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Abstract

Ordinary Portland cement (OPC) is the primary material, which is used in oil well
cement, isolation formation and plug and abandonment. OPC has many advantages and some
limitations reviewed by different authors. The limitations associated with cement cause well
integrity issues, risking humans, and environment. Several studies and experiments are
conducted to evaluate different materials, which could be an optimal alternate to OPC.
Geopolymer is one of these materials, which has been tested in lab scale to find its potential to
replace OPC.

Geopolymers are inorganic materials based on rock sources, which are rich in aluminum
silicates. Many pieces of research have conducted on the geopolymer to assess its
characteristics and properties. Studies showed that geopolymer is a ductile and low shrinkage
material. It develops sufficient bond strength, high compressive strength and less fluid loss
comparing to OPC. However, studies showed some shortcomings of geopolymer, which should
be enhanced to allow using the geopolymer in the oil field.

The pumpability at elevated temperatures, for a certain period, is one of the current
limitations of the geopolymer. Several experiments have been performed to get the proper
compositions of the geopolymer and the appropriate retarding admixture, which help to increase
the pumping time of the geopolymer paste. Chemical S&H revealed its potential to retard the
setting time by 80 mins. It is proved that there many parameters, which control the setting time
of the sample. The modular ratio, weight of the admixture and composition of the precursors,
have an impact on delaying the thickening time. BS2 is more pumpability than BS1, and S7 is
the sample which has the most significant pumping time among the others.

Results from the uniaxial compressive test (UCS) and ultrasonic cement analyzer
(UCA) show the compressive strength value is in an acceptable range for utilization in oil well
cementing. Rheology properties of geopolymers were characterized as non-Newtonian shear-
thinning fluid and its density within the permissible range (1.95 sg). These characteristics
promote the geopolymer to be a good quality alternative material to be applied in downhole

applications.
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1. Introduction

In drilling operations, when a well reaches a predetermined depth, the operation is
continued by running the casing to its depth. Once it is set, the cementing process is started by
circulating the drilling mud with a new one to remove and clean any debris between the casing
and the formation. A spacer is used between the cement and the mud to avoid the contamination
while pumping the cement inside the hole up to the annulus. The process is finished when the
cement is taken its place around the casing.

Portland cement was used in an oil field for the first time at the Lompoc field in
California. It was used by Frank Hill to isolate a water zone (Andini et al., 2008). Cement is
manufactured from binding materials, which are ground into a fine powder and then mixed with
water to form a solid mass. Cement has been used widely in oil fields for primary cementing
and permanent plug and abandonment. In primary cementing operations, cement is functioned
to provide zonal isolation, hold the casing in place and protect the casing from corrosive fluid,
when the next sections of the well are drilled. The material used for cementing operation should
fulfil the requirements to secure both the remaining drilling operation and production period.
The standard specifications of cement are divided into two types, i.e., short- and long-term
specifications (Helland, 2013). Portland cement has been divided into nine classes according to
the American petroleum institute (API), each of which is utilized for different depth and
conditions. In drilling operation in the petroleum industry, class G and H are the most
commonly used cement types.

Ordinary Portland Cement (OPC) is the most used material in the industry, owing to its
commercial availability, accessibility and being friendly to use in operations (Khalifeh, Hodne,
et al., 2016). However, it has shown shortcomings during the lifetime of the well. Variations in
downhole pressure and temperatures could generate stresses which may damage the cement
sheath and result in wellbore failure (Jackson & Murphey, 1993). Subsequently, a very small
micro-annuli is created due to shrinking and debonding of the cement sheath, allowing fluid
and gas migration. Besides these external forces, assessments were made at the nanoscale level
revealed that chemical bonds between cement elements are relatively brittle. Sustained casing
pressure is one of the results of cement bond failure or inadequate mud removal. About 8000
wells have reported this issue in the Gulf of Mexico (Bakharev, 2005). Besides, the emission

of CO> during the production of cement can have a negative impact on climate change. Portland
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cement processing produces approximately one ton of CO. which contributes to global
warming (Hendriks et al., 1999).

Several materials have been studied and tested to replace OPC. Some of them have
shown good results, such as unconsolidated sand slurry, thermosetting polymers, and
geopolymers (Beharie et al., 2015; Khalifeh et al., 2014; Vralstad et al., 2019)

Geopolymers are a category of cementitious inorganic materials, which were first
introduced by Joseph Davidovits in 1978. Geopolymers can form long-chain of molecules by
Alkalination of aluminosilicates-based material. Geopolymers have shown great attributes in
lab scales, such as high compression strength, long-term durability, high corrosion resistance
and sulfate attack. Hence they can be considered as a potential for using in primary cementing
(Khalifeh, Hodne, et al., 2016; Khalifeh, Saasen, et al., 2019; Khalifeh, Salehi, et al., 2019;
Saeed Salehi et al., 2019; Xu & van Deventer, 2003).

