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Abstract 

Encountering shale intervals during drilling operations can become a challenge due 

to the swelling tendencies of shale when interacting with water. This sensitivity to 

water and the resulting swelling mechanisms that occur are complicated subjects. 

The important question of how shales hydrate and swell is difficult to clarify as the 

term ‘shales’ applies to a broad group of laminated rocks where clay mineralogy and 

physio-chemical properties can vary widely. Incorporating shale inhibiting additives 

into the drilling mud has been a commonly used technique to minimize and possibly 

mitigate this swelling of shale.  

Synthetic muds are widely used on a majority of shale oil/gas drilling operations in 

the United States which is ultimately a large portion of the worldwide drilling count. 

Water-based muds that give comparable performance to synthetic muds are 

increasingly growing in demand, primarily due to the growing concern placed on the 

environmental impact of operations, with water-based alternatives ultimately being 

more environmentally friendly. 

This work details novel experimental methods that were applied to investigate shale 

and clay mineral reactivity as they come in contact with water-based drilling fluids 

and gain new information about the dynamics of the inhibitory process. A 

conventional additive, Potassium Chloride, and a few other commercial additives 

were tested and their shale stabilizing potential was investigated through the use of 

two advanced particle analyzers. The first was the Focused Beam Reflectance 

Measurement (FBRM) M500 - a probe-based tool that is inserted directly into a 

medium to track the particle size and count in real time in that particular medium. 

The second tool that was used was the Malvern Mastersizer 3000, which uses laser 

diffraction to obtain particle size distributions for wet and dry dispersions. These tools 

were also used to monitor changes caused by several industrial additives to the 

particle count and particle size distribution of the shale and clay samples. A 

benchmark and comparison of results were completed that concluded that these 

modern pieces of equipment can indeed be used to analyze the process of shale 

hydration and dispersion and add another dimension to this field of study by linking 

clay swelling and breakdown with particle characteristics.   
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Chapter 1  

Introduction 

1.1 Background 

Economic infrastructures worldwide are dependent on resource extraction activities 

such as mineral and hydrocarbon drilling production. In these operations, drilling 

plays a dynamic and crucial role. It is one of the most crucial operations in all mineral 

exploration procedures and often can be the most expensive. An area of research 

that remains evergreen and popular is in the improvement of drilling technologies 

that lower the cost of drilling and increase the probability of finding and extracting oil 

and gas reserves. 

Drilling in the mining industry has been centred on two main purposes - exploration 

drilling and production drilling, while drilling in the petroleum industry has been 

focussed on targeting larger reservoirs traditionally, but most drilling operations 

nowadays involve discovering smaller, less readily detectable reservoirs. The 

development of fields nowadays requires overcoming significant challenges as these 

fields are usually more geologically complex. Efficient exploration and production 

techniques are required to guarantee the quality of life in many parts of the world. 

Improvements in drilling technologies, including the development and usage of highly 

effective drilling fluids, has allowed wells to be drilled deeper, longer and under more 

challenging conditions. Figure 1 shows a simplified schematic of a general drilling 

operation. An important part of any drilling operation - drilling fluids, perform 

numerous functions during the drilling operation such as cooling and lubricating the 

bit, controlling formation pressures, providing shale stability, suspending drill 

cuttings, minimizing formation damage and facilitate cementing and completion. The 

drilling mud is pumped down the drill string and flows back up the annulus, carrying 

cuttings up to the surface. The cuttings are then filtered out by the various solids 

control equipment at the surface. Ensuring that the mud performs all its tasks is a 24-

hour operation usually involving a team of mud engineers. Efficient mud 

management includes a profound understanding of the chemicals and solids used to 

create muds and fully comprehending how each element behaves individually as 

well as part of a solution [3].  
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Drilling fluids represent on average 15 to 18% of the total cost (about $1 million) of 

the entire petroleum well drilling operation [4]. Drilling fluids are water or oil-based or 

synthetic-based and depending upon the requirement of the drilling operation, the 

type of drilling fluid varies. Water-based fluids usually tend to impact the environment 

less than oil-based muds which are usually used for very deep drilling and for difficult 

depth drilling operations. Synthetic muds were developed by the oil and gas industry 

with synthetic and non-synthetic oleaginous (similar to oil) materials as the base fluid 

to provide the drilling performance features of traditional oil-based fluids but with 

lower environmental impact and in some cases less drilling waste [5]. At this time of 

writing, synthetic muds are widely used on a majority of shale oil/gas drilling 

operations in the United States which is ultimately a large portion of the worldwide 

drilling count. Water-based muds that give comparable performance to synthetic 

muds are certainly still demanded by operators due to increasing concern placed on 

environmental impact of operations, with water-based alternatives being more 

environmentally friendly. The environmental impact must be taken into account when 

designing the drilling fluid necessary besides considering the chemical structure and 

properties of the well. The disposal of drilling fluids after they have been used can 

pose a severe environmental challenge as the drilling fluid is, in varying degrees, 

toxic. The US Environmental Protection Agency has imposed strict global 

environmental regulations, standards, and guidelines and thus it has become 

compulsory for the drilling industry to develop a trend of producing environmentally 

friendly drilling practices [6].  

As a result, non-environmentally friendly drilling fluids such as oil-based muds (OBM) 

are decreasing in popularity and researchers have been more focussed on 

developing novel drilling fluid systems that are environmentally acceptable [7-10]. 

Geologists define "Shale" as a fine-grained sedimentary rock composed of clay and 

silt-size particles with diameters of less than or equal to 62.5 microns [11].  Shale’s 

constitute 60%-70% of Earth’s sedimentary rocks [12] and the two common 

characteristics of all shales is that they all usually tend to have a high composition of 

clay minerals and possess extremely low permeability [13]. There are various 

classifications for the types of shales but the sampling used in the testing phase of 

this research work was limited to Black Shale as it was readily available. 
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One of the most critical aspects of Shale is their sensitivity to water. This is because 

the contact between clay-rich shale formations and water is directly related to 

causing wellbore instability and represents a tremendous challenge for the drilling 

industry. Clay-water interactions have been the subject of research in various 

disciplines. The study of shale and its properties is imperative because a significant 

proportion of all drilled formations are composed of shales, and these shales 

contribute heavily to wellbore-instability challenges that occur within the lifespan of a 

drilling operation [14]. Such shale-instability related problems are reported to cause 

over 1.5 billion U.S dollars per year to the drilling cost operations worldwide [15].  

In total, for this research project, the type of clay samples being tested were limited 

to two - Sodium Montmorillonite and a Shale core sample. This shale sample was 

obtained from near Port Augusta, South Australia. It was obtained from field trials in 

the consolidated cover rocks of the Gawler Crator and is representative of the type of 

shale that are typically drilled in South Australia [16].   

 

 

Figure 1. Schematic of circulation of drill cuttings from petroleum drilling operations. 

One of the challenges in any drilling operation is the successful removal and 

separation of solid particles from the drilling fluid. The following key points can 

summarize the advantages and importance of removing drilled solids - 
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1. Reduction in bit wear. 

2. Thinner filter cakes which allow for a lower risk of stuck pipe. 

3. Lower viscosity and drilled solid content which leads to faster drilling rates can 

be observed in Figure 2.  

 

 

Finer cuttings are usually harder to remove and are mostly formed due to size 

degradation of larger cuttings as they come in contact with the drilling fluid. These 

cuttings are mostly clay-rich cuttings produced from drilling shale formations. The 

increase in the concentration of these small cuttings eventually make the drilling fluid 

too viscous, leading to an increase in rig days and thus rig costs. The correlation 

between solids content and rig costs is provided by field study results shown in 

Figure 3 [17].  

Figure 2. Impact of solids content on drilling rate [13]. 
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Figure 3. Operating rig days increase with increase in solids content [17]. 

Significant work has been done to better understand the reaction of drilling fluid with 

shale formations and many test protocols have been proposed and applied to 

benchmark the reactivity of different drilling fluids with shale formations. The effect of 

drilling fluid on degradation/dispersion of clay particles has not been thoroughly 

studied before. 

1.2 Objectives  

The goal of this thesis is to characterize the disintegration of clay/shale cuttings and 

analyse the effect that different chemical additives have on the cuttings. This is 

achieved by proposing a new approach to gain information about the inhibition 

mechanism through the use of advanced particle analyzing equipment, namely, the 

FBRM M500 and the Malvern Mastersizer 3000. These tools were used to study 

particle size distributions and particle counts of the clay samples after submersion in 

water and with exposure to numerous additives. A test protocol is proposed to study 

the breakdown of cuttings as they are exposed to an aqueous environment, and 

specific laboratory tests are followed. The type of clay samples being tested are 

limited to two – Sodium Montmorillonite and a Shale core sample which will detailed 

in further pages. These samples were tested under similar conditions to ensure the 

procedure can be replicated. 
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1.3 Significance 

A substantial proportion of drilling fluid properties are adversely impacted by the 

solids entrained during the drilling process. An effective drilling mud monitoring tool 

at the rig site is needed to observe and ultimately control the impact of low gravity 

solids and suspended cuttings on the fluid properties. Present day equipment used 

for solid control mainly rely on shale shakers for efficient filtration of solids. Shale 

shakers are critical and often effective at removing unwanted cuttings from the 

drilling operation. However, having an in-situ drilling mud monitoring tool working in 

conjunction with the shale shaker or other solids control equipment would serve an 

additional advantage of allowing the cuttings samples to be analysed and determine 

the consequence of a particular type of drilling fluid on the cuttings. The use of such 

a system would facilitate efficient solids control which ultimately leads to 

improvements in well quality, controls costs and limits the environmental impact of 

the drilling process. 

1.4 Organisation of Thesis 

This thesis comprises a total of five chapters. In Chapter 2, a summary of the 

relevant contribution in the literature on the area of shale-rock interaction is provided. 

Chapter 3 describes the methodology used to test several inhibitive additives with 

particle analyzers. First, the use of traditional Potassium chloride is detailed, and 

then the usage of various industrial additives is explained. The methodology involves 

a foundational step-by-step procedure with some variable parameters that can be 

changed based on the requirements of the researcher. 

In Chapter 4, the framework and results of testing are discussed through the study 

and analysis of particle size and particle count results. A benchmark of the additives 

tested is provided based on their performance under identical conditions.  

Finally, Chapter 5 discusses the conclusions that were derived from this research 

and the experimental study. Recommendations for future testing are provided based 

on the strengths and fallacies done in this work of research.  
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Chapter 2 

Literature Review 

2.1 Shale swelling mechanisms 

A significant part of subsurface formations are comprised of shale rocks that swell 

and disintegrate once they come in contact with the water present in drilling fluids. 

This reaction of shales is caused by their composition and structure. The bulk of all 

shales contain chemically active, flattened clays and the predominant clay minerals 

are namely Kaolinite, Chlorite, Illite, and Smectite or Montmorillonite. These clay 

minerals are often studied using Scanning Electron Microscopy (SEM) and example 

SEM images are shown in Figure 4 and Figure 5. Of these, the group of clays that 

are known to expand due to a change of ionic conditions and ultimately scatter and 

travel with the flow of fluid are the Smectite clays. In reservoir engineering, such 

swelling clays cause significant challenges as they reduce the permeability of the 

rock formation thus reducing the area of flow [18]. In drilling engineering, the reaction 

of clay with drilling fluid results in borehole instability, drilling problems such as stuck 

pipe, and an increase in fine suspended solid particles in drilling fluid. 

 

  Figure 4. (Left) SEM image of Wavy subhedral montmorillonite crystal [1]; (Right) SEM image of Illitic clay [2]. 
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The instability of shales and clays when in contact with water has been known for 

well over 80 years. In the literature and the drilling industry, there is a general 

agreement on the clay swelling mechanism, but the mechanism of shale swelling 

and degradation is imprecise as the material is laminated and composite including 

silica and carbonate materials. There is no real understanding of the mechanism, but 

it is widely recognized that the nature of the shale is the primary source of instability. 

What is repeatedly mentioned in the literature is that the proposed causes of shale 

instability are not conclusive and merely proposed theories. The study of shale 

swelling and mechanisms involved is not yet completely understood, but a common 

reoccurrence in the literature is the conclusion that the presence of a more 

substantial volume of Smectite clays leads to an overall more considerable swelling 

degree of clays. Water and other polar substances are allowed into the Smectite 

structure resulting in the increased interlayer distance due to the moderately weak 

intercrystalline bonds in the clay structure [19]. In addition to water activity and 

salinity, the hydration of clays is controlled by a few other factors – External 

pressure, temperature and the location of the interlayer charge [20].   

Important areas that are of key relevance include: 

1. Clay scale mechanics 

2. Wellbore and geomechanical considerations 

3. Thermal considerations – outside the scope of this research work 

Figure 5. (Left) SEM image of smectite clay [2]; (Right) SEM image of authigenic kaolinite packet [2]. 
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4. Geochemical and physiochemical responses based on the physical and 

chemical organization of the shale material (being laminated and a composite 

material) 

There are numerous theories and research papers published as possible 

explanations for the mechanism of shale instability, but in general, there are three 

main theories that are prevalent and widely cited in the literature. The first theory that 

has been popular amongst researchers is known as the diffuse double-layer (DDL) 

theory [21-23]. The DDL theory proposes that the surface of a clay particle attracts 

positive ions because the clay surface is negatively charged. The diffuse double 

layer is this area of attracted positive ions in solution and the negatively charged 

surface of the clay. The diffuse double layer's thickness surrounding outer clay 

mineral surfaces is around a similar amount or even more significant than the 

majority of pores found in shales. Thus, the quoted studies claim that electrostatic 

repulsion that leads to amplified pore pressure in all forms of shale occurs due to the 

overlap of DDL associated with water immersed clays as can be observed from 

Figure 6 [24].  

