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CHAPTER I 
 

 

INTRODUCTION 

1.1 Wellbore cementing – Challenges: 

Many oil and gas wells were constructed for ages to meet the growing energy demand. Cement was 

extensively used for constructing these oil and gas wells. These wells are abandoned when 

productivity is not economically viable anymore. Permanent plugging is required to prevent 

leakage of residual hydrocarbons from these wells into the environment damaging the ecosystem. 

According to the United States Energy information administration (EIA), the number of producing 

wells reduced from 1,029,000 in 2014 to 969,140 in 2019[1]. Bureau of Ocean Energy Management 

(BOEM) estimates at least 3000 wells and 650 platforms that are not in use and in need of plugging 

and abandonment in the Gulf of Mexico (GoM) alone†.  

 Plugging and abandonment of these unproductive wells had been in practice for several 

decades and had seen notable advances in the cement designs. Given the challenges of sub-surface 

wells off shore, including High temperature and High pressure (HTHP) conditions, and reactive 

chemical conditions,[2-8] the cement formulations meant for this purpose needs to be more durable 

for wellbore construction and later stages of well completion like plugging and abandonment[5, 8-

11]. The inspiration comes from natural cap-rocks which had survived these adverse conditions for 

millions of years. The aim of this research is to engineer cement-based composite similar to 

geological cap-rocks. The properties of cement ultimately depend on the reaction of cement with 

water known as hydration[12-17]. 
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 Reinforced cement concrete is a very standard and highly advanced material used in many 

land constructions, but wellbore construction demands pumping of cement over very long distances 

sometimes thousands of feet downhole for which concrete is not the right material as it faces 

challenges like segregation [18-21] and sometimes the coarse aggregates disrupt the flow. To avoid 

these hindrances, cement is pumped as a paste for wellbore construction operations to keep cement 

slurry stable throughout the pumping process. Chemical admixtures as well as nano and micro 

additive materials [22-26] can be used with the cement slurry to control the rheology while pumping 

the mixtures. This study does not include the rheological property study as it is a property that can 

be controlled on-site using various chemical and mineral admixtures. Many insights have been 

acquired from concrete [19, 27-36], used for land constructions predominantly. Despite the 

similarity in cement chemistry, special care needs to be taken for preparing these formulations to 

use in offshore wellbore construction as well as in plugging and abandonment [37-42]. 

 

Fig-1.1. Challenges in the usage of cement for sub-surface conditions, additives and the aims 

of this research. The aim of the formulation to be made is to have very low porosity and 

permeability (Petrophysical properties) to ensure the integrity of the wellbore, to prevent 

leakage of hydrocarbons, and have higher resistance to HTHP conditions and harsh 
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downhole chemical conditions (Presence of corrosive/acidic conditions which have a 

deteriorating effect on cement [43, 44]). The cement also needs to have more strength and 

resilience which include elastic over brittle nature of hydrated cement pastes to avoid failures 

and also the ability to self-heal in case of a failure[45-48].  

 Aforementioned adverse conditions have a deteriorating effect on cement and it needs to 

be resistant to these conditions to avoid any hydrocarbon leakage. The durability of the cement 

formulations is the biggest concern for the long-term sealing of wellbores. In figure-1 above, the 

schematic of challenges and proposed solutions for cement enhancement, are seen. Due to these 

adverse conditions, deterioration and failure of cement occurs and leakage pathways would be 

created [49-51]. Various leakage pathways could occur due to phenomena like: 

1) Shear failure: Results due to uneven or pointed pressure increase on the cement sheath.  

2) Inner debonding: This is the debonding that happens between the cement sheath and the 

metal casing. This could create a leakage pathway. 

3) Outer de-bonding: This is the debonding that happens between the cement sheath and the 

formation creating a leakage pathway. 

4) Radial cracking: This could be observed in cement plugs where the fractures could appear 

in a radial pattern [52] 

5) Disking: Occurs either in the cement sheath or the cement plug, with disk-like fractures 

which disrupt the zonal isolation. The leakage pathways created due to these types of 

fractures might result in debonding in later stages. 

6) Other failures: Other failures include degradation of cement sheath or plug due to 

phenomena like casing corrosion, abnormal pH conditions, high temperatures and 

pressures etc. Contamination from drilling mud is also possible during the cementing jobs 

and could pose a threat to the integrity of the cement sheath. Chemical attacks like sulfate  
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attack or other ionic attacks could cause degradation or failure of cement. 

Fig-1.2. The various leakage pathways [51, 53] that could be observed in a wellbore cement 

plug. While inner de-bonding is the leakage pathway created by the de-bonding occurring 

between the cement sheath/plug and the casing, outer de-bonding occurs between the cement 

sheath and rock formation of the reservoir into which the well was drilled. Disking could 

occur in the cement sheath around the casing. These are basically disk-like fractures 

spreading continuously around the casing. Shear failure and Radial cracking could take place 

in the cement plug itself causing leakage pathways for hydrocarbons. 

 In order to tackle these challenges, research had been directed towards making more robust 

cement slurry designs by adding various admixtures and additives to cement. Also, different types 

of cement are preferred for different applications. The following literature review aims to give a 

basic introduction to the most common cement and concrete admixtures mainly concentrating on 

mineral admixtures which give cement its long-term properties for both land structures and 

wellbores. This is followed by preliminary results obtained during the course of this research, 

discussion of those results, and future plan of action. 
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1.2. Objectives:  

The objectives of current research are to develop a cement design with an additive material of 

choice and test the resultant design for chemical, mechanical and petrophysical properties. The 

first part of this research includes a literature survey to choose the ideal additive material. The 

material would be studied independently to get insights into its chemical properties. The material 

is then tested with cement. Formulations would be made with different proportions of the additive 

materials by weight of cement (BWoC) and they would be tested for the above-mentioned 

properties using the various characterization tools that would be explained in detail in the 

methodology section. The final objective is to interpret the results of the characterization 

techniques and support the usage of material in cement for plugging and abandonment, 

recommending our formulations. 

1.3. Research aims: 

 The long term goal of this research is to develop cement designs that can sustain for 

hundreds of years downhole by being resistant to chemical attacks, and maintaining structural 

integrity. The resultant plugs should be able to prevent any leakage of hydrocarbons into the 

surrounding environment. In order to do so, the additive materials that need to be added are to be 

tested and the resultant cement cores are characterized for physical, chemical, morphological, and 

petrochemical properties. This work is going to highlight the initial test results, discuss the outcome 

of those tests and conclude with the key observations, explaining the mechanism to support the 

hypothesis based on the results. This will also include the future recommendations for this work to 

be completed in a more detailed procedure. This research had been part of a NASEM funded project 

and will be reported to the funding agency as required. By the end of this work, we would have an 

insight into the mechanism justifying our hypothesis based on the results and provide 

recommendations for further research. 
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

2.0. Research into cement admixtures: 

Cement is a broadly used material for many construction purposes and it is the main material used 

for wellbore construction. However, cement as a material on its own has got several challenges like 

brittleness, low resistance to chemical attacks and high temperatures and pressures. Based on the 

application for which cement needs to be used, extensive research had been done to classify 

materials that can be used to enhance the properties of cement accordingly. Many cement 

admixtures had been in use for several decades and the major materials that had been used for this 

purpose are described below. Cement admixtures are of 4 broad classes based on their effect on 

cement according to Mindess S.et al. (2003)[54]: 

1. Air entraining agents (ASTM C260): These work by entrapping microscopic air bubbles 

during the hardening of the cement. This improves workability as well as reduces bleeding and 

segregation of cement while hydrating. This is helps improve the freeze-thaw resistance [55].      

2. Chemical admixtures (ASTM C494): These are admixtures that are usually water-soluble and 

in addition to cement disperse easily in the wet mixture. These control the setting properties of 

cement by retardation or acceleration, as well as the water requirement for the slurry. They are 

divided into different types based on their function  
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3. Mineral admixtures (STP169A-EB): These are usually particles of natural or artificial minerals 

which are added to cement as pulverized solids. These improve the durability and strength 

properties of cements upon setting. Some supplementary cementitious materials like slag and 

pozzolans fall under this category [56] 

4. Miscellaneous admixtures are all those which do not fall under the aforementioned classes. 

They are developed for achieving specific properties in cement and affect the cement properties by 

more than one means. 

 While air-entraining agents and chemical admixtures are essential for the workability and 

initial properties of the cement slurry, current research is directed towards the long-term effects of 

mineral admixtures on hydrated cement properties. The durability and strength of the cement for 

an extended period are the focus as researchers aim to achieve a permanent solution without the 

need for frequent repairs and remedial cementing. This project explores cement as a material mainly 

for plugging and abandonment purposes rather than the other well structures which means that this 

cement formulation must have very low porosity and permeability without affecting the strength 

properties. This makes it stable and avoids leakage of hydrocarbons through various pathways like 

fractures and pore spaces. Leakage pathways would be created as mentioned in the introduction 

due to adverse conditions observed downhole. Many mineral admixtures had been studied over the 

period of several years [25, 57-60] as admixtures in cement improve the strength and durability of 

the resultant structures. 

2.1. Research in Mineral admixtures: 

Many mineral admixtures had been studied as additives for cement over several decades both in 

land constructions as well as for wellbore constructions. Cement faces common issues in both the 

cases and research from the construction industry is adapted to wellbore construction. Literature 

survey had been performed to discuss the advantages and disadvantages of mineral admixtures 
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providing valuable insights to choose the ideal additive material. At the end of this section, the 

knowledge gaps would be discussed before summarizing the advantages and disadvantages of the 

materials studied as SCMs. Once the knowledge gaps are identified for the material of choice, 

further research is conducted to understand and fill the gaps. 

2.2.  Pozzolana: 

Pozzolana/pozzolans are a class consisting of an extensive range of siliceous materials which occur 

naturally as volcanic incoherent pozzolans, sedimentary or as diagenized materials formed due to 

chemical processes that take place at hot springs or volcanic activity. They are also present as 

pyroclastic and clastic rocks in nature.  They possess low cementitious properties, but when reacted.   

with lime and water, they produce hydraulic materials rich in C-S-H which is a major product in 

the initial reaction period of cement hydration. This leads to increased strength in the resultant 

cement as well as reduced porosity and permeability compared to plain Portland cement. They have 

the glass phase which is predominantly silica with smaller amounts of alumina and Fe2O4, which 

is the active phase and takes part in hydration. 

2.2.1. (a) Advantages of pozzolana: 

These are the materials that are often referred to as natural supplementary cementitious materials. 

However, other materials which show pozzolanic activity are also used as supplementary 

cementitious materials which include burnt or calcined clays and other thermally activated 

materials. They show an enhancement in the cement properties by means of pozzolanic reaction 

which is defined as the reaction of the active phases of lime and pozzolanic materials in the presence 

of water. This reaction depends on various parameters including the pozzolan-lime ratio, the nature 

of active phases present, and the SiO2 content in the mixture. The pozzolanic reaction does not 

directly affect the cement hydration, but it enhances overall strength [61] and durability by the 

following means:      
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a. Forming more reactive phases acting as active sites for hydration to take place.  

b. SiO2 and Al2O3 in the pozzolanic glasses react with lime to form an unreactive phase which 

act as fillers in the resultant cement, decreasing the porosity and permeability which adds 

to the ultimate durability. 

Fig-2.1. A basic schematic of the 

pozzolanic reaction with clay 

minerals acting as substrates for 

hydration as well as reacting with 

lime and cement minerals to form 

CSH and CAH gels. The unreacted 

pozzolanic glasses like Al2O3 and 

SiO2 occupy the pore spaces acting as 

fillers.  This could be the basic 

underlying mechanism for most of 

the cement additives and helps us 

hypothesize mechanism for other 

additives. 

 However, natural pozzolana addition did not improve the compressive strength properties 

of cement substantially. They required thermal activation in some cases to get the best property 

enhancement. It was also noted that as days progressed, the increase in pozzolan content added to 

the strength improvement mainly by filler effect rather than by active pozzolanic reaction [62]. 

Calcium hydroxide, or CH, is one of the Portland cement products that takes part in the pozzolanic 

reaction. This was determined by many researchers in previous studies where they obtained a direct 

correlation between the CH content and the content of pozzolans like metakaolins, etc.[63] added 

to the cement mixtures. Wild et al. (1996,2001)[64, 65] stated that metakaolin adds to the cement 

Water 

molecule

Pozzolanic glasses 

Pore spaces 
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properties in three ways: vis. filler effect, acceleration of ordinary Portland cement (OPC) 

hydration, and the pozzolanic reaction itself [66]. Filler effect is observed due to the micro/nano-

particles filling up the pore spaces giving additional strength to the material. Pozzolanic reaction 

and hydration are two native cement reactions that result in formation of stronger hydrated phases 

an enhancement of this phase formation by any means would inherently improve the strength of 

the resultant material. 

 The pozzolanic reaction is also seen in other classes of additives like fly ash and silica 

fume [67].  Despite a higher degree of pozzolanic reaction, clinoptilolite addition showed a 

reduced 28-day strength in the concrete owing to the pore spaces present in the zeolitic cement 

[68] in comparison to its silica fume (SF) and fly ash (FA) counterparts. Clinoptilolite addition, 

however, resulted in a more stable concrete in terms of permeability and ion transport properties 

[69]. It had a very high resistance to ionic attacks as compared to the silica fume and fly ash, as 

those materials show strength enhancement mainly by filler effect and other physical effects more 

than pozzolanic reaction. In other words, the degree of pozzolanic reaction affects the chemical 

stability of resultant cement but does not directly affect the strength and other physical properties. 

2.2.2. Limitations of pozzolana: 

The pozzolanic reaction depends on the ready availability of aluminates and silicates for the 

formation of CAH or CSH. Most naturally occurring pozzolans do not have them readily available 

but as a part of the material, which makes it tougher for the CH to react. So, direct addition of 

pozzolans does not show immediate effect but takes time for the release of aluminates or silicates 

and hence shows enhancement in later properties than the initial hydration. To get the best out of 

pozzolans, it is required to use chemically or thermally activated pozzolans which increases the 

availability of aluminates or silicates for the hydration reaction. Most often than not, the pozzolans 

act as fillers instead of actively taking part in the hydration reaction. 
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2.3.  Slag or Blast furnace slag: 

Blast furnace slag (BFS) or simply slag is the calcium silicate–based product removed from the 

top of molten iron during its extraction from ore in a blast furnace; usually rapidly cooled to a 

glassy state and ground for use in construction materials. GGBFS or ground granulated blast 

furnace slag is the commonly used form these days in the cement industry. These types of cement 

are promising given their late strength enhancement, but conclusive results had not been shown 

regarding the porosity and permeability as those properties depend on the speed of the hydration 

reaction which is defined by several other factors including Alkaline additions, the temperature of 

the reaction etc. 

