

concentration levels: 294, 000 ppm for Ca, 45, 200 ppm for Si, 16, 700 ppm for Al, 3,

940 for Fe, 3, 290 for K, and 164 ppm for S.

Graphically, the concentration of these elements in Matisaa gray rock is shown in Figure

4.1.
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Figure 5.1: A bar graph showing the comparison of the elemental composition of Matisaa gray rock.

Ca, the marker of cement, as defined by Obiajunwa et al., (2000), has the highest con-

centration level (Figure 5.1). The major elements in limestone are Ca, Si, Al, Fe, K,

and S (Obiajunwa & Nwachukwu, 2000). The concentration levels in parts per million

(ppm) of the major elements in a standard limestone should be 562, 100 ppm for Ca;

272 850 ppm for Si; 60, 290 ppm for Al; 11, 416 ppm for Fe; 27, 624 ppm for K;

and null for S (Akpan et al., 2011). The oxide composition of Matisaa gray rock in

comparison with Kunkur is shown Table 5.1.
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Table 5.1: Cement oxides (wt.%) in Matisaa gray rock and Konza kunkur

Oxide Matisaa gray rock Konza kunkur
CaO 39.03 – 46.42 34.43 – 47.46
SiO2 13.92 – 16.79 14.93 – 17.13

Al2O3 0.47 – 4.81 2.93 – 4.98
Fe2O3 0.55 – 1.04 0.66 – 2.24
MgO 1.56 – 3.56 1.49 – 3.35
SO3 3.30 – 6.06 -
K2O 0.59 – 2.64 -
Na2O 0.11 – 0.21 -

From the Table 5.1, it is observed that Matisaa gray rock contains the fundamental

oxides suitable for the manufacture of cement. A graphical comparison of the major

fundamental oxides of cement in Matisaa gray rock against Konza kunkur is depicted

in Figure 5.2.

Figure 5.2: Comparative bar graph of the average concentration of the main cement oxides in Matisaa
gray rock against those in Konza kunkur.

The fundamental oxides of cement in Konza kunkur were also found in Matisaa gray

rock except SO3, Na2O, and K2O (Figure 5.2). This difference can be attributed to geo-
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logical formations of the two materials. The correspondence of the oxide proportions in

Matisaa gray rock and Konza kunkur shows that they can be used in place of each other.

The proportion of MgO in Matisaa gray rock (1.56 - 3.56 wt.%) and Konza kunkur (1.49

– 3.35) (Table 5.2) implies that their lime nature is dolomitic (CaMg[CO3]2) rather than

calcitic (Ca[CO3]2). Materials with this lime characteristics can be linked to a class of

terrestrial limestone known as kunkur.

According to the European Standards EN 197-1, (2011); EN 206-1, (2011); and EN

450-1, (2012), the applicability and nature of cement raw materials, whether pozzolanic,

hydraulic or both, is predetermined by chemical content of the fundamental oxides. EN

450-1, (2012) defines a pozzolan as a material whose content of SiO2+Al2O3+Fe2O3>70

wt.%. On the other hand, a hydraulic has been defined by EN 197-1, (2011) as a mater-

ial whose content of CaO+SiO2>50 wt.%.

It further specifies the thresholds of the other fundamental oxides as follows: MgO <

4.0 wt.%, SO3 < 3.5 64.0 wt.% and summation of K2O+Na2O64.0 wt.%. In Matisaa

gray rock, the average content of SiO2+Al2O3+Fe2O3 is 18.55 wt.% whereas average

content of CaO+SiO2 is 58.09 wt.%, and thus Matisaa gray rock does not exhibit the

potential properties of being pozzolanic but rather hydraulic regarding the thresholds

specified by EN 206-1, (2011) and EN 450-1, (2012). Except for SO3, the proportions

of the alkaline oxides (Na2O, and K2O) were found to be within the thresholds spe-

cified by EN 450-1, (2012).