The flexibility of geopolymer has been studied in the construction industry, where some
organic polymer additives are used to improve properties such as workability, setting time and
mechanical strength (Shrotri et al., 2009). Organic admixture can increase the setting time and
the workability without affecting the long-term mechanical properties of the concrete
(Mailvaganam et al., 1999). However, the problem of low workability and rapid setting time is
the reason that geopolymer has not been tested in the oilfield yet. Several studies have been
conducted to increase the setting time of geopolymers without affecting other properties. Some
of them work on change in the composition of the solid phase and hardeners, and others work

on discovering retarders to delay the reaction.
1.1 Problem statement

The geopolymer has not been used alone in the oil field until now, where its application
is still in the R&D phase (Saeed Salehi et al., 2017). It showed good results when it is used to
replace around 60 % by weight of cement, where the mixture of cement and aluminosilicates is
used as a lightweight lead cement in intermediated casing operation (Mahmoudkhani et al.,
2008). All researchers showed that the geopolymeric slurry sets so quickly at elevated
temperature, which results in decreasing the workability of the geopolymer. Additionally,
studies revealed the low tensile strength of the binder as it is brittle (Raijiwala & Patil, 2010).
Some researchers recommend using additives to solve this issue and work on improving its
properties (Kushiantoro et al., 2013; Shalbafan & Thoemen, 2020). One of these experiments

which have been run on GGBFS with using sucrose as a retarder displayed an increase in the
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setting time and compressibility of the samples but the tensile strength of geopolymer has
declined (Khalifeh et al., 2014). Others have been performed on fly ash-based geopolymers
and with different alkaline activators. They showed an increase in the compressive strength by
using barite throughout a curing time of 7 days. However, barite does not have any effect on

curing days for more than one week (Paiva et al., 2018).
1.2 Alkali Activated Based Cement (AABC) are not Geopolymer

During the last few years, due to greenhouse gas emission concerns, researchers have
been trying to develop alternative to Portland cement. Geopolymers have been one of such
technologies which might have the potential to replace cement. Therefore, several researchers
and engineers have been doing research, with high pace, on geopolymers and AABC materials.
Consequently, most of concept and theories got mixed and thus contradictory research results
have been published. In addition, the lack of good understanding and scientific distinguishing
between geopolymers and AABC caused delaying the commercialization of geopolymers in
global scale. An example could be defining a chemical as retarder to geopolymers and when
other researcher tried to reproduce the results, it was impossible. The reason is that the
developed retarder was for AABC and not geopolymers. So that, the reliability on geopolymers
have been being questioned.

Geopolymer technology is not the same as AABC technology. Some studies have been
conducted on alkali-activated based cements, alkali-activated fly ash cement, alkali-activated
slag and slag based, fly ash-based or natural rock-based geopolymers. They revealed that
AABC has different chemistry and molecular structure than geopolymer. The chemical reaction
of AABC will result in forming a complicated structure, which contains Calcium Aluminum
Silicate Hydrate (C-A-S-H) gels and alkali cation K+ or Na+. Alkali cation exists on the outside
of the structure. So, it is merely for alkali cation to move fast in contact with water and results
in unstable structure and therefore insufficient long-term properties (Joseph Davidovits, 2011;
Joseph Davidovits et al., 2019; Zhang et al., 2011).

On the other hand, the geopolymerization process will continue by adding a networking
element, which will interact with the free alkali cations and leads to forming a stable 3D
networking structure. The geopolymerization reaction produces Sodium or Potassium
Aluminum Silicate Hydrate (known as Na (K)-A-S-H) gels. Due to low calcium content of the
final product, and placement of Na* or K™ inside the 3D network, the materials are stable and

durable.
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2. Objectives of This Study

The research studies showed that the geopolymer has the potential to be used in primary
cementing operation as it is pumpable and can be solidified behind the casing and form a barrier.
In this project, we will focus on enhancing the properties of geopolymer to remove its
limitations. This thesis will work on these quantifiable aspects:

e Control the geopolymerization reaction and thus improve the thickening time

e Characterize the short-term mechanical properties of the slurries.

2.1 Scope of the study
e Manage the reaction of the solid phase, hardener, and additives by working on:
o The procedures of mixing design.
o Using the optimum amount and ratio of both solid and liquid phases.
o Develop the right additive that will help to postpone the reaction for real-life
applications and thus, delaying the thickening time.
o Characterization of the early strength development of the geopolymer:
o Uniaxial compressive strength
o Indirect tensile strength (Brazilian test)
e Spotting the optimum geopolymer mixture which affords the best performing and

characteristics.
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3. Literature Review

3.1 Geopolymer Cement

Geopolymer is a network structure of aluminum and silicate that has binding properties
(Khalifeh et al., 2014). It is the output of the polycondensation process where Synthetic
materials made from aluminosilicate interact with alkaline solutions. Geopolymer consists of
two phases (Dimas et al., 2009; Saeed Salehi et al., 2017; Zhu & Yao, 2013):

e Solid phase: source materials are rich in aluminum and silicates such as kaolinite, clays,
zeolite, fly ash, slag, rice husk ash, etc.

e Liquid phase or the hardener: the most commonly used as an alkaline activator is
sodium metasilicates or potassium metasilicates.

However, some researches revealed that a geopolymer is not produced from alkali
solution where the output from this alkaline solution is alkali-activated based material
(Fernando et al., 2010). The structure of the geopolymer has three primary forms based on the
molar ratio of Si/Al, poly sialate, poly sialate-silox and poly sialate-disilox as it is shown in
Figure 3-1 (Liew et al., 2016).

/O\ /’O\
Poly(sialate) 0#7\0%;\37\0
ESEOARDY) sio, NI/ \\/ o,
o) 0
0 0. o)
Poly(sialate siloxo) O%%>Oé47\o/ 2.9
(-Si-0-Al-O-Si-0-) \\ 2 \A‘{ 7\
0 o] o]
.0 O. 0. .0
Poly(sialate - disiloxo) 0< .\o/ \o/ el .\‘o
(sko-ako-sko-si-o) \J/ \\/ \I/ \I/
o) o] o) o)
Figure 3-1 Type of Poly-Sialate Structures (J Davidovits, 1991; Liew et al., 2016)

The alkali solutions work on activating aluminum and silicate to form the geopolymer
structure according to this formula; M(__[SiO2] g__AlO2__ ) n.
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Where M, n and q are respectively alkaline cation, a degree of polycondensation, and Si/Al
ratio.