2.3.1. Advantages of Blast furnace slag: 

This is another supplementary cementitious material of interest. It is shown to have better properties 

on addition to cement on exposure of cement to higher temperatures. In general, loss of strength is 

observed for ordinary cements at elevated temperatures as it affects the microstructural properties, 

permeability and other physical properties of cement. Despite the initial decrease of strength, and 

an overall decrease of the 28-day strength at room temperature, the slag cement is shown to have 

better compressive strengths at more than 100ºC and it is best between 200-300ºC [70]. This could 

make the resultant cement more stable at elevated temperatures and useful for a wide range of 

applications like in geothermal wells, oil well cementing [71] or even nuclear plants. While slag 

cements had been used for a while now with up to 35% granulated BFS replacements of cement by 

weight, the additions of cement kiln dust and silica fume in varying proportions to the slag cement 

was shown to influence the compressive strength. The 28-day compressive strength was noted to 

increase from 60.1MPa in normal slag cement (control) to 71.6MPa [72] in a mixture where 10% 

cement kiln dust and 5% silica fume were used to replace slag cement by weight. Slag additions 

have shown fluid loss, free fluid and compressive strength properties comparable and even better 
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than the ordinary Portland cement in some cases [71]. Alkali activated slag-fly ash blends were 

shown to positively affect the mechanical performance of cement.  

 To have a better understanding of the slag hydration mechanism, Wang S.D., Scrivener 

K.L.et al (1995) studied the products of slag on alkali activation using alkaline solutions of sodium 

hydroxide and water glass (NaO2.SiO2) solutions. They have noticed that irrespective of the 

activator, the major hydration product was C-S-H which was the same as in cement but had a lower 

Ca/Si ratio [73]. Similar work was done by Luke K. et al., (1987) [74] 

 Slag was also shown to have better reactivity when an alkaline activator, like sodium 

silicate was used. The cements made by varying amounts of slag and fly ash proportions by alkali 

activation  were studied by autoclaving them at elevated temperatures of 100-300ºC and exposing 

them to strong acids like H2SO4 with CO2 dissolved in it at around 90ºC and the weight loss was 

studied by Sugama T. et al (2005) to check the acid resistance [75].  

 A review was published by Ozbay et al E. (2016) which was a very recent account where 

the advantages of using granulated blast furnace slag were recorded. [76]. The chemical properties 

of slag however, depend on the basicity of the slag which varies based on the quantities of each of 

the components present in the slag which are CaO, SiO2, MgO and alumina.  

 Palou M.T. et al (2016) had studied the synergistic effects of the quaternary mixtures of 

BFS, silica fume and metakaolin and had noted that the compressive strength values for 7 days and 

28 days had been highest for the 5%BFS, 15%SF and 5%MK replacement in cement. [77]. 

Deboucha W.  Et al (2016) [78] had studied the properties of cement on individual additions of 

BFS and Natural Pozzolans. He had noted that for the required water binder ratios of those cement 

slurries for optimum hydration, natural pozzolan mixtures of all the mix ratios that he had studied, 

had shown a lower compressive strength compared to the cements in which BFS was added. This 

shows an apparent advantage of adding BFS over adding natural pozzolans alone.  
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2.3.2. Limitations of Blast furnace slag: 

 Since blast furnace slag is an industrial waste, the control on the purity of this additive is 

very limited. As the distribution of the phases is random, the properties of one batch may differ 

from another batch of additive. Since slag predominantly consists of oxides, it does not directly 

take part in the hydration reaction but acts as a filler in most cases. Activation of slags with alkali 

helped in improving the hydration properties, by which the slag actively participates in the 

hydration reaction forming cement phases. The downside is that activation of slag is an additional 

process that takes time and money increasing the costs of production and as a result, the cost of the 

raw material that is required as the additive in cement would not make it the ideal choice. Hence, 

BFS despite its advantages is not a widely popular alternative as an additive unless the application 

requires a specific cement property that can be achieved using BFS alone. 

2.4. Fly ash: 

Also known as pulverized fuel ash (PFA), is a by-product of coal electrical generators. The waste 

that is produced by the burning of coal is predominantly aluminosilicates which is glassy in nature 

and the particles have a spherical shape. The structural differences in this occur based on the CaO 

content in the fly ash which is dependent on the type of coal that had been used as the fuel. The 

calcium content also influences the acceleration or retardation of the hydration reaction. It gives 

the flexibility to use it as SCM when acceleration or retardation of the cement setting. 

2.4.1. Advantages of fly ash: 

It is another well-known pozzolanic material used as a cement admixture since the early 1930s and 

was introduced in the US in the late 1970s [33].  Fly ash or pulverized fuel ash (PFA) is obtained 

from the burning of pulverized coal and is classified into Class F and Class C PFA based on the 

calcium content. Earlier studies had shown that PFA has a notable effect on the strength[79], 
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permeability and ion transport characteristics of cement. Bijen J. et al., (1996) [80] mentions that 

the initial porosity was high for PFA, but it reduced as the hydration progressed.  

 The fineness of the fly ash particles was also shown to have a varying effect on the strength 

properties of the cement. P.Chindaprasirt Et al (2005) [81] studied the difference between the 

properties of cement with original fly ash versus classified fly ash. While the original fly ash (OFA) 

has larger fly ash particles with sizes of up to 19.1µm, classified fly ash (CFA) has an average 

particle size distribution of 6.4µm. These studies showed that while varied OFA additions showed 

a decrease in the strength and increase in the porosity values compared to the normal cement 

samples, CFA additions had a positive effect on the strength which showed a notable increase 

compared to plain Portland cement samples. The finer CFA also had shown decreased total and 

capillary porosity values compared to those observed in OFA added to the cements. 

 The hydration properties of FA were studied in comparison to silica fume by B.W. Langan  

Et al (2002) [82]. The study of the rate of hydration in this case, shows that the addition of fly ash 

retards the rate of hydration mainly in the dormant and the acceleration periods. They had also 

studied the hydration properties of adding both SF and FA, in which case there was an overall 

decrease in the heat of hydration and a retardation in the rate of hydration.  

2.4.2. Limitations of fly ash: 

Since these do not have any effect on the hydration reaction, they do not improve the initial strength 

properties of the cements. However, due to the filler effect, they later occupy the pore spaces and 

hence improve the petrophysical properties like porosity and permeability. They do not improve 

the chemical properties of cement in a direct manner by taking part in the hydration, but prevent 

chemical attacks by effectively blocking pore spaces and as a result reducing permeability to harsh 

chemicals from the environment and ultimately providing the necessary resistance from chemical 

attacks. 
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2.5. Silica fume: 

This is predominantly SiO2 (up to 90%). Fe2O4 is a major secondary oxide with all other oxides 

less than 1% of the whole composition. Silica fume or condensed silica fume is formed by the 

condensation of silicon monoxide, which is oxidized to form silicon dioxide or silica, giving rise 

to highly reactive spherical aggregates which show hydraulic properties. This is a by-product of 

the silicon manufacturing industry. They are mostly used as a replacement for cement, but in some 

cases, the addition of silica fume as supplementary cementitious material had shown positive effect 

on the properties of cement including reduced porosity and permeability, as well as increased 

strength.  This was introduced into cement as a rich source of silica which is one of the building 

blocks of cement in formation of the hydrated cement phases. 

2.5.1. Advantages of silica fume: 

This is another SCM that had been widely used in the cement industry. The property enhancement 

of cement with SF was tested for the first time in the early 1950s. Silica fume was shown to induce 

a substantial increase in compressive strength [83] and also showed better durability properties like 

low permeability and resistance to ionic attacks. Silica fume also shows pozzolanic activity, but it 

mainly reduces the porosity by the micro filler effect in the initial stages. Silica Fume particles were 

shown to produce a layer rich in silica and poor in calcium on rapid dissolution in CH solution 

which could act as a substrate for the hydration reaction and subsequently formation of C-S-H 

crystals [82]. The addition of silica fume to the cement mixtures results in the formation of SF 

layers on the cement particle surfaces and also adsorb water. This reduces the amount of water 

available for hydration and in turn retards the hydration process. But once the calcium ions start 

passing through the collected water, pozzolanic reaction kicks in resulting in the formation of C-S-

H which ultimately results in the betterment of cement properties. The dissolution of silica in the 

water on the action of hydroxyl ions from lime forms chemically active layers which act as 



 

16 

nucleation sites for the hydration reaction to take place. So as more silica gets dissolved, its 

pozzolanic action is seen where CH is consumed rapidly forming C-S-H phases. 

 In high strength concrete where the cement content is higher than normal concrete, the 

addition of SF showed a significant rise in compressive strength. 10% by weight replacement of 

cement by SF had shown a higher strength improvement than 15% replacement as observed by 

M.Nili Et al. (2015)[84]. In this work, the researchers studied the properties of silica fume along 

with nanosilica. They mention about the inter-transitional zone (ITZ) and how that varies by 

addition of silica fume in comparison to nanosilica. This work concludes that these ITZs which are 

a result of silicafume and nanosilica additions are what alter the strength properties of the final 

cement specimens. They had recorded a maximum compressive strength of 44MPa in a nanosilica 

included sample and concluded that the early age compressive strength was improved more by 

nanosilica addition than by raw silica fume addition.   

2.5.2. Limitations of silica fume: 

Since silica fume mainly consists of oxides, the reaction takes time for the silicate mineral to be 

released into the hydration matrix. As a result, the onset of pozzolanic reaction is sightly delayed 

which does not help the initial strength of the material. Also, because of this delayed reactivity, 

most of the silica fume gets deposited in the pore spaces and acts as a filler instead of effectively 

taking part in the pozzolanic reaction. Due to this reason, it cannot be considered the most efficient 

pozzolanic material, but overall improvement of cement properties places it as a very competent 

cement additive. 

2.6. Zeolites: 

These are naturally occurring aluminosilicates of alkaline earth metals like potassium, calcium and 

sodium. They are available in earth’s crust in abundance. The variety in the chemical composition 
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is huge. It can be explored to choose an ideal composition for mixing in cement. Natural zeolites 

were first discovered in natural basalt formations. At the end of the 19th century, they were also 

found in sedimentary rocks. This abundance of zeolites in nature makes it a very easily available 

mineral additive for cement and in more recent years of research, this showed property 

enhancement in par with the other SCMs used over the years like pozzolans and fly ash. 

2.6.1. Advantages of Zeolites:  

These materials have been extensively studied, and most recently various compositions have been 

added to cements to check the effect on the physical properties. Similar to the addition of pozzolanic 

materials, zeolite addition improves the properties of cement such as workability, fluidity, water 

content, homogeneity, compactness, as well as the compressive strength. Their property 

enhancement is in most cases comparable to that of pozzolans. Given the abundance of zeolites, 

they are considered a better alternative to the pozzolans historically used. Given the ability to 

engineer the shapes, sizes and compositions of zeolites, they provide a competitive edge over 

conventional supplementary cementitious materials. 
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Fig.2.2: The influence of same replacement level of 

zeolite in comparison to metakaolin and silica fume 

on concrete properties [85] The zeolite added cement 

samples had shown better properties in most of the 

cases and hence zeolite additions were concluded  to 

show properties in par with the regular cement SCMs 

if not better than them in some cases. 

 The physical properties of cement have also been shown to be significantly improved by 

the addition of zeolites to the cement mixtures. Clinoptilolites were one of the well-known zeolites 

previously used with cement. A zeolite, ferrierite, has also found application in low density cement 

formulations used for geothermal wells which is later discussed for its interesting self-healing 

Abbreviatoins: 

1) Comp.Str.- Compressive 

strength; 

2) E.R. – Electrical Resistivity; 

3) W.A. – water absorption; 

4) V.Vol – Void Volume; 

5) Sorp. – Sorption; 

6) G.P. –  Gas permeability; 

7)  Chl.Diff. – Chloride diffusion. 

8) ZE1 – Zeolite 1; 

9) MK2 – Metakaolin 2; 

10) SF2 – Silica Fume 2. 



 

19 

properties. Tests have been conducted on usage of zeolites like Mordenite and clinoptilolite. The 

porous nature of these materials provides large surface areas for the hydration reaction to take place. 

 The addition of zeolites to cement is shown to have a pronounced effect in resistance to 

freeze thawing, sulfate attack, chloride permeability, etc. The change in properties of concrete like 

the addition of pores with occluded air makes the cement resistant to freeze thawing. The change 

in composition of hydrated cement product with zeolites is also responsible for the cement 

acquiring various types of chemical stability including resistance to pH, cationic and anionic 

attacks. Zeolite addition is also shown to have better effect on the strength of cement [86] than the 

addition of regularly used pozzolanic material additives like silica fume or fly ash [87].  

 The addition of zeolites was shown to impact the workability, compressive strength, 

weight, as well as permeability and adsorption properties of resultant cement [31, 88, 89]. The 

addition of natural zeolites replacing approximately 20% of OPC showed its effect on permeability 

and other physical properties of self-consolidating concrete (SCC), which is currently widely 

preferred compared to concrete made by using plain OPC [90]. Hence, it can be said that a huge 

amount of research has gone into zeolites and their application as mixtures in cement. While part 

of the research pertains to cement and concrete in general, it’s usage in geothermal applications 

and deep wellbore cements had been a crucial motivation for the testing of this material that would 

be shown in the process of this work. 

 Another very interesting observation from prior research was that zeolite addition had 

shown self-healing properties in low density geothermal cements at high temperatures. This was 

reported in the work of T.Pyatina et al., [46] where it was observed that zeolite acts as a sacrificial 

material and as a source of aluminum and silica which help in forming the recovery phases, in other 

words, self-healing properties. The study was extensive and had a complete breakdown of the 

phases which formed on self-healing. The main phases observed were a collection of minerals like 
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magnesium silicates, Aluminum silicates, magnesium aluminum silicates, Calcium aluminum 

silicates, and calcium aluminum iron silicates. The result was shown in terms of the post-healing 

strength that the cement samples could achieve. The strength was shown to be regained even after 

multiple cycles of fracturing and self-healing at geothermal temperature conditions (at around 

~270⁰C). This formed the basic inspiration for our work, and it would be a promising direction to 

work in the future to try and replicate similar self-healing at regular GoM (Gulf of Mexico) 

temperature and chemical conditions like at 90⁰C similar to the conditions used for curing our 

samples in the first place. If this self-healing can be achieved at GoM conditions, zeolite addition 

would be the ideal solution to achieve zonal isolation in plugging and abandonment applications.  

Fig 2.3. Photographs and 3D images of 0·25 mm cracks in clinker/Fer silica-modified or non-

modified samples before and after exposure to water or alkali carbonate environments at 

270°C for 1d (control), 5d or 10d showing filled cracks (Reproduced from Pyatina T. Et al., 



 

21 

2017) [46]. Further studies required to understand the grain boundary interactions of zeolites 

with cement. 

One of the interesting results is the SEM morphological study coupled with profilometry showing 

the healed cracks and it is shown above in figure 2.3. This shows the healing that was observed at 

1-day, 5-day and 10-day periods under alkali environments which are predominant in geothermal 

conditions. 

2.6.2. Limitations of Zeolites: 

The presence of various alkali earth metal ions introduces new phases into the cement chemistry. 

The zeolites are naturally occurring as rocks and hence need to be pulverized or milled into powders 

to be added into cement, which increases the cost of production. The abundance on the other hand 

makes up for the cost of extraction of the raw mineral from quarries and takes very little processing. 