Non-threshold proportions of the fundamental oxides of cement trigger deleterious ef-

fects. For instance, the content of CaO+ SiO2<50 wt.% cause low levels of hydration

of calcium silicates; MgO>4.0 wt.% cause delayed expansion and thus volume instabil-

ity; K2O+Na2O>4.0 wt.% trigger the reaction of the alkalis and silicates resulting to

corrosion of cement structures (Snellings et al., 2016).
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5.2 Raw Mix Moduli of Matisaa gray rock
The measured raw mix moduli of MGR is discussed in comparison to the acceptable

limits for each modulus (Hydraulic Modulus (HM), lime Saturation Factor (LSF), Silica

Ratio (SR), Alumina Ratio (AR), and the Sulfatisation Modulus (SM)). These moduli

were calculated from the respective cement oxides of MGR and Konza kunkur reported

in Table 1.

Table 5.2: Raw mix moduli of Matisaa gray rock and Konza kunkur.

Raw material HM LSF SR AR SM
Matisaa gray rock 2.05–2.61 0.82–0.92 2.87–13.65 0.85–4.63 1.69–3.87

Raw Konza kunkur 1.86–1.94 0.77–0.88 2.37–4.16 2.22–4.44 -

The HM of Matisaa gray rock ranges from 2.05 – 2.61. This HM value is comparable

to that of raw Konza Kunkur (1.86 – 1.94) and also lies within the recommended limits

(1.7≤HM≤2.3 (Aldieb & Ibrahim, 2010)). The HM range Matisaa gray rock indicates

that is energy efficient, free from free lime, and therefore would produce clinker of good

quality. The average proportions for MGR and Konza kunkur are 2.56 and 2.42 wt.%

respectively. Having values that are higher than 2.0 wt.%, Equation 3.12 was used to

calculate the LSF for MGR and Konza kunkur. The respective LSF ranges obtained are

0.82 – 0.92 and 0.77 – 0.88 for MGR and Konza kunkur.

The recommended range of LSF is 0.80 – 0.98 (Hills & Johansen, 2002), which fits in

that of Matisaa gray rock. This indicates that clinker from Matisaa gray rock would be

easy to burn and thus energy-efficient, form complete alite and belite phases and does

not contain free lime which hampers the burnability of the raw meal. LSF values higher

than 0.98 imparts harder burning and thus higher fuel consumption and tends to produce

unsound cement (Ahmad, 2020).

The silica ratio of Matisaa gray rock ranges from 2.87 – 13.65. This SR value is far

beyond the acceptable limits (1.5≤SR≤3.2 (Aldieb & Ibrahim, 2010)). It indicates

that Matisaa gray rock would form high calcium silicates and less aluminate and ferrite

(solid/liquid phase). This is due to the low content of Fe2O3 and Al2O3 in Matisaa gray
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rock. This high SR value indicates that clinker from Matisaa gray rock would form by

harder burning of the raw meal and thus higher energy consumption. Such high SR

values also hint at the possible deterioration of the kiln lining (Ahmad, 2020), thereby

necessitating the beneficiation of Matisaa gray rock for clinker production.

The AR value predicates the potential relative content of aluminate and ferrite phases

in the resultant clinker (Moses & Alabi, 2016). The alumina ratio of Matisaa gray rock

(0.85 – 4.63) is beyond the acceptable limits (1.5≤AR≤2.0 (Aldieb & Ibrahim, 2010)).

This could be due to the unproportionate content of Fe2O3 and Al2O3 in Matisaa gray

rock. AR values higher than 2.0 tend to increase the aluminate phase at the expense

of the ferrite phase, thereby compromising the clinker quality (Moses & Alabi, 2016).

This also imparts harder burning which translates to high fuel consumption (Moses &

Alabi, 2016). This, therefore, necessitates the beneficiation of Matisaa gray rock for

clinker production.

The sulfatisation modulus of Matisaa gray rock ranges from 1.69 – 3.87. This SM value

of rock is beyond the acceptable limits (0.8≤SM≤1.2 (Winter, 2005)) and is attributed

to the high SO3 content in Matisaa gray rock. It implies that the proportion of belite

phase in clinker made from Matisaa gray rock will be lower than the proportion of alite

phase, and thus low-quality clinker. Thus, beneficiation is required to harmonize the

sulphur and alkalis content in Matisaa gray rock. Overall, the raw moduli values of

Matisaa gray rock indicate that Matisaa gray rock can be used for clinker production

provided it is beneficiated to reduce MgO and SO3, and enrich Fe2O3 and Al2O3 to the

required level.