Generally, the chemical reaction of the fabricated inorganic polymer under alkaline
conditions results in a 3D polymeric chain structure (Provis & Deventer, 2009; Provis & Rees,
2009; White et al., 2013). This structure contains aluminum and silicate. aluminum comes out
from the chemical reaction of aluminosilicates (such as fly ash, metakaolin) in the alkaline
media while silicate gets out from dissolved silica and aluminosilicate reactant. Alkaline
activator is formed by either dissolution of silica in an alkali hydroxide solution or by adjusting
the composition of this water glass (Babushkin et al., 1985). Many parameters control the
microstructure and mechanical properties of geopolymers such as natural raw material,
composition, and concentration of alkaline activators. It is essential to mention that geopolymer
binders are manufactured from waste materials consisting of aluminosilicates, which are the
deposits of agriculture and industries (J Davidovits, 1991). The economic and environmental
effects are the significance of the geopolymer to be the alternative of OPC.

3.2 Synthesis of Geopolymer

In a condition, a monolithic amorphous is created due to the geopolymerization of
aluminosilicates source and alkali solutions at ambient temperature. Many researchers are
working on studying the geopolymerization to understand the nature of the reaction, but it is
still unclear (Autef et al., 2013; Rees et al., 2008). Figure 3-2 shows the first mechanism of
geopolymerization, which is developed by Babushkin, where he divided the process into four
steps as following (Babushkin et al., 1985):

e Dissolution of aluminum and silicates in alkali solutions
e Monomers react together and form oligomers
e Polycondensation of these oligomers results in polymeric gel

e Reorganization and polymerization are the final steps to form geopolymer.
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Figure 3-2 Geopolymerization Process (Babushkin et al., 1985)

The geopolymerization is the chemical reaction of the alkali solution with
aluminosilicates-based material. The cycle leads to a 3D polymer network and loop framework
made up of Si-O-Al-O bonds, and its response is considered energy-efficient and much cleaner
as it can occur at ambient temperature (Duxson et al., 2006; Rooses et al., 2013). In the first
phase of the reaction, Si—O—Si and Si—O—Al is formed through the hydrolysis of
aluminosilicates into alkaline solutions by the action of hydroxide ions (Duxson et al., 2006;
Provis & Deventer, 2009). Precursor ions could be converted into monomers where Si**is partly
replaced by Al** allowing the bonding with a positive charge from the solution (Na* or K*) to
reach the equilibrium state. This reaction pointed out that water is eliminated during
polymerization, contrary to the hydration of OPC where water is consumed. The reaction of
monomers together results in oligomers with different structures during the process of
nucleation. Different size and charge densities result in various alkaline cations affecting the
crystallization and formation of aluminosilicate chains leading to improvements in the rate and
degree of polymerizing. For instance, K* cation has a large sizer and lower charge density than
Na*, which results in a higher degree of polymerization. In general, oligomers are small
molecules and considered the main unit to form the geopolymer (Joseph Davidovits, 2011;
Duxson et al., 2006). Figure 3-3 shows the different structures of oligomers (Provis & Deventer,
2009).
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Figure 3-3 The Different Structures of Oligomers (Provis & Deventer, 2009)

Further, oligomers (SiO4, AlO4 with different structures depending on the molar ratio
of Si/Al) bond together through the process of polymerization to form the paste of geopolymer.
Finally, the setting and hardening of the geopolymer are developed by curing this slurry
(Duxson et al., 2006; Zhu & Yao, 2013). Despite much research on geopolymer, the exact
mechanism of geopolymerization is still not well known. Besides, they could not define a
structural model for the product of geopolymerization. The reason for that could relate to its
amorphous nature. Many spectroscopic methods and theoretical models have been used to
suggest the innovative structure of geopolymers in addition to using ab initio DFT calculations,
Kolezynski et al. made the proposed structure model as it is shown below in Figure 3-4
(Kolezynski et al., 2018):
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Figure 3-4 Structural Models of Approximately 200 Atoms (Kolezynski et al., 2018)

The Si/Al ratio should always be more significant than 1 to avoid unwanted energy
according to the Loewenstein avoidance rule in aluminosilicates where two aluminum ions
cannot be bonded directly by a hydrogen ion. NMR study determined that some low stability
bonds like Al-O-Al could be present for a low Si/Al ratio, which might weaken the durability
and corrosive resistance of geopolymer. The equilibrium state of the system comes from the
existence of alkali ions (positive charge), which balance the negative charge of aluminates.
These cations are hydrated, forming a sphere depending on the presented element in the

structure (Na, K, Rb or Cs). Figure 3-5 shows the structure of a sodium-based geopolymer.
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Figure 3-5 The Structure of Sodium Based Geopolymer (Barbosa et al., 2000)

Figure 3-6 has been proposed to represent the output of geopolymerization where the

surface of aluminosilicates gets corroded from the reaction with the alkali solution (Ryu et al.,

2013).