Even in the ground form, the zeolites retain their porous and crystalline nature as they are 

chemically very stable and the porosity is seen in nano level rather than the micro-level which could 

be destroyed in the process of milling. The chemical stability of this mineral means that there is 

very little chemical interaction in the hydration. On the other hand, the porous nature and the 

presence of alkali-metals in the crystal structure, their ionic nature produces affinity towards the 

cement phases which are forming and hence act as substrates for hydration reaction to take place 

improving the efficiency of hydration. 

2.7. Gaps in knowledge: 

Most of the research performed so far has mainly concentrated on the enhancement of physical and 

chemical properties of cement and had made hypothesis based on the properties of the additives 

and possible reaction with cement. Additives like pozzolans and Fly ash had been in use for several 
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decades and extensive research had been performed on them. The pozzolanic reaction was one of 

the oldest reactions studied with respect to cement hydration and hence had a clear overview. 

However, the use of zeolites had been a relatively new area with a limited number of studies on the 

microstructural properties and hydration of cement. The overall advantage of adding zeolites had 

been explained in most of the literature, but there is a conflict between whether the zeolites have 

been an active part in cement hydration like the pozzolans or if they were acting just like substrates. 

There is a visible knowledge gap in this area and needs further research to get an understanding. 

The literature survey provides an insight into the various supplementary cementitious 

materials that are used, their advantages and disadvantages and finally suggests why we chose 

zeolites as our ideal additive for our application of cement in plugging and abandonment. Since 

zeolites have recently gathered interest as SCMs and their working mechanism is not completely 

explained, this study would be concentrating on understanding the mechanism to recommend the 

material. In short, the summary of the literature is provided below in table 2.1. showing the 

advantages and limitations of various mineral admixtures/Supplementary cementitious material 

(SCM) namely Pozzolans, Blast furnace slag, Fly ash, Silica Fume, and zeolites. 

Table 2.1: 

Materials Advantages Limitations 

Pozzolans • Natural minerals 

• Abundant resources 

• Improve strength properties 

[4] 

• Reduce porosity and 

permeability [5] 

• Prescence of unreactive glass 

phases 

• Require activation in some 

cases for better performance 

• Lower early stage strength. 
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Blast Furnace 

Slag 

• Industrial waste – abundance 

• Showed better performance 

than Pozzolans (Deboucha W. 

et al., [6]) 

• Predominantly oxides – low 

reactivity 

• Poor quality control 

Fly ash • By-product of Coal electric 

generators. 

• Reduces porosity and 

permeability [7] 

• Improves strength [8] 

• No positive effect on hydration 

– Noted retardation in some 

cases 

• Typically act as fillers, so 

higher percentages are bad for 

strength. 

Silica Fume • Industrial waste – high 

availability. 

• Strength improvement. [9] 

• Predominantly oxides – low 

reactivity 

• No early age property 

enhancement 

• Delayed pozzolanic reaction 

Zeolites • Abundance in nature [10] 

• Showed properties 

comparable to other popular 

SCMs [11-14] 

• Showed self-healing and 

enhanced strength properties 

[15] 

• Low pozzolanic reaction 

• Acts mostly as substrate for 

hydration 

• Porous nature of zeolites 

increases water demand for 

optimum hydration of cement 

slurry as it absorbs water. 

Table 2.1. (contd.) Summary of literature highlighting the advantages and disadvantages of 

various SCMs. 
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CHAPTER III 
 

 

METHODOLOGY 

 

3.0. Introduction: 

This research aims to explore the properties of zeolite to understand its characteristics to explain 

the mechanism of the zeolite when added to cement. The cement properties are studied and 

observed with respect to a neat control sample of Class-H cement which is the base case used in 

our research. The main characterization techniques we use for this purpose are: 

A. Morphology, chemical and elemental analysis: 

1. TEM (Transmission electron microscopy) 

2. SEM (Scanning electron microscopy) 

3. EDS (Energy dispersive x-ray spectroscopy) 

4. XRD (X-ray diffraction) 

5. XRF (X-ray fluorescence) 

6. Raman spectroscopy 

7. CT (Computed tomography). 

B. Petrophysical properties: 

1. Porosimeter 

2. Permeameter 
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C. Mechanical properties: 

1. UCS (Unconfined compressive strength) 

2. Triaxial test 

3. Micro and Nano-indentation 

 

The first part of this research involves the characterization of the zeolite. To perform this, we first 

need the sample preparation of zeolites for various tests. The samples are prepared in two ways. 

One is the powdered samples for tests like XRD, SEM, TEM, and chemical sensitivity analysis by 

exposing the powdered samples to various sub-surface chemical conditions and conditions 

mimicking cement hydration. The second type is by dicing the samples with a minimum of two 

parallel surfaces and polishing one surface up to a uniformity of  0.6-1µm. For cement, similar 

sample prep was used. Powdered samples of neat cement and hydrated cement were taken for XRD 

while polished cement cores were used for various tests including SEM, EDS, Raman and 

indentation. Polishing in both cases is performed using an Allied Multiprep™ polisher to a 

uniformity of  0.6-1 µm. Crushing the bulk samples to obtain the powders was some using SPEX 

ball mills. Cylindrical cores of the cement designs are made by putting the respective cement 

slurries in molds. The zeolite (ferrierite in this study) was added at 5, 15, and 30% by weight of 

cement (bwoc) as a micronized powder. 0.25%bwoc D-air 5000(Halliburton), 0.30% bwoc 

dispersant CFR-3 (Halliburton), and bentonite (Performance minerals LLC) at 2.0% bwoc were 

added to make cement slurry of density 16.4ppg (1.94g/cm3) and water to cement ratio of 0.38 

3.1. Sample preparation: 

The cement cores are prepared according to the standards from API 10B for wellbore cements. 

First, the cement slurries are prepared by the following steps: 
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1. Hand-mixing the Class-H cement powder, respective additives (KCFR-3, Bentonite, D-

air-5000) and, micronized zeolite powder. 

2.  The mixture is then gradually transferred into an industrial blender with calculated 

amounts of water being mixed at slow speeds (5000-6000 rpm) within 15 seconds. 

3. Once the entire contents are in the blender, the lid is closed, and the blender is turned to 

high-speed (12,000 rpm). Care is taken that no lumps are formed in the slurries. 

Once the slurries are prepared, they are taken into the respective molds for hydration. KCFR-3 and 

D-air 5000 were obtained from Halliburton. Bentonite was obtained from performance minerals 

LLC. The molds used are of 1-inch diameter and 2-inch length for all the permeability, porosity, 

flowthrough and UCS tests. 1.18inch diameter by 2inch length for Triaxial tests. The rest of the 

slurry is taken in 2inch diameter molds and other miscellaneous molds for other tests like 

indentation, Raman, SEM, EDS, etc.   

 The samples are planned to be prepared according to the following experimental plan. The 

initial plan was to test two different zeolites in varying percentages by weight of cement namely 

5%, 15%, and 30% woc. Following is a table for the division of prepared cement samples for 

various tests. 

Test 

Neat 

Class-H 

Ferrierite 

Test 
0% 5% 15% 30% 

16PPG 16PPG 16PPG 16PPG 

UCS 
Dry 6 6 6 6 

XRD 
Wet 6 6 6 6 

Porosity 3 3 3 3 
Indentation 

Permeability 3 3 3 3 

Microscopy 2 2 2 2 Microscopy 

Total 20 20 20 20 80 

 

Table-3.1. Experimental plan for the cement cores and number of cores required for the tests. 
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3.2. Sample testing (Experimental techniques): 

Initial tests for one zeolite ferrierite were performed by taking a powdered sample of ferrierite with 

a particle size of up to 425 µm. These samples were immersed in various chemical solutions as 

shown in the table below. 

Table-3.2. The chemical solutions used for testing the stability and chemical properties of the 

zeolites. 

Once the powdered zeolites were taken into the above solutions, they were sealed and placed in an 

environmental chamber at 90oC and 95% Relative humidity for a week simulating a subsurface 

condition. Once the samples are taken out, various tests are performed including SEM, EDS, XRD, 

etc. 

3.2.1 Chemical and Morphological characterization: 

3.2.1.a. X-Ray Diffraction (XRD): X-ray diffraction analysis (XRD) is a technique used for 

studying the cement phases [14, 91]. XRD for the powdered samples was performed using a Bruker 

D8 advanced X-ray diffractometer. This technique was used to do a phase distribution analysis of 

our samples and in the case of zeolites, to assess and confirm the identity of the zeolite and also 

observe the phase properties after exposure to various chemical conditions. The powdered samples 

were made into pellets and taken into the respective sample holders for XRD. The processing of 

XRD data was done using Profex software (Version 4.1.0) which performs peak matching and 

Condition solution Quantity 

Alkaline fluid  ~ pH 13 0.5gms of Ca(OH)2 in 500mL DI water  

Acidic fluid pH 0.1 1N HCl (as received)  

Salt rich fluid pH 7 17.5gms of NaCl in 500mL DI water 

Water pH 7 DI water 500mL 

Organic fluid NA Synthetic Mineral oil 50mL 
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refinement of the XRD peaks. This is done by the mineral and crystal data matching from the 

software’s BGMN database. JCPDS data was also utilized to get the exact peak values of zeolites 

for initial studies. This is a very important characterization technique to observe the phases based 

on their crystal structures. The intensive research done by many researchers in the past helps in 

getting the growing database which is internationally accepted as a tool to identify any phase that 

is observed during XRD analysis. 

3.2.1.b. Scanning electron microscopy (SEM): SEM is one of the very important tools to study 

the microstructure of cement [14, 16, 24]. SEM and EDS were conducted by using the FEI quanta 

600 scanning electron microscope equipped with a Bruker EDAX system for EDS. In the later stages 

of our studies, Thermofisher Scios 2 dual beam SEM with FIB capabilities was also used. SEM is 

used to take high magnification images of plain polished zeolites, chemically treated zeolite 

powders, polished cement cores to observe the morphology. This technique produces very high-

resolution micrographs that are obtained at micro and nano scales from the detected secondary and 

backscattered electrons that are a result of exposure to an electron beam. This is a very crucial 

characterization technique to identify phases comparing the results to the observations from the 

literature. This gives the work a very important insight into the morphological characteristics of the 

various phases present in the cement matrix including hydrated phases, unhydrated phases, and also 

the new phases introduced into the cement-like zeolite in the case of this research. This can be used 

to study the grain boundaries within the matrix to hypothesize on the possible mechanism in which 

the phases interact. This can be supported by the next characterization technique which will be used 

in conjunction with the SEM.  

3.2.1.c. Energy dispersive X-ray spectrometry (EDS): EDS was done on the same samples by 

using the aforementioned set-up to obtain an elemental analysis by mapping the distribution of 

various elements in the sample giving an estimate of the distribution of phases. In this technique, 

the materials are characterized based on the x-rays emitted from the material on exposure to the 

electron beam of the SEM. These emitted x-rays are characteristic to various elements as they 
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correspond to the excitation and emission of electrons from the various shells of an atom. Based on 

this characterization technique, we can get an understanding of the elements that are present in a 

given area and this would help us predict the phases that are being observed under the electron 

microscope.  The results can be obtained as atomic percentages of the elements in question giving 

us an accurate depiction of the phase distribution in the sample being observed. In this research, we 

use this technique to differentiate between the various phases that are present in our cement samples 

giving us an insight into the mechanism of cement hydration and how it is affected by the 

introduction of additive minerals. 

3.2.1.d. Transmission electron microscopy (TEM): This was done using JOEL JEM-2100 STEM 

a transmission electron microscope.  This was used to observe the crystal structure and morphology 

of the pure ferrierite powders obtained by crushing the ferrierite sample rocks. These crushed 

powder samples were transferred on to a TEM grid after sonicating them in isopropanol to get an 

even distribution of particles on the grid. This is a technique that is similar to SEM but can achieve 

a much higher resolution as it produces micrographs that are a result of electrons transmitted 

through nanoscale materials. This can be used to observe materials at the order of a few nanometers 

making it a preferred technique to observe nanoscale materials over SEM. 

3.2.1.e. Raman spectroscopy: Raman spectroscopy of the samples was done using the WiTec 

alpha-300 tabletop Raman spectroscope. This is another technique that had been used for cement 

characterization since late 90s and is recent [27, 92-97]. Raman uses Laser radiation to excite a 

material and observes the change in the wavelength of the emitted electromagnetic radiation from 

the material. This corresponds to the vibrational states of the atoms present in a given phase and 

characteristic peaks are observed for different materials. For our studies, a 532nm green Laser was 

used for the chemical characterization. Large area scans are obtained to get a profilometry image 

and single point scans are done to obtain the Raman peaks of the samples.  

3.2.1.f. X-ray fluorescence (XRF): XRF was also performed for these samples. This is another 

useful non-destructive characterization technique to know the distribution of oxides and other 
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chemical components of a cement sample or one of its additives [98]. An Orbis Micro X-ray 

Fluorescence Microscope was used for this characterization. This technique differs from XRD as 

it observes the x-rays that are a result of fluorescence providing the chemical characteristics rather 

than the X-rays reflected off a lattice structure which is characteristic for crystals. 

3.2.1.g. Computed tomography (CT): This is a widely used technique to study the internal and 

3-dimensional morphology of materials. It is a non-destructive technique that uses x-rays to take a 

series of images from around the sample rotating it 360° and reconstructing those slices to form a 

3-dimensional volume. A Yxlon FF20CT machine, as well as the CT facilities at NETL were used 

to obtain these results. This is a very useful technique to look at the internal morphology of material, 

especially pore spaces and even fracture patterns. In this research, current studies include CT 

imaging after sample failure post-triaxial test to see which material had the least fracture density. 

Future studies are planned to look at self-healing of the cement plugs and this is a technique that 

would be indispensable. 

3.2.2 Mechanical characterization: 

3.2.2.a Micro-indentation: This is a characterization technique used to obtain the material strength 

properties like hardness and calculated elastic modulus from the load curves that are obtained from 

the indentation. Indentation was performed using the Nanovea 1000 Micro-nano indenter. This 

instrument could perform both micro and nano-indentation, but our studies were limited to the 

micro-indentation procedure in the initial research. This technique uses a diamond indenter tip that 

approaches a material and loads the material at a set force and unloads as soon as it reaches the 

max force specified for that material. These loading and unloading forces are plotted with respect 

to the depth reached by the indenter (Force Vs displacement curve) during this process which would 

be used to calculate the strength properties of the material [99]. Care must be taken that the samples 

used for indentation must be highly polished so that the properties would not vary based on the 

morphology but due to the material phases. This technique can be used to estimate the average 

hardness and elastic modulus of a material either at a microscale or at a nanoscale.  
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3.2.2.b Unconfined compressive strength (UCS): UCS of the cement samples [100, 101] was 

done using a servo-hydraulic computer-controlled load frame from James Cox and Sons. The steps 

for this were as follows: 

 The samples were cut with 2:1 aspect ratio per ASTM standards and ground parallel to within 

1 thousandth/inch. Pre-test dimensions of the cement cores and their mass were measured for 

piston control settings. Samples were loaded at constant strain rate, 1e^-5/sec. The load was 

applied in the following manner: 

1) load piston actuated in stress control until 50 psi reached. 

2) The piston was then switched to strain (position) control. 

3) The sample is loaded at a constant rate until failure, and then unloaded.  