5.3 Phase Identification Studies
With the XRD technique, Matisaa gray rock showed two main Bragg reflection among

other several reflections as depicted in Figure 5.3.
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Figure 5.3: XRD spectra of Matisaa gray rock. The peak labels represent the miller indices.

Matisaa gray rock showed sharp XRD peaks with negligible background absorption.

The Bragg’s reflections of Matisaa gray rock were compared against calcite and dolo-

mite. Typical XRD spectra of both calcite and dolomite show Bragg’s reflections at

(012), (104), (006), (110), (113), (202), (024), (018), (116), (214) and (300) (Gun-

asekaran et al., 2006). Dolomite is distinguished by three superstructure Bragg’s reflec-

tions; (101), (015), and (021), which are systematically absent in calcite (Kaczmarek

et al., 2017). Matisaa gray rock showed reflections at (011), (012), (104), (006), (015),

(110), (210), (018), (222), (118), (216), (311), (219), and (318).

The most intense reflection (015) corresponds to one of the three superstructure re-

flections that distinguish dolomite (CaMg[CO3]2) from calcite (Ca[CO3]2) (Rodriguez-

Blanco et al., 2015). Calcite and dolomite exhibit more or less the same crystal struc-

tures which are fundamentally different. Calcite has one crystallographically distinct

cation site whereas dolomite has two independent cation sites (Kaczmarek et al., 2017).

The second prominent Bragg’s reflection (104) match with kutnohorite. Kutnohorite
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(Ca[Mn2+,Mg,Fe2+][CO3]2) is a rare carbonate of Ca in combination with either Mn,

Mg, and Fe, and it belongs to the dolomite group (Polgári et al., 2017). These phases

are summarized in Figure 5.4.

Figure 5.4: XRD crystal phases of Matisaa gray rock. The labels D, K, P, and Q represent dolomite,
kutnohorite, periclase, and quartz crystal phases respectively.

The XRD pattern (Figure 5.4) shows that Matisaa gray rock is dominated by dolomite

and kutnohorite with trace mineral phases of quartz and periclase. The Bragg’s reflec-

tions in Matisaa gray rock compare with Konza kunkur as depicted in Figure 5.5.
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Figure 5.5: XRD diffractograms of Matisaa gray rock versus Konza kunkur.

The correspondence of the XRD patterns of Matisaa gray rock and Konza kunkur im-

plies that both materials could be made up of more or less similar crystals. It has been

established that the use of crystalline admixtures increases the durability of cement-

based materials (Garcı́a-Vera et al., 2018). An admixture is an ingredient that is added

to the concrete just before or during mixing to improve its properties like resistance by

chemical attack, setting time, workability, strength, etcetera (Ramachandran, 2001).

Further, on the crystal structure, it was possible to obtain information that is comple-

mentary to XRD from Raman spectra. The Raman signatures of Matisaa gray rock are

as shown in Figure 5.6.
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Figure 5.6: Raman spectra of Matisaa gray rock.

In Matisaa gray rock, ν1 , ν2 , ν3 , and ν4 were respectively observed at 1085, 1440, 889,

and 762 cm−1. Although these vibrational modes are a characteristic of calcite, they

are however much broader, degenerate, and slightly shifted compared to typical calcite.

The ν1 vibration mode (1085 cm−1), is split into a triplet at 1036, 1143, and 1180 cm−1.

The modes ν2 (889 cm−1) is split into a doublet bearing ν4 (762 cm−1) and 851 cm−1.

Likewise, ν3 (1140 cm−1) is split into a doublet at 1413, and 1507 cm−1.

Degeneracy of molecular vibrational modes in CO2−
3 ions arises from combined effects

of symmetric stretching and bending planes of the, and different site symmetries in the

unit cell (Behrens et al., 2006). This explanation can further be elaborated based on

the crystal structure of calcite and dolomite. Both calcite and dolomite exhibit rhom-

bohedral crystal cleavage (Liu et al., 2014). The cationic movement of Mg and Ca in

dolomite cause distortion and splitting of the carbonate groups as the crystal surfaces

undergo relaxation during cationic substitution (Cygan et al., 2001).