M+
(Where M=Na or K)

Figure 3-6 The Output of Geopolymerization (Ryu et al., 2013)
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3.3 Geopolymerization Mechanism

According to some works of literature, there are five categories of aluminosilicates
terminology based on the Si/Al atomic ratio (J Davidovits, 1991). When this ratio Si/Al is equal
to 0, the structure is called siloxo. Sialate is the product category if this fraction is around 1
while sialate-siloxo and sialate-disiloxo are domains when Si/Al is equal to 2 and 3,
respectively. Sialate link is for all values more than 3. There are a large number of parameters,
which control and manage the geopolymerization process, for instance:

e Source of raw material and its surface area

e Amount of aluminum and silicate in the binder

e Curing parameters time, temperature, and pressure

e Curing method (Conventional or microwave heating))

¢ Kind and intensity of alkali solution

e The ratio of the liquid phase to solid phase & rate of water to solid
e Si/Al, M/Si, H20/M

All studies revealed that the rate of geopolymerization increases as the curing time
increases. Rising in curing temperature up to 90 °C will lead to a rise in the level of
geopolymerization. Alkali concentration work on improving the geopolymerization process
where growth in the concentration of alkali results in boost the rate of geopolymerization. The
type of alkali will affect the process as well, whereas using Na instead of K will boost up the
process and enhance the mechanical strength. On the other hand, the rise in the ratio mentioned
above will work on declining the geopolymerization, which results in a decrease of the

compressive strength, see Figure 3-7 (Ryu et al., 2013).
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Figure 3-7 The Output of Geopolymerization (Ryu et al., 2013)

Many researchers have been conducted to find the optimum value for these ratios. One
of the studies has been found these values 0.25, 10, 3.3 for M/Si, H20/M, Si/Al respectively to

get the best performance of the geopolymerization process (Barbosa et al., 2000).
3.4 Geopolymer Binder Constituents

The geopolymer is the output of two elements, raw material, and alkali solution. Both
of them are the main elements of the geopolymer slurry. However, some of the additives could

be used to improve the properties of the slurry.
3.4.1 Raw Materials

Raw substantial is the source that is used as a binder to produce a geopolymer. The
source material should be rich in aluminum and silicates to be eligible to be a binder. There are
many studies that have been done on different materials to evaluate them if they could be a
good raw material of geopolymer or not. Depending on these researchers, they categorized these
sources into three main groups. Each one of them has unique characteristics, and the selection
among them to be used depends on availability, cost, and applications.

e Industrial waste
e General waste and recycle materials

e Nature materials
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3.4.1.1 By Product Materials

Coal-ignition ash, metallurgical slag, mine garbage, and agricultural waste are the
sources of industrial waste that are produced annually in a gigantic quantity worldwide (Nadir
& Sujatha, 2018). Some of them are presently used in the OPC industry, but most of them are
disposal stored (Komnitsas & Zaharaki, 2007; Nuruddin et al., 2011). Fly ash, rice husk ash
(RHA), granulated blast-furnace slag (GBFS) are examples of this kind of waste. Its properties
are the key to be used in the construction industry since it is reasonably cheap to get, extremely
robust to chemical attacks and has strong thermal properties (Janotka et al., 2003). It consists
mainly of SiOz, CaO, MgO and Al.Os.

3.4.1.2 General and Recycled Materials

These materials have less volume than a byproduct. Disposal of these wastes by using
will work on decrease the pollution. Wastepaper sludge ash (WPSA), water sludge and

construction are examples of these materials.
3.4.1.3 Natural Materials

A large number of researchers revealed that some natural sources could produce raw
material for geopolymers such as kaolin, which comes from kaolinite or china clay, metakaolin
from calcined kaolin, etc. however, the availability of these natural materials limit their
application.

Some experiments uncovered that calcium-based material could deliver the same
mechanical strength of the conventional one due to the presence of geopolymeric gel and C-S-
H cross-linkage in a single binder. Some researchers have been carried to compare the
compressive strength for different types of raw material where they revealed that industrial
waste has the most mechanical strength among the others as it is shown in Figure 3-8. However,
many parameters should be considered, due to affecting the mechanical strength, such as curing
conditions, alkaline type, and concentration, Si/Al ratio, etc. (Suwan, 2016).
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Figure 3-8 Compressive Strength vs Type of Materials (Suwan, 2016)

3.4.1.4 Geopolymer Precursors

Precursors are based mainly on natural minerals but to normalize the chemical

composition and engineer the properties, sources of aluminosilicate from wastes are used.

3.4.2 Alkaline activator

It is divided into two kinds in the periodic table of elements, alkaline metals, and
alkaline earth metals. Alkaline metals have one electron active in its outer shell while the earth
metals have two valence electrons and considered one of the active components in nature
(Vol’'nov & Petrocelli, 1966). The alkaline metals are more reactive than earth metals and thus
more often used as an alkaline activator solution in the geopolymerization process.
NaOH/KOH, Na»SiO3/K>SiOs, and a combination of more than one of them are examples of

alkali solutions (Fernandez-Jiménez & Palomo, 2005; Panagiotopoulou et al., 2006).

3.4.2.1 Potassium Hydroxide

It has a lower degree of reactive than NaOH, and thus, Na endorses more

aluminosilicates than K, but geopolymer based KOH showed higher value of compressive
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strength, which measured by using the uniaxial compression strength (UCS) than of Na since
the rate of dissolution does not decree the geopolymerization process.

3.4.2.2 Potassium Silicate

It is soluble silicates, and it is the blend of SiO2, H.O and MO (alkali metal, such as Li,
K or Na). SiO; is the responsible for deciding the modulus of soluble silicates/M2O
corresponding to this formula (xSiO2: M20. zH>0), where x and z are the amount of

polymerization and the donation from water molecules, respectively.
3.4.2.3 Deionized Water

It is declared that using deionized water (pH=7) as a part of the alkaline solution would
establish a medium for the dissolution of aluminosilicates, allows moving various ions during
the process, achieves the hydrolysis of Si*® and AI*® composites and conducting the
polycondensation process of different hydroxyl species (Petroleum and natural gas industries.