The peak stress condition was calculated from load cell force measurement and sample 

diameter. 

3.2.2.c Triaxial strength testing: Triaxial tests were also conducted for different samples. A 

temperature-controlled Hoek-type triaxial compression cell was used for these tests. The triaxial 

cell consists of three main parts: axial deviatoric loading system, confining pressure system, and a 

temperature controller. In this test, downhole conditions are simulated by creating confining stress 

and elevated temperatures. Deviatoric stress controlled by the INSTRON-600DX system (Max 

load-600KN) was applied in a gradually increasing manner until the specimen fails while the 

confining pressure and temperature were applied. A high-pressure syringe pump is used to maintain 

the desired confining stress. In the experiments performed for this work, confining pressures of 

13.7MPa were applied, allowing precise measurement of the volume change of the specimen 

associated with it. A controlled temperature of 90 °C was provided by wrapping the Hoek cell with 

a heating tape. Using this technique is the most equivalent to simulating the stresses that are 
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observed in the sub-surface and hence it is considered the most wholistic strength test pertaining to 

our research in hydraulic barrier materials. 

3.2.3 Petrophysical/hydraulic property testing: 

3.2.3.a Porosity: The porosity of the samples was measured using a Corelab ultrapore-300 

porosimeter. This is a Helium gas expansion porosimeter used for grain volume and pore volume 

measurements. The software interface calculates the porosity of the samples using the GV and PV 

data obtained. Mercury intrusion porosity (MIP) was also used to validate the porosity of the cores 

in comparison to the helium gas expansion porosimeter. 

3.2.3.b Permeability: Permeability tests were conducted using Corelab Nano-perm permeameter. 

This is a helium based permeameter where the permeability of the cores is measured by passing 

helium through them at constant pressure and observing the differential pressure over a period of 

24 hours for the transducer to show constant permeability reading. The data acquired would be 

averaged later removing the outliers which gives us the average permeability measurement. In the 

later stages of our research core flooding tests are planned to be conducted using the Corelab AFS 

300 core-flooding system giving us the liquid permeability that would be even helpful to arrive at 

a conclusive statement. 

 

 Apart from these, techniques like CT scanning were used to look at the overall 3d morphology 

of these cores and studies are underway to observe the cement cores before and after a fracture as 

a result of triaxial testing. Some initial test results with CT scans post triaxial testing are provided 

in this document. Future work is planned in these lines, and it would be very useful in the further 

examination. An addition of flowthrough testing within the CT scanner would be able to provide 

us insight into self-healing. This could be an interesting and highly useful way forward in future 

work. 
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Fig-3.1. Flow chart showing the various characterization techniques used to perform the 

chemical (XRD, EDS and Raman), microstructural (SEM), mechanical (indenter, UCS and 

triaxial testing) and petrophysical/hydraulic property characterization (porosity and 

permeability) of the cement. 

The SEM and EDS are used to perform the initial studies on morphologies and chemical 

composition. During further progress, they would be used to study the morphological and chemical 

features at the nano or micron levels which could give an understanding of the working mechanism 

of zeolites. XRD is used to do the phase analysis. Raman is used for characterizing the various 

phases that are observed in the cement and distinguish each of them. The Raman microscope that 

is available for our study also has surface profilometry capabilities. CT is used to observe the 

internal morphology of whole cement cores and the add-on flow-through system helps us 

understand the petrophysical properties of those samples. Micro indentation was another very 

useful technique that was used for mechanical testing at micro and nano levels. This was done using 

a Nanovea pb1000 micro-nano indenter. These studies are very important to study the matrix 

properties of rock-like materials [102]. Further studies also plan to use techniques like AFM to get 

a deeper understanding of the materials at hand.  
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CHAPTER IV 
 

 

RESULTS 

 

 This chapter First Section shows the data acquired from chemical and morphological 

characterization techniques that are used namely, SEM, EDS, XRD, TEM, Raman and XRF. The 

initial tests consist of characterization of the additive material chosen for this study namely 

Ferrierite which is a commercially used zeolite in geothermal cements. Once the additive material 

is characterized in its pure phase, we get insights into the interaction of this material with various 

subsurface and cement hydration conditions. We then move on to the characterization of cement 

samples which have 5%, 15% and 30% ferrierite additions to them. The second section consists of 

the mechanical characterization that was done on our samples which includes Micro-indentation, 

UCS and Triaxial test results. The last section consists of the petrophysical characterization of the 

resultant cement cores. This would be the direction of our future work to try to understand the 

working mechanism of zeolite and how it works in cement. The results corresponding to these 

characterization techniques are provided below. 

4.1 Chemical and Morphological characterization: 

4.1.a. Microstructural properties and micro chemical characterization (SEM&EDS): 

In figure 4.1 (a-h) below, the SEM and EDS characterization results of our additive material 

ferrierite are observed under Different chemical conditions namely DI water(Control), low pH (~1),  
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high pH (~13), Brine solution (35 ppt), and oil as mentioned in the methodology. Figures 4.1 (a-f) 

show the maps corresponding to the respective ferrierite sample and Figures 4.1g and h are EDS 

charts showing atomic percentages for each of the samples. 
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Fig-4.1. EDS maps of chemically treated ferrierite powder at 5000x (a) Plain ferrierite 

(Control); (b) ferrierite in HCl; (c) ferrierite in Ca(OH)2 ; (d) ferrierite in NaCl; (e) ferrierite 

in DI Water, (f) ferrierite in oil. The accumulation of CH crystals on the ferrierite can be 

observed in the image (c). The corresponding map shows that the content of Calcium (Color 

coded as blue in the map), is higher in this case. Atomic percentages of various elements are 

shown in the chemically treated ferrierite powder. The treatment was performed for one 

week at 90°C. (g) The atomic percentages of the minor elements are seen in this plot. (h) The 

atomic percentages of the major elements are seen in this plot.  The EDS is not quantitative 

as the surface is not flat, but shows elemental distribution (Vissa et al., 2019)[9] 

(h) 

(g) 
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Fig-4.2. Fractured core samples of zeolite cement showing features like (a) 30,000x 

magnification under SEM showing newly hydrated crystals and (b) 135,607x magnification 

under SEM morphology indicating possible self-healing properties as secondary hydrated 

crystals can be seen.  

 The EDS studies performed above would show us the stability of the elemental 

composition of our material in sub-surface conditions as well as in cement hydration conditions as 

we test in high-pH, low-pH conditions. We also test the interaction with brine as the material needs 

to stay stable in sea water since we are looking at application in offshore wellbores. The control 

sample is tested with water to see if there was any interaction so that the material would not 

spontaneously interact with water forming foreign phases which could be deteriorating to cement 

when it is added to the cement. Last but not the least, ferrierite is tested for interaction with oil to 

account for accidental hydrocarbon interaction of the cement plugs and also to see if there is any 

effect due to oil-based drilling mud contaminations which could be detrimental to cement 

morphology. Figures 4.1 (g and h) show the atomic percentage charts showing the elemental 

distribution in ferrierite which are mostly in similar quantities on exposure to these chemical 

conditions showing the phase stability of ferrierite. Figure 4.2 shows high magnification images of 

a test sample of commercial geothermal zeolite cement which was a commercially available Class-

L cement for geothermal well construction which was the base for our study as it showed self-

healing abilities. This particular micrograph shows the morphology that suggests self-healing. 

(a) (b) 
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Figure 4.4 shows the XRD results of the same ferrierite samples which were characterized with 

EDS to support the observation that ferrierite has a very stable phase under all these chemical 

conditions as EDS was not a valid quantitative chemical characterization. Table-6.1 in the appendix 

provides the corresponding elemental composition of zeolite. Table-6.4 in the appendix compiles 

the elemental composition of the zeolite samples exposed to the different chemical conditions. 

Figure 4.3 highlights a ferrierite grain within a cement matrix that retains the phase composition of 

zeolite further supporting the claim of phase stability forming the basis for our hypothesis that 

ferrierite remains stable during cement hydration and acts as a substrate for hydration. 

Fig-4.3. Unreacted Ferrierite was observed within the cement matrix of the polished core of 

commercial zeolite cement formulation. (a) A composite EDS map of feature on the cement 

surface of a polished zeolite cement core observed at 1500x magnification, highlighting the 

phase which consists of aluminium, silicon as well as traces of iron and magnesium, with a 

lack of calcium which is present all throughout the cement matrix, showing that the possible 

Al Ca 

Si Mg 

Fe 

(a) 

(b) 
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phase is of Ferrierite which is the zeolite used in this cement. (b) EDS line profile of the feature 

showing a sharp drop in the counts for Calcium and silicon which are major elemental 

components of cement matrix showing that this phase is foreign to cement matrix and is most 

likely a phase formed as a result of zeolite interaction with cement. Also the increase of oxygen 

content indicates the presence of oxides of aluminium and silicon which are the building 

blocks of zeolite. 

4.1.b. Mineral phase characterization (XRD):  

The next set of tests include the phase studies which are done using X-ray diffraction (XRD) where 

mineral phases are identified based on their characteristic peaks at the respective 2ϴ values plotted 

against intensity. Figue 4.4 below shows the phase characteristics of the mineral ferrierite which 

was observed to be stable post-exposure to chemical conditions seen in the subsurface and during 

hydration. The peaks corresponding to ferrierite are highlighted in the figure. There is also a calcite 

peak that was observed in the ferrierite sample exposed to Calcium hydroxide solution indicating 

the formation of calcite crystals on top of the mineral surface as had been observed in the SEM 

images. This indicates the affinity of ferrierite to calcium and is supportive of our hypothesis that 

ferrierite acts as a substrate for hydration to occur. This is based on the fact that Calcium is a very 

dominant element in the hydration reaction and its byproducts – the cement phases. This is further 

strengthened by observing the XRD for hydrated and unhydrated cements with and without zeolite 

where the zeolite (Ferrierite) peaks are still observed in the zeolite added cements before and after 

hydration. Figure 6.4 in the appendix represents the raw data which is hyperlinked in the 

corresponding figure caption. This is one of the main findings of this study strengthening the 

hypothesis and having been consistent with respect to SEM and EDS.  
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 Fig-4.4. XRD analysis of chemically treated ferrierite powder in various sub-surface 

chemical conditions. The phase compositions remain consistent with an exception of CH 

peaks from unreacted CH deposited on the ferrierite after suspending it in Ca(OH)2. The 

XRD peaks characteristic of ferrierite-Mg are seen at 2 values of 9.2256, 23.5000, 25.1951 

and 25.5204. while an extra calcite peak is observed at 29.4321 showing the ferrierite’s affinity 

to calcium  hydroxide inferring that it will be attracting cement phases during hydration. 

(Vissa et al., SPE HSE, 2019 published) 
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Fig-4.5. XRD results showing Phase comparison between ferrierite, hydrated class-H, 

unhydrated class-H, unhydrated zeolite cement, hydrated zeolite cement and, 30% ferrierite 

added class-H cement (powdered Hydrated core) suggesting the initial success of Class-H 

cement design with ferrierite additions. In this graph, the ferrierite peaks (2ϴ of 25.195, 

25.5204) which are highlighted in the ferrierite XRD plot are also observed in zeolite cement 

and 30% ferrierite added class-H cement. The other cement phases are highlighted to show 

the phase similarity in the cement matrix. 
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 As observed above in figure 4.5, the comparison is done between hydrated and unhydrated 

class-H cements with hydrated and unhydrated zeolite cement formulations (FlexCem™) and 30% 

Ferrierite added cement formulation, showing how ferrierite remains as a stable phase showing 

characteristic 2Ɵ peaks even after 28 days of hydration. The peaks of ferrierite observed in cement 

match with the pure ferrierite phase that was shown at the top of the figure. This further supports 

our hypothesis and is in line with the observations from earlier XRD and EDS results.  

4.1.c. Nano structural morphology characterization (TEM): 

 In figure 4.6. below, ferrierite was observed as a single-phase under a TEM showing the 

characteristic crystal structures as observed from literature corresponding to ferrierite crystal 

phases. Our ferrierite sample is predominantly Ferrierite-Mg as observed in XRD and it is 

characterized by spherical aggregates of orthorhombic crystals and both these features can be 

observed in the TEM micrographs taken at 25000x, and 30000x This concludes the characterization 

of ferrierite in specific and how it interacts with cement. Once this characterization is conclusive, 

the next step is testing it with cement. As observed from the XRD and EDS results above, ferrierite 

has a stable phase that stays stable throughout the hydration. This is further supported by Raman 

results shown in the next section. 

Fig-4.6. TEM obtained for samples of powdered ferrierite at: (a)25000x magnification 

showing the different morphologies; (b) 30000x magnification highlighting the characteristic 
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crystal structures; (c) 30000x magnification image focusing on a single orthorhombic 

structure.  

4.1.d. Chemical Characterization-I (Raman spectroscopy): 

 The following figures 4.7.1 - 4.7.4, show the Raman data for  5%, 15% and 30% ferrierite 

added class-H cement samples  are compared to neat class-H sample showing how characteristic 

ferrierite phases are observed in all the ferrierite added samples which further supports the 

hypothesis. It also includes a large area Raman scan showing the phase distribution and also giving 

a profilometric image of the phase morphology. 

 Fig-

4.7.1 Raman results for polished 

cores of Neat Class-H cement (a) 

Optical micrograph of polished 

cement core (b) Large area 

profilometry scan of the cement. 

(c) Phase peaks at 600-

630nm,(CSH) 740nm, (C3A) 

842nm and 972 nm(C2S) were 

observed. 

(a) (b) 

(c) 

C-S-H 

C3A 

C2S 

C2S 
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Fig-4.7.2 Raman results for polished cores of 5% ferrierite added Class-H cement (a) Optical 

micrograph of polished cement core 

(b) Large area profilometry scan of 

the cement. (c) phase peak at 416nm, 

(Ferrierite (Fer)). C-S-H, C3A and 

C2S are the same as mentioned in the 

plot for neat Class-H.  

 

(a) (b) 

C-S-H 
C3A 

C2S 

C2S 
Fer 

(c) 

(a) (b) 
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Fig-4.7.3 Raman results for 

polished cores of 15% ferrierite 

added Class-H cement (a) Optical 

micrograph of polished cement 

core (b) Large area profilometry 

scan of the cement.  (c) Phase 

peaks identical for ferrierite, CSH, 

C3A, C2S as observed earlier.  

 

 

Fig-4.7.4 Raman results for polished 

cores of 30% ferrierite added Class-

H cement (a) Optical micrograph of 

polished cement core (b) Large area 

profilometry scan of the cement.  (c) 

Phase peaks for ferrierite, C-S-H 

and C2S are observed in this plot. 

However, C3A was not resolved well in these scans. 

Fer 

C-S-H 

C3A 

C2S 

C2S 

(c) 

(a) 

(b) 

Fer 

C-S-H 

C2S 

C2S 

(c) 
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4.1.e. Chemical Characterization-II (X-ray fluorescence (XRF)): 

 The XRF results are shown in figure 4.8 below showing the distribution of various oxides 

present in the cement. This is a non-destructive technique as mentioned in the methodology. A table 

is provided below to show the distribution of the chemical oxides in the material. Corresponding 

data is provided in appendix tables- 6.6-6.8. This figure shows the comparison between unhydrated 

class-H cement and unhydrated zeolite cement (commercial geothermal zeolite cement) 

highlighting the presence of a stable zeolite phase which can be noted from the comparison between 

the phases of pure ferrierite and that of commercial geothermal zeolite cement. 