 

 

The second widely accepted theory behind the cause of shale instability is 

advocated by Wilson and Wilson [24] who pointed out that the universal cause of 

shale instability cannot be solely due to their clay mineral composition as many 

problem shales are not composed of expandable clays. They then argued that the 

instability is due to the general hydrophilic nature of shales in combination with the 

overall texture, structure, and fabric of shales. This meant that shales that are 

composed chiefly of Illite and Kaolinite, which are considered non-reactive clay 

Figure 6. Simplified schematic of the DDL in the surface of clay minerals indicating pressure generated by forced 

overlap of the DDL. 
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minerals, may also be unstable to aqueous fluids during drilling operations. Osmotic 

swelling, described in Figure 7, ensues in the interlamellar region of Smectites, and 

this is considered to be another instability trigger by many researchers [25-27]. 

Lower valence cations are absorbed amongst adjacent layers or platelets to recoup 

for the subsequent remaining negative charge of the platelet faces. On wetting, 

these cations are released to the water which results in a net negative charge on the 

surface that is neutralized by double layer ions [28]. So in summary, when immersed 

in water, the interlayer cations get hydrated and equilibrate with the surrounding 

suspension. The electrical double-layer repulsion causes a net negative charge on 

the platelets and induces the layers away from each other and if unhindered, will 

cause complete separation [29]. The platelets randomly orient themselves into a 

structure, similar to a card house and form a space-filling, thixotropic gel, even at low 

volume fraction [28, 30]. This system that is produced is challenging to dewater due 

to the resulting complex and vast environment of the clay platelet network. To retard 

this whole process, the simple addition of salts does a great job as the salts restrict 

the double-layer repulsion.  

 

 

Figure 7. (Left) Osmotic clay swelling [31]; (Right) Inner-crystalline clay swelling [32]. 

Figure 8 illustrates a simple model of balance of forces that are imposed on a shale 

rock that contains clays. All the forces can be divided into two types: 

1. Mechanical forces: 

a. Pore pressure; 

b. Overburden stresses; 

c. The stress acting in between granular contact points; 
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2. Physio-chemical forces: 

a. Van der Waals attraction forces; 

b. Hydration/solvation of clay surfaces that cause short-range 

repulsive/attractive forces; 

c. Electrostatic Born repulsion 

The physio-chemical forces are typically taken collectively to create “swelling 

stress/pressure” which is also considered to be one of the sources for the swelling 

behavior of clays and shales. It is commonly used in the oil/gas industry, and it is 

important to note that the phrase “swelling pressure” is always influencing clay 

platelets as a tensile force. It does not merely instigate due to shale coming in 

contact with an aqueous solution. It must also be noted that swelling stresses are 

dependent on the type of clay and that the magnitude of the swelling pressure can 

be affected by the chemical changes caused by shale and water-based drilling fluid 

contact [33].  

 

Figure 8. Simplified diagram of all the forces acting downhole on a shale rock. 

The third dominant theory is cited in a few research studies [34, 35] whereby new 

information was published proving that shale-aqueous structures might behave as 

“leaky osmotic membranes” that withstand the flow of water driven by chemical 

osmosis. The lack of freedom of movement in the clay-rich, low-permeability 

matrices of shales causes a membrane to be formed. In shales, ion diffusion 

coefficients have been shown to be typically in the range of 1-10.10-10 m2/s [14]. For 

shales with nano-darcy range permeability (k=10-9D-10-21 m2), ion diffusion is then 



13 
 

quicker than hydraulic flow. Finally, there exists an additional significant operation 

which occurs quicker than ion diffusion in shales, which is the Darcy flow of 

practically incompressible water into a high-stiffness shale matrix that then has a 

significant impact on pore pressure. This shown in Equation 1. Due to their low base 

permeability, shales cannot dispel pore pressures rapidly enough to long distances. 

As a result, the pore pressure will be raised to a stretched out zone around the 

wellbore as a result of the water influx. 

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑓𝑙𝑜𝑤 < 𝐼𝑜𝑛 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑚 < 𝐷𝑎𝑟𝑐𝑦 𝑓𝑜𝑤 

Equation 1.Speed of flows in shales with nano-darcy range permeability 

 

Figure 9. Simple diagram of the onset of several fronts around a borehole over a period. 

The pore-pressure front is anticipated to travel faster than the solute diffusion front 

for low permeability-shales. Figure 9 explains this situation whereby the filtrate 

invasion front is led by a solute invasion front, which in turn is led by a pore-pressure 

invasion front. A general decree followed in the oil/gas industry is that "where bulk 

water invasion proceeds at millimeters a day, ion diffusion will diffuse over 

centimeters a day and pressure will diffuse over decimetres a day" [33]. 

2.2 Shale instability 

Oil or Synthetic hydrocarbon-based muds (OBM) were embraced due to their 

superior shale inhibition properties and their ability to solve the wellbore instability 

problems. Unfortunately, high costs, challenges with disposing of the mud, safety 

and environmental restrictions have constrained the use and application of Oil-based 

muds. Consequently, Water-based muds (WBMs) that possess the ability to mitigate 
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shale instability challenges effectively have come into consideration worldwide to 

replace the OBMs but it should be noted that OBMs are still used worldwide, such as 

in the Bakken shale formation [36]. 

Shale instability leads to a multitude of different challenges: the wellbore might fail 

and break down through sloughing or caving, mud properties may become worse, 

pump pressure may increase, and torque and drag will increase. Figure 10 shows a 

simple scenario of how the problem of stuck pipe may arise due to shale instability. A 

few other factors that shale instability causes have been cited in the literature 

including shale formation's texture, structure, and fabric [24] and the distribution of 

stresses in situ [37].  

 

 

 

Figure 10. Shale Instability causing Stuck Pipe. 

After the mud has circulated, it will usually contain drill cuttings. These range from 

coarse chips to the finest colloidal particles (<1 µm). One of the most critical parts of 

the mud equation is solids control: how efficiently the shakers, Hydrocyclones, and 

centrifuge remove cuttings. Cuttings are solid materials generated from the cutting 

action of a bit during the drilling activity. They are transported to the surface by the 

drilling mud and separated from the mud before the mud is re-injected down the 

borehole. Reduced efficiency of cuttings removal could lead to unwanted fine-

grained cuttings to linger in the mud and drive viscosity above specification. 

The role of solids control equipment is to discard the cuttings, retain as much barite 

as possible (as it is expensive) and keep enough colloidal matter to maintain 
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viscosity [38]. Numerous tools and equipment such as the Shale Shaker (Figure 11), 

Hydrocyclone, Mud cleaner, and Centrifuge are used in order to control the number 

of solids present in the drilling mud. Well site monitoring of the circulating mud is a 

crucial job that needs to be monitored continuously, usually by a team of drilling mud 

engineers. This is because reducing cost and protecting the environment require 

knowing the mud composition at every moment during drilling. 

 

Figure 11. Schematic of a Shale Shaker. 

Solid removal is a critical element in the overall success of the drilling operation. As 

the cuttings are transported to the surface by the drilling mud, they tend to degrade 

and break down into finer particles due to mechanical and chemical degradation. 

The Shale swelling described earlier, is a major contributing factor to subsequent 

breakdown. This is a challenge because if the particles are too fine, they cannot be 

separated by the solids control equipment such as the Hydrocyclone and they are 

then reinjected back down to the bottom hole with the drilling mud causing difficulties 

such as an increase in the wear rate of equipment and alterations to the mud 

viscosity. Figure 12 shows how the efficiency of the Hydrocyclone is determined by 

the size of the drill cuttings. Marthinussen’s [39] experimental results have proven 

that Hydrocyclone efficiency increases with increasing cutting particle diameter. As 

can be seen, five different fluids with different viscosities were tested, and all the 

results confirm this statement. The larger the cuttings particle size, the more 

convenient it is for the solids control equipment to filter out the cuttings from the 

drilling fluid.  
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Figure 12. Hydrocyclone Efficiency increasing with increasing Cutting Particle Diameter [39]. 

Over the years, the quantity and quality of the chemical and solid additives have 

seen drastic improvements, but well site circulating mud monitoring has developed 

slowly. In the 60’s and 70’s, such mud circulation data used to be acquired with 

rudimentary and inaccurate tools with sampling being done only a few times a day. 

However, recent stringent environmental guidelines being enacted globally have 

changed this. Computerized reporting systems are now available in the industry that 

collect and analyze data in real time, every hour of operation but this area of drilling 

mud monitoring is still ripe for innovative research. Currently, mud engineering is 

enjoying a renaissance in which even small technical advances bring considerable 

savings. As mentioned earlier, most pressing in the present moment are 

improvements in well data acquisition – more reliable chemical measurements – and 

a method to detect polymer concentrations. A critical point that cannot be overlooked 

is that cost efficiency can be achieved if an independent operator controls all parts of 

the drilling mud operation. 

It is critical to have a detailed understanding on the effects that drilling fluids may 

have on shale rock behavior as this will lead to a superior way in predicting and 

coping with borehole instabilities during a drilling operation. So far, numerous 

experimental tests and numerical models have been developed by researchers to 

describe the interaction between water-based drilling fluids and shale. It is important 

to note here that no one single test is the best for all cases and for all types of shale 

rock. Usually, a combination of tests are implemented to deduce qualitatively and 

quantitatively the reactivity of the sample with fluids. Chenevert et al. demonstrated a 
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few experimental devices that could be used to measure the swelling of shales as 

they come in contact with water-based muds [40]. Six tests were comparatively 

studied, and this is significant because it was the first time such tests were defined 

by their practicality in describing the rigorousness of the shale/mud chemical 

interaction. Amongst all the tests, the swelling and shale rolling test proved most 

valuable in the analysis of wellbore difficulties. The swelling test can be used to 

evaluate the shale’s swelling tendencies under the exposure of various muds. In it, a 

“swelling indicator” displayed in Figure 13 is used, and the shale sample is fastened 

between the anvils of the core holder. Then the test fluid is poured into a plastic bag 

that surrounds the shale, and the resulting shale expansion is displayed on the 

digital displacement transducer and recorded. The shale rolling test works on the 

idea that more inhibitive muds reduce dispersion tendencies. In the test, cuttings are 

placed in a 400-mL aging cell that is partially filled with 350 mL of mud and allowed 

to roll at 50 revs/min for 16 hours at 65.6 °C. This mixture is then poured through a 

200-mesh screen, and the amount of shale that passes through the screen is 

determined. This is compared to the initial total amount of shale that was tested. The 

swelling test categorizes shales based on their reaction rates while the rolling test 

provides useful information on the dispersion tendencies of a shale-cuttings/mud 

combination. Chenevert et al. descriptively explained all the tests with their 

advantages and disadvantages listed out. However, one major limitation of this work 

was that all tests were either time consuming or that they were laboratory-based with 

little direct application in the drilling field. For example, a simple rolling test usually 

takes 16 to 24 hours. As these experiments were designed in the very early phase of 

this field of work, these limitations can be overlooked as this work provides a solid 

foundation for future literature to build upon.  

 

Figure 13. Shale Swelling Indicator. 
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Exposure on smectites-rich shales by various experimental techniques was 

investigated by Horsrud et al. [41]. Meanwhile, Molenaar et al. developed 

computational models to describe the interaction between the drilling fluid 

composition and the mechanical behavior of shale swelling based on transport 

equations for the fluids and ions [42]. The effect of physio-chemical shale-fluid 

interaction on shale formation pressure and swelling through numerical simulations 

and modelling was investigated by Huang et al. [43]. The implementation of modern 

sequential artificial neural networks for modelling the time-dependent swelling of 

expansive soils under various inputs was probed by Basma et al. [44]. It can be 

noted from the literature that the interest and awareness in studying shale swelling 

mechanisms rose in importance very late 

Figure 14 shows photographic evidence of the disintegration of Shale. This image 

shows the results of a simple laboratory test whereby the deformation of different 

shales when they are submerged in fresh water for 24 hours can be observed. Shale 

is generally characterized by thin laminae or parallel layering or bedding less than 

one centimeter in thickness, and a major contributing factor is its composition of 

swelling clays, the majority of which is Smectite. The ratio of clay to other minerals 

fluctuates from one shale sample to another.   
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Figure 14. Shale Disintegration. 

 

2.3 Shale inhibition 

Inhibitors (chemical additives) are added to water-based drilling fluids to control and 

diminish the difficulties that arise due to clay swelling. They encapsulate the clay 

particles and act over the water-shale interface and maintain the strength of the 

formation. Organic and inorganic chemical inhibitors function by interjecting inside 

expandable clays and inhibit their hydration and swelling. Mostly, they hinder the 

entry of water molecules and efficiently reduce the hydration of the clay minerals. 

Cationic molecules containing quaternary ammonium groups (QAG) in their structure 

are the primary organic additives used as clay swelling inhibitors in many forms of 

industrial additives [45-48]. QAG are an ammonium group in which each hydrogen 

has been replaced by an alkyl or aryl group. Along with these organic inhibitors, 

inorganic salts of potassium and sodium are usually used. This is due to the simple 

reason that using a complete organic inhibitor mix is not considered cost-effective 

[49]. 

For many years, the wide-ranging answer to clay/shale challenges in the industry 

has been “inhibition”. In general, some additives, particularly salts, have been noted 

to inhibit the breakdown of bentonite in water and this is how the term inhibition 

arose. Inhibitors are essential additives that are formulated to reduce the swelling 

pressure. It is important to note that the swelling pressure cannot be brought down to 

zero by even the newest inhibitors available in the market [50, 51] as the remaining 
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repulsion between platelets will always be there due to hydration of the clay 

surfaces. 

The reduction of swelling pressures in montmorillonite can be achieved through the 

use of K+ ions as additives, and this is well documented in the literature. This is 

believed to be caused by the low ion repulsion due to the small amount of hydration 

of these ions when in contact with water [52]. 

