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Preface 

Ensuring zonal isolation and long-term integrity are fundamental in 

primary cementing in the well construction phase. Successful cementing 

can be compromised by various factors, including contamination with 

drilling fluid. Given that drilling fluid is present in the wellbore before 

cementitious material is pumped, it is possible that mixing between these 

fluids takes place downhole, affecting the properties of the barrier 

material. To mitigate this, spacer fluid is normally pumped in front of the 

cement slurry to minimize the commingling of drilling fluid and improve 

bonding. Geopolymer is seen as a potential replacement for Ordinary 

Portland Cement. Prior to its use in well construction and abandonment, 

the impact of drilling fluid contamination on geopolymer performance 

must be assessed. 

In this study, the impact of drilling fluid contamination on the liquid-

state and solid-state properties of granite-based geopolymer, developed 

at the University of Stavanger (UiS), was investigated at elevated 

temperatures (50 ℃ BHCT/70 ℃ BHST). Oil-based drilling fluid 

(OBDF) and water-based drilling fluid (WBDF) were formulated in the 

lab with representative mix designs for the contamination study. 

Additionally, a spacer fluid tailored for geopolymer was designed to 

minimize contamination by drilling fluid. The thesis presented here is 

the result of the SafeRock Project, a collaboration between UiS and 

operators aimed to meet industry standards with geopolymeric materials. 

The PhD dissertation is structured into two primary sections: the first 

section outlines the research project, while the second section consists of 

appended papers comprising detailed scientific findings. The outcomes 

of this research have been published across five scientific papers: three 

in journals, one in a peer-reviewed conference, and one in an SPE 

conference. These papers are included as appendices and are labeled 
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using Roman numerals. Throughout this thesis, the same numerals are 

utilized for the sake of referring.  

Paper I: Geopolymer slurry was contaminated with different ratios of 

OBDF and WBDF, and its rheological behavior was analysed at 50°C. 

The flow curve, viscoelastic properties, gel strength, and rheological 

parameters of the geopolymer, post contamination, were investigated in 

the study. Experimental measurements were conducted using a scientific 

rheometer and a V-G meter, serving as industry-standard equipment, to 

ensure comparisons of the results. 

Paper II: The effect of OBDF and WBDF contamination on the 

mechanical properties of geopolymer was investigated.  The analysis 

targeted compressive strength, tensile strength, sonic strength 

development, and microstructure of the geopolymer. 

Paper III:  A hardening spacer was developed for the geopolymer. The 

design process consisted of tuning the viscosity profile with conventional 

rheology modifiers and optimizing the surfactant content to remove the 

drilling fluid layer from the casing and water-wet the surface. Finally, a 

compatibility study of the optimized spacer with geopolymer was 

performed.     

Paper IV:  The rheological compatibility of various mixtures of the 

spacer with OBDF was examined using a rheometer, and the resulting 

R-index, a measure of compatibility between downhole fluids, was

determined. Additionally, the influence of surfactant in the spacer design

on rheological compatibility was investigated. A small-scale mud

displacement experiment was conducted to assess the effect of surfactant

on drilling fluid displacement.

Paper V: A case study was conducted using 2D simulations to examine 

the process of drilling fluid displacement by spacer and geopolymer. The 

aim was to mitigate the risk associated with deploying new materials by 

quantitatively predicting optimal practices, including viscosity and 
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density hierarchies while minimizing eccentricity to enhance 

displacement efficiency. 

Appendix 6 presents a filed patent in Norway and Europe titled ‘LOW 

DENSE SETTABALE GEOPOLYMER SLURRY COMPRISING A 

SWELLABLE CLAY, AND SETTABLE TREATMENT FLUIDS 

OBTAINABLE FROM THE SLURRY’.  
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1. Introduction 

In this chapter we delve into the background of this study by discussing 

the fundamentals of well cementing and presenting an alternative barrier 

material to OPC (Ordinary Portland Cement) called geopolymer. 

Subsequently, mud displacement which is an integral part of the well 

cementing program is explained. Finally, we present investigation results 

of the major contamination impact of mud on the OPC properties as the 

dominant barrier material currently used in the industry, assuming the 

mud displacement is unsuccessful. 

1.1 Well cementing and zonal isolation 

The construction of wells is of utmost importance in deep subsurface 

activities. This involves drilling and cementing, known as primary 

cementing (Figure 1). Drilling entails a rotating drill bit penetrating the 

subsurface rocks while drilling fluid transports the cuttings to the surface 

through the annular space between the drill pipe and the borehole wall. 

Controlling pressure with the drilling fluid is crucial, as too light or 

heavy mud can lead to risks like fluid influx or reservoir fracture. When 

a desired depth (decided based on the geological information) is reached, 

the casing is run into the hole. Cementing involves conditioning the hole, 

cleaning it with preflush fluids, and pumping in cement slurry to form a 

solid seal around the casing. The cement surrounding the casing serves 

various purposes, such as ensuring zonal isolation by preventing the 

migration of formation fluids between distinct zones, protecting 

freshwater formation, casing corrosion protection, and securing the 

casing in its position. It is important to have a superior-quality cement as 

an annular barrier to maintain the integrity of the well. The industry 

standard document Norsok D-010 [1], which outlines specifications and 

recommendations concerning well integrity during drilling and later 

activities defines qualified well barrier elements, among others, with the 

ability to: i) tolerate the maximum temperature and pressure that might 
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be subjected to ii) function effectively and tolerate the environment that 

can be in contact with during its expected lifetime.  

 

Figure 1 : Placing cement barrier in annulus during well construction [1] 

A common outcome of compromised well integrity is the sustained 

casing pressure (SCP). This signifies that pressure persists in the annular 

gap between casings or between the casing and the formation, despite 

attempts to release it to zero at the surface. SCP indicates imperfect zonal 

isolation which can lead to substantial costs for remediation, and in worst 

case scenario negative environmental consequences and accidents. A 

study from 2011 reports well integrity issues in around 75 of 406 

investigated wells in the Norwegian Continental Shelf [2]. A study by 

Davies et al. [3] revealed that depending on the dataset under 

examination, between 1.9% to 75% of the wells were identified to have 

integrity problems. The significant variation in the percentage of 

problematic wells in each dataset was attributed to differences in the total 
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number of wells, their age, and their configurations. This wide range of 

well integrity issues and SCP are not only rooted from cement. For 

instance, corrosion of casing and tubing, poor thread connections, etc., 

are also root causes of the problem. Research conducted on wells in the 

Gulf of Mexico showed that approximately 33% of the 6650 wells 

experiencing well integrity issues were associated with cement failure. 

In the downhole environment, numerous factors contribute to the 

degradation of the cement sheath quality, including corrosive conditions 

[4], fluctuations in thermal and mechanical stresses [5, 6], tectonic and 

overburden stresses [7, 8], mud-cement interaction [9, 10], and pressure 

cycling resulting from operations like multi-stage fracturing [11]. 

1.2 Geopolymer as an Alternative Material 

OPC has been dominant well barrier material for primary cementing, and 

plug and abandonment (P&A) due to global availability, well-established 

chemistry and reliability [12]. Despite these advantages, there are several 

drawbacks linked to OPC. These are shrinkage, durability issues, 

instability in HPHT and corrosive environments, low ductility, and 

incompatibility with OBDF [13-17]. Most significantly, high emission 

of CO2 is associated with the production process of OPC, which can 

account for as much as 5-8% of global CO2 emissions [18]. Indeed, it 

makes sense to seek alternative materials to address the issues. 

Geopolymers is among the materials considered as alternatives named 

after Davidovits [19]. This alumino-silicate inorganic polymer is 

classified as cementitious materials when a liquid alkaline activator is 

combined with aluminosilicate sources like fly ash, blast-furnace slag, 

rice husk ash, metakaolin, red mud, and natural pozzolans [20-22]. The 

alkali activator commonly used are sodium and potassium hydroxide, 

sodium and potassium silicate, sodium carbonate, or a combination of 

these. Various sources of aluminosilicate yield different chemical 

structures in geopolymers, resulting in materials with diverse mechanical 

and chemical properties. Figure 2 shows a simplified general mechanism 
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of reactions involved in geopolymerization [22]. Dissolution involves 

hydrolysis of Al-O-Si bonds and OH- ions in high pH medium attacking 

the Si-O-Si bonds. This results in releasing aluminate and silicate species 

in the solution that might also contain additional silicate from the alkali 

activator. The alkaline cations in solution also neutralize the negative 

charges on Si-O-, preventing the reversion to Si-O-Si. In highly 

concentrated solutions, a gel is formed where the oligomers create 

extensive networks through condensation while releasing H2O as 

product. The produced water stays in the open pores and gel micropores 

[21, 23, 24]. Following gelation, the system undergoes further 

reorganization, leading to an increase in the connectivity of the gel 

network. This process ultimately results in the formation of the three-

dimensional aluminosilicate network typically associated with 

geopolymers. The by-product of this reaction is water while in cement 

hydration water is consumed. 

 

Figure 2 : Conceptual mechanism of geopolymerization [22] 
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1.3 Mud Displacement 

The overall success of the cementing operation and subsequently 

maximizing annular barrier performance is significantly impacted by the 

effectiveness of mud displacement. The interaction between cement and 

drilling fluid, normally nicknamed as mud, in case of incomplete 

displacement primarily occurs through intermixing, the channelling of 

cement into the wider side of the annulus, and the presence of residual 

mud layers on the walls (wet microannuli). In the last case, mud can 

dehydrate after being in contact with cement for a period resulting in 

microannuli which provides a path for gas migration [25, 26]. 

Completely preventing the mixing at the interface of two in-contact 

fluids being circulated in drill pipe, which can be solved by using wiper 

plugs) and up to the annulus is almost impossible [27]. Thus, it is 

important to have well-designed spacer fluid as buffer to separate the 

incompatible fluids (i.e., cement and mud). Compatibility is not the only 

criteria for the spacer. Also the density and viscosity must be carefully 

designed. This ensures that spacer is not channelling in mud column 

which eventually end up with unwanted contact of cement and mud. 

Accordingly, design rules have been developed to have effective 

displacement in laminar flow [28, 29]. For instance, based on ELF 

(Effective Laminar Theory), displacing fluid must be heavier than 

displaced fluid by at least 10%, and frictional pressure gradient of 

displacing fluid be at least 20% greater [29]. Moreover, the shear stress 

exerted by displacing fluid should surpass the yield stress of displaced 

fluid. More careful consideration is required for these design 

methodologies when applied to horizontal and near-horizontal wells due 

to the restricted flow toward the lower side of the annulus in case of 

density hierarchy [30]. While the design rules were proven to be useful 

and contained several physical meanings, fundamental understanding 

was limited, and the recommendations tended to be conservative. Later, 

a model called 2D-gap averaged (2DGA) was developed, leading to the 
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availability of a widely used two-dimensional mud displacement 

simulator for field applications [31, 32]. 

Beside fluid properties that was mentioned before, there are other factors 

influencing the success rate of displacement such as flow rate, geometry 

and inclination of the wellbore, spacer contact time, centralization and 

casing movement [33]. A common practice to prevent channelling is to 

use centralizers on the casing. Higher eccentricity can cause spacer or 

cement to follow the path of least resistance, leaving pockets of mud on 

the narrower side (Figure 3). Indeed, one of the several reasons of cement 

failure in Macondo incident was inadequate amount of centralizers on 

liners [34].  

A static layer of mud can form on the casing and formation walls if the 

shear stress created by the displacing fluid at the wall does not exceed 

the yield stress of the displaced fluid. It has been reported that the ratio 

between the yield stress of the displaced and displacing fluids, and 

Bingham number are determining factors in whether a static mud layer 

will form on the walls or not [35]. Formation of mud filtercake on the 

walls represents an extreme case of a static mud layer, particularly when 

the yield stress is substantial. Consequently, simply increasing the shear 

stress is often insufficient to remove it and alternative mechanism such 

as mechanical (e.g., scraping and brushing), abrasion and physico-

chemical methods are needed. According to Ravi et al. [36], better hole 

cleaning was achieved by pumping spacer fluid containing particles 

compared to water, despite both exerting the same shear stress at the 

walls. Abrasion mechanism of the filter cake by the particles from 

displacing fluid is less known. Shear rates involve vorticity, creating 

complex flow patterns with rotating particles at the microscale. Upon 

contact of the particle-containing fluid with mud cake, these rotating 

particles diffuse across the interface, and break some part of it [37]. An 

example of physico-chemical method is adding surfactants which aid in 

removing the static oil-based drilling fluid layer from the wall by 

reducing interfacial tension. The time that spacer is in contact with mud 
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layer is also important. An experimental study showed that the efficiency 

of mud cake removal can increase from 45% to 74% if the duration of 

washing contact is extended from 4 minutes to 10 minutes [38]. 

When it comes to spacer design for minimizing the contamination of 

cement by drilling fluid, an optimized design should possess: (i) a 

tuneable viscosity profile and density to aid mud displacement under 

various conditions, (ii) components ensuring compatibility with mud and 

cement during and after pumping, and (iii) appropriate surfactants to 

dissolve oil-based mud layers on walls and enhance cement bonding. 

 

Figure 3 : Channeling of the cement toward the wide side of annuli, leaving a pocket of mud in 

narrow side that provides leakage path [39] 

1.4 Mud Contamination 

Previously, we discussed effective practices for improving mud 

displacement to prevent cement contamination. Now, we explore the 

consequences of inadequate mud removal on cement properties and its 

effectiveness as a barrier material. We can categorize these negative 

effects into two groups: those that adversely affect the cement job during 

placement and those that create problem after the cement setting process. 

The choice of drilling fluid significantly influences the extent of 
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contamination. Multiple factors contribute to drilling fluid selection, 

including temperature and pressure conditions, environmental concerns, 

well trajectory, shale formations, and economic considerations. The 

following section presents some findings on the impact of different types 

of drilling fluids on OPC properties. 