Fig-4.8. XRF results showing the percentage 

distribution of various oxides present in 

commercial zeolite cement (a) and plain Class-

H cement (b), before hydration. (c) is the XRF 

data for ferrierite, which is a zeolite. the 

similarity in phases and or oxide composition 

indicates that there are no new/intermediary 

phases that are formed. But the addition of zeolite does reduce the CaO content which would 

eventually result in the more brittle phases of cement on hydration 

(a) (b) 

(c) 
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Table 4.1: Oxides present in neat Class-H cement, geothermal zeolite cement (FlexCem™) 

and ferrierite by weight percent (as represented in the pie charts above) 

4.1.f. 3-dimensional internal morphology characterization (CT): 

The internal fracture morphology of the ferrierite added cement samples was studied using 

Computed tomography (CT) after triaxial testing which would be shown in the next section. This 

data on being processed could give us void spaces and other relevant information. Further testing 

would be required to check the material for self-healing in the future. Figure 4.9 below shows some 

CT images acquired post triaxial testing. According to the CT 5% shows the best triaxial 

performance as it has the least fracture density. The supporting data is provided in the triaxial test 

 

 

 

Fig-4.9. CT scans of cement cores after failure under triaxial testing at 6000psi confining 

pressure and 90°C. a) 5% Ferrierite added cement; b) 15% ferrierite added cement; c) 30% 

ferrierite added cement; d) Neat Class-H cement showing the failure in comparison to each 

Oxide formula Class-H cement Commercial geothermal zeolite cement Ferrierite 

Al2O3 1.47 6.47 8.16 

SiO2 16.28 29.65 82.43 

SO3 6.97 9.48 _ 

K2O 0.53 1.81 6.05 

CaO 68.08 46.27 1.12 

TiO2 0.23 0.52 0.13 

MnO 0.1 0.26 0.01 

Fe2O3 5.93 5.31 1.81 

ZnO 0.14 0.06 _ 

SrO 0.28 0.17 0.04 

a b c d 
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other. From the above CT scans, it could be observed that 5% ferrierite added class-H cement 

cores had the best triaxial strength as they had the least fractures after failure. 

4.2 Mechanical characterization: 

4.2.a. Micro-mechanical characterization (Micro-indentation): 

Figure 4.9. below shows a 5x5 indentation grid on a highly polished cement surface for which the 

obtained hardness and elastic modulus are mapped beside it. This is used to calculate the average 

hardness and elastic modulus of the sample. The hardness and elastic modulus are calculated from 

the force Vs displacement curves obtained from each indent by the software interface of the 

indenter. They were further processed by mapping the hardness and elastic modulus corresponding 

to each indent and represented as mentioned above. These indent marks were also observed under 

SEM to obtain the morphology and also the chemical characterization using EDS to show the phase 

stability of cement phases under stress. This test would be more useful to observe self-healing after 

the failed cores are kept in the environmental chamber again at high temperature and humidity 

conditions similar to the ones used for hydration and curing of the cement cores. Self-healing would 

possibly occur due to secondary hydration and the corresponding phase changes would be visible 

in the EDS maps acquired for the indenter marks post-curing. 

Fig-4.10.1. Indentation results for Neat cement polished cores with 25 indents and maps of 

hardness (Avg 0.506 GPa) and elastic modulus (Avg 15.72 GPa).  
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Fig-4.10.2 Indentation results for 5% ferrierite added class-H cement polished cores with 25 

indents and maps of hardness (Avg 0.394 GPa) and elastic modulus (Avg 14.03 GPa).  

Fig-4.10.3 Indentation results for 15% ferrierite added class-H cement polished cores with 25 

indents and maps of hardness (Avg 0.319 GPa) and elastic modulus (Avg 11.01 GPa).  

Fig-4.10.4 Indentation results for 30% ferrierite added class-H cement polished cores with 25 

indents and maps of hardness (Avg 0.256 GPa) and elastic modulus (Avg 7.88 GPa).  
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Fig-4.10.5 An EDS map corresponding to an SEM image showing a single indent on neat 

cement. Indentation was done for the other formulations (for 5%,15%,30% ferrierite added 

Class-H cement) as well, and SEM and EDS studies are under progress to see if there is any 

noticeable surface chemical change on failure. (Vissa et al., GRC 2021, accepted manuscript).  

Future work is planned to test the indentation marks in a more detailed manner correlating them 

with the EDS studies to see if there is any chemical change in the matrix. This could help us nail 

down the mechanism if there is any self-healing observed in the failed samples due to secondary 

hydration. But the cores that need to be tested would need to be placed in an environmental chamber 

at high temperature and humidity conditions similar to the ones that were used during curing as 

mentioned above. The data corresponding to the maps is in appendix tables- 6.10-6.13. 

4.2.b. Strength Properties Characterization-I (Unconfined compressive strength (UCS)): 

This is an internationally acclaimed test to measure the strength of a material and figure 4.11. shows 

how the addition of 5%, 15%, 30% ferrierite to class-H cement had impacted the mechanical 

properties of the resultant cement core samples in comparison to neat class-H cement core samples. 

In this figure, UCS is compared to the hardness and elastic modulus as observed from the  

indentation testing. While elastic modulus and hardness follow a similar trend with 5% ferrierite 
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having a little less magnitude compared to neat class-H, UCS results show the highest values for 

5% ferrierite added class-H cement cores at 9934.3 psi compared to 7041.52psi for neat class-H 

cement. With this, 5% ferrierite addition is initially chosen as the better performer within the 

different ferrierite added formulations. This would be further tested by other mechanical 

characterization techniques like the triaxial test which is included below in the next section. 

Fig-4.11. UCS Vs Indentation for 5%,15%,30% ferrierite added Class-H and Neat class-H 

cement showing slightly similar trends. While UCS is the highest for 5% ferrierite added 

cement at 9934.3 psi compared to neat UCS at 7041.5psi. Elastic modulus and hardness on 

the other hand are highest for neat class-H with averages of 15.72 GPa (EM) and 47.82 

(hardness) followed by 5% ferrierite addition at 14.03 GPa (EM) and 37.3 (hardness). The 

hardness and elastic modulus decrease gradually with increase in percentage addition of 

ferrierite which is a similar trend as shown in UCS.  
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4.2.c. Strength Properties Characterization-II (Triaxial strength testing): 

This is another very crucial strength test as it tests the properties of material not only under 

unilateral stress, but by applying triaxial stress on the sample under confinement pressure and 

elevated temperatures of 90°C which gets closest to simulating the downhole conditions where the 

material needs to work robustly. Four sample cores with 5%, 15%, 30% ferrierite bwoc additions 

to Class-H and Neat Class-H Cement slurry designs were tested at the same confining stress 

(2000psi) and temperature (90°C) conditions. It shows that the 5% FER sample has the highest 

axial peak stress at 68.8 MPa and the axial peak stress is monotonically decreasing when the FER 

percentage is increasing. However, the 30% FER sample, which has the lowest axial peak stress 

among the other two doses, is still showing higher axial stress than the neat cement. Despite that, 

the young’s modulus of neat cement is higher than the 5% FER and 15% FER sample, but lower 

than the 30% FER sample. Overall, 5% is shown to have the best performance under triaxial testing. 

For this test, the raw data includes sample height (H) and sample diameter (D), which are the initial 

measurements taken at ambient stress conditions, lateral pressure (σ3), axial load (P), axial 

deformation (∆L), and the test duration (T). The axial load divided by the specimen’s cross-

sectional area gives the axial stress. Axial strain (eA) is estimated by dividing the axial deformation 

ΔL (obtained from the load frame) with the height of the sample (H): 

eA =∆L/H 

Thus, the strain-stress curve of each specimen can be obtained, which is shown in figure 

4.12. The initial linear portion of this curve is used to obtain Young’s modulus of that specimen. 
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Fig-4.12. Triaxial test results for 5%, 15%, 30% FER added and neat class-H cement at 

13.7M.Pa confining pressure and 90oC. 5% FER added cement the highest axial stress at 68.8 

MPa followed by 62.9 MPa and 54.5MPa for 15% and 30% additions respectively, while neat 

class-H cement sample had a maximum of 53.3 MPa. These results coincide with the UCS 

results showing a similar trend with 5% having the best performance. The initial linear 

regime is shown in a magnified scale in the inset and the slope of this initial linear regime is 

used to calculate the Young’s modulus.  
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4.3 Petrophysical/hydraulic property testing: 

Once the strength properties are tested, the last characterization that is required to conclude the 

suitability of the material for plugging and abandonment purposes is the petrophysical property 

testing. Zonal isolation is the most important factor for a material to be considered as a P&A 

solution. To measure this, we look at 2 very important properties namely porosity and permeability. 

4.3.a. Porosity test:  

Porosity is the percentage of the sample core that is filled with pore spaces or void spaces. This 

also has an impact on the material integrity as pore spaces could become initiation points for a 

fracture to begin under stress. This is measured using a porosimeter by taking a cement sample core 

in a matrix cup. The porosity is calculated based on the grain volume obtained from the combined 

gas law equation (P1V1= P2V2) where the gas pressure remains constant, and the volume is 

calculated from the gas that expands into the pore-spaces on applying that constant gas pressure. 

Another test that was done to study the porosity was the Mercury intrusion porosimetry (MIP). This 

was measured only for the best performer i.e., the 5% ferrierite added class-H cement to correlate 

it with the helium gas porosimetry measurements. 

 

 

 

 

 

Fig-4.13. Pore throat radius as measured in mercury intrusion porosimetry where the most 

pore throat radius distribution is in the nano-range (0.025μm) supporting the hypothesis that 
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increase of porosity is attributed to the nano-porosity introduced by the addition of ferrierite. 

Ferrierite is a zeolite mineral that is characterized by crystalline structure with porosity in 

the nano-range and hence it could also support the fact that the porous crystalline structure 

of the zeolite is preserved in the cement matrix even after hydration. 

 4.3.b. Permeability test: 

Permeability is a property that indicates the ability of a material to allow the passage of liquids or 

gases through it. This is measured using Darcy’s law by measuring the flow rate while passing 

helium gas through a sample core at constant pressure. This is done under confining pressure to 

simulate downhole conditions to get a wholistic measurement of a simulated cement plug. As 

shown below in figure 4.12. is the porosity compared to the permeability values that were obtained 

for the 5%,15%, 30% ferrierite added cement samples in comparison to neat class-H cement.  

Fig-4.14. Average porosity and permeability values of 5%, 15%, 30% FER added, and Neat 

class-H cement measured using Corelab ultrapore 300 porosimeter and Nanoperm 

permeameter. (Vissa et al., GRC 2021, accepted manuscript) While 30% ferrierite has the 

least porosity due to better hydration, 5% ferrierite addition shows the best zonal isolation 

as it has the least permeability of 13.54 μD in copmparison to neat class-H cement (49.53 μD). 
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 Porosity need not necessarily translate into permeability as the pore spaces could be 

isolated. Hence, permeability is also needed to be measured for the samples in order to get the 

complete petrophysical characterization.  As observed in porosity measurements through helium 

gas expansion porosimetry, the addition of ferrierite slightly increased the porosity of the cement 

cores, but decreases for 30% which could be attributed to the enhanced hydration due to the stored 

pore water in ferrierite. Mercury intrusion porosimetry gives an insight into the distribution of the 

range of pore throat radii. Despite having a higher frequency of distribution in comparison to the 

neat cement, these pore throat sizes had been mostly distributed in the nanometer range and hence 

do not directly contribute to permeability. This could be noted in the permeability results. Hence, 

ferrierite addition does not impact the zonal isolation properties of the cement but apparently 

enhances it.
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CHAPTER V 

 

 

CONCLUSION 

 

5.1. Discussion: 

The SEM and EDS studies performed at the beginning had helped get an initial understanding 

of the chemical and morphological properties of zeolite. EDS shows an apparent change in atomic 

percentages of the zeolite, but the XRD shows phase stability which suggested the chemical 

stability of the material. Since EDS cannot be taken as a quantitative characterization technique on 

rough surfaces, it is used mostly to confirm the distribution of elements to make sure that the sample 

is zeolite. This comes in handy more in the EDS of cement to identify zeolites within the matrix 

and helps to show that the chemical make-up of the zeolites stays stable even after hydration. Also, 

XRD and EDS performed for plain zeolite dispersed in high-low pH solutions, as well as brine, DI 

water and oil show that there was no change in the phases of the zeolite in comparison to the plain 

control sample. The published literature with these results [9, 10] earlier as a part of this research, 

supports the hypothesis that the ferrierite is non-hydraulic and can act as a supplementary 

cementitious material that will not interfere with cement hydration directly but would provide 

morphological template for CSH. However further work needs to be performed to observe if zeolite 

shows late pozzolanic reaction and is responsible for self-healing. This is essential to support our 

hypothesis based on the earlier literature [46] that our research work was based on. Tests like 

Raman and XRF had also been performed to get the chemical characterization of these materials. 
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 Raman spectroscopy showed that the peaks for ferrierite have been consistent in all the 

ferrierite added cement cores, indicating the stability of this mineral within hydrated cement matrix. 

The data shows that the ferrierite existed as a stable state in cement even after 28 days of curing at 

high temperature (90°C) and 95% RH (Relative humidity). XRF performed for unhydrated 

commercial geothermal zeolite cement and plain class-H cement show the ferrierite replacement 

and we could notice that it reduces the CaO content in the cement which is responsible for the more 

reactive phases in cement which tend to deteriorate on a longer run on exposure to harsh low – pH 

conditions. This shows that the ferrierite replacement by weight of cement could be advantageous 

to the end product but further testing was required to decide what percentage would be an ideal 

replacement for optimized hydration and enhanced strength and petrophysical properties.  

 The UCS data obtained comparing the 5%, 15%, and 30% ferrierite added cements, and 

neat class-H cement show a clear increase in the strength characteristics. It was observed that 5% 

Ferrierite added cement cores showing an average UCS of 9934.3 psi compared to neat class-H 

cement cores showing an average UCS of 7041psi. Based on this, a conclusion could be made that 

5% ferrierite addition shows the best performance, also supporting the initial claim that zeolite 

addition improves the strength properties. It was noted that a similar trend was observed in Triaxial 

tests with 5% ferrierite addition showing superior performance with highest axial peak stress at 

68.8 MPa compared to 53.3 MPa for neat class-H cement. Calculated young’s modulus from 

triaxial tests had been observed to be reduced for 5% and 15% ferrierite additions compared to neat 

class-H but had increased for 30% ferrierite addition. Hardness and elastic modulus had also been 

higher for neat class-H cement compared to ferrierite added cements from indentation tests. Table-

5.1 below gives us the average results of all the measured strength properties namely hardness and 

elastic modulus (indentation), Axial peak stress and elastic modulus (Triaxial), as well as 

compressive strength (unconfined compressive strength) as shown in the plots in the results section.  
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The complete raw data is provided in the appendix tables – 6.9 – 6.14. 