An excellent review of shale/clay inhibition has been completed by Van Oort [33], 

and in it, it was resolved that a strategy for shale stabilization exclusively based on 

the use of chemical inhibitors can never be entirely valid. Van Oort recommends that 

something more than just mere "inhibition" is required and that thermal conduction 

(Fourier’s Law), i.e. flows in shale driven by gradients in hydraulic temperature need 

to be accounted for as they can affect the imbibition processes and that resulting 

thermal stability models are needed. This is an interrelated area of research as water 

based muds that allow for better control of thermal stabilities can further contribute to 

shale inhibition. This recommendation is important but is outside of the scope of this 

research thesis. This study will be based on novel ways of observing and studying 

cuttings disintegration and finding the optimum concentration of a particular additive 

based on the aforementioned cuttings analysis but it is important to note here that all 

tests in this study involved using isothermal conditions between the drilling fluid and 

cuttings. Thermal effects cannot be ignored as they are important but were not 

investigated at this point in time and this is an area of relevance for future research. 

More recently, the advances in technology and invention of new apparatus and 

measurement techniques that allow for the understanding of drilling fluid/shale 

interactions under the close approximation of downhole conditions have been made. 

One of these approaches is through the use of advanced particle analyzers to gain 

information and appraise the shale inhibition performance of numerous chemical 

additives which will be detailed in the following chapter.   

2.4 Analysing shale reactivity with laboratory methods 

Due to the importance of the fluid and shale rock interaction, a multitude of 

laboratory test procedures were developed by the oil and gas industry to evaluate 

the compatibility of drilling fluid and formation shale. It is important to note again that 

no one single test is the best for all cases and for all types of shale rock. Usually, a 
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combination of tests are implemented to deduce qualitatively and quantitatively the 

reactivity of the sample with fluids.  

Very often, researchers follow three steps to identify which test is best suited for the 

particular sample being investigated. 

1. Preliminary sample analysis 

2. Classifying the shale sample based on reactivity 

3. Test selection 

Figure 15, which was taken from the work of Stephens et al. [53], summarizes the 

test selection process based on standard features belonging to the select shale 

sample. Often, the common restrictions to each precise experimental plan are the 

quality and quantity of the sample. The type of sample (cuttings, cavings, and cores) 

or the quantity of sample needed can vary for each test. Table 1 gives the 

recommended quantities of the sample required to conduct the shale examination 

testing plan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Preliminary Sample Analysis

(1) Sample description    (2) X-Ray Diffraction

(3) Cation Exchange Capacity    (4) Scanning ElectronMicroscope

Highly Reactive Shale

1. Massive/Homogeneous 
structure

2. Lack of bedding planes or 
evident laminations

3. Soft

4. Plastic

5. Sticky

6. CEC > 20 meq/100 g

7. Predominance of Smectite

1. Swelling Test 

2. Dispersion Test

3. Capillary Suction 

Time Test

Moderatively Reactive 
Shale

1. Moderate laminated structure

2. Bedding structure

3. Easily broken

4. Not plastic

5. CEC 10-20 meq/100g

6. Smectite and Illite present in 
approximately similar 

proportions

1. Dispersion Test

2. Bulk Hardness Test

3. Immersion Test

4.Bentonite Inhibition Test

Low Reactivity Shale

1. Moderate laminated structure

2. Bedding structure

3. Easily broken

4. Not plastic

5. CEC 10-20 meq/100g

6. Smectite and Illite present in 
approximately similar proportions

1. Fracture Development 
Test

Figure 15. Process of test selection based on shared shale sample features [50]. 
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Figure 16. Types of testing. 

Table 1. Recommended quantity of shale sample required for each type of test [53]. 

 

The mineral content of the shale usually allows for the classification of the shale [54]. 

Types of shales include: 

1. Calcareous Shale - Calcite or Dolomite 

2. Limonitic or Hematitic Shale - Iron Minerals 

3. Carbonaceous or Bituminous Shale – Carbon Compounds 

4. Phosphatic Shale – Phosphate 

5. Siliceous Shale - Silica 

The composition of minerals present in the shale ends up controlling the colour of 

the shale as darker shales (black or grey) tend to have a higher organic carbon 

content. Red, purple or brown shale is a result of the presence of ferrous iron 

compounds and shales that are pale grey or yellow tend to contain a lot of calcite. 

Types of Tests

Quantitative Results

(Numerical, Analytical)

Qualitative Results

(Descriptive)
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Other features such as the plasticity, hardness and permeability are controlled by the 

grain size and the composition of minerals in the shale. All shale’s tend to be fissile 

by nature meaning that they can easily be split into layers parallel to the bedding 

plane. Geologically, shale is usually laminated, consisting of many thin layers that 

are composite. As a result of this, a number of tests are required for different types of 

shale and the outcrop or studies based on the physical sample descriptions are 

important and will be discussed in the next section. 

Importance is given to proceed with an integrative approach when testing the shale 

samples. This includes using both quantitative and qualitative measures to evaluate 

the sensitiveness of shale to water-based drilling fluids. Characteristics of the shale 

formations can be observed and described through qualitative measures, and this 

will increase the understanding of the synergy between shale formations and fluids. 

The results from these tests can be used to give an overall cataloguing of the shale 

to sort the reactivity and forestall the potential instability they may cause when in 

contact with fluids. Preliminary sample analysis is essential because this process 

provides essential information about the sample before the testing.  

A number of tests are described below and the type of responses measured 

between shales and drilling fluid are explicitly stated – physical, chemical or 

physiochemical. 

 

2.4.1 Sample Description - Physical 

This is a simple procedure which involves physical analysis of the sample identifying 

several key features. Usually, this descriptive information is qualitative, and the 

occurrence of characteristics such as natural fractures may point towards significant 

pieces of evidence on the source of shale instability. The strength of this technique is 

that sample description is possible with any size of the available sample. The 

equipment used is simple, mainly consisting of a hand lens and a simple 

stereomicroscope. Some of the critical geological features that may be identified 

include: 

 Colour – Frequent shale colors – white, brown, grey, purple, green and black. 

 Consolidation and state 
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o Hard 

o Firm 

o Friable 

o Plastic and sticky 

o Plastic and non-sticky 

 Bedding structure 

o Massive – lack of bedding structure 

o Disturbed bedding  

o Sandstone or siltstone inner beds 

o Graded bedding 

o Laminations 

o Current deposited – wavy bedding, flaser bedding, cross-bedding, starved 

ripples, ripples [55]   

 Sedimentary structures 

o Burrows 

o Sole marks 

o Load casts 

o Mud cracks 

 Fractures - Figure 17 shows a photograph of fracture propagation. 

o Parallel to bedding or laminations 

o Shear fractures 

o Cracks  
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Figure 17. Fracture propagation from shale to limestone [56]. 

 

2.4.2 X-ray Diffraction - Physiochemical 

Historically, X-ray Diffraction (XRD) methods have been used to classify different 

varieties of minerals existing in a sample [57-59], and sample results can be seen in 

Figure 18 and Figure 19. As a sample is rotated and illuminated with the X-ray beam 

inside an XRD apparatus, the crystalline arrangements of the specific minerals 

existing diffract the X-ray beam resulting in an X-ray diffracting outline that is 

distinctive for every individual mineral in the sample [60]. The accompanying 

software then recognizes the occurring minerals and defines the semi-quantitative 

measurements of each. Ideally, the samples ought to be cleaned and dried to 

remove drilling fluids and other contaminants before testing. 

This technique is used in a wide range of industries from research to production and 

engineering as it is one of the essential forms of non-destructive testing. One of the 

strengths of this technique is that XRD on a wide variety of samples: cuttings, 

cavings or cores. The main disadvantage of this technique is that the XRD analysis 

requires expensive equipment and a knowledgeable analyst to study and interpret 

the data. 
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Figure 18. Sample diffraction powder patterns - vertical lines represent 𝐶𝑢2𝐵𝑟(𝑂𝐻)3 [61]. 

 

 
 

 

2.4.3 Cation Exchange Capacity - Chemical 

The Cation Exchange Capacity (CEC) is a reading of the transferrable cations 

existing on the clays in a shale sample. The clay particles are negatively charged, 

and the exchangeable positively charged ions neutralize these. Usual exchange ions 

are iron, potassium, magnesium, calcium, and sodium. Bentonite and 

montmorillonite clays contain the majority of the exchangeable negative ions in the 

shale samples. The higher the CEC is, the more reactive the shale is. However, it is 

important to note that a low CEC can still be an issue if the minor amount of clays 

present swell and lead the shale to disintegrate. A higher CEC shale usually is 

denoted as "gumbo shale" which is a generic term for soft, sticky, swelling clay 

formations. 

Figure 19. Sample XRD test result showing how each different phase produces a different combination of peaks  
[56]. 
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The API recommended methylene blue test measures the CEC and sample results 

are shown in Figure 20. One of the advantages of this test is that it can be completed 

in the laboratory or in the field with simple tools and equipment.  

  

 

Figure 20. Filter paper showing the end point in CEC determination by titration with methylene blue: a light blue 
halo around the drop [62]. 

Table 2 and Figure 21 give the common CEC values for clays that are commonly 

found in shale samples [53]. 

Table 2. Common CEC values for various clays found in shale. 
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Figure 21. Typical results for CEC ranges of soil materials [63]. 

2.4.4 Scanning Electron Microscopy - Physical 

Scanning Electron Microscopy (SEM) is a procedure that is used for obtaining high 

magnification analyses of shale. Cracks, openings, and micro-fractures that are not 

straightforwardly observed through transmitted light techniques are easily observed 

using the SEM. A significant advantage of using this method is that the foray of 

drilling fluid over the pores of the sample is observed through the use of SEM. This 

type of testing can be completed on caving, cores, or larger sized cuttings.   

Learning to use and eventually using the SEM instruments can be quite a time 

consuming and requires relatively expensive equipment that is not common in most 

laboratories. SEM photographs are essentially a qualitative method used to study the 

general nature of the shale, and a sample photograph can be seen in Figure 22.  
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Figure 22. SEM photograph of a Kaolinite sample [64]. 

2.4.5 Swelling Test – Physiochemical  

A linear swelling tester is a device that is used in conducting the swelling test. It 

measures the swelling of a reconstructed shale capsule once the shale has been 

submerged in the drilling fluid. The reactivity of the shale to the drilling fluid is linked 

to the degree of swelling the shale undergoes after it comes into contact with the 

fluid. 

The shale capsules are created by adding ground-up shale with water and then 

pressing them in a compaction cell for a long duration of time. Figure 23 provides a 

schematic of the swelling test apparatus, and Cuttings can also be used. The 

swelling of the shale causes the linear variable differential transformer (LVDT) 

sensor to increase, changing the inductance of the transformer and producing a 

current variation which is sensed by the A/D converter. This is examined by the 

computer software at small intermissions over a long period for a few hours and the 

results provided are in the form of percent volume expansion of the shale throughout 

testing time. 
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Figure 23. Swelling test apparatus [65].  

Figure 24 shows an example result obtained from the swelling of identical shale 

capsules in different brine concentrations, after equilibration and at different 

humidifies. As can be seen, the results are quantitative, and this test is an excellent 

indication of the reactivity of the shale sample in the fluids that are experimented on. 

A key point to note is that the formulation of the shale capsule requires heavy 

compaction which implies disintegration. This could affect the end result, so these 

results are related mainly with chemical interaction and less on physical properties 

[66]. 



31 
 

 

Figure 24. Sample swelling test results of shale capsules in different brines [66]. 

 

2.4.6 Dispersion Test - Physical 

This test screens the integrity of the cuttings by observing the change in weight of 

submersed cutting fragments before and after mild agitation and is used to design 

inhibitor additives. Sample results are shown in Figure 25, and the test procedure 

involves providing mild agitation over a long period to a shale sample immersed in a 

fluid solution in a conventional roller-oven cell [67]. As a result of this action, the 

shale will disperse into the fluid. The level of dispersion will depend on the clay 

content of the shale and the inhibitive capabilities of the fluid. The test is run for 16 

hours at 150 ℉. Subsequent to cooling, the retained shale fragments are removed 

through the use of a 50-mesh sieve, cleaned, weighed and dried for 12 hours at 210 

℉. These fragments are then re-weighted to find the recovery percentage which is 

provided by the equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡
 × 100 
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Figure 25. Sample dispersion test results involving industrial additives [68]. 

Suitable for this test are shales with large quantities of Smectite and a reasonable 

amount of Illite. Cuttings are often used although cuttings recuperated from water-

based fluids are not advisable due to the fact that the cuttings would have reacted 

and broken down before the Dispersion Test. 

 

2.4.7 Capillary Suction Time Test - Physical 

The Capillary Suction Time (CST) apparatus was initially used to record the amount 

of time that a slurry filtrate would take to move a certain amount of distance on a 

dense porous filter paper [69]. The CST apparatus now tests relative fluid 

interactivity with ground material. It records the CST of clay and shale slurry which is 

a thin mixture of shale and usually water. CST can be used to study the filtration 

capabilities of aqueous systems by using the capillary suction pressure of a porous 

paper to affect filtration. It is a simple test where a small amount of shale (minimum 

of 3g of either dry cuttings, cavings or core material) is mixed with brine, water, or 

mud filter in the sample cylinder and the filtrate is drawn out due to the suction 

pressure of the filter paper beneath the sample. This filtrate then flows radially, and 

the timer is started when it reaches the first pair of electrodes. The timing stops, and 

a signal is sounded when the filtrate reaches the third electrode. Different salt 

concentrations are chosen, and multiple experiments are conducted at these 

concentrations. If the shale is more reactive, this will lead to a larger CST value and 

also to a higher Smectite clay content. Sample results can be seen in  
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Figure 26 [70]. The CST test is highly affected by operator and unit operations (same 

grind size, fill method, operator manual operations) thus making measurements by 

varying labs difficult to directly compare [71]. It also produces an integrated result of 

several processes and cannot be scaled back to one specific process [72]. 