1.4.1 Liquid-State Properties 

The thickening time of cement is a critical property. If it becomes 

unpredictable and too short, it can result in the cement setting at 

undesired depths. Conversely, if it is significantly delayed, it can lead to 

unreasonably high Wait On Cement (WOC) time, resulting in a more 

costly operation. The brine present in the internal phase of the Oil-based 

drilling fluid (OBDF) can act as accelerators, reducing the cement 

thickening time when the internal phase gets broken as result of the 

contact with cement [17]. On the other hand, the Water-Based Drilling 

Fluid (WBDF) might increase the thickening time, by increasing the 

water to cement ratio [40]. Unpredictable impact of drilling fluid-cement 

interaction on rheological behavior can also be hazardous to cementing 

job. If the resulting mixture gets excessively viscous, it might be difficult 

for the bulk cement to displace it, raising the risk of channelling through 

the wider side of the annuli. Additionally, this viscosity increase can 

elevate the Equivalent Circulating Density (ECD) due to heightened 

annular friction pressure, posing a risk of fracturing weak formations. 

OBDF resulted in increase in viscosity profile of cement specifically at 

lower temperatures [41, 42]. One possible mechanism suggested is that 

due to osmotic pressure, the internal phase of OBDF can absorb 

additional water from the cement, resulting in a reduction of accessible 

water within the cement matrix [41]. Incorporating the wetting agent in 

OBDF design resulted  in lower plastic viscosity and yield stress of the 

mixtures by oil wetting of cement grains and increasing the lubricity 

[17]. The fatty alcohol ether sulfates surfactant proved to be effective in 

mitigating the negative impact of OBDF on flow behavior of cement 
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[41]. WBDF reduced viscosity of cement due to extra water becoming 

available for cement [40, 42]. 

1.4.2 Solid-State Properties 

The drilling fluid contamination can also impair the zonal isolation by 

influencing the after-setting properties which are essential to prevent 

leakage of unwanted fluid. Katende et al. [43] reported that 30% OBDF 

can increase the permeability of class-H cement from roughly 3 to 64 

Micro Darcy. Similar trends were observed for the porosity of cement as 

well. They further noted that the inclusion of OBDF in cement did not 

trigger any chemical reactions, but it does contribute to the formation of 

fractures and holes within the cement matrix. The wetting agent also aids 

in mitigating the deterioration of cement strength caused by OBDF by 

stabilizing the oil phase within the matrix, leading to smaller cavity 

diameters [17]. Li et al. [41] reported that contamination with 5% OBDF 

can reduce the compressive strength of cement by 30% after one day and 

degradation of cement escalated with higher levels of fluid intermixture. 

The mechanism of contamination they described involves the 

encapsulation of cement particles by oil, which hinders hydration 

resulting in a honeycomb-like structure. A research by Aughenbaugh et 

al. [44] demonstrated that synthetic-based drilling fluid without any 

brine content exhibited notably superior performance. This finding 

strongly suggests that osmotic forces which moves the water available 

for hydration to the internal phase of OBDF is the primary mechanism 

responsible for the detrimental effects of contamination. The strength of 

cement could also be reduced by WBDF, with partially hydrolyzed 

polyacryl amide (PHPA) polymer drilling fluid having the most 

significant impact [40]. Cheng et al. [45] suggested that polymers can 

adsorb onto the surface of cement particles, hindering the hydration 

process of the cement.  
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1.4.3 Interface Properties 

Insufficient cement bonding at the interfaces with the formation and 

casing can lead to failure of the cement sheath and inadequate zonal 

isolation. Drilling fluid layer which is left on the walls due to incomplete 

mud displacement can impair the sealing function and bonding of barrier 

material. Studies has been done to evaluate the bonding of cement to 

surface of formation and casing in presence of drilling fluid. A work by 

Opedal et al. [46] showed that OBDF causes less contact of cement and 

formation rock and slightly lower shear bond strength was measured for 

this type of drilling fluid. They also observed that in rock samples with 

higher permeability and porosity, the bonding is reduced due to the loss 

of drilling fluid filtrate, leading to the formation of a thick layer. The 

shear bonding strength of cement to casing surface can be reduced to half 

of its original value in presence of OBDF due to wettability alteration 

[47].  
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2. Scope and Objectives 

The main objective is to assess the effects of drilling fluid contamination 

on the properties of granite-based geopolymer at elevated temperature. 

Additionally, this study aims to develop a spacer fluid that is compatible 

with the geopolymers while maintaining the necessary characteristics for 

effective spacer performance. The sub-objectives are as follows: 

• Understanding the mechanisms that are involved when 

contamination happens. 

• Understanding the changes in the structure and morphology of 

the geopolymer after contamination. 

• Designing a spacer fluid that has an ability to efficiently displace 

the drilling fluid in the well and also be compatible with both 

drilling fluid and the geopolymer as a cementitious material. 

This project can be divided into three steps that were followed to meet 

the objectives (Figure 4): 

Step I: Impact of different ratios of OBDF and WBDF contamination on 

rheological behavior and mechanical properties of geopolymer were 

investigated. Additionally, analyses were performed to understand the 

changes in microstructure and morphology of the geopolymer after 

contamination. 

Step II: After understanding the adverse impact of drilling fluids on 

geopolymer performance, the focus was to design a spacer that have 

acceptable compatibility with the same geopolymer. The design process 

consisted of tuning the viscosity and density to improve the displacement 

process and optimizing the surfactant content to remove the drilling fluid 

from the casing and alter the wettability of the casing. Compatibility 

studies were also performed for geopolymer/designed spacer/drilling 

fluid. 



Scope and Objectives 

12 

Step III: Important factors involved in proper placement of the 

geopolymer in annulus space of upper sections of the well were 

investigated by performing displacement simulation in surface and 

intermediate casing.  

 

Figure 4 : Steps followed for fulfillment of the research objectives 
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3. Materials and Mix Design 

3.1 Granite 

Granite served as the base material for producing the geopolymer 

discussed in this work. Granite, a prevalent rock type on Earth, is 

classified as an igneous rock, displaying notable variations in its 

characteristics and mineral composition based on its environmental 

conditions. Its primary feature lies in the presence of mineral crystals, 

incorporating a mix of quartz, feldspar, mica, hornblendes, albite, and 

pyroxene. The granite in this work was sourced from Sandnes, Norway. 

The chemical composition of the granite as the main component of solid 

precursor should be detected. Table 1 shows the granite composition 

determined by X-ray fluorescence (XRF). It can be noted that granite is 

rich in Si and Al; however, in crystal forms. This granite has around 15% 

amorphous content and mainly acts as nucleation site 

Table 1: Chemical composition of the solid precursors determined using XRD 

Chemical 

composition 

(wt.%) 

Granite GGBFS Microsilica 

SiO2 73.44 35.78 95.50 

Al2O3 13.33 12.72 0.70 

Fe2O3 2.06 0.18 0.30 

MgO 0.44 12.77 0.50 

CaO 1.12 33.74 0.40 

Na2O 3.12 0.55 0.40 

K2O 5.11 0.82 1.00 

TiO2 0.23 2.23 0.00 

MnO 0.04 0.58 0.00 

LOI 0.90 0.30 2.00 

 

Analysing the X-ray diffraction (XRD) pattern for granite and employing 

peak fitting analyses (depicted in Figure 5), it becomes apparent that 

various phases, including quartz, albite, microcline, and biotite are 

identifiable. 



Materials 

14 

 

Figure 5 : XRD pattern of granite  

Rietveld refinement was used for quantitative phase analysis and weight 

percent of each mineral is presented in Table 2. It can be observed that 

quartz is the dominant phase followed by microcline and albite. 

Table 2: Quantitative analysis of granite phases using XRD Rietveld refinement 

Phase Wt% Group 

Quartz 30.383 Quartz 

Microcline 26.961 Feldspar 

Albite 17.284 Feldspar 

Clinochlore 7.737 Chlorite 

Oligoclase 5.125 Plagioclase 

Muscovite 4.899 Muscovite 

Chamosite 4.072 Chlorite 

Biotite 3.539 Biotite 

 

Morphology of the granite was investigated through scanning electron 

microscopy (SEM), as shown in Figure 6. Particles of granite exhibit a 

rough surface and possess an angular morphology. 
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Figure 6 : SEM images of granite (a) 200X magnitude (b) 5K X magnitude 

3.2 Ground Granulated Blast-Furnace Slag 

(GGBFS) 

GGBFS which is a by-product of metal processing was incorporated to 

enhance the early strength development of the granite-based geopolymer 

and hardening spacer. Given its amorphous nature and the presence of 

calcium-containing elements, GGBFS serves as a strength development 

agent, helping the formation of interconnected phases of hydrates that 

reinforce the geopolymer matrix by bridging the gaps between unreacted 

particles [48-50]. The impact of various calcium silicate on 

geopolymerization rate mainly depends on crystallinity of the source 

[51]. In general, the inclusion of calcium has a positive impact on the 

mechanical properties of the geopolymeric binder. GGBFS in this work 

was sourced from Sweden. 

The reactivity of GGBFS depends primarily on two key properties: its 

chemical composition and its amorphous content. Higher ratios of 

Ca/SiO2 or (CaO+MgO+Al2O3)/SiO2 leads to higher reactivity of 

GGBFS [52]. Table 1 shows the chemical composition of GGBFS used 

in this study. The GGBFS contains minor crystalline content (on average, 

5 to 10% of slag [53]); therefore, no clear XRD reflections was observed. 

Morphology of the GGBFS is also shown in Figure 7, indicating irregular 

and rough particles. 
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Figure 7 : SEM images of GGBFS (a) 2K X magnitude (b) 10K X magnitude 

3.3 Microsilica  

To achieve a balanced Si/Al ratio in the geopolymer mix design, highly 

reactive microsilica (from Elkem Norway) with a purity of 95.5 wt% was 

employed. Detailed chemical composition is shown in Table 1. This 

reactive pozzolan has the benefit of reducing permeability and enhancing 

strength development and stability. It can also reduce fluid-loss by 

optimizing particle packing [54]. In cement, microsilica can prevent 

strength retrogression in HPHT wells (temperature higher than 110 ℃).  

The microsilica used in this study has ultrafine and perfectly spherical 

SiO2 particles as shown in SEM image (Figure 8). Same as the GGBFS, 

XRD pattern of the microsilica did not show clear trend since it is highly 

amorphous. 



Materials 

17 

 

Figure 8 : SEM image of microsilica at 40K X magnitude 

3.4 Mix Design of Geopolymer  

The geopolymer was formulated by combining a liquid phase (hardener) 

with a solid phase (precursor). Solid phase was combination of granite, 

GGBFS, and microsilica. A hardener, consisting of a potassium silicate 

solution with a molar ratio of 2.49, was utilized. The liquid-to-solid ratio 

for this specific mix design was set at 0.51 by mass. Mix design of the 

geopolymer for contamination study is shown in Table 3. This specific 

mix design was developed by Chamssine [55]. Chemical admixtures 

were incorporated into the slurry in the liquid form by first dissolving in 

water.  
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Table 3 : Mix design of geopolymer used in this study (W201) 

Component of the 

Geopolymer 
Description Weight (g) 

Solid precursors 

Granite 

700 
Ground granulated blast 

furnace slag (GGBFS) 

Microsilica 

Liquid activator 
Potassium silicate 

solution 
311 

Retarder and strength 

booster 

Zinc salts 6 

Potassium salt 1.5 

Water 47 

Density (s.g.) 1.98 - 

 

3.5 Mix Design of Drilling Fluid 

Two different mix designs of drilling fluid (OBDF, WBDF) were chosen 

by consulting a service company and were used to contaminate the 

geopolymer. Table 4 and Table 5 show the mix design, mixing time, and 

function of each component for WBDF and OBDF respectively. The 

OBDF had an oil/water ratio of 74/26.   
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Table 4 : Mix design of lab formulated WBDF 

Ingredients 
Concentration by 

Weights (g) 

Mixing time 

(min) 
Function 

Water 340 - Base fluid 

KCl 40 5 Shale inhibitior 

Na2CO3 0.52 5 Treatment 

PAC-ELV 4 15 
Viscosity and 

Fluid loss 

Starch 1.75 10 Fluid loss 

Xanthan gum 1 10 Viscosity 

Ethylene glycol 14.5 5 Antifreeze 

Barite 127 25 Weighting agent 

Bentonite 10 10 Solid particles 

Density (s.g.) 1.27 - - 

 

Table 5 : Mix design of lab formulated OBDF 

Ingredients 
Concentration by 

Weights (g) 

Mixing time 

(min) 
Function 

Water 75 - Internal phase 

CaCl2 16.6 5 
Wellbore 

stability 

Ca(OH)2 2 5 
Emulsion 

stablizer 

Mineral oil 174 15 Base fluid 

Emulsifier 11.9 10 
Primary and 

Secondary 

Organophilic clay 8 10 viscosity 

Barite 138 25 Weighting agent 

Density (s.g.) 1.16 - - 
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3.6 Mix Design of Spacer 

The base spacer mix design that was used for further development of 

hardening fluid is shown in Table 6. 