Table-5.1 Summary of Mechanical tests for 16PPG Neat Class-H, 5%, 15%, and 30% 

ferrierite added class-H cement formulations 

 Porosity and permeability of the ferrierite added cements were measured along with that 

of neat class-H cement. While porosity did not differ much (Difference between 1-2%), 

Permeability showed a promising trend with 5% and 30% ferrierite added cements showing lower 

values (13.5 μD and 22.58 μD respectively) compared to neat class-H cement cores. Porosity was 

also found out to be in the nano-range with a pore throat radius distribution frequency mostly in 

the nanometer regime for the 5% ferrierite added sample as observed in mercury intrusion 

porosimetry. That was an interesting observation that would support the hypothesis that ferrierite 

added cement formulations show better petrophysical properties. Shown below is a schematic of 

the hypothesis.  

 
Indentation Triaxial UCS  
Hardness 

(Gpa) 

EM (GPa) 

Ind 

Axial peak stress 

(psi) 

EM (GPa) 

triaxial 

Comp. strength 

(psi) 

Neat 0.506 15.72 7730 9.65 7041 

5% Fer 0.394 14.03 9882 8.82 9934.3 

15% Fer 0.319 11.006 9133 7.72 6652 

30% Fer 0.256 7.88 7944 11.29 6319 
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Fig-5.1. Schematic of proposed mechanism of zeolite in cement hydration with hydrated 

cement matrix seen around zeolite crystals in the final product while zeolite stays intact. 

One very important observation from the literature was self-healing [46]. Though this study 

had not included an in-depth study for self-healing, we had observed morphological characteristics 

like the ones seen in earlier literature where self-healing was observed (Fig: 4.2 in results refer to 

figure 2.3 in literature survey). This is a very promising This shows that the zeolite that we had 

chosen for our studies is a good fit and would in the future help us create a robust barrier plugging 

material. However, a lot of research is yet to be done to understand the mechanism of these zeolite 

additions and it would be studied in our future work. The usage of tools like Raman, SEM and EDS 

analysis coupled with XRD would make a considerable addition to our research and are currently 

under progress. The integration of indentation and SEM as well as EDS is another future plan of 

work. Single-phase studies as well as experiments to determine self-healing capability would be 

designed for our future work. With all the current results which have been published and the ones 

under review, the planned future experiments for the research aim to understand the mechanism of 

the zeolite and its action in cement. 

5.2. Conclusion: 

The chemical stability of zeolites at elevated temperatures as well as subsurface and cement 

hydration conditions suggest that zeolite could act as a substrate for hydration without actively 

taking part in the reaction. While some literature suggests that zeolites interact with cement to form 

new phases[68, 103], there are many instances in our research where the zeolite phase was observed 

to be stable even after months of hydration. Cement samples containing 5% by weight of cement 

addition of ferrierite had shown a consistent improvement in UCS (41% increase compared to neat 

class-H) as well as possessed improved triaxial strength by 29% compared to neat class-H cement. 

Ferrierite XRD peaks obtained in hydrated cement suggest that ferrierite exhibits phase stability 
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within cement matrix and does not react with cement, like most pozzolanic materials used in 

cement-based composites [61, 62, 104]. Further work is required to understand the interaction 

between zeolite and cement and also how it is responsible for self-healing. Experiments like single 

phase studies and induced secondary hydration studies by curing the failed/fractured samples at 

high temperature conditions, need to be designed in future for observing the self-healing capability 

of this zeolite addition in cement. This is a very important reason for choosing this material as 

literature had strongly suggested self-healing with all the relevant observations [46]. Reproducing 

this same self-healing quality in wellbore cement for plugging and abandonment for repairing 

cracks and fractures would be a great improvement as zonal isolation is a must for this application. 

The literature strongly suggests the porous structure of zeolites hold a key to their exceptional 

behavior. Noted below, are the key insights from the research performed so far. The insights include 

conclusions supporting the hypothesis based on each of the following properties namely chemical, 

mechanical and petrophysical properties. Based on these observations, future work can be 

recommended. 

5.2.1. Chemical and morphological properties: 

 As mentioned in the discussion, ferrierite can be concluded to be stable under harsh 

chemical conditions like high and low pH as well as at simulated downhole conditions (High 

temperature- 90°C). It does not show any interaction with water or brine or even organic materials 

making it ideal for our usage. Ferrierite remains as a stable phase even after cement hydration as 

the ferrierite crystal structure can still be noticed to remain in the cement matrix as observed in the 

following: 

1) Scanning electron microscopy: SEM studies show that the crystalline morphological structure 

had been retained in zeolites even after exposure to sub-surface and hydration chemical 
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conditions. It had also been observed as a stable crystalline phase within a hydrated cement 

matrix. 

2) Energy dispersive X-Ray spectroscopy: As observed in EDS, the chemical and elemental 

composition of ferrierite (Aluminosilicate) remained stable at reactive chemical conditions as 

well as post-hydration. 

3)  X-ray diffraction: This is the most promising result as the ferrierite phase had remained stable 

with prominent 2ϴ peaks seen at 25.1951 and 25.5204 in hydrated 30% ferrierite added class-H 

as well as in the geothermal zeolite cement formulation. The best results were shown in the 

chemically treated ferrierite samples which had the same 2ϴ peaks throughout at 9.2256, 23.5000, 

25.1951 and 25.5204 characteristic of ferrierite-Mg. The only exception was an extra calcite peak 

that was observed at 29.4321 for ferrierite treated in Ca(OH)2 which indicates the affinity of 

zeolites to calcium-based compounds. 

4) Raman spectroscopy: This technique had also shown promising results with ferrierite as 

unreacted ferrierite phases were observed in each of the 5%, 15% and 30% ferrierite added 

samples at ~416nm. This was done using a 532nm excitation laser for all the samples so that the 

tests are uniform.   

This would lead to our conclusion that ferrierite would enhance the properties of cement by acting 

as a scaffolding for hydration to take place enhancing the cement hydration and in turn improving 

the final properties of cement. This phase stability of ferrierite helps infer that characteristic pore 

structure of zeolites (Ferrierite in our studies) is being retained in the cement matrix. TEM was also 

used to observe the crystal structure of the zeolite for morphological characterization corresponding 

to the zeolite and was found to be similar to the structures observed in literature. The porous 

structure of zeolites is responsible for holding of pore water for secondary hydration and possible 

self-healing which need further conclusive studies. It can also improve the ion transport during 

hydration enhancing the overall hydration by acting as a substrate. 
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5.2.2. Mechanical properties: 

 Ferrierite addition had a significant effect on the mechanical strength properties as clearly  

observed in UCS and triaxial tests. There was a 41% increase in the UCS value for 5% by weight 

of cement ferrierite added to cement in comparison to the neat Class-H cement. Triaxial tests 

concluded the same with 5% ferrierite addition having a peak axial stress at 68.8MPa compared to 

that of neat at 53.2 MPa which is a 29% increase in comparison with neat class-H. Indentation tests 

also gave an average hardness (0.506GPa or 47.82 HV) and elastic modulus values of 15.72 GPa 

for neat class-H cement showing that it was a very brittle material. At 0.394GPa (37.3HV) hardness 

and 14.03GPA elastic modulus, 5% ferrierite added cores are slightly more ductile giving it the 

superior performance in UCS and Triaxial tests.  Ferrierite addition was shown to lower the elastic 

modulus as seen in both indentation and triaxial testing. This indicates a more ductile nature of the 

resultant cement cores. An outlier was the elastic modulus value from the triaxial testing of 30% 

ferrierite added cement (11.29 GPa) which was higher than that of neat class-H cement core (9.65 

GPa) which indicates the more brittle nature of the higher ferrierite addition. This could also mean 

that the hydration was highest in the 30% ferrierite added cement due to the increased water content 

showing the formation of more brittle cement phases. One more important fact that needs to be 

noted is that the triaxial test only gives localized stress-strain results and hence can only be good 

for calculating the average hardness and elastic modulus of the material. This cannot give the bulk 

elastic modulus as accurately as triaxial testing. Hence, triaxial test results are considered as a better 

evaluation of the material than indentation.  From all these tests, it was also noted that 5% ferrierite 

addition had shown the best properties and hence can be recommended as an ideal formulation for 

P&A application. 
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5.2.3. Petrophysical/Hydraulic properties: 

 Porosity of the cement cores as measured by the helium gas porosimeter, was observed to 

increase with increase of Zeolite percentage up to 15% ferrierite addition (30.2% porosity 

compared to 28.82% for neat class-H) but drops for 30% addition (24.617%). This could be 

correlated to the increased water content in the cement slurry due to the water absorbed by the 

nano-pores observed in the crystal structure of ferrierite. This would be by means of capillary action 

when water is added to make the slurry. This increased water content could result in better hydration 

(as inferred from triaxial testing showing a more brittle nature for 30% ferrierite addition) and as a 

result, reduced pore spaces. The higher porosity of zeolite added cement could be explained by the 

nano-porosity observed in the zeolite crystal structure, as confirmed from the mercury intrusion 

porosimetry (MIP). This nano-porosity in the 0.025 µm range, does not translate into the effective 

cement porosity as the ferrierite nano-pores can be considered as isolated pore spaces. This can be 

confirmed by the low permeability that is observed for 5% Ferrierite added cement. Permeability 

was the lowest for 5% ferrierite added to the cement cores at 13.5 μD compared to 49.525 μD for 

neat class-H cement. Based on all these results and conclusions, 5% ferrierite addition could be 

considered as a recommended cement design for plugging and abandonment purposes. As 5% 

addition of ferrierite had shown the best zonal isolation properties as well as the best strength 

properties with more ductile nature compared to neat class-H cement. 

 Future work on this topic would be to investigate the mechanism behind the observed 

property enhancement. Desired properties like self-healing can also be tested by using techniques 

like flowthrough and CT to get a holistic understanding of the material. Also, further experiments 

like single-phase studies and curing the fractured samples at subsurface conditions need to be 

conducted to check the mechanism behind self-healing. Adapting this for cement formulations used 

for plugging and abandonment would be a breakthrough in P&A. Once self-healing is confirmed, 
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the research could concentrate on understanding how zeolite (ferrierite) interacts with cement in 

different stages by using highly advanced techniques like AFM, and FIB augmented SEM and EDS 

studies. EBSD could also be done on ion beam polished samples studying the interfacial phases at 

the grain boundaries further confirming whether the zeolite is stable post-hydration. A comparison 

between plain samples and self-healed samples can be done to observe whether zeolite acts as a 

sacrificial material by forming different phases determining the mechanism.
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APPENDICES 
 

 

1) EDS Elemental analysis: 

 

Fig 6.1. EDS chart for Ferrierite with counts plotted against energy (KeV) showing the 

elements that are present in the matertial 

  

 

 

 

 

 

 

 

Table-6.1 Atomic percentages of the different elements present in Ferrierite giving its 

elemental composition. 

Element At. No. 

Mass 

[%] 

Mass 

Norm. 

[%] 

Atom 

[%] 

Carbon 6 31.51 26.22 37.47 

Oxygen 8 46.62 38.80 41.63 

Sodium 11 0.91 0.76 0.57 

Magnesium 12 0.50 0.42 0.29 

Aluminium 13 6.05 5.04 3.21 

Silicon 14 29.79 24.79 15.15 

Potassium 19 3.96 3.30 1.45 

Calcium 20 0.34 0.28 0.12 

Iron 26 0.46 0.38 0.12 

   120.15 100 100 
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Fig 6.2. EDS chart for 

Mordenite (2nd prospective 

zeolite) with counts plotted 

against energy (KeV) 

 

 

 

 

 

 

 

 

Table-6.2. Atomic percentages of the different elements present in Mordenite giving the 

elemental composition.  

 

 

Fig 6.3. EDS chart for 

commercial geothermal 

zeolite cement with 

counts plotted against 

energy (KeV) 

 

Element At. No. 

Mass 

[%] 

Mass 

Norm. 

[%] 

Atom 

[%] 

Carbon 6 36.12 28.41 39.31 

Oxygen 8 52.88 41.60 43.21 

Sodium 11 1.27 1.00 0.72 

Magnesium 12 0.06 0.05 0.03 

Aluminium 13 5.13 4.04 2.49 

Silicon 14 28.16 22.15 13.11 

Potassium 19 2.09 1.64 0.70 

Calcium 20 1.10 0.87 0.36 

Iron 26 0.31 0.24 0.07 

   127.12 100 100 



 

75 

Element At. No. 

Mass 

[%] 

Mass 

Norm. 

[%] 

Atom 

[%] 

Carbon 6 21.09557 20.993 33.86686 

Oxygen 8 34.22856 34.06215 41.25226 

Sodium 11 1.031433 1.026418 0.865106 

Magnesium 12 1.150745 1.14515 0.912948 

Aluminium 13 2.09514 2.084954 1.497302 

Silicon 14 11.27057 11.21577 7.737959 

Sulfur 16 0.797065 0.79319 0.479305 

Potassium 19 2.630493 2.617704 1.297305 

Calcium 20 22.44085 22.33175 10.79683 

Iron 26 3.74813 3.729908 1.294129 

   100.4885 100 100 

Table-6.3 Atomic percentages of various elements present in commercial geothermal zeolite 

cement giving the elemental composition. 

 

  
Fer. 

Control 

Fer.Ca(OH)2 Fer.HCl Fer.NaCl Fer. Oil Fer. 

Water 

Element At. 

Number 

Atom% Atom% Atom% Atom% Atom% Atom% 

Oxygen 8 65.69 41.57 63.32 58.72 64.03 60.30 

Sodium 11 1.1 0.10 0.01 2.46 1.13 1.06 

Magnesium 12 0.72 0.36 0.28 0.49 0.56 0.46 

Aluminium 13 5.37 2.20 2.70 4.68 4.34 4.71 

Silicon 14 24.43 19.54 33.36 30.95 26.60 30.08 

Potassium 19 2.04 0.06 0.31 1.86 2.19 2.57 

Calcium 20 0.45 35.72 0.00 0.00 0.23 0.17 

Iron 26 0.21 0.45 0.01 0.83 0.93 0.64 

 Table-6.4 Consolidated atomic percentages of various elements for ferrierite in different 

chemical conditions (Plots)-(Figures 4.1 g&h). This elemental distribution is acquired from 

EDS and can be used as a chemical characterization technique which could be used to predict 

the predominant chemical phases in the material based on the elemental composition. For 

example and increased elemental percentage of aluminum and silicon in a particular region 

could indicate the presence of zeolite.   

https://docs.google.com/spreadsheets/d/1fx5BGpq3opfHlPUBQgZx7RpXhGiZj8XE/edit?usp=sharing&ouid=110871638003732770407&rtpof=true&sd=true
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2) XRD data analysis: 

 

Fig 6.4. Consolidated XRD for ferrierite exposed to different chemical conditions Link this 

was one of the first tests performed to establish the chemical and phase stability of ferrierite 

and had formed the basis for our initial hypothesis. 

3) Raman spectroscopy information for the plots obtained: 

Neat Class-H 

cement 

5% Fer added 

Cement 

15% Fer added 

cement 

30% Fer added 

cement 

UHTS300S_GREEN

_NIR: 

Excitation 

Wavelength [nm]:

 532.262 

Laser Power [mW]:

 5.000 

Grating: G2: 

600 g/mm 

BLZ=500nm 

Center Wavelength 

[nm]: 594.993 

Spectral Center [rel. 