 

Figure 26. Sample CST results of how increasing the swelling clay percentage or decreasing the average particle 
size of a sample will result in increased CST times [70]. 

 

2.4.8 Bulk Hardness Test - Physical 

As the name suggests, this test gauges the hardness of the shale after they come in 

contact with different fluids.  This test is similar to the dispersion test in that the shale 

fragments are hot rolled in the test fluid for 16 hours at 150 ℉. Then they are 

recuperated on a 50-mesh sieve and transferred into the bulk hardness tester - 

Figure 27. The operator then uses a torque wrench to extrude the sample through a 

perforated plate. The metric that is recorded is the torque required for each turn. 

Harder samples will require more torque while softer samples will require less 

torque.  

The inhibitive properties of the drilling mud being investigated can be linked to the 

hardness of the shale as shale that interacts with water and becomes weaker owing 

to the adsorption of water, swelling and the consequent scattering of small particles. 

This can then lead to the compressive strength of the shale to reduce which then 

leads to severe wellbore stability problems. Soft and sticky cuttings can cause 

additional problems such as mud rings, bit balling and sticking problems.  
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2.4.9 Bentonite Inhibition test – Physio-chemical 

This is a screening test used to find out the ability of a product to avert the bentonite 

from swelling and preserve a low rheological profile [73]. This test measures how 

effective a single treatment of shale inhibitor can inhibit the maximum amount of API 

bentonite. In short, 400 mL of water containing different concentrations of inhibitors 

are treated with 20 g of sodium bentonite each day after hot rolling at 150 ℉ for 16 

hours. The rheological characteristics are recorded after each cycle. The procedure 

is repeated until the fluid is too viscous to be measured. 

 

Figure 28. Sample bentonite inhibition test results with apparent viscosity variation vs bentonite content [73].  

Figure 27. (Left) Bulk hardness tester; (Right) sample results using shale cuttings with additives [60]. 
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As can be seen in Figure 28, the apparent viscosity and yield value of the fresh 

water increase significantly at increasing bentonite content due to clay hydration and 

dispersion. For the different additives, the apparent viscosities increased at a lower 

rate depending on the bentonite content. 

2.4.10 Fracture Development Test and Immersion Test - Physical 

The Fracture development test is a qualitative method that uses Time-Lapse 

Photographs (TLP) to identify and track the expansion of fractures in shale 

formations as they come into contact with drilling fluids [74]. TLP is a method 

whereby the frequency at which the frame rate captured is much lower than that 

which will be used to play the sequence back, and a sample result is shown Figure 

29. 

One severe limitation of this technique is that the fluids being used must be clear in 

order for photographic analysis as the fracture development cannot be documented 

otherwise. Quantitative measurements can also be made such as the amount of 

fractures present, peak fracture width, and average fracture width. 

The Immersion test primarily uses TLP to classify, track and define by qualitative 

means the source of instability occurring in shale samples when submerged in 

various liquids. 

 

Figure 29. Time-lapse images showing changes in the microstructure of sandstones before and after injection of 
CO2 aqueous solution (pH=2.8) [75] .  
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Review of laboratory tests  

There is no single standardized test for all types of shales and additives as each test 

could measure different variables that cannot essentially be directly compared. This, 

in fact, could be an advantage as different tests produce different metrics which can 

then be used for a better understanding of the shale/fluid dynamic.  As mentioned 

before, some tests are difficult to repeat as the end result can be dependent on the 

operator running the test such as the Capillary Suction Time Test. The industry is 

continually evolving and developing new methods specific to the shale interval that is 

of interest to them. Even more tests exist such as the Bentonite sedimentation test, 

Dynamic linear swelling test (DLST), Wettability alteration test, Zeta potential 

measurement test [76] but these are less preferred and also fall outside the scope of 

this work. 

The three most popular methods used to gauge inhibitor performance are the 

Bentonite inhibition test, Bulk-hardness test, and the Hot-rolling Cuttings dispersion 

test. Although all these tests are useful, each describes the interactions differently 

and do not always show the same trend. For example, Bentonite inhibition tests and 

Hot-rolling Cuttings Dispersion tests have shown unalike outcomes and results when 

the same fluid systems were used [77]. It can be summarized that the currently 

available inhibition tests are yet to deliver coherent and thorough data on the causes 

of the inhibitory action and mainly focus on comparing results between varying 

additives at different concentrations.  

2.5 Particle analysis 

Real-time analysis of a process stream, tracking the grain size distribution, enables 

accurate observation of the changes that happen during shale particles-water 

interaction. Particle size analysis is the standard terminology of the methodical 

procedures that identify the size range of the particles in a liquid or powder sample. 

In this research project, two specific properties of particles are focussed on, namely 

the particle size distribution and the particle count. The particle size distribution 

(PSD) can be measured through several methods, but in all methods, the size is an 

indirect measure where a shape hypothesis is obtained by a model that transforms 

the real particle shape into a standardized shape like a sphere or cuboid [78]. In 

many cases, knowing just the particle size is not sufficient, so a particle count was 
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also tracked to enable a better understanding of the material and processes. Particle 

count tracking can be done through several methods too, and in all these methods, a 

high-intensity light source is used to illuminate the particles as it passes through a 

detection chamber [78]. Figure 30 shows sample results, obtained from the literature 

[79, 80], of Malvern Mastersizer testing and FBRM testing.  

 

 

 

 

It is important to reiterate that observing the effect and resulting magnitude of the 

interactions between water and shales is one of the primary goals of this research 

project. Developing a new way of testing involving these new tools was much of an 

iterative process as such procedures are not widely cited in the literature. There was, 

however, research work by Ronaes et al. [81] that provided some inspiration. In their 

paper, they described the successful use of the FBRM in the North Sea for remote 

real-time monitoring of drilling fluid particle size distributions. The live and real-time 

PSD recordings were employed to study the effect of the supplementary particulate 

material on the drilling fluid and whether the full effect of formation strength could be 

achieved. Figure 31 shows examples of how FBRM is being used to gather data 

through real-time measurement. 

  

Figure 30. (Left) Sample particle count result from FBRM [72]; (Right) Sample particle size distribution 

result from Mastersizer [73].  
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As it will be made evident at the end of the following chapter, the proposed 

experimental program leads to the successful extracting of quantitative data from the 

clay particles being tested. 

2.6 Clay/Shale particle inhibition test 

A primary goal of this thesis was to find a novel way to quantify the disintegration of 

clay cuttings after their exposure to fresh water. Of the earlier described tests, few of 

them give quantitative results and often require complicated equipment that need 

specialized knowledge. In general, the shale hydration-disintegration in aqueous 

mediums has rarely been studied using in-situ particle analyzers according to 

literature and is an area of research that has only recently been gaining traction. At 

present, there is only one research article by Kartnaller et al. [82] published in 2017 

that recommends the use of laser backscattering (FBRM technology) to gauge the 

shale inhibition process. Although this paper reveals exceptional novel results, just 

one particle analysis tool is applied to shale inhibition, namely the FBRM, and the 

Malvern Mastersizer or any laser diffraction tool to obtain particle size distributions is 

not researched. Particle analysis, especially particle size analysis, is of significance 

since particles affect fundamental colloid properties such as rheology, surface area, 

and packing density. 

As described earlier, the interlamellar swelling of clay minerals in shale formations is 

most often acknowledged as one of the leading causes of failure in wellbore stability 

[26, 33, 83]. This could be because of their laminated sequencing and composite 

makeup. A vast number of additive inhibitors are applied to function inside the 

Figure 31. (Left) FRM electronics box and purge unit; (Right) FBRM apparatus and pipe-mounting 
adapter [75]. 
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passageways of the water-sensitive clays. In this thesis, firstly the shale/clay water 

interaction is studied using a new methodological procedure and this same 

methodology is used to study this phenomenon to validate inhibitor performance and 

characterize the breakdown of cuttings. A robust laboratory process was developed 

where advanced particle analyzers were implemented in process streams to give 

data that can be used to make quantifiable comparisons of the results.  

To characterize the variation of clay particle sizes and count, three methods of 

particle analysis were implemented: particle tracking, particle size distribution, and 

rheology measurement.  

i. Particle Tracking 

Focused Beam Reflectance Measurement (FBRM M500) system was used as a tool 

to track the particle count of clay after it was submerged in an aqueous solution. The 

FBRM, often denoted as scanning laser microscopy (SLM) [84], was an approach 

developed in the 1990s with the aim of observing particle and aggregate properties 

with prospects to be drilled applied to suspensions across of a full concentration 

range  

 

Figure 32. (Left) FBRM Probe Schematic; (Right) Chord Length of particle schematic. 

In order to take measurements, the FBRM M500 probe is injected directly into the 

target solution, at an angle, and the particles that flow across the probe window are 

tracked in-situ. A laser beam is directed across the sapphire window of the probe, 

rotating at a speed of 2 m/s and as this laser beam scans through the particles 

arrangement, discrete particles of the sample will backscatter the laser light to the 

detector as shown in Figure 32. The chord length, which is defined across each 



40 
 

particle, is then calculated by counting backscatter pulses and the multiplying the 

scan speed by the duration of each pulse. 

The chord length is an essential dimension of the particle directly linked to the 

particle size. As the test is run (Figure 33), many thousands of particles are tracked 

per second. From the start the final moments of the tests, the chord length 

distribution tracks how the particle count changes and produces real-time tracking of 

particle size, population, and events.  

 

Figure 33. (Left) Schematic drawing of probe position relative to the overhead stirrer; (Right) Sample photo. 

 

 

Figure 34. Results of the use of FBRM as a tool for real-time measurement of solid particles [82].   

Figure 34 shows a sample result obtained by Kartnaller et al. [82] showing the 

normalized counts over time for a triplicate of experiments using a shale sample in a 

fluid system. Normalization was performed by Kartnaller et al. to allow for 

reproducibility, as reproducibility can be adversely affected by small differences in 

mass, the height of FBRM probe in dispersion and angle of the probe's fiber optics. 
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In this case, by dividing the measured values at time 𝑡(𝐶𝑟𝑎𝑛𝑔𝑒) by the original 

amount (𝐶𝑟𝑎𝑛𝑔𝑒(0)): 

𝐶𝑟𝑎𝑛𝑔𝑒
𝑛𝑜𝑟𝑚 (𝑡) =  𝐶𝑟𝑎𝑛𝑔𝑒(𝑡) ÷ 𝐶𝑟𝑎𝑛𝑔𝑒(0) 

 

Allowing this change makes it easier to observe the changes in the curve relative to 

its original value. The value would be higher than one if the signal is increased and 

similarly the value would be higher than 0 and lower than one if the signal is 

decreased. 

Observing the particle count gives a qualitative explanation of what impact the 

additives have on the clay/water interaction. In theory, it is agreed that an increasing 

or increased particle count indicates that the particles are disintegrating and breaking 

down into finer particles thus increasing the total particle count in the fluid. A 

decreasing or decreased particle count indicates that the additive is having an 

inhibitive effect on the clay cuttings and preventing it from breaking down into a finer 

size. As the consequence of continuous shale hydration and as the fluid is stimulated 

in water, the quantity of coarse particles decreases whereas the quantity of smaller 

particles increases. These outcomes are caused by clay packets breaking and 

discharging a substantial amount of small tactoids [84]. 

ii. Particle size distribution 

The particle size distributions for each sample were generated using the Malvern 

Mastersizer 3000. The Mastersizer is a compact optical structure that uses the 

technique of laser diffraction to quantify particle size distribution for both dry and wet 

dispersions. As the name infers, the dry dispersion unit is where dry (usually 

powdered) samples can be sampled, and the wet dispersion unit is where wet 

samples can be sampled. In summary, a scattering pattern (Figure 35) is obtained 

from a target sample by passing a laser beam through the cell. The dispersed 

particles in the cell disseminate the light thus generating a scattering pattern. The 

optics in the Mastersizer measure the angles of scattering and the intensity of the 

scattered light from which the Mie theory is applied to calculate the particle size 

distribution [85]. In summary, smaller particles scatter light at greater angles, and 
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larger particles scatter light at lesser angles. The particle size is then reported as a 

volume equivalent sphere diameter [85].  

 
 
 
 
iii. Rheology measurements 

This final method of particle analysis is not as pertinent as the earlier two mentioned 

topics, but it is important to note some key definitions. 

Rheology is the study of the flow of matter, mainly in a liquid state. Three dynamics 

impact the rheology of any suspension. 

1. Particle size 

2. Particle size distribution 

3. Percentage of solids present 

 

Viscosity is defined as the resistance of a fluid to flow or change in shape and is 

commonly known as "thickness". Liquids that possess a high viscosity are relatively 

motionless when shear is exerted on them while low-viscosity fluids flow much more 

easily. 

The speed with which a material is being deformed is known as Shear rate. If the 

viscosity of a fluid stays the same while shear rate rises, then a fluid is described as 

Newtonian. Non-Newtonian fluids do not display this response, and they either fall 

into the shear thinning or the shear thickening category. With shear thickening, the 

Figure 35. (Left) Malvern Mastersizer 3000; (Right) Laser Diffraction Schematic. 
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fluid displays increased viscosities at increasing shear rates. Shear thinning fluids 

have their viscosity decrease with increasing shear rate. Most fluids and semisolids 

fall into this category, and Figure 36 [86] shows the relationship between Newtonian 

and Non-Newtonian fluids. The flow behavior of some mud systems is illustrated in  

Figure 37 as an example [4].   

 

Figure 36. Shear stress and deformation rate relationship of different fluids [86]. 