Table 6 : Mix design of base hardening spacer 

Component Mass fraction 
Mixing time 

(min) 
Description 

Water 46.95 - Base fluid 

NaCl 1.41 5 
Strength booster 

Na2CO3 0.94 5 

GGBFS 30.36 10 
Solid precursor 

Granite 15.65 10 

KOH solution(12M) 1.56 5 

Activator 
Potassium silicate 

solution 
3.13 5 

Density (s.g.) 1.52 - - 

 

3.7 Geopolymer, Drilling Fluid, and Spacer 

Preparation  

The geopolymer slurries were prepared using a commercial Constant 

Speed Blender (OFITE Model 20), following the API 10B-2 standard 

[56]. Chemical admixtures pre-mixed with distilled water were 

introduced into the alkali solution and blended for 10 seconds at 4000 

RPM. Subsequently, the solid precursor, rich in aluminosilicate, was 

introduced to the liquid hardener within a 15-second duration at 4000 

rpm. Subsequently, the slurry underwent further mixing for 35 seconds 

at 12000 rpm. Instantly after that, various volumes of drilling fluids, and 

spacer (5, 10, 15 and 20% by volume of geopolymer) were added to the 

geopolymer slurry and mixed for 10 seconds. The neat and contaminated 
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slurries were then conditioned at a Bottom-Hole Circulating 

Temperature (BHCT) of 50℃ in an atmospheric consistometer before 

the main tests. This BHCT best describes the temperature that 

geopolymer experiences in intermediate and production casing while 

being pumped.. In the context of well cement testing, 'conditioning' is a 

term referring to the simulation of conditions that the slurry experiences 

during pumping into the downhole. Drilling fluids were prepared using 

a Silverson L4RT-A high-speed mixer and subsequently hot-rolled for 

16 hours at a temperature of 90℃. Spacer fluids were mixed with Hei-

TORQUE mixer.
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4. Methods 

4.1 Drilling Fluid Contamination Methodologies 

The testing methodology employed for the drilling fluid contamination 

study throughout this project is illustrated in Figure 9. Firstly, drilling 

fluids were prepared in the lab. Thereafter, the neat geopolymer was 

contaminated with different volume of prepared drilling fluid. In first 

step, rheological behavior of contaminated slurries was studied. The 

contaminated geopolymers were also cured under elevated temperature 

and pressure up to 7 days and mechanical and microstructural analysis 

were performed on the cured samples. The majority of properties were 

assessed following API Recommended Procedure 10B-2 [56] originally 

established for well cements, but this time used in evaluating the 

performance of the geopolymer after contamination. 

 

 

Figure 9 : Testing methodology for drilling fluid contamination of geopolymer 
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4.1.1 Pumpability  

The thickening time of geopolymer slurries was monitored using a 

pressurized consistometer in accordance with API RP 10-B2 [56]. The 

measurement was conducted at 50 ℃ BHCT and 13.8 MPa pressure. In 

oil well cementing operations, as per the operator's criteria, a value of 

30-40 BC is considered a threshold beyond which the slurry is risky of 

being pumped since it is too thick. 

4.1.2 Flow Curve 

Flow curve of the slurries was measured using rotational viscometer 

which is available tool in the field. Shear stress readings (lb/100 ft2) were 

recorded in ascending order from 3 to 300 RPM (5.11 to 511 1/s), 

followed by a ramp-down from 300 to 3 RPM. For drilling fluids, the 

upper limit of shear rate was 600 RPM (1022 1/s) [56]. The tests were 

performed at 50 ℃ BHCT and atmospheric pressure unless otherwise 

specified. 

For further investigation of flow behavior, a scientific rheometer was 

used that has the advantage of the higher resolution of measurements at 

extremely lower shear rates. The test program had pre-shear, rest, ramp-

up and ramp-down intervals. Ramp-up interval consist of shear stress 

measurements (21 measurement points and logarithmic duration from 5 

to 50 s) from 0.01 to 1000 s-1. Ramp-down had the same profile but in 

reverse order. It is worth mentioning that slurries were conditioned 

before measurements.  

4.1.3 Oscillatory Shear Measurement  

This test was done to characterize the viscoelastic behavior of the 

slurries. The shear strain amplitude was varied from 0.01 to 100 % while 

keeping the frequency constant at 10 rad/s. Mainly, two geometries of 

concentric cylinder and plate-plate were used for this test. Concentric 
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cylinder geometry had bob and cup radius of 13.327 mm and 14.455 mm 

and gap length of 40.032 mm. Plate-plate geometry had a radius of 

21.949 mm and a gap size of 1 mm. 

4.1.4 Density 

The density of slurries was measured at ambient temperature and 

elevated pressure by use of pressurized mud balance.   

4.1.5 Isothermal Calorimeter 

TAM isothermal calorimeter was utilized to monitor heat evolution of 

geopolymer samples. Immediately after mixing the geopolymer, 5 g of 

slurry was poured into a plastic ampoule and afterward, it was transferred 

into the calorimeter. The heat flow rate was measured for up to seven 

days at 70 ℃. 

4.1.6 Uniaxial Compressive Strength (UCS) 

Geopolymer samples were poured into cylindrical molds and they were 

cured in autoclaves under 13.8 MPa and 70℃ BHST for one, three, and 

seven days. For testing, both ends of hardened specimens were flattened. 

Specimens followed 1 < slenderness ratio (l/d) < 2. Uniaxial compressive 

strength (UCS) tests were measured using a hydraulic press machine 

with a loading rate of 30 kN/min. UCS is defined as the maximum axial 

compressive stress that a sample of material can endure before reaching 

failure. It is alternatively referred to as the unconfined compressive 

strength since the confining stress is set to zero in this testing scenario. 

UCS can be determined as follows: 

 

𝜎 =
𝐹

𝐴
 

 

(1) 
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where  𝐹 is the maximum axial load (N) and A is the sample surface area 

(mm2). 

4.1.7 Indirect Tensile Strength(Brazilian Test) 

For this test, circular disc samples with thickness-to-diameter ratio 

between 0.5 and 0.6 were used. These specimens were placed between 

two curved jaws (Figure 10) and a loading rate of 3 kN/min (in 

accordance with ASTM [57]) was applied. The tensile strength, 

determined using the Brazilian method for curved platens, can be 

calculated as follows: 

Tensile strength (N/mm2) = 1.272
F

πtD
 

 

(2) 

where F is the maximum applied force when the cracks propagate 

through the sample (N), D is the diameter of the sample (mm), t is 

thickness of sample (mm).  

 

Figure 10 : Schematic of Brazilian test apparatus for measuring tensile strength 
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4.1.8 Sonic Strength Development-Nondestructive  

To assess the early strength of the geopolymer in a nondestructive way, 

an Ultrasonic Cement Analyser (UCA) was employed. The measurement 

was conducted at 70 ℃ and 13.8 MPa to replicate downhole conditions. 

The ultrasonic cement analyser monitors the transit time of ultrasonic 

energy passing through a cementitious sample as it hardens. Then, an 

empirical correlation is used to estimate the compressive strength.  The 

built-in UCA correlation is derived for OPC based materials. Thus, 

custom correlation for geopolymer was derived by fitting polynomial 

equations to transit time vs destructive compressive strength (UCS) data 

measured after 1, 3, and 7 days. 

4.1.9 Shear Bond Strength  

This test evaluates the bonding of well barrier material to the casing. 

Shear bond strength is the maximum force which  initiates the movement 

of casing steel at the interface (with cement/geopolymer). It was 

measured by performing push-out test. Firstly, the geopolymer sample 

was poured in a pipe and cured for seven days at 70℃ BHST and 3.45 

MPa pressure in autoclave filled with water. Two pipes with an inner 

diameter of 110 mm were utilized for the experiment, one exhibiting a 

rusty inner surface and the other covered with OBDF (Figure 11). After 

curing, MTS hydraulic press was utilized to apply load and push out the 

specimens with loading rate of 50 N/s. The shear bond strength can then 

be determined with: 

𝜏 =
𝐹𝑚𝑎𝑥

𝐴
 

 
(3) 

 

where 𝐹𝑚𝑎𝑥 (N) is the maximum load when debonding happens and A 

(mm2)is the geopolymer-pipe area of contact. 
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Figure 11 : Steel pipes used for shear bond strength measurement. (a) rusty surface (b) covered 

with OBDF  

4.1.10 Triaxial test 

Triaxial test was conducted in accordance with the recommended 

practice for assessing the mechanical behavior of well cement (API TR 

10TR7 [58]). Axial stress was applied by a load piston and radial stress 

was exerted by oil pressure in the chamber. Radial and axial strain was 

monitored by extensometer and linear variable differential transformer 

respectively. The test was performed at 70℃ and 13.8 MPa confining 

pressure. First, to reach the confining pressure, the radial and axial stress 

were increased simultaneously with a loading rate of 5 MPa/min and 

allowed to reach equilibrium for 3 hr. Afterward, water was injected into 

the sample with a constant rate while monitoring the inlet pressure (the 

outlet pressure was atmospheric). The permeability of the samples were 

determined using Darcy’s law by measuring the differential pressure. 

After one week of injecting and monitoring permeability, the axial load 

was raised with constant rate of 10 MPa/min to allow measurement of 

compressive strength. 
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4.1.11 X-Ray Diffraction (XRD) 

XRD method was used to provide insights into the mineral composition, 

crystallography of the material, and the alterations in solid composition 

that occur after contamination. In X-ray diffraction, a beam of X-rays is 

directed toward a sample, and the scattered intensity is measured as a 

function of the outgoing direction. The angle between the incoming and 

outgoing beam directions is referred to as 2θ. When the X-ray beam 

interacts with the three-dimensional arrangement of atoms in a crystal, 

most of the X-rays undergo destructive interference, cancelling each 

other out. However, in certain specific directions, the X-ray beams 

undergo constructive interference. In the case of a sample, composed of 

sheets of charge separated by a distance d, constructive interference is 

observed when Bragg's Law is satisfied: 

𝜆 = 2 × 𝑑 × 𝑠𝑖𝑛𝜃 

 

(4) 

In this study, a Bruker-AXS Micro-diffractometer D8 Advance was 

utilized, featuring a 2θ range of 5-70 degrees with a 0.8 s time/step and 

a 0.015° step size. Before analysis, samples were manually grounded into 

a fine powder and dried overnight at 40 ℃. 

4.1.12 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) technique was employed to 

investigate the morphology of cured geopolymer and the chemical 

composition of particles. The analysis was performed using a Supra 

35VP ZEISS. All samples were dried in the oven overnight and coated 

with 10 nm palladium (Pd) or copper (Cu) to reduce the surface charging 

effect. The samples were cut into small and thin pieces for analysis. 

4.2 Spacer Design Methodologies 

Figure 12 shows the design process of the spacer for the granite-based 

geopolymer which consisted of three stages. 
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Figure 12 : Test methodology for developing spacer 

Stage 1: Selection and optimization of viscosifiers. During this stage, 

viscosifiers such as xanthan gum, PolyAnionic Cellulose, and bentonite 

were incorporated with different concentrations (by wt% of water) to the 

base spacer design (Table 6). This was done to modify the viscosity and 

have a viscosity hierarchy with both the geopolymer and drilling fluid. 

For bentonite, a prehydration step in water was carried out, lasting 30 

minutes. 

Stage 2: Pre-screening and optimization of surfactant content. During the 

second stage, first, a fixed concentration of three different surfactants 

were added to spacer and the best one was selected based on 

performance. Afterward, varying concentrations (by wt% of water) of 

the best surfactant were introduced to the spacer. The aim was to 

determine the most effective concentration capable of cleaning the 

casing surface and reversing its wettability.  

Stage 3: Compatibility study of optimized spacer, geopolymer, and 

drilling fluid.  In the last stage, geopolymer and drilling fluid were mixed 

with the optimized spacer mix design from stages 1 and 2 with the 

mixture ratio recommended by API (95/5,75/25,50/50,25/75 and 5/95), 

and rheological properties were measured at 50℃ and atmospheric 
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pressure. The geopolymer was contaminated by 10 and 20% by volume 

with the optimized spacer and cured for 1 day and 7 days at 70℃ and 

13.8 MPa. Afterward, the mechanical properties of the cured geopolymer 

were measured. Mix identification (Id) and concentration of admixtures 

in each spacer sample are presented in Table 7. 

Table 7: Concentration of admixtures used in each design stage to optimize the base spacer 

fluid along with mix Id  

 Mix Id 
Admixtures and percentages 

(wt% of water) 

Base spacer SP None (Solid/Water=0.98) 

Stage 1 SP-XG1 Xanthan gum-0.1% 

 SP-XG2 Xanthan gum-0.2% 

 SP-XG3 Xanthan gum-0.5 % 

 SP-XG4 Xanthan gum-1 % 

 SP-PAC1 PolyAnionic Cellulose-0.2% 

 SP-PAC2 PolyAnionic Cellulose-0.5% 

 SP-PAC3 PolyAnionic Cellulose-1% 

 SP-B1 Bentonite-1% 

 SP-B2 Bentonite-2% 

 SP-B3 Bentonite-4% 

 SP-B4 Bentonite-6% 

Stage 2 SP-S1 Surfactant package-0.83% 

 SP-S2 Surfactant package-1.66 % 

 SP-S3 Surfactant package-8.33% 

Stage 3 SP-O1 
Solid/Water=0.98 

Granite/GGBFS=0.52 

 SP-O2 
Solid/Water=0.98 

Granite/GGBFS=0 

 SO-O3 
Solid/Water=1.96 

Granite/GGBFS=0.52 

4.2.1 Rotor Cleaning Test 

Rotor cleaning test aims to assess the ability of the surfactant or spacer 

in cleaning the casing surface. In the initial stage, the weight of a clean 

and dry sleeve was measured (Wcs), and 200 ml of OBDF was poured 

into the viscometer cup. The viscometer then started rotation at 100 (51.1 

s-1) RPM for 5 minutes. The weight of the sleeve covered with OBDF 

was measured (Wms). Subsequently, OBDF was replaced with 200 ml 
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of spacer, and the viscometer was rotated at 100 RPM for 10 minutes. A 

glass beaker filled with 200 ml of water was positioned at the base of the 

viscometer, and the sleeve was rotated at the same shear rate for 5 

minutes. Finally, the weight of the washed sleeve was measured (Wws), 

and a photo of the viscometer sleeve was taken, with any remaining mud 

on the surface noted. The cleaning efficiency of the spacer was then 

calculated using the following formula: 

Cleaning percentage =
Wms − Wws

Wms − Wcs 
× 100% 

 
(5) 

4.2.2 Contact Angle 

Contact angle measurment assesses the ability of the spacer to promote 

water-wetting of the surface of the casing. In first step, steel coupon, 

which represented casing, was dipped in a container filled with OBDF 

for 10 min. After that, the coupon was dipped in the container filled with 

spacer and subsequently a mixer was placed inside the container to shear 

the fluid for 10 min at 100 RPM. Afterward, the coupon was removed 

from the container and the contact angle of water droplet on the surface 

was measured. A Kruss drop shape analyser that photographs a sessile 

drop was used for contact angle measurements.  