Cement and materials for well cementing, n.d.).
3.5 Design of Geopolymer Mesh

There are several parameters to be considered, and thus the geopolymer proportioning
is so intricate. Each one of these factors would affect the properties of the geopolymer in

different ways, and therefore each of them has advantages and disadvantages.
3.5.1 Alkaline Activator Concentration

Researchers have shown that the concentration of solute mass has a vital role in the
geopolymerization process and its properties (Khalifeh et al., 2015; Saeed Salehi et al., 2017,
van Oort et al., 2019) . Analysis has been done on a fly ash-based geopolymer demonstrated
that getting a stronger geopolymer with lower porosity is a consequence of an increase in the
reaction’s rate by booming the concentration of alkaline (Chindaprasirt et al., 2007). Other
investigations showed that the higher intensity the much time geopolymer slurry needs to set
where it promotes the existence of disproportionate ions, which restrict the mobility for polymer
results in lagging the formation of the polymer. In addition, the level of hydration reaction goes
up when the intensity of the alkaline solution raises, leading to an improvement of the properties
of microstructure (Fernando et al., 2010). In fact, use of potassium or sodium hydroxide in the

mix design results in decrease of modular ratio (i.e. SiO2/K20) and cause faster geopolymer
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reaction. However, if the used concentration is high, then the product will not be a geopolymer,
but an alkali activated based material. Consequently, C-A-S-H gels are produced.

Steins (Steins et al., 2013) showed that the larger the size of an alkali solution (Na+-
K+-Cs+), the more critical the oligomers and interaction between silicates become and this will
induce different behavior according to the ratio Si/M. For instance, gelification phenomena
were noticed for lower ratio Si/Al with potassium activator than sodium-based activator
solution. By studying the network percolation time through in situ energy-dispersive X-ray
diffractometry, it is proven that the geopolymerization rate reduces when the site of alkali cation
increases (Rooses et al., 2013). Another study has been conducted to estimate the activation
energy of the reaction by Poulesquen et al. 2011. They conducted rheological investigation on
sodium and potassium-based geopolymer at different temperatures. Their study revealed that
the reaction mechanism is almost the same for various cations though the reaction time is not
the same (Poulesquen et al., 2011). All studies confirm that the bigger size cation, the smaller
and narrower pore size it has where the combination of pores will be limited due to a reduction

in mobility, and that results in forming small pores.
3.5.2 The Modular Ratio (SiO./K;0)

The divergence in this proportion has a significant impact on geopolymerization, and
thus it has a great influence on the mechanical properties of the geopolymer (Rangan, n.d.).
When the geopolymeric slurry contains a high content of silica in solution, the congestion of
ionic silica increases. This raise in the saturation of species prompts delaying the partition of
geopolymer and the precipitation of species which has large molecular. Consequently, the
output will be a hard gel with an improved density. So, the increase in modular ratio will
increase the pumping time. This study was done based on fly ash (Sagoe-Crentsil & Weng,
2006; Zuda et al., 2006). Other analyses highlighted the essential rule of this module regarding
the rate of crystallization, the kinetic reaction, and the formation of gel, which is favorable to
the mechanical strength. This research recommended sticking with this range of 1-2 to get the
best performance of activator (Fernandez-Jiménez et al., 2005).

3.5.3 Alkaline Activator/Aluminosilicates Source

It is deemed highly crucial factor among the others when we consider the fire resistance
and the general properties of the geopolymer (Fernandez et al. 2005). Some experiments were

carried on fly ash-based geopolymer advocated the optimum value of this ratio is in range of
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0.3-0.45 (Duong & Skvara, 2016; Krizan & Zivanovic, 2002). In high-pressure, high-
temperature (HPHT) wells, the high temperature will promote forming a crack through cement
sheath, which results in gas migration to surface and then blowout of the well. Contrary, several

studies have revealed the high resistance of geopolymer against the high temperature.
3.5.4 M/Al Ratio

The dissolution of aluminum silicates increases and becomes so fast when the pH of the
solution increases. The alkaline hydroxide controls the pH of the solution, so it has a vital role
in the geopolymerization process. It is proven that the NaOH has an optimum value
(Na/Al=0.63) where the geopolymerization rates reach its maximum and higher or lower than
this value will decrease the rate (Provis & Rees, 2009). Another study has been performed on
metakaolin based geopolymer and by using different concentrations of NaOH. This study
indicated that a higher Na/Al would increase mechanical strength and density (Zheng et al.,
2010). Another one has been performed to see the effect of this ratio on the amount of percolated
cation. Leaching experiments that have been conducted on Na and K metakaolin based
geopolymer, demonstrate an increase in the amount of leaching as the ratio of Na/Al grows. In
the realm of cementitious materials, use of high concentration NaOH or KOH will yield C-A-
S-H gels and the product is called alkali activated based material. However, when low
concentration and low amount of KOH or NaOH is used the reaction yields N-A-S-H or K-A-
S-H and the product is called geopolymer. C-A-S-H gels are susceptible to CO2 and H2S attack
while Na (K) -A-S-H gels are stable and do not interact with the corrosive chemicals (Khalifeh,
Todorovic, et al., 2016).