1/cm]: 1980.823 

UHTS300S_GREEN

_NIR: 

Excitation 

Wavelength [nm]:

 532.262 

Laser Power [mW]:

 4.967 

Grating: G2: 

600 g/mm 

BLZ=500nm 

Center Wavelength 

[nm]: 594.993 

Spectral Center [rel. 

1/cm]: 1980.823 

UHTS300S_GREEN

_NIR: 

Excitation 

Wavelength [nm]:

 532.262 

Laser Power [mW]:

 4.965 

Grating: G2: 

600 g/mm 

BLZ=500nm 

Center Wavelength 

[nm]: 594.993 

Spectral Center [rel. 

1/cm]: 1980.823 

UHTS300S_GREEN

_NIR: 

Excitation 

Wavelength [nm]:

 532.262 

Laser Power [mW]:

 4.960 

Grating: G2: 

600 g/mm 

BLZ=500nm 

Center Wavelength 

[nm]: 594.993 

Spectral Center [rel. 

1/cm]: 1980.823 

0

2

4

6

8

10

12

14

5 10 15 20 25

2θ (Degrees) 

Ferrierite at different chemical conditions

Ferrierite Low pH Ferrierite High pH Ferrierite Brine Ferrierite Oil Ferrierite DI Water Ferrierite plain

https://docs.google.com/spreadsheets/d/1YF0cPgbvP_DwrdQLRAb8LeH5Vha3c3fM/edit?usp=sharing&ouid=110871638003732770407&rtpof=true&sd=true
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Sample Location 

(global position): 

Position X [µm]:

 484.975 

Position Y [µm]:

 -3509.300 

Position Z [µm]:

 98.720 

Sample Location 

(global position): 

Position X [µm]:

 5092.425 

Position Y [µm]:

 -7015.400 

Position Z [µm]:

 -0.960 (Live 

Auto Focus) 

Sample Location 

(global position): 

Position X [µm]:

 5478.875 

Position Y [µm]:

 -7395.750 

Position Z [µm]:

 -25.000 

Sample Location 

(global position): 

Position X [µm]:

 6485.325 

Position Y [µm]:

 -7995.175 

Position Z [µm]:

 -26.180 

Large Scale Image: 

Scan Origin X [µm]:

 0.000 

Scan Origin Y [µm]:

 0.000 

Scan Origin Z [µm]:

 Live Auto 

Focus 

Large Scale Image:  

Scan Origin X [µm]:

 4197.380 

Scan Origin Y [µm]:

 -7050.100 

Scan Origin Z [µm]:

 Live Auto 

Focus 

 

Large Scale Image:  

Scan Origin X [µm]:

 5478.880 

Scan Origin Y [µm]:

 -7395.750 

Scan Origin Z [µm]:

 Live Auto 

Focus 

Large Scale Image:  

Scan Origin X [µm]:

 6485.330 

Scan Origin Y [µm]:

 -7995.170 

Scan Origin Z [µm]:

 Live Auto 

Focus 

Table-6.5 Information for Raman parameters used for acquiring the data.  

Note: Integration time and number of accumulations and power were kept nearly constant for 

all the samples to ensure uniformity. 

General information: 

DR316B_LD,DD: 

Width [Pixels]: 2000 

Height [Pixels]: 256 

Temperature [°C]: -59 

Cycle Time [s]: 0.58191 

Camera Serial Nr.: 7349 

AD Converters: AD1 (16Bit) 

Vertical Shift Speed [µs]: 32.13 

Horizontal Shift Speed [MHz]: 0.13 

Preamplifier Gain: 4 

ReadMode: Single Track (Row 8 -> 16) 

Number Of Accumulations: 30 

Integration Time [s]: 1.00000 

Objective Name: Zeiss EC Epiplan-Neofluar Dic 50x / 0.8 

Objective Magnification: 50.0 

Large area scan information: 

Scan (Area): 

Points per Line: 100 

Lines per Image: 100 

Scan Width [µm]: 1000.000 

Scan Height [µm]: 1000.000 

Focus 
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Gamma [°]: 0.000 

Scan Speed [s/Line]: 10.000 

Integration Time [s]: 0.1 

 

4) XRF Data : 

   

Oxide: 

      Net       

Wt% 

      At%  I-Error%        

BG 

 Wt-

Error 

  Al2O3 788.0901 6.47 4.06 0.81 13.6 0.05 

     SiO2 6501 29.65 31.52 0.28 28.75 0.09 

      SO3 3539.45 9.48 7.57 0.38 45.65 0.04 

     K2O 1726.355 1.81 1.23 0.55 23.7 0.01 

      CaO 47520.8 46.27 52.7 0.1 26.85 0.07 

     TiO2 492.75 0.52 0.42 1.01 3.6 0.01 

     MnO 792.95 0.26 0.24 0.8 8.55 0 

  Fe2O3 18683.75 5.31 2.12 0.16 23.55 0.01 

      ZnO 432.85 0.06 0.04 1.08 3.6 0 

      SrO 2539.9 0.17 0.1 0.45 7.95 0 

 

    Total           100 100                               

       kV 50             Live Tm 20                     

       uA 1000                Reso 157                     

   Itera. 3              Method FP-NoStds                     

 

Table-6.6 XRF data for commercial geothermal zeolite cement cement showing the various 

oxides present in it and their weight percentages, atomic percentages. 

   Oxide:       Net       Wt%       At%  I-Error%        
BG 

 Wt-
Error 

   Al2O3 172.5187 1.47 0.88 1.86 16.6 0.03 

     SiO2 3719.2 16.28 16.55 0.37 32.3 0.06 

      SO3 3090.2 6.97 5.31 0.41 48.8 0.03 

      K2O 598.3967 0.53 0.34 0.95 22.1 0.01 

      CaO 76896.8 68.08 74.13 0.08 25.7 0.09 

     TiO2 177.35 0.23 0.17 1.71 2.9 0 

     MnO 239.9 0.1 0.08 1.49 8.1 0 

   Fe2O3 17256.15 5.93 2.27 0.17 19.65 0.01 

      ZnO 878.1 0.14 0.1 0.76 4.8 0 

      SrO 3420.9 0.28 0.16 0.38 9.9 0  

    Total           100 100                               

       kV 50             Live Tm 20                     

       uA 1000                Reso 157                     
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   Itera. 3              Method FP-NoStds                     

Table-6.7 XRF data for Neat Class-H cement showing the various oxides present in it and 

their weight percentages, atomic percentages. 

     
Oxide: 

      Net       

Wt% 

      At%  I-Error%        

BG 

 Wt-

Error 

    

Al2O3 

1052.852 8.16 5.16 0.69 6.3 0.06 

     SiO2 17443.65 82.43 88.41 0.17 6.3 0.16 

     K2O 4093.999 6.05 4.14 0.35 22.05 0.02 

      CaO 887.1 1.12 1.29 0.76 15.6 0.01 

     TiO2 200.75 0.13 0.11 1.62 4.8 0 

     MnO 62.3 0.01 0.01 3.14 7.2 0 

  Fe2O3 10730.8 1.81 0.73 0.22 15 0 

      SrO 1724.1 0.06 0.04 0.54 5.9 0 

     RhO 2032.6 0.22 0.12 0.5 16.5 0 

 

    Total           100 100                               

       kV 50             Live Tm 20                     

       uA 1000                Reso 157                     

   Itera. 4              Method FP-NoStds                     

Table-6.8 XRF data for Ferrierite showing the various oxides present in the zeolite and 

their weight percentages, atomic percentages. 

5) Indentation data: 

 
Hardness average (Gpa) EM average (GPa) 

Neat 0.506 15.72 

5% Fer 0.394 14.03 

15% Fer 0.319 11.01 

30% Fer 0.256 7.88 

Table-6.9 Average indentation data. 

 

Test  X  Y  Max 

Load 

 Max 

Depth 

 

Hardness(G

Pa) 

 

Hardness(

HV) 

 Modulus  Martens 

Test 

1 

0.000

119 

-

0.000

13 

4950.

274 

21835

.83 

0.50558677

1 

47.775421

92 

16.6491147

7 

0.39281

9008 

Test 

2 

0.400

181 

0.000

129 

4950.

274 

21148

.34 

0.56384452

2 

53.280488

09 

14.5969086

6 

0.41877

3781 
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Test 

3 

0.800

073 

0.000

387 

4953.

632 

22111

.27 

0.48060582

2 

45.414847

19 

18.7528167

4 

0.38335

3225 

Test 

4 

1.200

006 

0.000

695 

4947.

588 

24048

.45 

0.41062992

6 

38.802474

89 

14.7538279

2 

0.32368

4722 

Test 

5 

1.599

919 

0.000

943 

4944.

901 

24552

.85 

0.39583882

6 

37.404789

89 

13.7345312

7 

0.31035

3387 

Test 

6 

-

0.000

14 

-

0.398

76 

4944.

901 

21717

.5 

0.5360446 50.653534

44 

13.6280503

4 

0.39668

0304 

Test 

7 

0.399

982 

-

0.398

44 

4958.

333 

21490

.9 

0.53430381

6 

50.489039

13 

15.5623125

3 

0.40618

9968 

Test 

8 

0.799

845 

-

0.398

17 

4938.

857 

22537

.65 

0.46571813 44.008034

66 

16.9989153

4 

0.36788

4957 

Test 

9 

1.199

788 

-

0.397

94 

4950.

274 

20592

.45 

0.57042941

4 

53.902727

46 

18.4435659

1 

0.44168

8276 

Test 

10 

1.599

681 

-

0.397

67 

4932.

813 

23371

.06 

0.42584996

6 

40.240692

55 

17.3000970

3 

0.34169

6691 

Test 

11 

-

0.000

35 

-

0.797

43 

4961.

02 

22697

.32 

0.5360446 44.921976

74 

14.4529283

8 

0.36435

4747 

Test 

12 

0.399

734 

-

0.797

09 

4954.

304 

23204

.39 

0.53430381

6 

41.608175

06 

16.1524247

9 

0.34813

2889 

Test 

13 

0.799

617 

-

0.796

77 

4965.

049 

20976

.28 

0.46571813 51.879035

27 

18.2022095

5 

0.42694

2568 

Test 

14 

1.199

559 

-

0.796

41 

4944.

23 

21878

.73 

0.57042941

4 

47.510697

56 

16.5962588

1 

0.39080

2565 

Test 

15 

1.599

442 

-

0.796

03 

4942.

215 

24177

.88 

0.42584996

6 

39.558062

6 

12.4954576

7 

0.31988

0712 

Test 

16 

-

0.000

63 

-

1.195

7 

4947.

588 

22628

.1 

0.47998532 45.356212

85 

14.1037319

5 

0.36559

4848 

Test 

17 

0.399

466 

-

1.195

34 

4940.

2 

22930

.54 

0.47595760

7 

44.975614

03 

12.6351630

2 

0.35548

2969 

Test 

18 

0.799

359 

-

1.195

04 

4946.

916 

20285

.92 

0.62232352 58.806461 14.9647498 0.45482

8876 

Test 

19 

1.199

272 

-

1.194

71 

4948.

259 

18851

.66 

0.70745721

6 

66.851169

62 

18.6161979

1 

0.52681

2624 
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Test 

20 

1.599

125 

-

1.194

39 

4946.

916 

23179

.57 

0.43270170

3 

40.888147

44 

18.0228888

4 

0.34835

8703 

Test 

21 

-

0.000

96 

-

1.594

09 

4951.

617 

21696

.08 

0.50876953

2 

48.076176

97 

17.4720829

1 

0.39800

3859 

Test 

22 

0.399

119 

-

1.593

81 

4949.

603 

21979

.62 

0.54205104

4 

51.221113

37 

11.8420781

4 

0.38764

3621 

Test 

23 

0.798

992 

-

1.593

54 

4946.

916 

19780

.56 

0.63038468

2 

59.568200

52 

18.2323056

2 

0.47836

5756 

Test 

24 

1.198

905 

-

1.593

24 

4954.

304 

21521

.81 

0.52421654

3 

49.535842

19 

16.6318849 0.40469

4986 

Test 

25 

1.598

788 

-

1.592

94 

4940.

2 

23420

.76 

0.45459718

9 

42.957161

38 

12.2802361

9 

0.34075

7432 

Avg     4948.

447 

22104

.62 

0.50613729

7 

47.827443

87 

15.7248295

6 

0.38775

1259 

SD     6.959

984 

1359.

467 

0.07340015 6.9359471

65 

2.14235022

3 

0.05017

9155 

Table-6.10 Indentation data for neat class-H cement (Used to get the maps in the results- 

Fig.4.10.) 

 

Test  X  Y  Max 

Load 

 Max 

Depth 

 

Hardness(G

Pa) 

 

Hardness(

HV) 

 

Modul

us 

 

Marten

s 

Test 1 0 -

9.92E-

06 

4942.8

87 

25568.

16 

0.351826 33.24582 15.770

85 

0.2860

78 

Test 2 0.4001

01 

0.0002

78 

4956.3

18 

23946.

42 

0.423065 39.97757 13.481

38 

0.3270

25 

Test 4 1.1999

07 

0.0008

04 

4942.8

87 

22412.

19 

0.475216 44.90551 16.457

16 

0.3723

19 

Test 5 1.5998

09 

0.0010

81 

4959.0

05 

28572.

02 

0.284297 26.86461 12.146

05 

0.2298

35 

Test 6 -

0.0002

3 

-

0.3985

8 

4955.6

47 

23576.

76 

0.428174 40.46028 15.334

41 

0.3373

14 

Test 7 0.3998

63 

-

0.3982

6 

4950.2

74 

24271.

3 

0.408046 38.55833 13.628

66 

0.3179

41 

Test 8 0.7998

06 

-

0.3979

6 

4949.6

03 

24335.

03 

0.421838 39.86158 11.391

55 

0.3162

35 



 

82 

Test 9 1.1997

28 

-

0.3976

1 

4933.4

85 

26080.

52 

0.337545 31.89628 15.103

82 

0.2744

25 

Test 

10 

1.5996

01 

-

0.3972

7 

4948.9

31 

24706.

19 

0.392569 37.09584 13.338

43 

0.3067

63 

Test 

11 

-

0.0004

4 

-

0.7969

8 

4948.2

59 

22871.

13 

0.451846 42.6972 16.790

72 

0.3579

15 

Test 

12 

0.3996

84 

-

0.7967

2 

4956.3

18 

23725.

86 

0.418581 39.55384 16.043

1 

0.3331

33 

Test 

13 

0.7995

57 

-

0.7964

4 

4949.6

03 

25686.

61 

0.354775 33.52445 14.071

67 

0.2838

31 

Test 

14 

1.1995 -

0.7961

8 

4945.5

73 

25107.

82 

0.376681 35.59443 13.489

29 

0.2968

26 

Test 

15 

1.5993

93 

-

0.7959

2 

4950.2

74 

27253.

81 

0.326608 30.86286 10.304

92 

0.2521

61 

Test 

16 

-

0.0006

6 

-

1.1956

4 

4948.2

59 

26608.