 

Figure 37. Shear stress vs. shear rate of whole mud systems [4].  
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Chapter 3 

Research Methodology 

3.1 Introduction 

In this Chapter, the experimental program employed to characterize the breakdown 

of drill cuttings is detailed.  In this procedure, a known size distribution of cuttings are 

introduced to a background solution, and the variation in the size distribution of the 

particles is quantified with the use of particle analyzers. In addition to this, to avert 

the accumulation of fine particles into much larger, unwanted units, steps need to be 

implemented to prevent particles from aggregating due to inter-particle collisions in 

the fluid medium. To achieve this, an overhead stirrer attached with an impeller is 

used in the experimentation.  

A customized experimental program was developed to study the clay-water 

interaction and how numerous chemical additives impact this interaction. Modern 

laser particle analyzers were employed to perform a benchmark of the tested 

additives and these tools have successfully been applied to various other industries 

such as the pharmaceutical & paper industries [87] but have only recently been 

applied to the domain of drilling fluids. A vital goal of this research project has been 

to provide an extensive experimental program that can characterize the breakdown 

of clay cuttings over time, and this chapter will detail this aspect. 

It is very important to note here that there are limitations to this experimental method 

when compared to a real borehole drilling environment. The developed method only 

focuses on the fluid interaction between the shale through the study of particle count 

and particle size with isothermal test conditions and also does not encompass 

structural effects, geo-mechanical effects and the impact of bottom-hole pressure. 
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3.2 Experimental Program 

The literature has limited information available on the use of particle analyzers in 

drilling fluid environments and thus designing an experimental program was much of 

an iterative process. An all-encompassing, sequential experimentation program was 

developed, with the aim of benchmarking the performance of various additives at 

inhibiting the clay particles and minimizing formation of smaller cuttings. 

 

Criteria for designing the experimental program: 

There was one fundamental criteria that this program had to adhere to –  

Application-based research – The experimentation must involve copious amounts of 

testing that produces quantitative results and it would be ideal to have an 

experimental approach where identical tests are conducted on a range of additives. 

This will allow future testing to be continued on numerous additives and a standard 

benchmark to be available on all tested additives. 

As the procedure was thought out and designed, there arose five specific variables 

for the testing. The first is the type of equipment used to extract different forms of 

data. FBRM was used to obtain particle count, Mastersizer was used to obtain 

particle size distributions, and a Viscometer was used to obtain rheology. Next, the 

type of clay samples being tested were limited to two – Sodium Montmorillonite and 

a Shale core sample which will be detailed in the further pages. Thirdly, the type of 

additives used was varied. Potassium chloride is used, and then various industrial 

additives are tested. The fourth variable was the concentration of the additive tested 

– it varied depending on the additive. And finally, the fifth variable was the duration of 

testing – either for 2 hours (regular test) or 47 hours (long duration test). 

The management of pH to a constant level is also important as the pH can have a 

large effect on dispersion and agglomeration. The pH was not measured during tests 

but all tests were conducted using hard water obtained from the same source. 

 

Summary of procedure: 

1. 75 𝜇𝑚 Sodium montmorillonite clay is gathered through sieving. This size is 

used as the initial size distribution of the dry clay. The criteria for selecting this 



46 
 

size is because this size lies within the range of very fine to very coarse size 

range and represents the cuttings produced from percussive and rotary 

drilling. 

2. The probe, overhead shearer, baffle bucket (with one ltr of fresh water) are all 

arranged as shown in Figure 39. A baffle is used to allow for optimum mixing. 

3. Overhead Shearer set to rotate at 900 RPM. 

4. The FBRM Probe is set to record the clay count. A laptop having "FBRM Data 

Acquisition" software installed is connected to the FBRM and records the 

data.   

5. At the one-minute mark, the selected additive is gently added to the fresh 

water in the bucket. This time period was chosen as a constant for all tests.   

6. At the three-minute mark, 5% Sodium montmorillonite particles (75 𝜇𝑚) are 

added into the bucket/fresh water. This time period was chosen as a constant 

for all tests.   

7. This solution continues to be mixed, and Particle count data is recorded using 

the FBRM for a total of 2 hours. Attached computer with FBRM software 

records data.  

The experiments were performed at different background concentrations of the 

select additive with a dynamic condition provided by an overhead mixer. The shear 

rate, the volume of water, duration of testing were all kept constant to some degree. 

Every attempt was made to ensure reproducibility of sampling methods but it should 

be noted that there could be a minimal percentage error arising due to human error 

or equipment malfunction 

8. Immediately after the FBRM tests, the fluid sample is collected and split 

equally into four plastic containers as described in Figure 38. This is so that 

Particle Size distributions (PSD) can be obtained with the aid of the Malvern 

Mastersizer 3000. 

9. Each container fluid is sampled three times to obtain a total of twelve PSD’s. 

These results are averaged to obtain one final representative PSD. This 
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averaged PSD is used as the final PSD result of that sample. Figure 39 

provides an overview of the entire experimental setup. 

 
 

 
 

  

 

Figure 38. General procedure chart.  

FBRM Test

Malvern Mastersizer 
Test 1

Malvern Mastersizer 
Test 2

Results 
Interpretation

Malvern Mastersizer 
Test 3

Viscometer Test

Fluid sample equally 
split into four containers

Step 3. 

-The samples in the four containers are each 

sampled thrice to produce a total of twelve 

particle size distributions. 

-Viscometer is used to obtain rheology if needed. 

 

-The twelve PSD 

results are averaged 

to produce one final 

result. 

-Both FBRM data and 

Mastersizer data are 

analyzed to produce 

visualizations that lead 

to quantitative 

conclusions. 

 

Step 1. 

Step 2. 
Step 4. 
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Figure 39. Experimental setup.  

 
 

 

Sample results obtained from FBRM are illustrated in Figure 40 , and these are the 

results of a triplicate of experiments conducted under identical conditions to prove 

that the FBRM experiment results are reproducible. This repeatability is a control 

step and a pre-step to testing the formation samples to assure compatibility of 

additive with representative mud additives to be used on the well. In short, this is an 

effective way of assuring or testing variable additives in the mud to assure a stable 

system before testing with shale samples as mud systems can include a number of 

additives. The varying particle counts are shown over 3,500 seconds. The three 

results are not identical but border on a similar range of ~19,000 particles for each 

test. This verifies that the test is indeed repeatable and the procedure can be 

followed and similar results replicated.  
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Figure 40. Sample FBRM results of a triplicate of tests 

If testing parameters are identical, analogous results are expected to be generated 

by the FBRM. Results cannot be precisely replicated as the FBRM records data 

rapidly every second and small discrepancies are bound to happen. As a result, to 

rule out the possibility that the FBRM particle count data was not reproducible, each 

FBRM test in the procedure was repeated three times. A single result out of the three 

was selected based on how well it aligned and represented all three results. It must 

be noted that for all tests, the three results had a similar particle count range albeit 

them not being the same.  

Figure 41 shows example results that were obtained using the Malvern Mastersizer 

3000. These are twelve identical test results and all results resemble each other and 

follow a similar trend. The average is obtained from the twelve results and used as 

the final PSD result of the sample. 

After careful observation of Figure 41, it can be observed that for all twelve test 

results, there is a significant portion of particles with sizes larger than 100 microns. 

This is an unusual result as the original particle size for the clay particles is mostly all 

smaller than 100 microns (see Figure 47). These spikes can be attributed to 

erroneous measurement as distributions with distinctly different modes of occurrence 

i.e disconnected peaks can be caused by errors such as bubble peaks. In essence 

what occurred was that during the testing, bubbles were formed during the 

measurement of the PSD of the samples and these bubbles were then detected by 
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Figure 41. Sample result showing how the average is obtained from 12 tests. 

the machine as solid particles of a size range larger than 100 microns. In general, 

most particle size measurement devices cannot differentiate between species 

present in the distribution [88]. If size distributions are collected from both samples 

and bubbles, the device being used for measurement will report both in a random 

manner. This error is in fact a common error associated with the Mastersizer laser 

diffraction measurement technique. There is a clear distinction between the clay 

particle peaks and the bubble peaks. What is important to note is that the bubble 

peaks do not overlap with the clay particle peaks but they will undoubtedly impact 

the cumulative size of each plot and will render any related data invalid.  

Figure 42 shows an example of a sample result that includes a bubble peak, found in 

the literature [88]. In contrast, this issue of erroneous measurements of PSD has 

been addressed by other measurement techniques such as the JM Canty particle 

analysis system [89]. However, the Canty instrument was not available at the time of 

conducting these experiments. This knowledge of bubble peaks was also confirmed 

after consulting with multiple researchers who had experienced this problem arising 

through the use of the identical Mastersizer 3000 device. There was no other 

solution available at that particular point in time so it was assumed to best to ignore 

all the particles greater than 100 microns.  
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Figure 42. Sample bubble peak in an aqueous dispersion [88]. 

 

3.2.1 Testing with shale rock 

Here, a shale rock obtained from half-core samples was used instead of sodium 

montmorillonite particles. Identical steps are followed as outlined earlier except for 

one fundamental difference: 

The shale rock sample used for the testing was obtained from a field trial near Port 

Augusta, South Australia (Figure 43). A few trial pictures are shown in Figure 44 and 

Figure 48. As can be seen from Table 3 the drilling operation intersected weathered 

Quaternary conglomerate and variably weathered Neoprotezoic shale, sandstone, 

dolomite and basalt. The specific shale sample was obtained from a depth of ~40 m 

and was identified as Tregolana Shale. The average specific gravity for the 

Tregolana Shale is 2.57 g/cc [90]. 

Table 3. Summary Geology log for Port Augusta drill hole [90]. 
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Figure 43. Exact location of drill hole (MSDP02), ~52 km west of Port Augusta [90]. 

 

Figure 44. Red and green, finely laminated shale with minor sandstone, Tregolana Shale Member (~64m) [90]. 

Real time XRF Geochemistry and XRD Mineralogy on drill cuttings was provided by 

the Lab-at-Rig technology and its results are shown in Figure 45. It is again 

important to note that the selected shale sample was from a depth of ~40m.   
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Figure 45. Real-time XRF geochemistry and XRD mineralogy on drill cuttings [90]. 

 

.  

 

Figure 46. (Top) Port Augusta shale rock sample; pulverized shale; (Bottom) Pulverizer/Grinder; Motorized sieve 
shaker 
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Figure 47. PSD of dry shale sample. 

 

 

 

Figure 48. Field trial of RoXplorer Coiled Tubing rig at Port Augusta - Photo courtesy of DET CRC. 
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3.2.2 Extended test 

An extended test was conducted to find the relationship between particle size 

distribution, viscosity and time. The hypothesis at the time of experimentation was 

that the particles would disintegrate further and further with time due to clay 

hydration leading to the particle size distribution to become increasingly 

concentrated in smaller particles. 

For this test, the same procedure was followed as before with three differences: the 

FBRM was not used – particle count was not tracked, no additives were added, and 

the mixing (using overhead shearer) was done for a total of 47 hours at a stretch. At 

time intervals of 10 minutes, 1 hour, 2 hours, 6 hours, 24 hours, 30 hours and 47 

hours, samples were obtained from the baffle bucket using a pipette and a single 

PSD was obtained using the Mastersizer. Along with PSD, rheology measurements 

were obtained using a viscometer.  

At various phases of the experimentation, the rheological properties of the fluid were 

quantified using an Ofite Model 900 Viscometer (Figure 49). 

 

 
 

Figure 49. (Left) Ofite Model 900 Viscometer; (Right) Sample Viscometer results of a simple additive solution. 
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Figure 50. (Left) Sack of API Bentonite used for testing; (Right) PSD of dry Sodium Montmorillonite sample. 

 

3.2.3 Materials used in testing 

 

a) Clay Sample:  

 

API grade Bentonite (Sodium Montmorillonite Clay) was used as the clay sample. 

Bentonite is very commonly used in drilling operations primarily as a viscosifier, for 

filter cake building and filtration control. It hydrates more than other types of clays, 

has a small particle size and a unique flat shape, which all make it ideal for particle 

analysis through the FBRM and Mastersizer. Rheoben NT is a naturally occurring 

clay mineral in Australia and its composition is summarized in Table 4 and its dry 

particle size distribution (in its raw state) is shown in Figure 50. 

Table 4. Rheoben NT composition. 

Ingredient Content 

Quartz 2 to 10% 

Bentonite 90 to 98% 

Soda Ash 2 to 4% 
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b) Additives: 

 

Potassium Chloride (KCl) was used as the inhibiting additive for all the tests for the 

preliminary stage of experimentation. This is because the inhibiting effects of 

potassium based drilling fluids on shale instability are widely discussed in the 

literature [24]. K-based fluids have been observed to affect the swelling and 

dispersion behavior of problem shales dramatically. 

After the testing of a vast concentration of KCl was completed, industrial additives 

were then tested. The goal here was to incorporate industrial additives and test their 

inhibition capabilities. An identical procedure as described earlier was followed, but 

instead of KCl, the additives detailed Table 5 were incorporated in the testing.  

A series of clay inhibitive additives were tested using the earlier described 

procedure. The additives along with the concentrations used are summarized in 

Table 5. These additives were selected due to their full usage in the drilling industry. 

All five of these additives are widely used throughout Australia and worldwide. In the 

next chapter, the effectiveness of these additives in controlling cutting degradation is 

detailed and benchmarked. 

Table 5. Additive Information. 