4.2.3 Electrical Stability Test 

The Fann electrical stability tester was employed to assess the capability 

of surfactant in the spacer design to reverse the water-in-oil (W/O) 

emulsion. This is achieved by measuring the electrical stability of OBDF 

while introducing a spacer to it. The electrical stability tester has pair of 

parallel electrodes that records the maximum voltage that induces 

coalescence of internal water droplets in the fluid, thereby initiating 

conduction between the two electrodes.  
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4.2.4 Displacement of OBDF by Spacer 

To replicate fluid displacement in annular space, a simple laboratory 

setup was designed comprising a tube with dimensions of 278 mm in 

length, 15 mm of inner diameter, and 23.7 mm of outer diameter (Figure 

13). Utilizing a pump, fluids were pumped from storage tanks to the 

concentric annular tube at a constant rate of 2.33ml3/s. Initially, the test 

section was filled with OBDF while ensuring the absence of air bubbles 

in the system, and afterward the fluid was isolated by closing the valve. 

Subsequently, the spacer was pumped through a rubber hose connected 

to the tube's inlet. The test was started by opening the inlet valve, 

initiating the displacement of OBDF by the spacer. The tube also 

featured an outlet valve on top, enabling the collection of outlet fluid at 

various times. The density of the outlet fluid was collected and then 

measured with an Anton Paar DSA 5000 M densitometer that assisted 

the assessment of mud displacement. Mud displacement in large scale in 

the annular space is a complex process. The test methodology used here 

is simplified with the aim of understanding the role of surfactant in 

displacement and best works for the fluids that have density contrast. 

 

Figure 13: Drilling fluid displacement apparatus (Paper IV) 
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4.2.5 R-index 

ELF design rule for avoiding the fluid channelling suggest that frictional 

pressure of displacing fluid should be 20% higher than displaced fluid 

[29, 59]. This frictional pressure hierarchy can be correlated with 

viscosity hierarchy. The intermixture of fluids (drilling 

fluid/spacer/geopolymer) should also be taken into account. If the 

resulting mixture is thicker than the displacing fluid, channelling through 

the wide side which has less resistance is likely to happen. In cementing 

practices, R-index is an empirical factor to determine allowable flow 

behavior of the mixture. Therefore, assessing the compatibility of fluids 

can be done beforehand in the laboratory. R-index (lb/100ft2) can be 

calculated as:  

 R@RPM= θm- θp (6) 

 

where θm is the highest shear stress (lb/100ft2) of mixture recorded at 

given shear rate, and θp is the highest shear stress of bulk fluids. θp can 

be translated to shear stress of displacing fluid since usually it is more 

viscous). A guideline then is used to determine the compatibility of 

displaced and displacing fluid (Table 8). For instance, for fluids to be 

considered as fully compatible, R should be less than zero which means 

the shear stress of mixture should be smaller than the displacing fluid at 

the displacement relevant shear rates. The guideline is designed for the 

measurements taken with V-G meter. Thus, a conversion factor is needed 

to make it applicable to other types of viscometers. 

Table 8 : Guideline for determination of compatibility of fluids during displacement 

R-index (lb/100ft2) Comment 

R<0  Compatible 

0<R<40  Compatible (Check friction pressure) 

41<R<70  Slightly incompatible (test for better 

formulation) 

R>71  Incompatible 
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5. Results and Discussions 

5.1 Impact of Drilling Fluid Contamination on the 

Performance of Geopolymer 

Primary cementing involves replacement of drilling fluid by 

cementitious material with the aim of providing permanent formation 

isolation behind the casing. This makes the subject of mud removal of 

great importance since it has direct connection with the quality of set 

cement/geopolymer. Mud channelling and residual mud layers on the 

walls of casing or formation, and mixing/contamination are some of the 

instance of consequences that poor mud removal can have [12]. 

Intermixture of drilling fluid with cementitious slurry can impact the 

flow behavior while pumping into downhole making placement process 

harder. Thickening time of the neat slurry also can be changed, resulting 

in acceleration or retardation of reaction. This contamination impact also 

is extended to after setting by deteriorating the mechanical properties of 

the slurry which are essential for providing well integrity of the well 

during production and to isolate a source of inflow for eternity. 

Consequently, the impact of drilling fluid contamination on geopolymer 

as an alternative material to OPC needs to be carefully studied before 

extensive field application. 

5.1.1 Pumpability and Thickening Time 

Thickening time of neat and contaminated geopolymer were performed 

at BHCT of 50 ℃ and 13.8 MPa using HPHT consistometer. Figure 14 

shows the consistency curve of neat and contaminated geopolymer with 

5% (by volume of geopolymer) OBDF and WBDF. In the following we 

consider 40 Bc as the maximum consistency value, beyond which the 

slurry is risky to pump, the neat geopolymer exhibited a pumpability of 

5.5 hours. In the case of contamination with 5% OBDF, the pumpability 

increased to approximately 8 hours, causing a slight retardation impact. 
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Additionally, the 'right-angle-set' profile of neat geopolymer was also 

negatively affected with 5% OBDF. The consistency curve of the 

geopolymer when contaminated with 5% WBDF remained low and flat 

throughout the entire 8-hour duration of the test. This shows that WBDF 

contaminated geopolymer did not go through gelation during this period. 

 

Figure 14 : Thickening time of neat and contaminated geopolymer 

5.1.2 Flow Behavior and Viscoelasticity 

5.1.2.1 Contamination with WBDF 

The undesired comingling of drilling fluid and geopolymer as displacing 

fluid is possible in the annulus specially if the mud removal program is 

not designed properly. Therefore, it is crucial to assess the rheological 

compatibility of these two fluids in the downhole conditions. This is 

important because the ease of pumping the slurry into the wellbore and 
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placement in the annulus during the cementing job is influenced by 

mixture rheological properties. Moreover, if the mixture viscosity rises 

unexpectedly, there is chance of fracturing the formation in open hole. 

Geopolymer slurries were contaminated with 5, 10, 15, 20 % (by volume 

of geopolymer) OBDF and WBDF and flow curve of slurries were 

measured at 50 ℃ BHCT and atmospheric pressure. Ramp down shear 

stress measurement was used for plotting the flow curve. The flow curve 

containing average of ramp up and ramp down measurements can be 

found in Paper I. Thus, any conclusion on thixotropy should be made 

carefully. Figure 15 shows that by increasing the WBDF contamination 

dosage, the viscosity profile of geopolymer declines. This can be 

justified by changes in the phase volume (ϕ) of geopolymer after 

contamination. Geopolymer has higher solid to liquid ratio compared to 

WBDF. When these two suspensions are mixed, the resulting mixture 

has fewer particles suspended in the liquid. As a result, particles need to 

bounce off each other less, leading to reduced resistance or viscosity in 

the mixture [60]. 

From flow curve it can be observed that WBDF had shear-thinning 

behavior for the shear rates ranges tested. Geopolymer exhibited shear-

thinning fluid in lower shear rate ranges, and shear stress vs rate relation 

became linear in higher shear rates. Thus, geopolymer slurry was non-

Newtonian fluid. A local peak in shear stress (around 10 1/s shear rate) 

was observed for geopolymer sample that was diminished by increasing 

the WBDF contamination concentration. This peak is associated with 

viscoelasticity and colloidal interaction between the particles of 

geopolymer slurry [61]. When the stress is below the peak, geopolymer 

exhibits a gel-like structure, and beyond that point, it demonstrates 

viscous behavior. 
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Figure 15 : Flow curve of WBDF contaminated geopolymer (a) full shear rate ranges (b) lower 

shear rates (Paper I) 

Shear stress vs shear rate ramp down measurements were used to 

calculate the rheological parameters (shown in Table 9). Usually, 

Bingham Plastic model, Herschel-Bulkley (H-B) model, and Power law 

model are used to characterize fluid flow of drilling fluids and cements. 

The Bingham Plastic model is straightforward method that represent a 

fluid that exhibits yield stress. Due to simplicity and lack of need for 

complex regression, this method is useful for monitoring and treating the 
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fluids during drilling which is normally only valid at higher shear rates 

However, it exhibits a significant error when predicting lower shear rate 

ranges that are more of interest in annular flow [62]. It is expressed as:  

τ = τy + μpγ̇ (7) 

 

where 𝜏 is the shear stress, 𝜏𝑦 is the Bingham yield stress, μ𝑝 is the plastic 

viscosity and 𝛾̇ is the shear rate. The H-B model is a three-parameter 

viscosity model that applies to shear-dependent fluids that have a yield 

stress. It can be expressed as: 

 

τ = τy + kγ̇n , τ > τy (8) 

 

where 𝜏𝑦 is the yield stress, k is the consistency index, and n is H-B flow 

behavior index. k-values of different fluids cannot be compared as the 

dimension of this parameter depends heavily on n. Thus, we used surplus 

stress for this purpose which can be found in Paper I. This model can be 

converted to Power law model assuming no yield stress is present. H-B 

is reduced to the Bingham model whenever n=1. 

Table 9 shows that by increasing the dosage of WBDF contamination, 

H-B yield stress of geopolymer was reduced and approached to pure 

WBDF yield stress. Same trend was observed for yield stress obtained 

with Bingham model. However, the flow behavior index of geopolymer 

relatively remained constant after contamination with WBDF. Different 

flow behavior such as shear-thinning, shear-thickening, and Bingham 

behavior leads to n<1, n>1, and n=1 accordingly. Pure geopolymer and 

WBDF showed behavior close to Bingham plastic and shear-thinning 

behavior, respectively.  
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Table 9 : Rheological parameters of WBDF contaminated geopolymer obtained by curve-fitting 

method (Paper I) 

Model parameters GEO 

GEO-

5WBDF 

 

GEO-

10WBDF 

 

GEO-

15WBDF 

 

GEO-

20WBDF 

 

WBDF 

Bingham 
𝝉𝒚(Pa) 5.87 5.56 3.91 2.84 2.30 1.66 

𝛍𝒑(Pa.s) 0.15 0.11 0.09 0.07 0.07 0.02 

HB 

𝝉𝒚(Pa) 5.29 5.53 3.90 2.79 2.02 0.52 

𝒌(Pa.sn) 0.27 0.12 0.09 0.08 0.13 0.44 

n 0.90 0.99 1.00 0.98 0.90 0.55 

 

Figure 16 illustrates API gel strength of both neat and WBDF 

contaminated geopolymer slurries. It indicates that intermixture of 

geopolymer with WBDF could significantly reduce the 10-s and 10-min 

gel strength which is an essential property of slurry to suspend the solid 

particles. 

 

Figure 16 : API gel strength measured for WBDF contaminated geopolymer (Paper I) 

Figure 17 shows the storage and loss modulus of geopolymer mixed with 

WBDF and measured with amplitude sweep test. The storage modulus 
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(G') reflects the energy stored by a material upon deformation, indicating 

its elastic behavior, while the loss modulus (G'') represents the energy 

dissipated as internal friction during deformation, indicating its viscous 

behavior. In Figure 17, the values of G' is higher than G'' for the 

geopolymer, suggesting a gel-like behavior within the linear viscoelastic 

(LVE) range. Within this range, the material retains its internal structure. 

However, beyond a strain of approximately 2.5%, irreversible changes 

occur in the structure as it exits the LVE range where particles within the 

slurry may begin to leapfrog each other. The stress experienced at this 

strain level is termed as the static yield stress. At the point where the loss 

modulus becomes equal to or higher than the storage modulus (known as 

the flow point), the material's structure undergoes a change significant 

enough for it to begin flowing. Contamination with WBDF resulted in a 

decrease in both the storage and loss modulus. After contamination, the 

termination of the LVE range decreased from 2.5% to below 1% strain, 

and the corresponding yield stress decreased as contamination increased. 

The G' and G'' profiles of contaminated geopolymer with WBDF 

exhibited a similar pattern to that of pure geopolymer, indicating 

compatibility between the two fluids. WBDF appeared to act as a dilutant 

for the geopolymer slurry. The termination of LVE in WBDF occurred 

around 6.3% strain, corresponding to a yield stress of 0.217 Pa. 
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Figure 17 : Storage and loss modulus measured for WBDF contaminated geopolymer slurries 

(Paper I) 

5.1.2.2 Contamination with OBDF  

Figure 18 illustrates the flow curve of the geopolymer when 

contaminated with OBDF. Lower shear stresses were observed at higher 

shear rates OBDF contaminated geopolymer compared to neat slurry. 

Conversely, higher shear stresses were noted at lower shear rates. It is 

speculated that oil droplets transform the water continuous geopolymer 

into an oil-in-water (O/W) emulsion. Consequently, when at rest or close 

to rest, it leads to the development of colloidal interactions and gel 

strength in the fluid [60]. However, at higher shear rates, due to 

deformability, oil droplets transition from a spherical to an ellipsoidal 

shape, causing the viscosity of the contaminated slurry to drop below 

that of the neat geopolymer. This was also manifested in the peak in 

stress mentioned earlier due to formation of stronger gel. 
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Figure 18 : Flow curve of OBDF contaminated geopolymer (a) full shear rate ranges (b) lower 

shear rates (Paper I) 

Table 10 shows that by increasing the dosage of OBDF contamination, 

H-B yield stress of geopolymer slightly reduced and the changes were 

not as extreme as WBDF case. However, yield stress predicted by 

Bingham model was increased with contamination (Table 10). 