4 

0.352166 33.27789 9.5709

22 

0.2644

34 

Test 

17 

0.3994

27 

-

1.1953

7 

4950.2

74 

26313.

73 

0.340987 32.22155 12.746

9 

0.2705 

Test 

18 

0.7993

09 

-

1.1950

8 

4949.6

03 

25296.

23 

0.376177 35.54683 12.435

22 

0.2926

59 

Test 

19 

1.1992

22 

-

1.1948

4 

4953.6

32 

20605.

76 

0.560432 52.95798 20.136

01 

0.4414

17 

Test 

20 

1.5991

25 

-

1.1945

7 

4961.0

2 

24542.

29 

0.385982 36.47334 16.395

14 

0.3116

33 

Test 

21 

-

0.0009

1 

-

1.5942

9 

4959.0

05 

24844.

33 

0.383748 36.26228 14.227

2 

0.3039

78 

Test 

22 

0.3991

69 

-

1.5940

3 

4952.2

89 

26180.

82 

0.343129 32.42398 13.208

34 

0.2733

65 

Test 

23 

0.7991

01 

-

1.5937

7 

4937.5

14 

24600.

21 

0.408314 38.58365 11.509

79 

0.3086

98 

Test 

24 

1.1990

53 

-

1.5935

7 

4938.1

86 

20616.

47 

0.563997 53.29492 18.966

16 

0.4395

84 



 

83 

Test 

25 

1.5989

56 

-

1.5933

3 

4956.3

18 

27626.

45 

0.319971 30.23569 9.7874

2 

0.2457

04 

Test 

26 

1.9988

29 

-

1.5930

7 

4945.5

73 

24800.

33 

0.382316 36.12691 14.620

66 

0.3042

32 

Avg     4949.6

29 

24805.

96 

0.394731 37.30015 14.038

23 

0.3099

2 

SD     6.8316

83 

1871.5

75 

0.065408 6.180766 2.5752

66 

0.0505

49 

Table-6.11 Indentation data for 5% Fer added class-H cement  

Test  X  Y  Max 

Load 

 Max 

Depth 

 

Hardness(G

Pa) 

 

Hardness(H

V) 

 

Modul

us 

 

Marten

s 

Test 

1 

1.98E-

05 

9.92E-

06 

4946.9

16 

29959.

7 

0.262458 24.80093 9.8869

05 

0.2085

27 

Test 

2 

0.4001

41 

0.0003

37 

4952.2

89 

29432.

04 

0.269857 25.50017 10.815

34 

0.2163

06 

Test 

3 

0.8000

34 

0.0005

85 

4944.2

3 

29070.

43 

0.281505 26.60083 9.9128

49 

0.2213

6 

Test 

4 

1.1999

76 

0.0008

43 

4954.3

04 

27588.

44 

0.315465 29.80989 10.630

41 

0.2462

81 

Test 

5 

1.5998

79 

0.0011

31 

4950.9

46 

25789.

12 

0.364351 34.42936 11.593

37 

0.2816

55 

Test 

6 

-

0.0001

6 

-

0.3985

9 

4952.2

89 

27313.

73 

0.313782 29.65087 12.469

56 

0.2511

58 

Test 

7 

0.3999

13 

-

0.3983

5 

4951.6

17 

28881.

38 

0.292523 27.64192 8.9352

91 

0.2246

02 

Test 

8 

0.7998

06 

-

0.3980

7 

4952.9

61 

28787.

22 

0.301852 28.52352 8.0991

22 

0.2261

35 

Test 

9 

1.1997

08 

-

0.3977

4 

4934.8

28 

28475.

12 

0.287022 27.12213 11.586

76 

0.2302

73 

Test 

10 

1.5996

11 

-

0.3974

2 

4955.6

47 

24050.

04 

0.416723 39.37825 13.784

59 

0.3241

69 

Test 

11 

-

0.0004

3 

-

0.7970

9 

4946.2

45 

26826.

19 

0.332984 31.46528 11.252

18 

0.2600

52 

Test 

12 

0.3996

65 

-

0.7968

4 

4947.5

88 

27018.

17 

0.318897 30.13418 13.109

46 

0.2564

39 

Test 

13 

0.7995

38 

-

0.7965

9 

4941.5

44 

30427.

87 

0.305372 28.85614 4.9912

84 

0.2019

4 



 

84 

Test 

14 

1.1994

3 

-

0.7963

7 

4952.9

61 

29435.

53 

0.273918 25.88389 9.9036

7 

0.2162

84 

Test 

15 

1.5993

13 

-

0.7961

2 

4946.9

16 

28001.

24 

0.301659 28.50531 11.077

89 

0.2387

17 

Test 

16 

-

0.0007

2 

-

1.1958

8 

4952.9

61 

28151.

64 

0.290601 27.46032 13.065

88 

0.2364

61 

Test 

17 

0.3993

77 

-

1.1955

9 

4956.9

9 

26590.

56 

0.347391 32.82673 10.307

17 

0.2652

57 

Test 

18 

0.7993 -

1.1953

2 

4934.8

28 

25423.

47 

0.410329 38.77407 8.3916

64 

0.2888

72 

Test 

19 

1.1992

02 

-

1.1950

4 

4951.6

17 

24629.

11 

0.397422 37.55441 13.061

3 

0.3088

53 

Test 

20 

1.5990

75 

-

1.1947

1 

4938.8

57 

26954.

73 

0.331873 31.36035 10.705

52 

0.2571

93 

Test 

21 

-

0.0009

6 

-

1.5944

3 

4952.9

61 

28458.

19 

0.286401 27.06345 12.180

23 

0.2313

95 

Test 

22 

0.3991

59 

-1.5941 4952.9

61 

28574.

28 

0.29165 27.5595 10.325

59 

0.2295

18 

Test 

23 

0.7990

42 

-

1.5938

3 

4940.8

72 

27043.

07 

0.318891 30.13359 12.808

66 

0.2556

2 

Test 

24 

1.1989

44 

-

1.5935

6 

4948.9

31 

27608.

89 

0.303064 28.63805 13.222

61 

0.2456

5 

Test 

25 

1.5988

67 

-

1.5933

4 

4950.9

46 

25080.

88 

0.381278 36.02889 12.909

12 

0.2977

87 

Avg     4948.5

28 

27582.

84 

0.319891 30.22808 11.001

06 

0.2488

2 

SD     6.0636

61 

1636.6

99 

0.042703 4.035236 1.9727

79 

0.0309

98 

Table-6.12 Indentation data for 15% Fer added class-H cement  

Tes

t 

 X  Y  Max 

Load 

 Max 

Depth 

 

Hardness(G

Pa) 

 

Hardness(H

V) 

 

Modul

us 

 

Marten

s 

Tes

t 1 

1.98E-

05 

9.92E-

06 

4959.0

05 

26457.

99 

0.35169 33.23296 10.328

96 

0.2680

3 

Tes

t 2 

0.4001

21 

0.0002

78 

4956.3

18 

33363.

84 

0.214389 20.25867 7.4988

69 

0.1684

65 



 

85 

Tes

t 3 

0.7999

94 

0.0005

75 

4954.9

75 

28146 0.371527 35.10746 5.4161

41 

0.2366

52 

Tes

t 4 

1.1999

36 

0.0008

63 

4965.0

49 

32814.

5 

0.214732 20.29112 9.5067

22 

0.1744

6 

Tes

t 5 

1.5998

59 

0.0011

71 

4942.2

15 

32054.

03 

0.226326 21.38666 9.2687

18 

0.1819

95 

Tes

t 6 

-

0.0001

7 

-

0.3985

1 

4959.6

76 

29954.

97 

0.265525 25.09074 9.4423

93 

0.2091

31 

Tes

t 7 

0.3999

42 

-

0.3982

4 

4952.9

61 

28288.

95 

0.29783 28.14346 10.486

26 

0.2341

71 

Tes

t 8 

0.7997

96 

-

0.3979

4 

4947.5

88 

30376.

23 

0.256101 24.20026 9.4549

08 

0.2028

75 

Tes

t 9 

1.1997

18 

-

0.3976

6 

4952.9

61 

33539.

91 

0.204753 19.34811 9.1637

63 

0.1665

88 

Tes

t 10 

1.5996

31 

-

0.3973

9 

4949.6

03 

26484.

74 

0.374378 35.37683 8.0565 0.2669

82 

Tes

t 11 

-

0.0004

3 

-

0.7971

3 

4956.3

18 

28566.

56 

0.303292 28.65956 8.6227

66 

0.2297

98 

Tes

t 12 

0.3996

35 

-

0.7968

2 

4949.6

03 

28911.

29 

0.282928 26.73533 10.430

29 

0.2240

47 

Tes

t 13 

0.7994

98 

-

0.7965

1 

4957.6

62 

33246.

91 

0.208666 19.71792 9.3080

94 

0.1696

98 

Tes

t 14 

1.1994

3 

-0.7962 4950.2

74 

34104.

04 

0.16564 15.65219 -

20.725

2 

0.1610

35 

Tes

t 15 

1.5993

63 

-

0.7959

2 

4943.5

58 

35612.

07 

0.180617 17.06739 8.3154

03 

0.1474

85 

Tes

t 16 

-

0.0007

2 

-

1.1955

5 

4958.3

33 

29830.

93 

0.277402 26.21307 8.0078

53 

0.2108

17 

Tes

t 17 

0.3993

37 

-

1.1952

1 

4951.6

17 

30176.

57 

0.262894 24.8422 8.9765

67 

0.2057

36 

Tes

t 18 

0.7992

5 

-

1.1949

2 

4947.5

88 

27853.

05 

0.313355 29.61045 9.7357

99 

0.2412

96 

Tes

t 19 

1.1991

82 

-

1.1946

1 

4948.9

31 

33885.

09 

0.200238 18.92147 9.0323

46 

0.1630

79 



 

86 

Tes

t 20 

1.5990

55 

-

1.1942

8 

4944.9

01 

33589.

51 

0.203778 19.25604 9.1333

18 

0.1658

26 

Tes

t 21 

-

0.0010

5 

-

1.5939

7 

4948.9

31 

30379.

58 

0.257234 24.30731 9.2282

9 

0.2028

85 

Tes

t 22 

0.3990

4 

-

1.5936

6 

4950.2

74 

31896.

84 

0.230541 21.78501 8.9808

58 

0.1840

93 

Tes

t 23 

0.7989

32 

-

1.5933

5 

4936.8

42 

36150.

77 

0.176201 16.65015 7.6917

38 

0.1429

28 

Tes

t 24 

1.1988

35 

-

1.5929

9 

4948.9

31 

33361.

43 

0.204821 19.35456 9.9187

01 

0.1682

38 

Tes

t 25 

1.5986

98 

-

1.5926

6 

4941.5

44 

26123.

72 

0.350611 33.131 11.893

72 

0.2739

65 

Av

g 

    4951.0

26 

31006.

78 

0.255819 24.1736 7.8869

53 

0.2000

11 

SD     6.3749

79 

2861.6

46 

0.06085 5.749979 5.9619

24 

0.0378

68 

Table-6.13 Indentation data for 30% Fer added class-H cement  

 

6) Unconfined Compressive Strength data: 

S.

No 

Sample Diame

ter 

Leng

th 

Axia

l 

load 

UCS UC

S  

UC

S 

Mas

s 

Densit

y 

Aspe

ct 

ratio 

  

AVG 

in in Kn psi Kps

i 

MP

a 

gram

s 

grams

/cc 

1  5% 

FERRIER

ITE  

1.001 1.95

0 

34.6

76 

9,90

6 

9.9

1 

68.

30 

49.6

80 

1.976 1.95 9934.

06 

2  5% 

FERRIER

ITE 2 

1.001 1.94

8 

35.4

99 

10,1

41 

10.

14 

69.

92 

49.7

67 

1.981 1.95 

3  5% 

FERRIER

ITE 3 

0.999 1.91

5 

33.9

81 

9,75

6 

9.7

6 

67.

26 

48.6

57 

1.980 1.92 

4 15% 

FERRIER

ITE  

0.991 1.95

0 

22.8

57 

6,66

2 

6.6

6 

45.

93 

48.4

36 

1.965 1.97 6651.

91 

5 15% 

FERRIER

ITE 2 

0.997 1.93

0 

23.6

81 

6,82

6 

6.8

3 

47.

06 

49.1

06 

1.991 1.94 



 

87 

6 15% 

FERRIER

ITE 3 

0.991 1.91

9 

22.1

69 

6,46

8 

6.4

7 

44.

59 

47.7

02 

1.969 1.94 

7 30% 

FERRIER

ITE  

0.997 1.94

0 

22.1

84 

6,38

8 

6.3

9 

44.

05 

46.2

55 

1.864 1.95 6319.

00 

8 30% 

FERRIER

ITE 2 

1.001 1.96

0 

22.0

39 

6,29

6 

6.3

0 

43.

41 

46.9

36 

1.857 1.96 

9 30% 

FERRIER

ITE 3 

0.999 1.90

9 

21.8

50 

6,27

3 

6.2

7 

43.

25 

45.3

68 

1.853 1.91 

10 NEAT 

CLASS H  

1.198 1.98

4 

35.6

23 

7,11

1 

7.1

1 

49.

03 

74.1

11 

2.024 1.66 7041.

52 

11 NEAT 

CLASS H 

2 

1.197 1.93

4 

35.1

92 

7,03

0 

7.0

3 

48.

47 

71.7

84 

2.013 1.62 

12 NEAT 

CLASS H 

3 

1.199 1.97

3 

35.0

45 

6,98

4 

6.9

8 

48.

15 

73.7

69 

2.022 1.65 

Table-6.14 UCS data for 16PPG Neat Class-H, 5%, 15%, and 30% ferrierite added class-H 

cement formulations  

 

Glossary: 

 

1. API – American Petroleum Institute 

2. ASTM - American Society for Testing and Materials 

3. NAS – National Academies of Sciences 

4. GRP – Gulf Research Program 

5. GoM – Gulf of Mexico 

6. EIA – Energy Information Administration 

7. BOEM – Beureau of Ocean Energy Management 

8. SINTEF –  Norwegian: Stiftelsen for industriell og teknisk forskning 

9. NETL – National Energy Technology Laboratory 

10. CEAT – College of Engineering, Architecture and technology  
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11. P&A – Plugging and abandonment 

12. HPHT – High Pressure High Temperature 

13. XRD – X-ray Diffraction 

14. SEM – Scanning Electron microscopy 

15. EDS – Energy Dispersive X-ray Spectroscopy 

16. TEM – Transmission Electron Microscopy 

17. XRF – X-ray Fluorescence. 

18. UCS – Unconfined Compressive Strength 

19. Ca(OH)2  - Calcium hydroxide 

20. NaCl – Sodium chloride (Table salt) 

21. HCl – Hydrochloric Acid. 

22. DI water – De-ionized water. 

23. CH – Calium hydroxide (Cement terminology) 

24. CSH – Calcium Silicate Hydrate (Cement terminology) 

25. C3A – Tricalcium aluminate (Cement terminology) 

26. C2S – Dicalcium silicate (Cement terminology) 

27. Psi – Pounds per square inch. 

28. GPa – Giga pascals. 

29. μD – Micro Darcy. 
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