Additive Name Concentration Description 

i. AMC Xtrahib a. 3% An amine based product that has minimal chloride 
content, making it more environmentally friendly than 
Potassium Chloride as an additive. 

b. 5% 

c. 7% 

ii. Low Molecular 
Weight PHPA 

a. 0.02% A Water-soluble polymer that is commonly used as a 
drilling fluid viscosifier. Known to inhibit cuttings 
dispersion to make solids removal easy and efficient. 

b. 0.05% 

c. 0.1% 

iii. High Molecular 
Weight PHPA 

a. 0.02% A Water-soluble polymer that is commonly used as a 
drilling fluid viscosifier. Known to inhibit cuttings 
dispersion to make solids removal easy and efficient. 

b. 0.05% 

c. 0.1% 

iv. Kla-stop a. 0.05% Liquid polyamine shale inhibitor used in polymer-
based drilling and drill-in fluids.        b.   0.1%  

      c.   0.2% 

v. Xanthan Gum a. 0.2% A polysaccharide with a wide variety of uses. 
Commonly used as a food additive. Used in the oil 
industry to thicken drilling mud and to provide great 
low-end rheology 

 

The Safety Data Sheets (SDS) of these additives are included in the appendix.  
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Chapter 4 

Results and Discussion 

4.1 Introduction 

The results of the experiments and their interpretations will be presented in this 

chapter. The inhibition potential that several inhibitors had on shale-water 

interactions will be discussed, and a benchmark of the tested inhibitors will be 

provided. The results and discussion section will follow the same order of the 

experimental program as detailed earlier: 

- Effect of potassium chloride on 

a) Particle count 

b) Particle size distribution 

- Field Application Studies 

a) Effect of using shale core rock on Particle size distribution 

- Effect of time on  

a) Particle count 

b) Particle size distribution 

c) Rheology 

- Effect of industrial additives on Particle count and Particle size distribution 

i. Xtrahib 

ii. Low Molecular Weight PHPA (LMwPHPA) 

iii. High Molecular Weight PHPA (HMwPHPA) 

iv. Kla-stop 

v. Xanthan Gum 

As mentioned earlier, the goal was to find the best additive which controls the 

particle count to a minimum and increases the average particle size distribution thus 

inhibiting the clay particles/shale rock. A larger particle size will allow for easier 
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separation of cuttings from the drilling mud thus allowing for efficient recycling of the 

mud. As the Shale-water interaction is complex and there are no standardized 

testing procedures available in the literature, the best additives will be listed and 

ranked on the basis on their effect on Particle size and count.  

4.2 Experimental results 

The forthcoming results will be presented in sections so as to describe the results 

systematically.  

4.2.1 Effect of potassium chloride on particle count and particle size 

distribution 

Particle count 

In this section, the process of variation of clay particle count distribution with time is 

described. This variation is then quantified in the precedence of the concentration 

variation of potassium chloride.  

Figure 51 shows the variation of particle counts measured by the FBRM probe. It is 

important to note that just the first hour of the two-hour test is shown for all results as 

the data suggests that the one hour result is representative of the two-hour trend.  

The procedure included the addition of KCl at the 1-minute mark, and then the clay 

particles were added at the 3-minute mark. The KCl was added first and allowed to 

mix into the solution for ~2 minutes.  

The results in Figure 51 show a spike around 180 seconds, and this is the period of 

time when the clay particles were added to the water solution for each test. 

Reviewing the results, it can be clearly seen that there is a definite impact made by 

the addition of KCl on the particle count. Amongst all the tests, the 0% KCl plot has 

the highest particle count average with time, but this same particle count steadily 

decreases over time which was unexpected and unusual. A possible reason for this 

could be that the FBRM M500 could not detect the correct particle count due to the 

condition of the probe as the probe was manufactured in 1999. A decline in 

performance could have ensued over time, or the technology is merely inadequate to 

give accurate particle count readings under all conditions.  This result gave the initial 

idea that this technique of measurement and the FBRM M500 are not sufficiently 
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reliable for all conditions. The general trend observed is that with increasing KCl 

concentration, the particle count decreases, thus indicating that KCl inhibits the 

breakdown of clay particles. 

 

Figure 51. The variation of particle count during 2hr degradation experiments performed at various 
concentrations of KCl. 

The benchmark of KCl concentrations based on observation is listed in Table 6. The 

ranking is based on the simple premise that the concentration giving the lowest 

count is most effecting while the concentration giving the highest counts is least 

effective.  

Table 6. Qualitative benchmark of KCl concentrations. 

Rank # Additive 
Concentration 

1 16% KCl 

2 8% KCl 

3 2.5% KCl 

4 4% KCl 

5 1% KCl 

6 0% KCl 

 

Although this ranking is qualitative and based on observation, it gives quite a good 

depiction of how the addition of KCl and increasing the concentration has what effect 

on the particle count of the clay particles. The most effective additive tested was the 

highest concentration, 16% KCl. Comparing this plot along with the plot of 0% KCl, 
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we can observe an average difference of around ~6,000 particles. Although this 

number is drawn upon pure observation, it should be noted that each test was 

repeated thrice and a final representative test (which matched the results of the other 

two tests) was chosen, and this is what was described earlier in Figure 40. 

Although the relationship is not linear, it can be presumed from the FBRM results 

that increasing the KCl concentration is generally beneficial in maintaining the clay 

particle count lower.  

Particle size distribution 

The experimental results show that the degradation of clay particles can be 

controlled by the background concentration of potassium chloride (KCl).  

Figure 52 shows the distributions of two different tests conducted after 60 minutes of 

mixing and the size distribution of the dry powder clay. The dry powder clay has a 

larger size distribution compared to the two solutions. The size distribution of the 

particles at 0% KCl solution is distributed across a wider range of particles, whereas 

the 2.5% KCl plot is more concentrated in the range of 1 to 100 μm. The results 

show that the background KCl initiates particle aggregations, which results in a 

larger mode of particles. 

 

Figure 52. The effect of KCl on the size distribution of clay particles.  
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Another significant distinction between the 0% KCl and the other two plots is that the 

0% KCl plot is not symmetrical whereas the other two plots are symmetrical. This 

indicates that not all the particles that were mixed into the solution had the same 

level of disintegration although they followed the same procedure and constraints as 

the other tests. 

The mode is the highest point of the frequency distribution – in this case the Volume 

Density. The mode defines the particle size range most commonly found in the 

distribution and can be used to compare data points for particle size analysis. As can 

be seen, the plot with the mode being farthest to the right, and thus larger in size, is 

the dry clay. This is expected the clay has not come into contact with the fresh water. 

However, when the clay does come in contact with water the mode shifts way further 

to the left, thus indicating a smaller size range. This result is seen in the 0% KCl. 

This plot is of interest because not only has the mode moved farther to the left but 

also there are now three peaks in the plot instead of just one. 

As can be observed in Figure 53, the mode of the graph moves towards the right due 

to the increase in concentration of KCl again. The result with the highest volume of 

small size classes (<0.1 μm) is the 0% KCl concentration, and the concentrations 

with the highest volume of large size classes (>0.1 μm) is the 16% KCl plot. The 

results shown in this figure again prove the effect KCl on maintaining the particle size 

distribution of clay thus inhibiting it from breakdown.  
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Figure 53. The variation of particle size distribution of clay particles after 2 hours of mixing at various KCl 
concentrations. 

From the earlier described results, it can be deduced that the KCl has an 

aggregating effect on the clay particles causing the particle size distribution to be 

symmetrical with only one peak. Particle aggregation is also known as particle 

agglomeration, and throughout this process, particles disseminated in the liquid 

phase stick to each other and instantly form different particle groups, flocs, or 

aggregates. It is well known that particle aggregation can be brought about by 

adding salts or any other chemical referred to as coagulant or flocculant [91]. Once 

particle aggregates have formed, it is not easy to unsettle them, and this is usually 

an irreversible process. In time, the aggregates will grow in dimension, and as a 

result, they may settle to the lowermost part of the container, which is denoted to as 

sedimentation.  
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Figure 54. Variation of two group sizes of clay particles at different KCl concentrations after two hours of mixing. 

The effect of increasing potassium chloride concentration on particle size can be 

easily observed from Figure 54 which was plotted with the same data that produced 

the plot in Figure 53. For the smaller particle size range of 0.1-10 μm, the total 

percentage of particles decreases with the increase of KCl concentration. For the 

larger particle size range of 10-100 μm, the total percentage of particles increases 

with the increase of KCl concentration. This, indeed, proves that KCl has a beneficial 

effect of preventing the breakdown of larger particles to finer particles. 

4.2.2 Field application studies 

Effect of using shale core rock on particle size distribution 

A similar test procedure was applied to core samples obtained from a shale 

formation in South Australia in order to optimize the concentration of KCl in the 

drilling fluid design of a drilling trial. Photos taken at the drilling trial can be seen in 

Figure 55. 

In this coiled tube drilling trial, the downhole motors, made of a positive displacement 

motor and a downhole hammer, were connected to 500 m of coiled tube. The 

downhole motors received hydraulic energy from the drilling fluid to deliver the rotary 

and reciprocating movements to the percussive bit. Two solid removal units made of 

two shale shakers and two centrifuge decanters were used to separate the cuttings 

from the drilling fluid. The drilling fluid was solid free, and it was imperative to reduce 
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the solid particles produced from the drilling process to less than 40 𝜇𝑚 due to the 

sensitivity of the downhole motors to solid particles. 

 

To achieve the required target of solid removal, it was required to adjust the fluid 

property to minimize size degradation of clay cuttings. Therefore, samples from the 

clay formation were received and were crushed and grinded to form a fine powder. 

The crushed cuttings were tested using the same methodology described earlier to 

optimize the concentration of KCl in the drilling fluid. The experiments were 

performed using four concentrations of 0%, 1%, 2% and 3% KCl. The results of the 

experiments along with the particle size distribution of the dry crushed cuttings 

obtained using the dry dispersion unit of the Malvern Mastersizer are shown in 

Figure 56. Pertaining to the earlier results, it can be seen that the mode of the graph 

shifts to the right with the addition of KCl. It is interesting to note that there is a clear 

trend being followed, reinforced by the fact that the dry sample (Initial) shows to have 

the mode farthest to the right thus proving that the particle size is increased or 

maintained due to an aggregating effect caused by the KCl. Figure 57 illustrates how 

the percentage of shale cuttings in size groups of 0.1-1μm, 1-10 μm and 10-100 μm 

Figure 55. Coiled tube drilling system, RoXplorer, used in the drilling trials in South Australia - courtesy DET CRC. 
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is affected by KCl background concentration. Just by looking at the 10-100 μm size 

range is enough to get a clear ranking of the best concentration at maintaining 

particle size. Naturally, the fraction with the highest volume in the 10-100 μm size 

range is the Dry shale powder. The next is 3% KCl concentration followed by 2% 

which is then followed by 1%, and finally the last is 0% KCl.  

 

Figure 56. Variation of size distribution of shale formation at different KCl concentrations. 

 

Figure 57. The effect of KCl concentration on the particles in the range of 0.1-1 μm, 1-10 μm and 10-100 μm. 

Based on the results, it can be argued that the solutions with 2% and 3% KCl 

concentration tend to exhibit a similar size distribution, and therefore, the 

concentration of KCl was set at 2% in the drilling fluid system.  The concentration of 
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KCl was consistently kept in the range of 1.8 to 3% during the operation, and the 

targeted cleaning level of 40𝜇𝑚 was achieved. 

4.2.3 Effect of time on 

Particle count 

Figure 58 is again used to show how there is no linear increase in particle count over 

time. The trend is unexpected as it is expected to show an increase in particle count 

over time and plateau after a period of time– since the clay particles are 

disintegrating over time. A possible explanation for this could be that the FBRM is 

not appropriately recording the particle breakdown. As mentioned earlier, the FBRM 

is not a particle counter but more of a tracker. As there are many different methods 

used for the determination of particle count and these different methods are not 

expected to give identical results: the count depends on the method used for its 

measurement. For this study, as there was just the FBRM used for tracking particle 

count, it was assumed that the line gives a fair indication of the number of particles 

that were being tracked in that system since every test had every other variable 

being kept constant with proper controls. 

  

 

Figure 58. Sample FBRM test results. 
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Particle size distribution 

As described in the methodology section, in order to characterize the process of 

change in size distribution of clay particles, a 47 hr test was performed, where size 

distributions of the solution and viscosity measurements were manually obtained at 

intervals of 10 minutes, 1 hr, 2 hrs, 6 hrs, 24 hrs, 30 hrs, and 47 hrs. The size 

distribution of the final results corresponding to time is shown in Figure 59. It is 

evident that the shape of each is quite similar with each plot having two peaks: one 

major peak and another minor peak. The shortest time, i.e., the distribution at 10-min 

is the most to the right indicating that this result has a larger size class. The size 

distribution tends to shift towards left with the increase in mixing time suggesting that 

particles decrease in size and increase in numbers. The clay particles are reacting 

with the fresh water, swelling and breaking down into finer smaller particles and the 

overhead shearer’s action further facilitates this break down process due to its 

mechanical action. 

 

Figure 59. Variation of clay particle distribution in water during a 47 hr experiment. 

In order to adequately characterize the size distributions shown in Figure 59, the 

volumetric frequency of particles in ranges of 0.1 – 1 μm, 1-10 μm and 10-100 μm 

are calculated and shown in Figure 60 at different intervals. It is evident from the 

graph that the volumetric percentage of particles in the group of 0.1-1μm increases 

as time increases, while it is not such a linear relationship for 1-10 μm and 10-100 
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μm. The most substantial proportion of particles lie in the 1-10 μm profile, so it is 

worth studying this region. The volume of particles steadily increases up until 6 

hours, and then it suddenly drops for 24 hours and 47 hours. A possible reason for 

this anomaly could be the fact that the overhead shearer could have gotten heated 

due to continuous use and this temperature translated to the fluid thus making it 

even quicker for the particles to break down to a finer size. 

 

 

Figure 60. Variation of volumetric percentage of particles in groups of 0.1-1 μm, 1-10μm and 10-100 μm at 
different times. 