Additionally, the flow behavior index was reduced with higher content 

of OBDF that might be due to deformability of oil droplets, leading to 

more shear thing fluid. 
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Table 10 : Rheological parameters of OBDF contaminated geopolymer obtained by curve-

fitting method (Paper I)  

Model parameters GEO 

GEO-

5OBDF 

 

GEO-

10OBDF 

 

GEO-

15OBDF 

 

GEO-

20OBDF 

 

OBDF 

Bingham 
𝝉𝒚(Pa) 5.87 6.49 6.57 6.66 5.22 2.35 

𝛍𝒑(Pa.s) 0.15 0.14 0.14 0.14 0.12 0.03 

HB 

𝝉𝒚(Pa) 5.29 4.48 4.51 4.03 3.40 0.86 

𝒌(Pa.sn) 0.27 0.75 0.78 1.05 0.70 0.59 

n 0.90 0.73 0.73 0.68 0.71 0.54 

 

API gel strength of geopolymer slightly increased when it was mixed 

with OBDF (Figure 19). Although, gel strength is an essential property 

of slurry to suspend the particle, having excessive gel strength can lead 

to difficulties in re-starting pumping operation after a period of halt 

because of operational reasons.  

 

Figure 19 : API gel strength measured for OBDF contaminated geopolymer (Paper I) 

When contamination with OBDF occurred, both the storage modulus 

(G') and loss modulus (G'') of the slurry decreased (Figure 20). 

Furthermore, the difference between these two values increased within 
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the LVE range. Increasing the percentage of OBDF from 5% to higher 

concentrations did not notably affect the G' and G'' values. The 

contaminated material exited the LVE range around 0.04% strain, and 

the flow point (G' = G'') shifted from 25% to below 10%.  

 

Figure 20 : Storage and loss modulus measured for OBDF contaminated geopolymer slurries 

(Paper I) 

5.1.3 Mechanical Properties and Strength 

Development 

5.1.3.1 Impact of WBDF on Mechanical Properties of 

Geopolymer  

Figure 21 shows the compressive strength of geopolymer after 

contamination with 5 and 10 % WBDF and curing for 1, 3, and 7 days. 

The neat geopolymer had approximately 6 MPa strength after 1 day and 

reached 7 MPa after 7 days. In case of contamination, 5% WBDF 

reduced the geopolymer strength to less than 4 MPa after 1 day and 

remained constant after 7 days. When the contamination increased to 
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10%, the geopolymer was not able to develop strength after 1 day. After 

7 days, the 10% contaminated geopolymer exhibited less than 3 MPa 

UCS. The results implicate that contamination of geopolymer with 

WBDF during placement should be avoided through a quality mud 

removal program and a compatible spacer should be pumped in between 

these two fluids. The tensile strength of neat and contaminated 

geopolymer with WBDF measured with the Brazilian method is 

illustrated in Figure 22. The neat sample showed approximately 0.5 MPa 

tensile strength after 1 and 7 days. The tensile strength dropped to less 

than 0.4 MPa with 5% WBDF contamination. 10% WBDF 

contamination led to a geopolymer slurry without any tensile strength 

after 1 day. After 7 days the strength increased to roughly 0.3 MPa.  

 

Figure 21 : Compressive strength of WBDF contaminated geopolymer (Paper II) 
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Figure 22 : Tensile strength of WBDF contaminated geopolymer measured with Brazilian 

method (Paper II) 

UCA functions by measuring the transit time of ultrasonic energy 

through a cementitious sample during its curing process, which can be 

conducted under high temperature and pressure. The sonic strength was 

determined through an empirical relationship that was initially 

established using data from mechanical compressive strength tests and 

transit time measurements for geopolymer slurries. It is important to note 

that the compressive strength values obtained from the UCA are 

specifically applicable to geopolymer under uniaxial loading conditions. 

The empirical correlation developed, as shown in Table 11, provides a 

means to estimate the sonic strength development for both neat 

geopolymers and those contaminated. For the neat geopolymer it took 

approximately 10 hr to develop strength as illustrated in Figure 23. In 

cases of contamination with WBDF, the development of strength was 
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observed to be delayed to 20 and 26 hours for mixture dosages of 5 and 

10%, respectively. This suggests that an excess WBDF mixture may 

interfere with the polymerization process in geopolymers. A delayed 

setting increases WOC which in turn can be costly due to the rig daily 

rates. The sample contaminated with 10% WBDF exhibited a secondary 

period of strength increase after five days.  

Table 11 : Empirical correlation driven for determination of sonic strength based on transit time 

and UCS up to 7 days (Paper II) 

Sample Empirical Correlation R2 

Neat GEO y=0.1441x2-9.7593x+106.12 0.9935 

5% OBDF y=-4.024x2+103.9x-663.92 0.9979 

10% OBDF y=-6.1398x2+170.44x-1177.7 0.9831 

5% WBDF y=-24.097x2+648.8x-4362.6 0.9682 

10% WBDF y=0.4331x2-14.893x+124.05 0.7803 

 

 

Figure 23 : Sonic strength development of WBDF contaminated geopolymer samples (Paper II) 
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5.1.3.2 Impact of OBDF on Mechanical Properties of 

Geopolymer  

The UCS of neat and contaminated geopolymer samples with 5 and 10% 

OBDF are shown in Figure 24. 5% OBDF slightly reduced the strength 

to less than 6 MPa after 1 day and 6.5 MPa after 7 days. Increasing the 

contamination dosage to 10%, the UCS after 1 day dropped to 4 MPa 

which could reach 5 MPa after 7 days. In general, OBDF was less 

detrimental to the compressive strength of geopolymer compared to 

WBDF. 

 

Figure 24 : Compressive strength of OBDF contaminated geopolymer (Paper II) 

The tensile strength of the geopolymer after 1 and 7 days was slightly 

reduced when contaminated with 5% OBDF as shown in Figure 25. The 

changes were more noticeable in case of 10% OBDF contamination and 
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the tensile strength dropped to less than 0.4 MPa after 1 and 7 days of 

curing.   

 

Figure 25 : Tensile strength of OBDF contaminated geopolymer measured with Brazilian 

method (Paper II) 

Sonic strength measurements in Figure 26 show that the contaminated 

geopolymer (5% OBDF) begins to exhibit strength development after 18 

hours which is delayed for 8 hours compared to the neat one. When 

contamination increased to 10%, the beginning of strength development 

was after 13 hr that can be translated to 3-hour delay compared to neat 

geopolymer. This earlier starting point of 10% OBDF strength compared 

to 5% OBDF could be attributed to statistical variation. However, as later 

demonstrated with isothermal calorimetry, the UCA results are 

supported. 
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Figure 26 : Sonic strength development of OBDF contaminated geopolymer samples (Paper II) 

5.1.4 Triaxial Test — Permeability and Confined 

Mechanical Properties 

The neat and contaminated geopolymer samples were cured at 70℃ 

BHST and 13.8 MPa for 7 days. Afterward, the water was injected into 

the samples and inlet pressure was measured which allowed 

measurement of permeability. Figure 27 shows the permeability of 

WBDF and OBDF contaminated samples after 7 days of injection and 

reaching steady flow. 5% OBDF contamination negatively impacted the 

permeability of geopolymer by increasing it from 0.0823 µD to 0.3516 

µD (327% increase). 5% WBDF was more severe and increases the 

permeability to 0.4954 µD (502% increase). Although the percent 

increase is high, the value is still very low and should not introduce risk 

of leakage through the geopolymer matrix. After injection, confined 

compressive strength (with confining pressure of 2000 psi) and Young’s 

modulus was also measured with tri-axial test. Figure 27 shows that 

WBDF contamination at equivalent concentrations resulted in a greater 
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reduction in compressive strength compared to OBDF. However, the 

Young modulus which is a measure of flexibility of material shows that 

WBDF contamination leaded to a more ductile material. This is due to 

the contamination and strength reduction. 

 

Figure 27: Impact of drilling fluid contamination on (Left) Permeability of geopolymer samples 

(Right) Confined compressive strength and Young’s modulus 

5.1.5 Microstructure and Crystallography of 

Contaminated Geopolymer 

5.1.5.1 SEM and EDS Analysis 

Microstructure of neat and contaminated geopolymer samples were 

studied by performing SEM analysis on crushed samples after UCS 

measurements. Figure 28 illustrates the microstructure of 7-day cured 

geopolymer sample contaminated with 5 and 10% WBDF. For 

comparison, SEM image of neat geopolymer is also shown in the same 

figure. The neat geopolymer displayed a compact structure with 

enhanced bonding between the unreacted particles and the surrounding 

matrix, directly influencing its mechanical strength. However, when 

WBDF was introduced into the geopolymer, the amorphous gels became 

less condensed, resulting in the formation of a cloud-like structure. This 

structure loosely encapsulated the particles within the surrounding 

matrix, leading to a significant decrease in the compressive strength of 
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the geopolymer. Unlike the hydration process observed in OPC-based 

binders, where water is consumed, in geopolymerization, water is 

produced as by-product during the polycondensation phase. Therefore, 

the presence of excess water from WBDF in the geopolymer slurry can 

hinder the geopolymerization process, resulting in the formation of loose 

and disconnected precipitated gels. Figure 29 illustrates neat and 10% 

WBDF contaminated geopolymer at higher magnification. Upon closer 

examination, an increase in unreacted particles and a more porous 

structure becomes evident. 
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Figure 28 : SEM images of neat and WBDF contaminated geopolymer (a) neat geopolymer (b) 

geopolymer contaminated with 5% WBDF (c) 10% WBDF (Paper II) 
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Figure 29 : SEM images of (a) neat geopolymer (b) 10% WBDF contaminated geopolymer at 

5K X magnitude 

Figure 30 shows the microstructure of OBDF contaminated geopolymer. 

Microstructural analysis reveals that when geopolymer was 

contaminated with 5% OBDF, small voids appeared (biggest observed 

was 20 µm in diameter), converting the geopolymer into an oil-in-water 

emulsion. With an increase in contamination to 10%, both the number 

and diameter of these voids increased (biggest observed was 80 µm in 

diameter). The increase in OBDF contamination has certain impact on 

porosity due to formation of microcavities. However, it appears to have 

less influence at low OBDF concentrations on the permeability of the 

geopolymer, as these voids do not seem to be interconnected. 
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Figure 30 : SEM images of neat and OBDF contaminated geopolymer (a) neat geopolymer (b) 

geopolymer contaminated with 5% OBDF (c) 10% OBDF (Paper II) 
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Figure 31 shows one of the voids created by OBDF in higher magnitudes. 

It can be observed that gel precipitation stopped right at the interface of 

two immiscible phases. It suggests that these two systems coexisted 

primarily on a physical basis with minimal chemical interactions 

between them. An interesting property of geopolymers is their ability to 

generate an in-situ surfactant through a saponification reaction when an 

oil source is combined with the highly alkaline environment of the 

geopolymer [63, 64]. The in-situ surfactant then stabilizes the oil droplets 

by reducing the interfacial tension aided by high viscosity of continuous 

phase (geopolymer). As a result, oil droplets do not coalesce, leading to 

the prevention of phase separation when the geopolymer is in its curing 

process. Longer setting time also can increase the chance of coalescence. 

Research has demonstrated that geopolymers have the capability to 

incorporate high volumes of organic liquids, such as waste materials, into 

their structures [65]. 

 

 

Figure 31 : SEM image of a void created by OBDF 
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Figure 32 shows images of 10% OBDF samples captured using a 

Backscattered Electron Detector (BSD), where brighter colors indicate 

heavier elements and darker colors represent lighter elements. An 

accumulation of heavier elements, primarily barium, was observed 

within the voids created by oil droplets. This barium accumulation can 

be attributed to barite, a weighting agent present in the OBDF mix 

design. The secondary emulsifier utilized in the preparation of OBDF 

serves to oil-wet solid particles and drill solids, thereby regulating 

rheological properties and controlling fluid loss. Consequently, barite, 

which is oil-wet, remains within the oil phase and does not migrate to the 

geopolymer slurry.  

 

Figure 32: EDS analysis performed on 10% OBDF contaminated geopolymer (Paper II) 

5.1.5.2 XRD Analysis 

The powder X-ray diffraction (XRD) technique was employed to 

investigate the crystallography and phases present in the cured 

geopolymer. This analysis aimed to elucidate any possible phase changes 

and correlate them with the impact of drilling fluid on 

geopolymerization. After taking the UCS measurments, the crushed 

samples were grinded into powder and prepared for XRD test. The XRD 
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patterns of neat and WBDF contaminated samples are shown in Figure 

33. The presence of quartz was identified as the major phase in the cured 

geopolymer, which is expected considering that granite was the main 

solid precursor used in the mix design. The minor detactable phases were 

albite (Alb), microcline (Mic), biotite (Bio) and chlorite (Cl). The 

analysis of the contaminated samples did not reveal the formation of any 

new phases, indicating that there was no reaction between the spacer and 

geopolymer resulting in the formation of new minerals. The peaks 

intensities however namely quartz peak was increased by increasing the 

WBDF contamination dosage. WBDF can impair the ability of highly 

alkaline medium of hardner phase to dissolve the crystaline phase of the 

solid precursure. Thus, faster-dissolving minerals such as Bio and Cl 

phases were more noticible for 10% WBDF contaminated samples. 

Figure 34 shows the XRD patterns of OBDF cotaminated geopolymer 

which indicates that it has less impact on dissoultion ability of 

geopolymer. From Table 12, it can be observed that the geopolymer 

containing 10% WBDF exhibited the highest crystallinity, whereas the 

geopolymer with 10% OBDF had the lowest crystallinity. 