3.5.5 Water Content

A study was carried out on different ratios of H2O showing that the higher water content
generates lower reactivity and mechanical strength where geopolymer with this value will need
24 hours to harden and has a low value of mechanical strength (Barbosa & MacKenzie, 2003).
Another one has been worked on finding the optimum amount of the water content to reach the
best possible value of the rheological properties of geopolymer and its mechanical strength.
This ratio of H2O/Na2O is uncovered to be around 9-14 (Sugumaran, 2015).
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3.5.6 Curing Temperature

Previous efforts have supported the effect of temperature on the mechanical strength of
the geopolymer. Rangan 2015., claims that there is a threshold of temperature, beyond which
the strength of the sample starts to decrease instead of increasing (Rangan, n.d.). The hydration
process reaches its peak at a temperature in the range of 50-80°C. There are two methods for
curing by temperature: steam and dry heat. The compressive strength of the sample cured by
dry heat is 15% higher than of cured by steam (Duong & Skvara, 2016). However, some other
researcher produced geopolymers which can withstand temperatures up to 1000°C. The main
uncertainty in published research works and inconsistency in the results is originated from the

studied mix designs and not respecting the C-A-S-H and Na-A-S-H concepts.
3.5.7 Curing Time

Considerably, it is shown from all studies that curing time affects the progress of
geopolymer strength. It controls the ultimate compressive strength of the binder. Within the
first few hours of reaction, the slurry thickens fast and gains around 85% of its compressive
strength (Khale & Chaudhary, 2007). Deliberately, the growth in the strength will go as time
goes up because of alkaline saturation and product densification (Duong & Skvara, 2016).
Khalifeh et a. (2016) showed that the mechanical properties of their rock-based geopolymers
increases up to one year (Khalifeh, Todorovic, et al., 2016)

Both of curing temperature and duration have a massive flexible scale to achieve the
desired mechanical strength of the geopolymer. However, there are many factors that should be
considered to get the optimum condition for curing, such as raw material, alkali solution, water
content, age, etc. (Chindaprasirt et al., 2007). The structural water will be affected by the curing
condition as it could be released so fast in the condition of loge period of curing or high-
temperature results in shrinkage of the geopolymer sample (Bakharev, 2005).

3.5.8 Silica/Alumina Ratio

It has a substantial effect on the degree of crystallinity and reaction (Xu & van Deventer,
2003). Studies divided this ratio into three main categories; each one of them has its features.
When Si/Al = 1, it is called sialate, polysialate-siloxo when Si/Al is equal to 2, while
polysialate-diloxo for Si/Al is equal to 3. The last two provided a geopolymer with good
strength, but polysialate-diloxo is formed faster than diloxo and thus has a low compressive

strength comparing to the compressive strength of diloxo. The nature of raw material will affect
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the optimum ratio of this module. However, the range of 2-3 could be considered a good choice,
according to many studies (Andini et al., 2008; Duxson et al., 2006). As declared before, this
ratio should be more than 1 regarding the Loewenstein avoidance rule in aluminosilicates. The
product of the study performed on the structure of a geopolymer revealed that a supplement of
silica reduces the formation of crystalline phases (White et al., 2011). Many studies showed
the effect of Si/Al on the geopolymerization process and its structure. An increase in this ratio
will result in a growth of oligomers size leading to a reduction in the reactivity and thus a
shrinking of the pore size and rising in the mechanical strength. According to some researchers,
adjusting the molar ratio of Si/Al has a vital function in controlling the setting time. They
claimed that escalating in the amount of Al.Os will speed up the setting time. Contrary to
growth in SiO2, which leads to postponing the setting time. This surging in the content of SiO>
will produce microstructures with low porosity results in the development of mechanical
strength of the geopolymer binder, though. Other experiments have been performed and
declared that there is an optimal ratio of Si/Al (3.2-3.7) and any movement from this range will
hasten the thickening time. Figure 3-9 The Effect of Ratio of SiO./ Figure 3-9 illustrates the
effect of the ratio of SiO2/ Al.Oz on the setting and the compressive strength of the geopolymer

slurry.
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Figure 3-9 The Effect of Ratio of SiO2/ Al20s (Andini et al., 2008; Duxson et al., 2006)
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3.6 Characterization of Geopolymer Properties

There are many advantages of a geopolymer that prompt operators to use it in industries.
A large number of studies carried on the geopolymer to highlight its properties, and since OPC
is the most used material overworld, they compared geopolymer to OPC (Khalifeh, Hodne, et
al., 2016; Nasvi et al., 2014; Paiva et al., 2018). Geopolymer has high strength, high resistance
to chemical, and low permeability. Moreover, it has good ductility, durability, more resistance
at HPHT conditions, and less contamination with OBM (Khalifeh et al., 2018; S. Salehi et al.,
2016).

3.6.1 Setting Time

It should be assured that the pump which will be used in the field is capable of pumping
the geopolymeric slurry in a certain period of time to the desired depth and so the setting time
is a crucial factor of geopolymer. It is a significant property of fresh mixture where it limits the
possibility of geopolymer to be used in situ. ASTM WK is used to measure the setting time of
the slurry, and it is specified that initial and final setting times are 24 kPa and 430 kPa of
resistance, respectively (Zubrod, 2013). The geopolymer thickening time is regulated by all
forms of alkaline activators, activator concentration, liquid to solid ratio and curing

temperatures.
3.6.2 Flowability

The limitation of using a rheometer in the field was the key to find other methods to
evaluate the workability of the sample. One of the studies suggested using the mini-slump cone,
where the spread of the slurry is related directly to its flowability (Collins & Sanjayan, 2001;
Favier et al., 2013).

2.6.3 Mechanical Properties

It contains compressive strength, tensile strength, flexural strength, and bond strength.
Its deputy and ease promote the compressive strength to evaluate the binder (Komnitsas &
Zaharaki, 2007). Many studies used ASTM C109 to assess the compressive strength (Karakog
et al., 2014; Nematollahi et al., 2015). While a tensile strength is used to identify the strain
hardening, the pullout test is applied to evaluate the bond strength. There are many parameters

that will affect the strength of a geopolymer, such as formulation, raw materials, cure
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parameters, and potential filler. Geopolymer has bending strength without reinforcement. It is
about < 5 MPa while compressive strength could reach to 100 MPa.