The Raman signatures at 1032 cm−1 are ascribed to gypsum. The main vibration modes
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of gypsum structures occur at 1017 or 1025 cm−1 (Prieto-Taboada et al., 2014). Refer-

ring to the work of Sun et al., (2014), the vibration bands at 1623 and 1670 cm−1 are

attributed to the bending mode of water molecules. Ideally, this mode occurs at 1630

cm−1 (Sun et al., 2014). The vibration modes of 1623 and 1670 in Matisaa gray rock

indicate the presence of water molecules that are bound with the SO2−
4 ions to form

gypsum. This further indicates that the gypsum in Matisaa gray rock is in a hydrous

form. For high purity calcite, the Raman vibrational modes ν1 , ν2 , ν3 ν4 respectively

occur at 1080, 870, 1450, and 700 cm−1 (Behrens et al., 2006).

5.4 Morphological Studies
The morphology of Matisaa gray rock powder at micron and nano scales is shown

in Figure 5.7 (a) and (b), respectively. It is seen that Matisaa gray rock comprises

of irregularly shaped particles that are compact with rough superficial texture. It is

also observed that the cleavage planes of the particles are smooth with blocky edges as

pointed by arrows in Figure 5.7.

Figure 5.7: SEM micrographs of Matisaa gray rock: (a) and (b) scanned at resolutions of 2 µm and 200
nm respectively.

These characteristics, working together indicates that the resultant cement from Matisaa

(without beneficiation) would require more water to hydrate and take longer to form
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a workable mass. However, the rough surface texture is an indicator of good adhe-

sion with cement aggregates. Limestone-based minerals are characterized by particles

with rhombohedron-shaped compact surfaces (De Souza & Bragança, 2017). These

particles, however, generally vary in shape with the majority being irregular and some

being rounded (spherical) due to ball milling. In hydration kinetics, irregular-shaped

particles result in poor packing density which demands more water to hydrate, whereas

low porosity calls for longer times to attain the required workability (Ooi et al., 2015).

At a closer inspection of Figure 5.7, it is noted that there are much smaller particles

which are sparsely distributed in the microstructure of Matisaa gray rock. These particles

are clearer at the nano-scale, as encircled in Figure 5.7 (b). The sparse distribution of

these smaller particles points out that Matisaa gray rock has little tendency to form sec-

ondary particles (the agglomerates). It is established that nano-size particles of calcium

carbonate materials easily agglomerate due to their high surface energy (Yang & Che,

2018). Agglomeration compromises the properties of cementitious materials, posing a

challenge in their applications (Meng et al., 2017).

5.5 Particle Size Distribution
The particle size of Matisaa gray rock and Konza kunkur compares as shown in Figure

5.9.
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Figure 5.8: A comparative bar graph of particle passage analysis of Matisaa gray rock against Konza
kunkur. MGR stands for Matisaa gray rock.

69.65% of the particle size composition of Matisaa gray rock was found to be <90 µm.

Out of this composition, 71.60% of the particle sizes were <45 µm. This particle size

distribution was comparable to that of Konza kunkur as depicted in figure 5.8. Accord-

ing to the ASTM C618 - 05 standard, for proper hydration kinetics of natural pozzolans

to occur, >66% of the particles should be <45 µm-sized.

5.5.1 Specific Surface Area (SSA)
The SSA of Matisaa gray rock and that of Konza kunkur is as shown in Figure 5.9.
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Figure 5.9: A comparative bar graph of the SSA of Matisaa gray rock against Konza kunkur cement.
MGR stands for Matisaa gray rock.

The SSA of the two materials are 292.5 m2/kg and 298.3 m2/kg, indicating that both

Matisaa gray rock and Konza kunkur require comparable amount of energy to attain the

same specific surface area. The specific surface area for many cement raw materials

has been found to range between 250 – 450 m2/kg (Goncharenko et al., 2018). There-

fore, in this regard, the specific surface area of Matisaa gray rock corroborates that of

established cement raw materials.
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.0 Introduction
This chapter summarizes the key findings of this study and elucidates cement potential

of Matisaa gray rock. The chapter ends by giving recommendations to further this

research.