 

Figure 33 : XRD pattern of WBDF contaminated geopolymer 
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Figure 34 : XRD pattern of OBDF contaminated geopolymer 

Table 12 : Quantification of amorphous and crystalline content in contaminated samples based 

on XRD pattern 

Sample 
Crystalline 

content (wt.%) 

Amorphous content 

(wt.%) 

Neat geopolymer 65.6 34.4 

5% WBDF 66.4 33.6 

10% WBDF 68.7 31.3 

5% OBDF 66.4 33.6 

10% OBDF 64.8 35.2 

 

5.1.6 Kinetics of Reaction 

The heat release of geopolymer was monitored with isothermal 

calorimeter at 50 ℃. Figure 35 shows the heat evolution of neat and 

WBDF contaminated geopolymer. It displayed exothermic reactions 

characterized by two peaks, one occurring at an early stage and the other 

after several hours. Upon contact with an alkali medium, the 

aluminosilicate precursor undergoes dissolution, while simultaneously, 

geopolymer gel begins to precipitate on the surface of the particles. This 
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initial process leads to a rise in heat release, followed by a rapid decrease 

as further dissolution is impeded by the gel layer formed on the particles 

and super saturated aluminosilicate solution [66-68]. Second peak is 

regarded as main geopolymerization peak where continuous network 

structure of aluminosilicate gel is formed. Figure 35 shows that the 

WBDF contamination both hindered and delayed the geopolymerization 

reaction correlated with deteriorated mechanical properties of 

contaminated geopolymer. Although drilling fluid is complex system 

with multiple components in the design, these impacts primarily 

attributed to the excessive water content introduced by the WBDF as we 

discuss in next chapter. 

 

Figure 35 : Heat evolution of WBDF contaminated geopolymer 

By addition of 5% OBDF to geopolymer, the polymerization peak shifts 

to the right, indicating of minimal delay in the process (Figure 36). The 

intensity of the peak was also marginally reduced, likely due to the 

presence of the oil phase, which could potentially diminish the volume 

available for gel precipitation due to immiscibility. As the OBDF content 

in the geopolymer increased, the oil phase occupied a greater volume, 
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leading to a more pronounced decrease in the intensity of the main peak. 

From a comparison of the mechanical properties and heat of reaction, it 

can be concluded that OBDF primarily influences the microstructure 

with minimal impact on the geopolymerization process. An interesting 

observation was the occurrence of GEO-10% OBDF peak earlier than 

GEO-5% OBDF peak that matched the UCA results. The faster setting 

time might be attributed to the CaCl2 and Ca(OH)2  present in the internal 

phase of OBDF. 

 

Figure 36 : Heat evolution of OBDF contaminated geopolymer 

5.1.7 Bond Strength of Geopolymer to Casing with 

OBDF on the Surface   

Shear bond strength of geopolymer to the rusty and OBDF covered 

surface of pipe was measured after curing for seven days. Table 13 shows 

the shear bond strength of geopolymer to the different surfaces. When a 

layer of OBDF was present on the pipe surface, the shear bond strength 

exhibited a reduction of 48%. This reduction can be attributed to two 

reasons: wettability alteration and reduction in the contact area between 
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the geopolymer and the pipe. Thus, the residual drilling fluid layer on the 

wall of casing should be avoided with practices such as mechanical 

removal and/or well-designed spacers. 

 

 

Table 13: Shear bond strength of geopolymer to the steel pipe 

Surface of Pipe Rusty Covered with OBDF 

Shear Bond Strength 0.105 MPa 0.055 MPa 

5.2 Spacer Design for Geopolymer 

This section describes the process design of spacer fluid for the in-house 

geopolymer. This would mitigate the risks associated with drilling fluid 

contamination as discussed in chapter 5. We used the concept of 

solidification (geopolymerization) of filter cake and drilling fluid [69] to 

design a spacer that can harden with time and contribute to the zonal 

isolation. It has enough pumpability time which allows it to be placed in 

the annulus before setting. Properties of base spacer design that was 

selected for the further development is shown in Table 14.  

Table 14: Properties of hardening spacer (base spacer) (Paper III) 

 Density(s.g.) pH 

Free 

fluid 

(%) 

Compressive 

strength 

(MPa) 
Pumpability 

1d 7d 

Hardening 

spacer 
1.52 11.47 16 8.78 10.86 

Minimum 7 

hr 

5.2.1 Tuning the Flow Behavior of Spacer 

The rheological properties of downhole fluids play a critical role in 

determining the effectiveness of mud displacement in the annulus. Given 
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that the properties of drilling fluid and cement/geopolymer are often 

difficult to alter due to various limitations, the properties of the spacer 

fluid become particularly significant. It is important for the spacer to 

have a tuneable viscosity and yield stress to maintain the viscosity 

hierarchy among the pumped fluids which improves displacement 

efficiency [70]. Three common viscosifiers used in drilling fluids, 

namely xanthan gum, PAC (PolyAnionic Cellulose), and bentonite, were 

added to the spacer fluid to assess their impact on the flow behavior. 

Figure 37 shows the flow curve of the spacer with different concentration 

of xanthan gum (0.1, 0.2, 0.5, and 1% by weight of water). The viscosity 

of the spacer was increased by increasing the concentration of xanthan 

gum in the system. The decline in viscosity with increasing shear rate 

suggests a shear-thinning characteristic across all fluids. This 

phenomenon arises from diminished intermolecular interactions and the 

disentanglement of polymer networks, resulting in decreased frictional 

forces and partial alignment of macromolecules parallel to the direction 

of shear flow [71]. Upon shear removal, the network structure quickly 

reforms through Brownian motion, leading to almost instantaneous 

recovery of viscosity. This explains the analogy observed between the 

ramp-up and ramp-down shear stress measurements. The high shear 

viscosity observed at low shear rates or during rest is attributed to the 

hydrogen bonding between long chains and polymer entanglement of 

xanthan gum's large molecules [72].  
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Figure 37 : Flow curve of spacer with different concentration of XG (for information regarding 

the concentrations refer to Table 7). (a) logarithmic scale (b) linear scale (Paper III) 
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Figure 38 : Flow curve of spacer with different concentration of PAC (for information 

regarding the concentrations refer to Table 7). (a) logarithmic scale (b) linear scale (Paper III) 
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Figure 38 shows the impact of the different concentration of PAC on the 

flow curve of spacer fluid. The viscosity of spacer was increased with 

the addition of PAC. However, less shear thinning profile was observed 

compared to XG.  

To obtain the rheological parameters, two different models: Bingham 

plastic and Herschel Bulkley commonly used for downhole fluid 

characterization are used (Table 15). Base spacer fluid exhibited 

behavior similar to that of a Bingham plastic characterized by a low yield 

stress calculated using curve fitting. As the concentration of xanthan gum 

in the spacer was increased, the value of ‘n’ decreased significantly, 

indicating a higher degree of shear-thinning behavior of the fluid. This 

resulted in a coefficient of determination (R2) closer to 1 for H-B model. 

Additionally, the yield stress was increased with the addition of XG. It 

is noteworthy that the Bingham model predicted a higher yield stress 

compared to the H-B model. Table 15 also displays the viscosity model 

parameters for the spacer containing PAC. Relative to XG at the same 

concentration, PAC resulted in a lesser decrease in ‘n’, suggesting 

behavior closer to that of a Bingham fluid. This could potentially benefit 

the spacer fluid by enhancing its displacement performance in horizontal 

section, as indicated by a study by [73]. Furthermore, the lower yield 

stress observed with the addition of PAC compared to XG at equivalent 

concentrations may stem from differences in their molecular weights and 

chain length.  
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Table 15 : Rheological parameters of spacer with XG and PAC as rheology 

modifier (Paper III) 
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Figure 39 illustrates the flow curve of the base spacer with varying 

concentrations of bentonite added, tested at a temperature of 50°C. A 

peak in shear stress was observed between shear rates of 0 to 100 1/s for 

the fluids containing bentonite, indicative of viscoelastic behavior. This 

phenomenon can be attributed to the plate-like shape of bentonite 

particles, which tend to form a structure resembling a house of cards due 

to electrostatic charges present on the surface and edges of these clay 

platelets [74]. As the concentration of the clay was increased, a 

continuous gel structure was formed under conditions close to rest. This 

structure can be broken at a certain shear rate, leading to a peak in shear 

stress. This peak in shear stress tended to increase as the concentration 

of the clay was increased. Accuracy of fit and R2 was low for Bingham 

and H-B models due to viscoelasticity. Therefore, it was decided to 

determine the yield stress using the oscillatory method, despite knowing 

that it may yield different approximations compared to the rotational 

method. Figure 40 depicts the shear strain amplitude sweep conducted 

on the base spacer and the spacer with bentonite as a rheology modifier 

at 50℃, measured using the oscillatory method. G’ for base spacer was 

increased from approximately 100 Pa to close to 5500 Pa with 6 wt% 

bentonite. G’’ was decreased with the addition of bentonite up to 2 wt%, 

while 4 and 6 wt% bentonite increased the G’’.  
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Figure 39 : Flow curve of spacer with different concentration of bentonite (for information 

regarding the concentrations refer to Table 7). (a) logarithmic scale (b) linear scale (Paper III) 
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Figure 40 : Strain amplitude sweep of spacer with different concentration of bentonite (for 

information regarding the concentrations refer to Table 7) (Paper III) 

When the loss modulus matches or surpasses the storage modulus, it 

signifies a substantial alteration in the material's structure, causing it to 

transition into a flowing state, which is referred to as the flow point. The 

measured flow points for the spacer with varying concentrations of 

bentonite are presented in Table 16. The incorporation of bentonite 

elevated the flow point of the spacer. 

Table 16 : Flow point of spacer with different concentration of bentonite (Paper III) 

Fluid SP SP-B1 SP-B2 SP-B3 SP-B4 

Flow point (G’=G’’, 

Pa) 

0.3 1.0 2.6 9.1 15.3 
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5.2.2 Preliminary Tests for Surfactant Selection 

The strategy involved considering surfactants known for their wetting 

and oil-in-water emulsifying abilities and comparing them to a 

conventional surfactant typically used in cement spacers. This 

comparison aimed to identify a surfactant of interest for further 

investigation. Three nonionic surfactants (two sourced from VWR and 

one from Baker Hughes) were chosen for initial testing and to determine 

the most effective option. Table 17 provides details of these surfactant. 

Table 17 : General information of surfactants used in pre-screening 

Name Chemical Composition Description HLB 

Concentration 

(by the weight 

of water) 

Surfactant A 
Polyoxyethylene (10) 

tridecyl ether 
Nonionic 17.4 1.66 % 

Surfactant B 

Secondary C12-14 

Alcohol ethoxylate 

 

Nonionic 14 1.66 % 

Surfactant C 

Fatty alcohol 

(Commercial product 

from Baker Hughes) 

Nonionic - 1.66 % 

 

One of the important criteria for the selection of the surfactant is the 

ability to clean the surface of the casing while the spacer is displacing 

mud in the annulus. Spacer fluids with different surfactants at the same 

concentration were prepared and the rotor cleaning test was performed 

at room temperature. Figure 41 shows pictures of the viscometer rotor 

after being washed with spacer fluids. Surfactants A and C exhibited the 

best performance by visual inspection, although the difference between 

them is not significant. Washing the rotor with surfactant B resulted in a 

small layer of OBDF on the surface of the sleeve. 
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Figure 41 : Pictures of viscometer rotor after washing with (a) spacer with no surfactant (b) 

spacer with surfactant A (c) spacer with surfactant B (d) spacer with surfactant C 

In the next stage, the impact of surfactants on the spacer flow behavior 

was evaluated (Figure 42). The surfactant C had lowest impact on the 

flow curve measured at 50 ℃. Addition of surfactant A and B to the 

spacer resulted in increased shear stress at equivalent shear rates. 

Since the spacer is pumped ahead of geopolymer slurry during primary 

cementing, there is a possibility of mixtures of these fluids. It is 

important to check the compatibility of the surfactant used in the spacer 

with the geopolymer, to avoid unexpected retardation or acceleration 

caused by this component. Figure 43 shows the thickening time of neat 

geopolymer (without retarder in the design) with different surfactants as 

a contaminant. Neither of the surfactants resulted in a significant change 

in the thickening time of the geopolymer. However, high initial 

consistency values were observed for the geopolymer containing 
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surfactant A and B. This indicates the viscosifing effect of these 

surfactant on the geopolymer slurry. 

 

Figure 42 : Impact of surfactants on the flow behavior of spacer 

 

Figure 43 : Impact of surfactants on the thickening time of gepolymer 
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5.2.3 Optimizing Surfactant Concentration 

Due to less impact on spacer flow behavior and being less contaminant 

to geopolymer and economical aspects, it was decided to continue with 

surfactant C for further testing. To adjust the concentration of the 

surfactant, three different concentrations were tested (Table 7), and their 

impact on casing cleaning ability and casing wettability (contact angle) 

was measured.      

5.2.3.1 Casing Cleaning Ability of Spacer  

The efficacy of the spacer fluid in cleaning the casing surface was 

evaluated through rotor cleaning tests. Figure 44 depicts the viscometer 

sleeve covered with OBDF before and after washing with a surfactant-

free spacer. Some mud traces were still visible on the sleeve's surface 

after washing. Incorporating surfactant (8.33% by weight of water) into 

the spacer formulation led to improved cleaning of the viscometer sleeve, 

as shown in Figure 45. For comparison, the same test was conducted 

using water as the spacer, revealing significant OBDF residue on the 

surface, as depicted in Figure 46. This suggests that the particles in the 

spacer contribute to the cleaning of the casing wall. The cleaning 

efficiency, calculated using the formula (4.2.1), is provided in Figure 47. 