Rheology 

The results of the viscosity measurement of the solutions show that the viscosity 

increases with time. The variation of viscosity at different shear rates is shown in 

Figure 61 and the variation of viscosity with time is shown in Figure 62. This result 

illustrates the viscosity at a shear rate of 1020 1/s. It is evident that the apparent 

viscosity at a shear rate of 1020 1/s increases from 1.5 cP to about 3.2 cP during the 

experiment. This trend can be explained by the breakdown of clay particles, also 

known as clay hydration in drilling fluid preparation, which is related to the dispersing 

of clay particles and therefore, increasing the viscosity over time. 
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Figure 61. Variation of apparent viscosity during the 47 hr test. 

 

Figure 62. Variation of apparent viscosity at shear rate of 1020 1/s during the 47 hr test. 

 

4.2.4 Industrial additives 

As mentioned in the methodology, the effect of various industrial additives on the 

particle counts and particle size distributions of clay were studied using the additives 

and concentrations listed in Table 7. It should be noted here that all these tests were 

conducted using only API Bentonite (Rheoben NT) and not the shale core rock 

samples obtained from Port Augusta, South Australia.  
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Table 7. Additive names and concentrations tested. 

Additive Name Concentration 
i. AMC Xtrahib a. 3% 

b. 5% 

c. 7% 

ii. Low Molecular Weight 
PHPA 

a. 0.02% 

b. 0.05% 

c. 0.1% 

iii. High Molecular Weight 
PHPA 

a. 0.02% 

b. 0.05% 

c. 0.1% 

iv. Kla-stop a. 0.05% 

      b. 0.1%  

      c. 0.2% 

v. Xanthan Gum a. 0.2% 

 

The results presented from now on will be specific to the additive. The results of 

each additive are plotted together with the results of the plain clay and fresh water 

interaction test, i.e. no additive. There are four graphs for each additive - Particle 

count results will be followed normalized count results which will then be followed by 

particle size distribution results and the fourth final plot will be of the percentage of 

particles falling within the following size ranges: 0 - 1 μm ; 1 - 10 μm ; 10 - 100 μm ; 

100 - 3500 μm. This will allow for a quantitative comparison of the results along with 

a qualitative comparison of the graph. A color scheme is followed with each 

concentration range of additive being of the same color:  

Table 8. Colour scheme of results. 

Plain clay + fresh water (No 

Additive) 

Black 

Low concentration of the additive Red 

A moderate concentration of the 

additive 

Orange 

High concentration of the additive Green 

 

In several instances of the results discussed, the term "mode" will be repeated to 

judge, compare and conclude on results. This term is specific to the Malvern 

Mastersizer results, i.e. particle size distributions. By statistical definition, the mode is 

defined as the value that occurs most frequently in a given set of data. In terms of 

particle size distributions, the mode is the tallest point of the particular plot.  
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i. AMC Xtrahib 

While observing the results of the particle counts obtained from the FBRM, it became 

clear that the results would show a distinct outcome from early on in the 

experimentation. As can be seen from Figure 63, the particle count jump is present 

for each of the four tests. After the particle count jump, the particle count tends to be 

constant around a baseline for each result. This is observed for the entire duration of 

the experimentation. There can either be a gradual increase or a small gradual 

decrease in particle count over time. A drastic increase or decrease in particle count 

is rarely seen. This can be attributed to the fact that for all the tests, the 

additive/inhibitor was added to the fresh water base before the clay/shale particles. 

This was done to allow for the additive to properly mix and hydrate also to simulate 

the drilling condition: exposing cuttings to an inhibited drilling fluid. If the clay/shale 

were added before the additive, then this would not have allowed for the additive to 

mix and hydrate and thus impede its inhibitive action properly. This is particularly 

important for polymer solutions that require up to 30 minutes of hydration. 

 

Figure 63. AMC Xtrahib particle count results. 

As can be seen in Figure 64, all three concentrations of Xtrahib exhibit a lower 

particle count than the no additive plot. The no additive plot is around the 18,000 

particle count mark while 3% and 5% Xtrahib concentrations are verging on a close 

particle count range of ~ 17,500. The 7% Xtrahib concentration has significantly 
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reduced this particle count to around 12,000. It can be concluded from this plot that 

increasing the concentration of Xtrahib has a significant positive influence on 

inhibiting the clay cuttings and preventing the particle count from increasing. 

 

Figure 64. AMC Xtrahib normalized count results. 

Figure 65 shows the no additive plot that has a distinct shape with a much wider 

particle size distribution range. It has three peaks at approximately 0.3 μm, 4 μm and 

200 μm. In contrast, the three plots for Xtrahib have a much narrower particle size 

distribution range. All three concentrations are very similar with the 7% Xtrahib 

having the tallest peak, ~6.6% of all particles are around 30 μm. Directly contrasting 

the shapes gives a clear and succinct idea of the effect of using additives on the 

particle size distribution. The results show that Xtrahib does indeed help in inhibiting 

the clay breakdown as the mode (or peak) of the 3%, 5% and 7% KCl concentrations 

is more to the right (of a larger size class) than the mode of the no additive plot. In 

regards to Xtrahib concentration, it can be asserted that the optimum concentration 

is 3% Xtrahib as this provides almost as good as inhibition properties as the 7% 

Xtrahib concentration while being less than half the dosage. Another observation is 

that Xtrahib has an aggregative effect on the clay as the size distribution is more of a 

cluster or group compared to the widely distributed no additive plot that has multiple 

peaks. A question may arise that if the particle size increases due to aggregative 

effects, then why is it that the particle count (Figure 64) decreases. This can be 
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explained by linking the FBRM and Mastersizer results. The Mastersizer shows a 

higher concentration of larger particles, which then means that there is a smaller 

volume of smaller particles. This then is in agreement with the FBRM results. 

Overall, it can be concluded from these results that the Xtrahib has a profound 

positive impact in maintaining the size of the clay particles above a threshold which 

confirms that Xtrahib is indeed an excellent additive for shale/clay inhibition.  

 

Figure 65. AMC Xtrahib particle size results 

Figure 66 allows for a quantitative study of the particle size distribution compared to 

Figure 65. This plot again shows how the no additive test produced results that are 

more widely distributed along the size range. It is important to note that 50.9% of 

particles for the no additive test lie in the 1-10 μm range. This size range is where 

the majority of the no additive clay particles are distributed. However, in sharp 

contrast, it can be seen that the vast majority of particles for Xtrahib, for all three 

concentrations, lie in the 10 -100 μm size range. This proves that Xtrahib is effective 

in maintaining a larger particle size distribution. 79% of all particles lie in the 10-100 

μm size range for 7% Xtrahib which is a significant increase compared to the no 

additive range of which there are only 21.4% belonging to the same size range.   
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Figure 66. AMC Xtrahib particle size distribution. 

ii. Low Molecular Weight PHPA 

Figure 67 shows that the No Additive plot has a lower particle count than all three 

Low Molecular Weight PHPA results. This result however is not unexpected as it is 

known that PHPA is added to the fluid system to better disperse the clays and lower 

the filter cake. In low-solids muds, PHPA interacts with minimal concentrations of 

bentonite to link particles together and improve rheology without increased colloidal 

solids loading [92, 93].  

 

Figure 67. LMwPHPA particle count results. 
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Figure 68 shows this same result. 

 

Figure 68. LMwPHPA normalized count results. 

As can be seen from Figure 69, all concentrations of the LMwPHPA have a broad 

particle size distribution range. These results are similar to the no additive plot.  The 

LMwPHPA does have an aggregating effect like Xtrahib but there are multiple peaks. 

However, there is a significant proportion of particles above the 100 μm size range 

which gives evidence that LMwPHPA could be effective at maintaining a larger 

particle size. This could also be caused by the bubble formation discrepancy caused 

by the Mastersizer 3000 equipment that was being used. 
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Figure 69. LMwPHPA particle size results. 

From Figure 70, it can be observed that both the no additive and LMwPHPA results 

have the highest Volume Density (%) in the 1-10 μm size range. The results 

conclude that the LMwPHPA does not assist in preventing the breakdown of the clay 

particles as well as the Xtrahib. It should be noted that the 0.1% LMwPHPA has a 

noteworthy proportion of particles in the largest particle size range of 100-3500 μm 

which is at 32.4% but this volume is not high enough to conclude that the LMwPHPA 

is effective at maintaining a larger particle size distribution. This distribution is quite 

erratic and it is difficult to make conclusions as for all three concentrations, there is a 

large proportion in the 1-10 μm size range, a small proportion in the 10-100 μm size 

range and then a large proportion again in the 100-3500 μm size range. This wider 

distribution range is not desirable and it can be concluded that Xtrahib is superior to 

LMwPHPA at maintaining a uniform and larger size range based on the PSD’s.  
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Figure 70. LMwPHPA particle size distribution. 

iii. High Molecular Weight PHPA 

The results from Figure 71 and Figure 72 show very different results compared to the 

LMwPHPA results. High Molecular weight PHPA is commonly used in the industry as 

a shale-stabilizing polymer in PHPA mud systems while Low Molecular weight PHPA 

is a known clay deflocculate [94].  

The results show that lower concentrations of HMwPHPA, i.e., 0.02% and 0.05% 

have results that range within the same particle count of the No additive which is 

around 18,000 particles. These results effectively indicate that these two 

concentrations have no effect in reducing the particle count of the clay particles. The 

0.1% HMwPHPA concentration is shown to have the best inhibitive results with the 

particle count peaking at 13,000 particles. This is around a 27.8% decrease in 

particle count compared to the No Additive results. It is however clear that although 

the particle count is lower, it is increasing steadily over time. It was noted during the 

testing that the 0.1% HMwPHPA was significantly more viscous than the other two 

smaller concentrations. The solution possessed a thickness and the overhead 

shearer was having difficulty properly mixing the solution in the first 35 seconds of 

the testing. Gradually, as the clay particles were added, the solution was getting a 
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better mix with time and this could cause the increase in detection of particles thus 

leading to a larger particle count.   

 

Figure 71. HMwPHPA particle count results. 

 

Figure 72. HMwPHPA normalized count results.  
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The results for the size distribution tests shown in Figure 73 correspond to the FBRM 

results. Both the 0.02% and 0.05% HMwPHPA have a similar distribution which is 

quite wide. They have a similar shape except with different peaks at four distinct size 

classes: ~0.2 μm, ~2 μm, ~70 μm, ~1000 μm. The No additive plot follows a similar 

shape except it has three specific peaks at the size classes of ~ 0.8 μm, 3 μm, 200 

μm. Amongst all the results, the plot that is most distinct is the 0.1% HMwPHPA. It 

has two peaks at ~4 μm and ~150 μm and this plot has the mode farthest to the right 

compared to the other plots at around 150 μm. It can be observed that there is a 

significant amount of particles >1000 micron size and this is a result of the bubbles 

arising in the Mastersizer tubing system. Any result above 1000 micron is ignored. 

Further analysis of results will be provided after studying the results shown in Figure 

74. 

 

Figure 73. HMwPHPA particle size results. 

Observing Figure 74 shows that this is the first series of experiments amongst all 

particle size distribution tests that produced vastly differing results for each 

concentration of the same additive – in this case, the HMwPHPA. The No Additive 

results have the most significant volume density percentage in the 1-10 μm range, 

and this is the same for both 0.02% and 0.05% HMwPHPA. It can be seen that with 

increasing HMwPHPA concentration, the volume density of particles shifts to a larger 
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size range. This result is particularly evident in the shift from the 10-10 μm to 10-100 

μm size range where the results switch and reverse. This trend is continued in the 

100-3500 μm size range where the highest concentration of 0.1% HMwPHPA is 

dominant with a very high 47.7% of particles in that test lying in this size range. This 

result provides concluding evidence that HMwPHPA is superior to both Xtrahib and 

LMwPHPA and is indeed an excellent shale stabilizer that prevents the breakdown of 

clay particles. The optimum concentration of the HMwPHPA amongst the tested 

samples is 0.1%.  

 

 

Figure 74. HMwPHPA particle size distribution. 

iv. Kla-stop 

The results shown in Figure 75 and Figure 76 show that the particle count for all 

three concentrations of Kla-stop is higher than the No additive test. The 0.05% and 

0.1% Kla-stop start with the highest initial particle count at ~22,000 particles and 

gradually decline with time and end at ~ 20,000. This 9.1% decrease is not observed 

in the 0.2% Kla-stop concentration test where the opposite trend is observed. The 

particle count starts at around 19,000 particles and increases steadily before ending 

at ~21,000. A possible cause for this 10.52% increase in particle count could be 

improper mixing as the solution could have been marginally too viscous thus 

preventing the proper hydration of the clay particles initially. With time exposure, the 
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clay particles would hydrate, react, swell and disintegrate thus increasing the particle 

count. Another cause for this could be the effect of pH on this test. Kla-stop buffers 

the sample pH at 9-10. KCl would buffer at a slightly higher than neutral pH and 

PHPA are generally non-ionic. The pH is a variable for these tests and does control 

results but this variable was not measured and this is a shortcoming that has to be 

addressed in future testing. 

 

Figure 75. Kla-stop particle count results. 

 

Figure 76. Kla-stop normalized count results. 
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For PSD results, all three Kla-stop concentrations show similar results as seen in 

Figure 77. However, carefully observing the peaks reveals a different outlook. 0.05% 

Kla-stop has one peak at ~ 5 μm at which 5% of the volume density is in this size 

range. 0.1% Kla-stop, meanwhile, has two peaks at ~ 5 μm and ~1500 μm and 

finally, 0.2% Kla-stop has two peaks too, although these peaks are at a slightly larger 

size class at ~ 8 μm and ~1500 μm. These results indicate clearly that increasing 

concentrations of the Kla-stop have a positive influence on maintaining shale stability 

and preventing particle break down as the size classes are shifting to larger size 

classes. Further support to this conclusion is the fact that the No additive plot covers 

a smaller range of size classes with all three of its peaks shifting to the left compared 

to the Kla-stop plots.  