3.6.4 Shrinkage

It is the process of reducing in volume with time. Water content in the structure affects
the pores and the porosity between them. A geopolymer of the dense structure has low water
absorption, so it shows little shrinkage and low creep. In geopolymerization, the water may be
evaporated if there is lack of humidity. In cement hydration, water is consumed, and the formed
minerals have lower volume compared to volume of water and cement at initial condition before
reaction happens. It is found that temperature promotes the early strength and thus prompts the
presence of large pores (Lizcano et al., 2011). However, the use of additional water will
significantly increase the volume change and cause high intensity of shrinkage.

3.6.5 Durability

The chloride, sulfate, acid, and thermal resistances are features of durability. The
microstructure and the movement of ions control this property of geopolymer. Alkaline
activator will affect the shape and stability and thus the durability of the sample. Some studies
showed the effect of acids on the geopolymeric slurry where the bond Si-O-Al is broken,
leading to form Si-OH and Al-OH. This has been rejected by some other researchers. The main
reason could be deviation in producing N-A-S-H and then making C-A-S-H gels. It means an
increase in the amount of acid in the solution that results in mass loss. A lot of tests
demonstrated the good fire resistance of geopolymer even if the temperature is rapidly changed
and less deterioration when it is attacked by an acid solution. Using KOH as an activator instead
reduces the efflorescence of a geopolymer (Fernandez-Jiménez & Palomo, 2009; Rashad &
Zeedan, 2011).

3.6.6 Acid Resistance

Most studies have been performed on fly ash-based geopolymers to see the limitation
of geopolymer when it reacts with corrosive mediums. The results are varied from high
resistance to acidic attack to partial degradation of the structures. One article that has been
carried on the reaction of a metakaolin based potassium geopolymer with HCI with different
concentrations and scenarios showed a good reputation of geopolymer towards this acid.
Khalifeh et al. (2016) studied the durability of their rock-based geopolymers at downhole
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conditions (100°C and elevated pressure) and in presence of H2S, brine, and crude oil. Their
result showed that due to ultra-low permeability of their geopolymers and formation of K-A-S-

H gels, the geopolymers could survive the condition up to 1 year.
3.6.7 Thermal Resistance

Studies showed that the thermal resistance of a geopolymer depends on the cation
selection, cure parameters, and the filler. Geopolymer has good thermal stability at the proper
cured condition. It keeps its amorphous structure at high temperature (losing water at 80-200
°C). The crystalline phase starts to form over 800 °C and the cation selected is the responsibility
of the nature of the crystalline where nepheline is formed for sodium-based geopolymers during
leucite for potassium geopolymers and pollucite in the presence of cesium. It finally melts
around 1100~1200 °C.

3.6.8 Porosity

Many studies have been carried on the geopolymer to figure out its porosity. They claim
that the porosity of a geopolymer could be one of three, macroporous, mesoporous or
microporous. In order to define the porosity of geopolymers, a comprehensive study is
performed by using nitrogen and water adsorption, small-angle X-ray and neutron diffusion,
mercury intrusion, ions diffusometry, and TEM. This study defined that the porosity of a
geopolymer varies from macroporous to mesoporous based on the amount of water in the
structure (Struble et al., 2013; Weil et al., 2009). In general, most researchers believe that its

porosity is mesoporous, where it has a total volume fraction of 0,4.
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4. Retarding Admixtures for Geopolymer — State of the Art

All researches have shown the potential of a geopolymer to be used instead of cement;
however, it is not used as a complete alternative of OPC in the oil field until now due to its
workability. The geopolymeric slurry is set so quickly at high temperatures. Many researchers
have studied the flow behavior and mechanical properties of the geopolymer to figure out how
to delay the thickening time of the geopolymeric slurry and thus improve its workability. Some
experiments revealed that the distribution of geopolymer particles regulates the behavior of the
flow and the ratio of water to raw material controls the mechanical strength (Chandra &
Bjornstrom, 2002). Another study analyzed the mechanism of mixing water with the
geopolymer blender and demonstrated that the rate of hydration could be altered by using some
chemical additives (Swenson & Thorvaldson, n.d.). One of the studies has used a retarding
admixture to delay the setting time of the paste at high temperature, which improves the
pumpability of the slurry without any effect on its mechanical properties (Mindess, 2008; Park
et al., 1999). Processes of set retardation have been analyzed to show the act of retarder with
the slurry. The study showed that the absorption of retarder by the paste mixture could create a
film around the compound of the mix. This film would work on slowing the reaction of the
mixture with water, and its thickness will determine how long the rate of hydration could be
delayed. The film will break down, and the hydration process will proceed after a while
(Supriadi et al., 2016). Many factors are affecting the reaction of retarding admixtures, such as
admixture dosage, curing condition, and time of addition to the mix. Some admixtures will act
as accelerators when used in large amounts, and some of them will result in preventing the set
of the geopolymer slurry. So, it is critical to use the optimum dose of the retarder admixture
(Alshamsi et al., 1997).