It can be observed that the spacer without surfactant exhibited a cleaning 

efficiency of 72%, while the addition of 0.83 wt% (by water) surfactant 

enhanced the cleaning efficiency to 94%. Once a certain concentration 

of the surfactant package was reached, the cleaning efficiency plateaued, 

indicating that further increases in concentration do not yield additional 

improvements. Using water as the spacer fluid resulted in a cleaning 

efficiency of 37.5%, highlighting the inadequacy of water as a preflush 

in cementing operations. 
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Figure 44 : Rotor cleaning test with surfactant-free spacer after rotating in (a) in OBDF (b) 

spacer (c) water  (Paper III) 

 

Figure 45 : Rotor cleaning test with spacer (SP-S3) after rotating in (a) in OBDF (b) spacer (c) 

water  (Paper III) 

 

Figure 46 : Rotor cleaning test with water as spacer after rotating in (a) in OBDF (b) spacer (c) 

water  (Paper III) 
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Figure 47 : Casing cleaning efficiency of spacer with different concentration of surfactant 

(Paper III) 

5.2.3.2 Contact Angle Measurement 

Figure 48 and Figure 49 depict the contact angle of water droplets on the 

surface of steel treated with different fluids. The procedure for this test 

is explained in 4.2.2. The clean surface of the steel coupon with a neat 

surface exhibited a contact angle of 72 degrees, indicating intermediate 

wettability [75]. After immersion in the OBDF, the contact angle 

remained almost unchanged. However, washing the mud-covered steel 

with the spacer-containing surfactant (SP-S1) with 0.83 % concentration 

significantly reduced the contact angle, resulting in a strongly water-wet 

surface. The lipophilic tails of the surfactant molecules attach to the steel 

surface, causing it to become water-wet and allowing water droplets to 

spread almost completely. Further increasing the concentration of 

surfactant reduced the contact angle to 5 degrees. 
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Figure 48 : Images of water droplet on the steel coupon treated with different fluids (Paper III) 

 

Figure 49 : Contact angle of water droplet on the steel coupon treated with different fluids (Paper 

III) 
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5.2.3.3 Emulsion Stability Test 

This test examines the capability of the spacer to invert OBDF emulsion. 

It is evident that with an increase in the volume of titrated spacer, the 

stability of the emulsion was compromised (Figure 50). Finally, when 

the voltage showed zero, the emulsion was completely broken. This 

occurs because the spacer increases the water content, leading to the 

formation of larger and additional water droplets within the emulsion. As 

a consequence, this leads to a reduced voltage required for internal phase 

coalescence and the initiation of current. Surfactant (8.33% by weight of 

water) also proved to be effective in breaking the emulsion faster and at 

lower concentrations of added spacer. The surfactant diffuses into 

water/oil interface and promote the water droplets destabilization. 

 

Figure 50 : Electrical stability of OBDF upon mixing with spacer (Paper IV)= 

5.2.4 Compatibility of Spacer and Drilling Fluid 

Spacers play pivotal roles in cementing operations by serving two 

essential functions: firstly, they are responsible for cleaning and 
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removing drilling fluid from the wellbore, and secondly, they work to 

minimize cement contamination caused by the drilling fluid. Laboratory 

testing of the spacer should incorporate procedures to assess 

compatibility with drilling fluid and geopolymer as it is in direct contact 

with them.  

First, the rheological compatibility of the spacer and OBDF was 

investigated by measuring the flow curve of mixtures (95/5, 75/25,50/50, 

25/75, and 5/95 by volume of spacer/OBDF) at 25℃. The role of 

surfactant in the flow behavior of mixture fluid was also examined by 

comparing two cases of spacer (with and without surfactant). Figure 51 

illustrates the ramp down flow curve of spacer (without surfactant) and 

OBDF mixture. 50/50 mixture had the highest viscosity profile. A reason 

for that might be the attraction of water from spacer to the internal phase 

of OBDF by osmotic pressure mechanism [41]. As result a thick separate 

layer of spacer is formed along the OBDF which is better illustrated in 

Figure 53. 

On the other hand, when surfactant was incorporated in the spacer 

design, 75/25 (spacer/OBDF) mixture had a high viscosity profile with 

pronounced change at lower shear rates as shown in the Figure 52. The 

huge viscoelastic behavior observed is attributed to a strong network of 

structures formed by bridging surfactants [76]. Moreover, unexpected 

reduction for 25/75 mixture was observed which indicates that OBDF 

emulsion is broken by the spacer. R-factor for the assessment of the 

degree of compatibility of the fluids are provided in the appendices.  
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Figure 51 : Flow curve of OBDF and spacer (without surfactant) mixture. (Left) Logarithmic 

scale. (Right) Linear scale (Paper IV) 

 

Figure 52: Flow curve of OBDF and spacer (with surfactant) mixture. (Left) Logarithmic scale. 

(Right) Linear scale (Paper IV) 
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Figure 53 : Images of spacer/OBDF mixtures (Left) surfactant-free spacer (Right) spacer with 

surfactant (Paper IV) 
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5.2.5 Impact of Surfactant on the Displacement of 

OBDF  

Two experimental scenarios were conducted to observe the displacement 

of OBDF aimed at analysing the impact of the surfactant on 

displacement. In Figure 54, the outlet fluid density collected at different 

time points after initiating the displacement. In the beginning, as the 

OBDF was exiting the tube, the measured density closely resembled that 

of the OBDF itself. After a certain period, once the spacer began exiting 

the tube, the outlet density matched the density of the spacer. The 

normalized outlet density, (ρ1 - ρ) / (ρ1 - ρ2), provides a clearer 

understanding for the comparison of fluids with different densities. 

Simply put, the normalized outlet density ideally ranges between 0 and 

1, depending on whether the lighter fluid (OBDF) or the heavier fluid 

(spacer) is being displaced out of the tube. If we consider the normalized 

outlet density as a qualitative measure of effective displacement, it can 

be concluded that the surfactant did not have a significant impact on the 

bulk displacement process. Nevertheless, Surfactant was effective in 

cleaning the annulus walls covered with OBDF, as indicated by Figure 

55, where the yield stress was not exceeded on the walls. The mechanism 

involves alteration of wettability, aiding the solubilization of the oil. 

 

Figure 54 : (a) Outlet density and (b) normalized outlet density of the displacement tube (solid 

lines represent the density of pure fluids) (Paper IV) 
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Figure 55 : Images of the displacement tube after the test. OBDF (brown color) was displaced 

by (a) spacer without surfactant (b) spacer with surfactant (Paper IV) 

5.2.6 Compatibility of Spacer and Geopolymer 

In the next step, compatibility of spacer and geopolymer was assessed 

by measuring the flow behavior of the mixture and mechanical properties 

of geopolymer after intermixture. This ensures that the spacer does not 

compromise the essential properties of the geopolymer that are crucial 

for its zonal isolation functionality. 

5.2.6.1 Rheological Compatibility  

The rheological compatibility of the optimized spacer (SP-O1) and 

geopolymer was conducted at 50℃ with a rotational viscometer. Spacer 

and geopolymer were mixed at different ratios recommended by API 

10B-2 [56] (95/5, 75/25, 5/95, 25/75, and 50/50 by volume 

geopolymer/spacer), and the viscosity profile of the mixtures was 

measured (Figure 56). 
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Figure 56 : flow curve of different mixtures ratios between spacer and geopolymer (Paper III) 

It is evident that the spacer exhibited a higher degree of shear-thinning 

behavior compared to the geopolymer slurry. The lower viscosity profile 

of the spacer compared to the geopolymer is necessary to maintain the 

viscosity hierarchy during displacement.  As the spacer was introduced 

into the geopolymer, the measured shear stress decreased. This is 

expected since the spacer contains a higher water content, diluting the 

geopolymer and resulting in a lower particle fraction and viscosity. The 

R-index, calculated using the formula (4.2.5) presented in Table 18. To 

use the guideline, R-index needs to be converted from Pa to lb/100ft 

(2.084 conversion factor). According to the criteria, the fluids 

demonstrated rheological compatibility within the studied shear rate 

range. In other words, the rheological properties of the mixtures 

remained relatively consistent compared to those of the individual fluids. 
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Table 18 : R-index calculated for the mixtures of spacer and geopolymer (Paper III) 

Shear rate (s-1) 

Shear stress (Pa) 

R-index (Pa) 
GEO 100/0 95/5 75/25 50/50 25/75 05/95 Spacer 0/100 

510.9 124.7 127.8 113.4 71.0 72.6 63.9 50.1 3.1 

340.6 86.1 88.2 80.2 51.4 56.0 50.6 38.6 2.0 

170.3 46.5 47.2 45.2 30.4 36.8 35.0 24.8 0.8 

102.2 30.2 30.9 30.9 21.2 27.6 27.1 17.9 0.8 

51.1 17.6 18.1 18.9 13.8 19.2 19.7 11.8 2.0 

10.2 9.2 8.8 7.9 7.8 9.2 9.4 5.2 0.2 

5.1 8.2 8.5 6.4 4.5 6.5 6.9 3.8 0.3 

 

Furthermore, gel strength measurements were conducted. As depicted in 

Figure 57, the mixture with a ratio of 25/75 (geopolymer/spacer) 

unexpectedly exhibited higher 10-s and 10-min gel strengths. It is 

hypothesized that the high pH of the geopolymer accelerates the gelation 

of the spacer, which contains a notable amount of GGBFS. Gelation can 

potentially complicate the pumping process or lead to high friction 

pressure, which is undesirable as it may cause damage to the formation. 

 
 

Figure 57 : (Left) API gel strength of the mixtures of geopolymer and spacer at  50℃ (Right) 

strong gel observed for 25/75 mixture (Paper III)  
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5.2.6.2 Impact of Spacer Contamination on Mechanical 

Properties of Geopolymer 

The compressive strength of geopolymer when contaminated with 10 

and 20 % (by volume of geopolymer) spacer was measured after 1 and 7 

days of curing at 70℃ BHST. Three spacer mix designs (Table 19) with 

different solid/water and granite/GGBFS ratios were investigated (Table 

7). The findings indicate that the spacer with a higher content of GGBFS 

(SP-O2), had a slightly lower impact on the compressive strength of the 

geopolymer compared to SP-O1 (Figure 58). When contaminated with 

10% SP-O2, the compressive strength of the geopolymer was decreased 

from approximately 6 MPa to less than 3 MPa after one day of curing. In 

comparison, contamination with 10% SP-O1 reduced the strength to 

approximately 2 MPa. This difference in performance can be attributed 

to the reactive nature of GGBFS, which serves as a source of calcium, 

facilitating chemical binding of water in the geopolymer matrix [21, 50]. 

The tensile strength of the geopolymer contaminated with spacer is 

illustrated in Figure 59. After one day, the tensile strength of the 

geopolymer was decreased from approximately 0.5 MPa to less than 0.35 

MPa and 0.25 MPa with 10% contamination by SP-O2 and SP-O1, 

respectively.  

Table 19 : Spacer mix designs for compatibility study 

Component SP-O1 SP-O2 SP-O3 

Water 300 300 150 

NaCl 9 9 9 

Na2CO3 6 6 6 

GGBFS 194 294 194 

Granite 100 0 100 

KOH solution(12M) 10 10 10 

Potassium silicate 

solution 
20 20 20 

PAC-RE 0.5 0.5 0.5 

Xanthan gum 1 1 1 

Surfactant 25 25 25 
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The comparison between the SP-O1 and SP-O3 spacer designs reveals a 

notable enhancement in both compressive and tensile strength of the 

contaminated geopolymer over one and seven days of curing. This 

improvement is attributed to the higher solid/water ratio in the SP-O3 

design, indicating the importance of optimizing this ratio for enhancing 

the mechanical properties of the geopolymer if intermixture happens. 

The water content significantly influences the strength of the 

geopolymer, and exceeding a threshold water-to-solid ratio may lead to 

complete deterioration of the strength [77, 78]. Water primarily serves 

as a reaction medium, and the geopolymerization process may generate 

additional water, which, combined with the initial mixing water, is 

present in the form of evaporable water within small pores [23]. Hence, 

careful monitoring of the water content of the spacer fluid is essential.  

 

Figure 58 : UCS of geopolymer mixed with different designs of spacer (Paper III) 
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Figure 59 : Tensile strength of geopolymer mixed with different designs of spacer (Paper III) 

5.2.6.3 Impact of Spacer Contamination on Crystallography 

Phase changes provide a valuable opportunity to analyse alterations in 

the mineralogy of geopolymer material and examine the formation of 

new components. These changes can have a significant impact on the 

properties of mix designs, potentially enhancing or deteriorating their 

performance. Figure 60 illustrates the XRD patterns of the seven days 

cured samples of both neat geopolymer and geopolymer contaminated 

with spacer. The predominant phase in both neat and contaminated 

geopolymer was Quartz (Qz), attributed to the use of granite as the main 

solid precursor. Additionally, minor phases of albite (Alb), microcline 

(Mic), and biotite (Bio) were identified. Analysis of the contaminated 

samples did not reveal the formation of any new phases, suggesting no 

reaction occurred between the spacer and geopolymer to form new 

minerals. However, the intensity of peaks altered with spacer 

intermixture. Specifically, the addition of 10 and 20% SP-O1 to 

geopolymer increased the intensity of the quartz phase. These changes in 

intensity were less pronounced for the SP-O3 contamination case. The 
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highly alkaline environment induces the dissolution of crystalline phases 

in the precursors, which subsequently undergo geopolymerization 

process and forms amorphous gels in mid-term [79]. Table shows the 

crystalline content of the geopolymer samples that were mixed with 

different spacer. It can be observed from Table 20 that geopolymer 

contaminated with 20% SP-O2 which had only GGBFS as precursor in 

the design exhibited the highest amorphous content in line with 

observations made by Omran et al. [79].  