 

Figure 77. Kla-stop particle size results. 

Figure 78 shows that the majority of the particles for all three concentrations of Kla-

stop lie in the 1-10 μm size range which is undesirable. 58.6% of particles tested 

from the 0.05% Kla-stop test lie within this size range while this reduces to 49.4% for 

an increased concentration of 0.02% Kla-stop. There is a more significant proportion 

of particles from the 0.2% Kla-stop test in the 10-100 μm range than the other two 

concentrations. 

The results from this plot show that Kla-stop is the least effective additive tested so 

far as the mode of each plot is farthest to the left compared to the previous three 
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additives. This indicates that the clay particles reacted and disintegrated and the Kla-

stop did not provide efficient inhibition. The 0.05% and 0.1% concentrations 

produced results that are uniform to the no additive results and thus are not 

recommended for field application. 

 

Figure 78. Kla-stop particle size distribution. 

v. Xanthan Gum 

For Xanthan Gum (XG), only one concentration was tested as it is a difficult polymer 

to mix. Often, additives are added to commercial XG products to aid hydration by 

independently adjusting the pH of the solution to aid dispersion and Hydration. As a 

result, additives are often added to commercial XG products to aid hydration by 

independently adjusting the pH of the solution to aid dispersion and hydration. 

However, this would not be applicable here though as it will evidently affect the 

overall shale inhibition capabilities of the XG solution. XG is soluble in cold water and 

is highly pseudoplastic – when shear stress is increased, viscosity is reduced. The 

XG used for these experiments was a commercial AMC Xanthan Gum and the pH 

was unavailable. Results from Kla-stop tests are shown together with XG to provide 

a comparison. As can be seen from Figure 79 and Figure 80, the particle count of 

XG is above the No additive test. This result is similar to the Kla-stop tests. A 

possible reason for this could be the viscosity of the 0.2% XG being high during the 

earlier stages of the experiment leading to improper mixing. Based on the particle 

count results, the evidence points to the fact that 0.2% XG should not be 

recommended as it does not effectively stabilize the clay-water interaction.  
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Figure 79. Xanthan Gum particle count results. 

 

Figure 80. Xanthan Gum normalized count results. 

Coming to the PSD results, the 0.2% XG plot shown in Figure 81 is quite distinct but 

more similar to the No additive plot than any of the Kla-stop results. The mode of the 

plot is quite near the mode of the No additive plot at around 3 μm which indicates 

that although the Xanthan Gum does have inhibitive properties, it is not that great of 
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an option. An ideal plot would have seen the mode of the XG plot farther to the right 

indicating a larger volume density percentage at larger size classes.  

 

Figure 81. Xanthan Gum particle size results. 

The largest volume density of the 0.2% XG test lies in the 1-10 μm size range as can 

be seen in Figure 82. This is similar to all concentrations of Kla-stop and even to the 

no additive test. Again here, 23.4% of the particles are in the 100-3500 μm size 

range and the cause of this again could be the formation of bubbles in the 

Mastersizer 3000 as explained earlier This is higher than any concentration of Kla-

stop but it must also be noted that the 0.2% Kla-stop has a higher proportion of 

particles in the 10-100 μm size range. Thus, based on these observations, it can be 

concluded that XG possesses around the same inhibition efficiency as Kla-stop.  
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Figure 82. Xanthan Gum particle size distribution. 

The benchmark of the tested industrial additives based on PSD’s is listed in Table 9 . 

A benchmark of results from the FBRM particle count results was not completed as 

these results proved to be too erratic and at times were statistically insignificant. The 

best additive was selected based on how effective the additive was at keeping the 

particle size distribution larger (shifting more to the right in the results) and an 

optimum concentration is recommended based on the PSD results. As it can be 

clearly observed, the optimum concentration always tended to be the highest 

concentration that was tested. This information suggests that further testing should 

have been done with even higher concentrations so as to obtain more data to have 

quantitative comparisons. Only a certain amount of concentrations could be tested 

due to time restrictions and future research should have higher concentrations for 

each additive.  
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Table 9. Benchmark of industrial additives based on PSD’s. 

Rank # Additive Name Recommended 
Concentration 

1 HMwPHPA 0.1% 

2 Xtrahib 7% 

3 LMwPHPA 0.1% 

4 Kla-stop 0.2% 

4 Xanthan Gum 0.1% 

 

These results conform to the general hypothesis that a higher concentration of the 

additive will produce superior inhibition and maintain larger particle size. This ranking 

is based on the premise that the additive and concentration giving the larger average 

particle size range is most effecting while the additive giving the lower particle size 

range is least effective. This effect could also be observed if the additives caused 

particle aggregation and particle aggregation, for the purpose of this project, is 

desired as this would ultimately make it easier for the solids control unit to remove 

cuttings. HMwPHPA was the most effective additive and the least effective additives 

were Kla-stop and Xanthan Gum.  
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Chapter 5 

Conclusion 

5.1 Contribution 

An experiment protocol was developed in this thesis to characterize the chemical 

degradation of cuttings, the process through which particles decompose to finer 

particles as a result of the clay-fluid reaction. The testing process generated valuable 

data and insight into fines behaviour with varying saline and polymer solutions. 

However it should be noted here that this testing is not completely representative of 

the actual drilling process as there were some uncertainties that are unanswered 

such as the pH of fluid sample and the effect of temperature. 

In these experiments, the degree of clay agglomeration was recorded in terms of the 

changes in particle count, particle size distribution and changes in viscosity. There 

were two modes of experimentation with the first being for two-hours and the second 

being for forty-seven hours. The shorter duration simulated the exposure of cuttings 

in the annulus and the longer duration simulated the transient time of fluids at 

surface processing mud tanks 

The experimental results showed that the results obtained from the particle size 

distribution and viscosity was more consistent and reliable than particle count 

measurements. This can be potentially attributed to the sensitivity and the condition 

of the particle tracking tool used in this thesis. Overall, it can be concluded that the 

FBRM results were inconsistent and unreliable and this could be attributed to the 

FBRM probe condition. The unit used was quite old but was the only device of the 

sort available for testing. It can be concluded that the FBRM results shown here are 

not reliable and are not recommended to be followed. 

The particle size distribution can be affected as a result of the particle-fluid 

interaction. This may be dependent on the initial size and type of shale. As observed 

from Figure 12, at any viscosity, 100 micron particles are adequately handled by a 

hydrocyclone as all curves become asymptotic to 100% as size increases. So if the 

particles are removed within a few minutes of entering the hydrocyclone, what is left 

remaining is very small fine particles. Challenges, with regards to solids removal, 

only arise if particles are finer than 100 microns and this is indeed the case very 
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often as proven by the numerous plots shown in the results section of this research 

work. A general conceptual variation of the size distribution pertaining to the data 

obtained from this research projects testing is shown in Figure 83(a). As it is shown 

in the graph, the cutting disperses upon exposure to fluid shifting the distribution 

more to the left and forming smaller particles. This process is found to be time-

dependent, where the concentration of finer particles increases at the expense of the 

concentration of coarser particles confirming that coarser particles are decomposing 

to finer particles as shown in Figure 83(b). The effect of inhibition on wet cuttings is 

also demonstrated in (a), which is the opposite of the effect of time on the size 

distribution.  

  

 

Figure 83. Conceptual variation of particle size distribution during the chemical degradation of cuttings: (a) 
variation of total size distribution; (b) variation of the proportion of fine and coarse particles. 

 

The properties of the suspension fluid are affected by the disintegration of the 

cuttings. As it is conceptually shown in Figure 84, the fluid viscosity increases with 

time (assuming constant pH conditions). The increase in viscosity is due to the 

additional dispersion of the clay particles. This process is known as the increase in 

yield of bentonite in the field of drilling fluid engineering and this is when sodium 

montmorillonite is used as a viscosifying additive in drilling fluid. In research work 

performed at Drilling Mechanics Group of Curtin University, it was found that the 

filtration rate of the suspension fluid is also affected [95]. The clay-fluid interaction 

results in fine suspended cuttings, which form a less permeable mud cake in the API 

filtration experiment. Therefore, a smaller mud filtrate is achieved for a solution with 
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higher clay-fluid interaction as noted with the PHPA results. Similar to cutting size 

distribution and viscosity results, the fluid reaches a plateau within 24 hours.  

 

Figure 84. The variation of suspension fluid during the cutting degradation: (a) variation of viscosity; (b) variation 
of filtration rate. 

 

The role of drilling fluid additives in degradation is studied using the developed test 

procedure. The selected additives were potassium chloride, a selection of natural 

and synthetic polymers and some other clay inhibitors. The experiments were 

performed at different concentrations, and the effectiveness of each additive in 

controlling fine particle formation was quantified. Based on particle size distributions 

alone, it was found that HMwPHPA was the most effective additive at maintaining a 

larger particle size range and it was also found that for all samples tested, a higher 

concentration resulted in the preferred larger particle size ranges. 

 

5.2 Field Implications 

Traditionally, drilling fluid chemistry is of major importance to stabilize shale 

formations which can lead to borehole instability, borehole collapse and stuck pipe. 

For this research project, various test protocols were developed to quantify the 

effectiveness of drilling fluid composition in controlling the drilling fluid-shale 

formation interaction. As representative shale samples were difficult to obtain, these 

experiments were performed on cuttings collected at the shale shaker. It can be 

argued that this analysis evaluates the fluid-rock interaction at a macro-scale aiming 

at the stability of the formation. 
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In this work, the research was focused on the stability of smaller shale particles with 

the goal of minimising formation of low gravity solids, i.e. fine solid particles which 

are difficult to remove from the drilling fluid using solid removal units. While the 

nature of the process is similar, the exposure of solids particles to drilling fluid is 

larger due to the smaller size of cuttings, i.e., smaller particles have higher surface 

area and therefore have higher exposure to fluid-rock interaction. 

In parallel to other standard test protocols, the developed procedure in this research 

can be used as a criterion to design drilling fluids with the objective of quantifying the 

effectiveness of the drilling fluid in minimizing the formation of fine particles (low 

gravity solids). This test protocol was used in designing the drilling fluid properties of 

two coiled tube drilling field trials. The results show that the required concentration of 

shale inhibitor additive to control the shale instability is lower than the required 

concentration of additive to control the formation of low gravity solids. While the 

mechanism of the interaction is the same for both borehole stability and formation of 

low gravity solids, the surface area on which the fluid interacts with shale is different. 

In the time frame during which the stability was studied, the results suggest that a 

higher concentration of salts is required to minimise low gravity solid formation.   

 

5.3 Recommendations and future work 

Firstly, it must be emphasized here that much of the experimentation in this project 

had a narrow window of potential investigation. As stated earlier, the developed 

method only focused on the fluid interaction between the shale through the study of 

particle count and particle size and did not encompass structural effects, geo-

mechanical effects and the impact of bottom-hole pressure. The effect of 

temperature was also not investigated, as all experimentation was done under 

isothermal conditions. Finally, another important aspect that was not investigated 

was the effect of pH – the acidity or alkalinity of the water based drilling fluid. The pH 

vs. time plot could affect the final results and should be investigated in future 

projects. Extending the scope of parametric analysis is of great importance. There 

are still a number of parameters which can potentially affect the disintegration of 

cuttings such as the initial particle size and the hardness of the sample.  
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Further research should be done to evaluate the effect of shear degradation. The 

shear can be simulated directly by experimenting with different impeller shear rate 

similar to previous work [96]. However, there is merit in simulating the dynamic 

condition of the well using a more controlled environment such as circulating fluid in 

a given pipe simulating the same level of shear the fluid is exposed to in the annulus. 

Also, similar experiments can be performed at a high shear rate simulating shear 

rates where the fluid is exposed in hydrocyclones to investigate if the 

inhibition/aggregation of particles can break with shear. Experiments at a smaller 

shear rate are relevant to simulate the condition of the fluid in the mud tanks.  

It will be of added value to compare the results of the fluid design based on macro 

clay-rock interaction from the literature (similar to clay dispersion test and linear 

swelling meter) with clay-rock interaction developed in this work. It is essential to 

verify if similar trends can be achieved, or each procedure can potentially 

recommend a different fluid additive to control the clay-rock interaction. 

In this work, the FBRM probe results were inconsistent and unreliable, which can be 

attributed to the probe condition. The probe being used for testing could have had 

defects as a result of aging. This is a risk and hidden danger of using outdated 

technology. Further work should be carried out with a newer unit with better 

sensitivity, and it is also recommended to use additional particle measurement 

techniques so as to obtain multiple sources of data.  

The Mastersizer results also had the reoccurring issue of bubble peaks. These 

erroneous measurements have the potential to significantly impact the interpretation 

of the final results. This is especially the case if the operator of the instrument has 

not been trained to identify and minimize a bubble problem before collecting data. 

The final results reported in this research work are in alignment with the literature 

available on particle size analyzers. They both indicate that the repeatability and 

reproducibility of such tools and methods do not necessarily translate and reflect the 

accuracy of the measurement [88]. There is always a risk of producing repeatable 

erroneous data if a system to verify its accuracy is not scientifically established first. 

Depending on the background of the appropriate application, it is important that the 

results generated by a particle size analysis are first comprehensively understood. 

Furthermore, any results obtained from particle size analysers should include 
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another critical step. This step is to examine the sample under a microscope and 

verify if the obtained results correspond to the observed particle size. Such steps 

should be followed during the measurement of the particle size distribution of a 

material to guarantee that the measured output signal reflects the test sample rather 

than a source of contamination such as a bubble.  
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Appendix 

Complete Safety Data Sheets of all additives are provided below 
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