6.1 Summary

Some of the cement raw materials that are still used to date were discovered many cen-

turies ago. However, due to high population growth rates and the pressure in building

durable structures, the deposits of these raw materials have been reported to deplete at

faster rates. Some companies that consume large amounts of these materials like East

African Portland Cement Company Ltd. (EAPCC), Athi River, Kenya have already

sought an alternative material for crystalline limestone. The present study has charac-

terized Matisaa gray rock for the same purpose.

In the present work, the mineralogical properties of Matisaa gray rock have been found

and correlated with its established counterparts, based on a database collected from the

literature and with data from actual materials. Matisaa gray rock was found to contain

the following major oxides of cement: CaO, SiO2, Al2O3, Fe2O3, and MgO arranged

in the order of most dominant to the least. Among the minor oxides that were present in

Matisaa gray rock include K2O, Na2O, and SO3. The mineralogical composition and

morphology of Matisaa gray rock were found to match the properties of other materials

that are already used in cement manufacture. The main mineral phases found in Matisaa

gray rock are dolomite, kutnohorite, quartz, and periclase.

The lime-rich dolomitic composition and terrestrial location of Matisaa gray rock can

be related to kunkur. Kunkur refers to non-sedimentary materials that are predomin-

antly but not exclusively calcareous, occurring in arid and semiarid environments. It
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occurs as weathered crust consisting of a mixture of silica, calcite, dolomite, ferric ox-

ide, and gypsum, and thus generally referred to as “surface limestone” or “calcareous

duricrust.”

6.2 Conclusions

Based on the present work the following conclusions can be drawn:

(1) Matisaa gray rock was found to contain all the oxides of cement in the following

percentage abundances: 39.03 – 42.73 wt.% for CaO, 15.68 – 16.79 wt.% for SiO2,

0.47 – 4.81 wt.% for Al2O3, 0.55 – 1.04 wt.% for Fe2O3, 1.56 – 3.56 wt.% for MgO,

3.30 – 6.06 wt.% for SO3, 0.11 – 0.21 wt.% for Na2O, and 0.59 – 2.64 wt.% for K2O.

Except for SO3, the proportions of the remaining oxides were found to be within the

recommended thresholds.

The mineral phases found in Matisaa gray rock are dolomite (CaMg[CO3]2) and kutno-

horite (Ca[Mn2+,Mg,Fe2+][CO3]2) mineral phases with trace phases of quartz (SiO2)

and periclase (MgO). It has has all the primary minerals (CaO, SiO2, Al2O3, Fe2O3)

of cement within the recommended thresholds.

(2) The morphology of Matisaa gray rock powder comprises of irregularly shaped

particles that are compact with rough superficial texture, characteristic of limestone-

based materials.

(3) 69.65% of the particle size composition of Matisaa gray rock was found to be <90

µm. Out of this composition, 71.60% of the particle sizes were <45 µm, contributing

to a specific surface area of 292.5 m2/kg which is within the SSA range for cement raw

materials.

Its general comparison with cement properties of Konza kunkur suggests that Matisaa

gray rock has potential for utilization in the manufacture of cement.
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6.3 Recommendations for Further Study

There could be more work that is primary to qualifying Matisaa gray rock as a cement

raw material, and therefore the following recommendations have been put forward for

further research:

(1) Determination of harmful compounds in Matisaa gray rock. While the chemical

study of Matisaa gray rock focused only on elements and compounds that are essential

in the manufacture of cement, it could be possible that the rock contains compounds

that are deleterious to the environment when subjected to calcination temperatures of

cement.

(2) After protocols that require manufacture have been finalized, prototype cement will

be manufactured from Matisaa gray rock and characterized for compliance with ASTM

standard for Ordinary Portland cements.
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Šiler, P., Kolářová, I., Bednárek, J., Janča, M., Musil, P., and Opravil, T. (2018). The
possibilities of analysis of limestone chemical composition. IOP Conference
Series: Materials Science and Engineering, 379(1), 1–6.

Simonsen, A. M. T., Solismaa, S., Hansen, H. K., and Jensen, P. E. (2020). Evalu-
ation of mine tailings’ potential as supplementary cementitious materials based
on chemical, mineralogical and physical characteristics. Journal of Waste Man-
agement, 102, 710–721.

Singh, H., and Cai, J. (2019). Permeability of Fractured Shale and Two-Phase Relative
Permeability in Fractures. Elsevier, 105–132.
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