 

Figure 60 : XRD pattern of geopolymer mixed with different designs of spacer (Paper III)  
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Table 20 : Quantification of amorphous and crystalline content in geopolymer mixed with 

different designs of spacer based on XRD pattern 

Sample 
Crystalline 

content (wt.%) 

Amorphous content 

(wt.%) 

Neat geopolymer 65.6 34.4 

10% SP-O1 66.3 33.7 

20% SP-O1 69.5 30.5 

10% SP-O2 67.9 32.1 

20% SP-O2 63.2 36.8 

10% SP-O3 66.2 33.8 

20% SP-O3 65.2 34.8 

 

5.2.6.4 Impact of Water on Kinetics of Geopolymer 

After observing the impact of solid/water ratio of spacer on the 

mechanical strength of geopolymer, it was decided to further investigate 

the role of additional water on the reaction kinetics of geopolymer. 

Varying amounts of water, specifically 2.5% and 5% (by volume of 

geopolymer), were incorporated into the geopolymer slurry, and the heat 

evolution of these slurries was monitored. Normalized heat flow for 

slurries is shown in Figure 61. The first exothermic peak, observed 

within less than 10 minutes of initiating the reaction, is primarily 

attributed to the dissolution process of the solid precursor in the alkali 

activator. This initial stage involves the breakdown of the solid 

components by OH- attack, allowing reaction products to precipitate on 

the surface of solid particles, resulting in the liberation of heat. However, 

as the amount of water in the system was increased, this exothermic peak 

diminished in intensity. When extra water is introduced into the mixture, 

the concentration of hydroxide ions in the activator solution decreases 

due to the dilution effect. This reduction in OH- concentration 

diminishes the activator's efficacy in breaking down the Si-O and Al-O 

bonds [67, 80, 81]. Second exothermic peak attributed to polymerization 

of alumina and silica species was also observed for all slurries which was 

after about 17 hours for neat geopolymer. When 2.5% and 5% water were 

introduced into the geopolymer mixture, the time taken to reach the 
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exothermic peak increased to 23 and 32 hours, respectively. This 

indicates that the presence of additional water delayed the 

polymerization process. The intensity of the peak was also reduced with 

the increase in water content. During the polymerization phase, water 

acts as a byproduct, and an excess of it can potentially hinder the reaction 

kinetics [80]. 

 

Figure 61: Heat evolution of geopolymer with extra water (a) first hour (b) total duration of test 

(Paper III) 

5.3 Drilling Fluid Displacement and Geopolymer 

Placement 

In previous sections, the detrimental impact of drilling fluid 

contamination both on the fluid state and after-setting properties were 

discussed. In this section, we explore the dynamics of drilling fluid 

displacement/placement of geopolymer in the well, highlighting the 

critical factors that must be comprehended to effectively manage 

contamination. The simulation work was conducted in collaboration with 

a research team from The University of British Columbia, while the input 

experimental data was produced by the PhD candidate. 2D-gap averaged 
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displacement simulation was performed using one of North Sea platform 

wells data that had a depth of 2811 m TVD and was completed with four 

casings. Here, the displacement in surface and intermediate casing with 

setting depth of 522 m and 1374 m TVD are discussed. Table 21 provide 

dimensions for these casing respectively. Two different geopolymer 

design for these particular casings were used (Table 22). For the surface 

casing, spud mud, a common mud used in upper sections of the well, was 

chosen as the displaced fluid. In the case of intermediate casing, WBDF 

and OBDF were investigated as the displaced fluid (the mix design is 

shown in Table 4 and Table 5). Two generic spacer fluids were chosen, 

one exhibiting Newtonian behavior and the other showing the Power-

law behavior (rheological parameters are represented in Table 23). 

Table 21 : Dimensions of the casings as input for displacement simulation (Paper V) 

 20’’ Surface  

casing 

133/8 ’’ Intermediate 

casing 

Hole size 𝒓̂𝒐 0.330 m 0.223 m 

Casing size 𝒓̂𝒊 0.254 m 0.169 m 

Mean radius 𝒓̂𝒂 0.292 m 0.1960 m 

Mean half-gap width 𝒅̂ 0.0381 m 0.0265 m 

Aspect ratio 𝜹 = 𝒅̂/𝒓̂𝒂 0.130 0.1352 

Inclination from the 

vertical 

𝜷 
0° 0°-65° 

Simulated length 𝝃̂𝒃𝒉 150.00 m 150.00 m 
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Table 22 : Mix design of geopolymer used for displacement simulation (Paper V) 

Geopolymer 

design 
Precursor Hardener 

Liquid to 

solid 

weight 

ratio 

Target 

BHCT 
Casing 

W111 

Granite-

based 

precursor 

4M KOH 

solution 
0.434 25℃ 

Surface 

casing 

W201 

Granite-

based 

precursor 

Potassium 

silicate 

solution 

(molar ratio 

of 2.21) 

0.506 50℃ 
Intermediate 

casing 

 

Table 23 : Rheological parameters of fluids used as input for displacement simulation (Paper V) 

 
𝑲̂ 

(Pa · sn) 
𝒏 

𝝉̂𝒀 

(Pa) 

𝝆̂ 

(Kg/m3) 

Newtonian spacer 0.001 1.0 0.0 - 

Power-law spacer 0.35 0.50 0.0 - 

Spud mud 0.126 0.6346 24.19 1150 

WBDF 0.381 0.5656 0.5385 1270 

OBDF 0.4975 0.5632 1.138 1160 

Geopolymer (W111) 2.347 0.4955 11.9 1880 

Geopolymer (W201) 0.1636 0.9824 4.118 1980 
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5.3.1 Displacement in the Surface Casing 

Figure 62 shows the displacement scenarios in annulus where Newtonian 

spacer is displacing the spud mud with eccentricity of casing and density 

difference as variable parameters. By density difference we mean density 

of spacer since the density of the mud is constant. Each sub-figure in 

Figure 62 illustrates three time steps (t = 31, 45, 150) during the 

displacement process. The blue color indicates the concentration of the 

in-situ mud, while the red color represents the concentration of the 

displacing spacer. W stands for the wide side of annulus and N for 

narrow side. From figure, it can be noticed that density of spacer is major 

factor impacting the displacement efficiency. When the density 

difference was 5%, channelling of spacer toward the wide side is noticed 

irrespective of eccentricity. Increasing the density difference to 10%, 

with lower eccentricity (e=0.1, 0.3), the front was dispersed with more 

tendency toward the wide side. At higher eccentricity (e=0.6), the 

displacement became incomplete resulting in a layer of mud being left 

on the narrow side. By having higher than 20% density difference, the 

buoyancy force became dominate, causing a stable front and complete 

displacement even at higher eccentricities. Figure 63 shows 

displacement of spud mud by Power-law spacer. There wasn't a 

significant difference in this scenario compared to the Newtonian spacer, 

suggesting that the influence of viscous forces is less significant 

compared to buoyancy forces. 
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Figure 62 : Displacement of spud mud by Newtonian spacer fluid in surface casing. Horizontal 

axis represents density difference and vertical axis represents eccentricity (Paper V) 
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Figure 63 : Displacement of spud mud by Power-law spacer fluid in surface casing. Horizontal 

axis represents density difference and vertical axis represents eccentricity (Paper V) 

5.3.2 Displacement in the Intermediate Casing 

The Figure 64 depicts the displacement process in the intermediate 

casing, where a Newtonian spacer is displacing eighter WBDF or OBDF 

with a density difference of 5% and an eccentricity of e=0.6, followed 

by the final fluid, which is geopolymer. Irrespective of the type of the 

mud, the flow was inclined to wide side of the annulus and increased the 

volume of spacer/drilling fluid subjected to mixing. Channeling was 

more severe when OBDF is displaced fluid due to higher viscosity ratio 

between fluids. Figure 64 also shows the displacement in the annulus 

where Power-law spacer was used. This fluid had slightly better 

performance in removing the WBDF from annulus, although channeling 

of OBDF still was a problem. Despite the fact that channeling of spacer 
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in drilling fluid column happened when the density difference was low 

between them, the high density of geopolymer helped to effectively 

remove the remaining fluids.  

 

Figure 64 : (Left) Displacement of (i) WBDF and (ii) OBDF by Newtonian spacer (green) and 

geopolymer (blue) (Right) Displacement of (i) WBDF and (ii) OBDF by Power-law spacer 

(green) and geopolymer (blue) (Paper V) 

Figure 65 provides a displacement map at high eccentricity of 0.8 with 

inclination of the well and flow rate as variable parameters. As the 

inclination increased and, to a lesser extent, with higher flow rates, the 

effectiveness of the spacer in displacing the narrow side diminished. This 

increased the chance of geopolymer contamination in the narrow side. 
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Figure 65 : Displacement of WBDF by spacer fluid in intermediate casing. Horizontal axis 

represents flow rate and vertical axis represents inclination of the well (Paper V) 
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6. Summary and Conclusions 

6.1 Summary 

Drilling fluid contamination of the rock-based geopolymer has been 

discussed. The fluid-state and solid-state properties of the geopolymer 

when contaminated with water-based drilling fluid (WBDF) and oil-

based drilling fluid (OBDF) were investigated. The fluids exhibited 

different degree of contamination. The contamination mechanism by 

WBDF and OBDF was also discussed with the help of available tools 

and analysing the morphology, mineralogy, and kinetics of reaction. 

Spacer fluids are essential part of cementing program by removing 

drilling fluid from annulus and cleaning and water-wetting of surface of 

casing and formation. They also minimize the contact of geopolymer, 

and mud given that displacement of mud by spacer is successful. After 

observing the poisonous impact of the drilling fluids on the UCS and 

tensile strength of the geopolymer, we developed a spacer fluid with the 

ability to harden. This characteristic may improve the wellbore integrity 

by providing a complementary material on top of the zonal isolation 

barrier material. The spacer design process consists of two stages of i) 

tuning the rheological parameters using rheology modifiers such as 

xanthan gum, PAC and bentonite ii) optimizing the surfactant content to 

clean the surface of casing. Finally, the compatibility test of optimized 

spacer/ drilling fluid and geopolymer/optimized spacer were performed.  

Finally, the displacement of fluids in annular space were discussed. 

Several scenarios of drilling fluid being displaced by spacer and 

geopolymer in the surface and intermediate casing condition were 

simulated. The under investigated factors were density difference, 

eccentricity of casing, inclination, flow behavior of spacer and flow rate. 

The results provide key insight into best practices to avoid channelling 

and subsequent contamination of geopolymer in the annulus. 
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6.2 Conclusion 

The following conclusions are made from this work: 

• The presence of WBDF has a more pronounced impact on the 

geopolymer mechanical properties compared to presence of 

OBDF. Specifically, when exposed to WBDF, both the 

compressive and tensile strength of the geopolymer is 

significantly reduced to a greater degree than when exposed to 

OBDF. 

• When the geopolymer was mixed with OBDF, microstructure 

analysis of the cured samples revealed the formation of voids 

within the geopolymer matrix. This phenomenon is attributed to 

the ability of the geopolymer to disperse and stabilize oil 

droplets. 

• The oil droplets inclusion in the geopolymer slurry from OBDF 

forms a o/w emulsion, resulting in higher shear stress at higher 

shear rates compared to neat geopolymer and vice versa at lower 

shear rates. 

• SEM images of the WBDF contaminated geopolymer revealed 

very loose network of gel formed in the matrix causing a 

compromised mechanical strength.  

• It is important to design a compatible spacer fluid for the 

geopolymer considering harmful impact of drilling fluids. 

• It was verified that Xanthan gum had more pronounced impact 

on the flow behavior index and yield stress of spacer compared 

to PAC. 

• Non-ionic surfactant proved to be effective in the hardening 

spacer by enhancing rotor cleaning efficiency and improving the 

water wetting of the casing. 

• A higher solid to water ratio in the hardening spacer correlates 

with increased compressive and tensile strength of the 

contaminated geopolymer. 
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• The excessive water from spacer and WBDF will reduce the 

dissolution and polymerization rate as indicated in heat evolution 

of the geopolymer. 

• In the upper sections of the well, having a spacer-mud density 

difference for example higher than 20% helps creating more 

efficient displacement even in eccentric geometry. 

• The high density of the geopolymer may benefit displacements 

in annulus of vertical and relatively inclined wells. It offers a 

wide density range for spacer design and generates necessary 

buoyancy for mud and spacer removal from narrow wellbore 

sides. 
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7. Recommendations 

Full replacement of OPC in primary cementing and P&A by the 

geopolymer requires careful consideration of various aspects, including 

operational, technical, and engineering factors. Drilling fluid 

contamination is a major factor, impacting the quality of the geopolymer 

as well barrier.  Improving displacement success should receive much 

attention as it is a major cause of the former problem. This study suggests 

the following recommendations: 

• We studied the impact of two types of drilling fluids that are 

typical of North Sea operations on the geopolymer. Considering 

the various designs of WBDF and OBDF used worldwide, the 

compatibility study should be performed case by case before 

cementing job. 

• Through thermochemistry analysis we found out that the water is 

blameable for hindering the geopolymerization reaction. This 

means that much attention should be paid when geopolymer is 

going to displace the WBDF in a particular section. Thus, 

optimizing the displacement process becomes even more 

fundamental. Moreover, the spacer should have the minimum 

functional level of water in the design.  

• We also developed a spacer with components that allows it to 

harden. Although this feature can be beneficial to well integrity, 

it comes with operational and technical challenges. Future 

research can be directed toward setting time optimization and 

sealability. It is also interesting to investigate the possibility of 

mixing this spacer on the fly using the cement mixing tank. In 

this way, the spacer can be pumped just before the cement and 

avoid the long waiting time that can lead to the spacer being set 

in the tank.  

• The geopolymer placement in annulus of top section with 2D 

simulation were covered in this study. Future research could 
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study the displacement in complex geometries such as enlarged 

borehole or horizontal sections to minimize the risk of utilizing a 

new material. 
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Appendix 1 – Rheological compatibility of spacer and 

WBDF 

 

Figure 66 : Flow curve of different mixtures ratios between spacer (without surfactant) and 

WBDF measured at 50℃ 
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