This chapter aims to provide an overview of the chemical admixtures that are used as
retarders and their reaction mode. It will highlight the types of retarders and their effect on the

mechanical properties of the geopolymeric slurry beside the setting time.
4.1 Reaction Mechanism of The Set Retarding Admixture

When considering OPC, chemical additives can decrease the amount of penetrated
water to the geopolymeric slurry particles and delay the hydration rate. Consequently, the
reaction speed between the blinder and water will decelerate, and thus the thickening time will

prolong. However, the geopolymerization is different from cement hydration. In
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geopolymerization, few percentages of water are consumed in the reaction and water acts only
as medium to transport ions. Several studies have been conducted on different types of retarder
(for geopolymers) and revealed that a kind of retarding admixture could act in different
mechanisms of interaction (Mahmoudkhani et al., 2008). Considering the concepts concerning
cement retardation, perhaps one could create analogy between geopolymer and cement
retardation mechanisms. There might be four types of interaction between the retarder and the

geopolymeric slurry if the retardation mechanisms of cement could be used as starting point.
4.1.1 Adsorption

Particles of retarding admixture are adsorbed on the surface of the monomers or
oligomers, which will delay the reaction between the hardener and precursors, reducing the
contact of hardener and precursors. This may prolong the pumping time and postpone the

setting time.
4.1.2 Precipitation

The monomers or oligomers react with the retarder and create a precipitate, which leads
to a decrease in the permeability and thus reduces the amount of water, which goes into the
geopolymer particles. This may prolong the pumping time and postpone the setting time.

4.1.3 Complexation

Accumulation of complexes in the solution inhibits Al, Si, and OH" to be triggered in
the aqueous solution, which leads to delay the formation of N-A-S-H gels and thus, prolonging

the pumping time and postpone the setting time.
4.1.4 Nucleation

Adsorption of retarders on the surface of the geopolymer molecules leads to delay in
the growth of the 3D network of geopolymers, which results in retarding the final stage of

geopolymerization. This may postpone the setting time but not prolonging the pumping time.
4.2 Water Reducer, Retarders and Superplasticizers

Water content is an important factor in the geopolymer mixture. The ratio of water to
solid defines the quality of the paste and its strength. Reducing in this ratio leads to an increase

in the density of the paste, which results in high compressive strength and high slurry quality
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(“Design of concrete mixtures for durability,” 2017). Water reducers, retarders and
superplasticizers are admixtures that are used to decrease the amount of water in the mixture
and/or delay the thickening time with retaining the high-quality properties of the geopolymeric

slurry (“Improved Air-Entraining Admixtures for Concrete,” 1968).
4.2.1 Water Reducing Admixture (WRA)

WRA works on reducing the water content of the mixture by maintaining a certain level
of consistency. WRA could work as a retarder or an accelerator, based on its dosage. WRA
with retarding effect lengthens the setting time of the paste and increases its strength; examples

of WRA are Lignosulphonates and hydroxycarboxylic.
4.2.2 Superplasticizers (SP)

It is known as a high range water reducer and retarding admixtures. It is used to reduce
the water content by 12-30 % of the paste, which results in improving the workability of the
geopolymer paste. Superplasticizers are soluble macromolecules, and the adsorption is the
primary mechanism of their reactions with the mixture (Banfill, 1998). There are four kinds of
them: melamine-based sulfonate, naphthalene-based sulfonate, modified lignosulphonates, and
a combination of HRWR and accelerating admixture (Aitcin, n.d.; “Chemical Admixtures for
Concrete,” 1989). Adsorption of superplasticizer on the surface of the geopolymeric slurry can
lead to increase the workability and lengthen the setting time of the geopolymerization process.
The adsorption rate of superplasticizer depends on the chemical and composition of the slurry
and, consequently, defines how long the workability could improve (Kaeding, 2018;
Ramachandran, 1996). Several experiments have been conducted on different types of SPs. It
is performed that the mechanism of SPs reaction with the geopolymeric slurry depends on the
raw material, type of alkali solution, type and dose of SPs, and the pH of the solution. It is
investigated that using any kind of superplasticizers can result in decreasing the strength of the
slurry. Some of them can lead to an increase in workability, but others do not have any effect.
It is reported that modified polycarboxylates is the highly successful type of superplasticizer
with fly ash-based geopolymer and NaOH with Na»SiOs as a solution activator, while
naphthalene is the most useful kind when it is used with slag and the same activators
(Nematollahi & Sanjayan, 2014).
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4.2.3 Retarding Admixtures

They have two categories of retarders; the main difference between them is the water
reducer properties. Admixture slows the rate of hydration by decreasing the initial setting time
of the paste. Retarders can produce from organic and inorganic materials. Ca, Na, NHa,
hydroxycarboxylic acids, carbohydrates and salts of lignosulphonate acids are examples of
organic retarders, while inorganic one consists of phosphate, magnesium salts, borates,
fluorates, oxides of Pb, and oxides of Zn. Lignosulfonates and hydroxycarboxylic acids are
regarded as a retarding and water reducer admixture, while phosphates are one of the retarding

admixtures without the properties of water reducing (Neville, 1995; Ramachandran, 1996).
4.3 The Nature of Retarders

There are two classifications of retarders: one may act on pumping and the other impacts
the setting and hardening. Each of them has a different function and mechanism. The hardening
one works on reducing the development rate of the early strength of the geopolymer paste, and
thus the heat evolution rate will decrease, which leads to dropping in the max temperature and
preventing the thermal crack (Brearley, 1990) while the set retarding admixture rises the
transition time of the mixture to transform from the liquid phase to the solid phase, which results
in compensating the acceleration effect of high temperature and increasing the allowable time
for transportation, mixing and pumping and thereby avoiding the setting of the geopolymer
during the circulation job (Wedding et al., 1981). There are two ways to measure the pumping
time and the hardening, direct and indirect. The hardening development is computed directly
by measuring the compressive strength, while a penetration needle, such as, a Vicat machine is
used to measure the mechanical rigidity that defines the thickening time of the paste. Indirectly,
both pumping and hardening are estimated by measuring the heat evolution or via the
measurements of the excess generated temperature from the chemical reaction between the
geopolymer binder and water. The lagging in the hydration process leads to either produce the
heat at a late stage of the reaction, which results in prolonging the setting time or produce the
heat at a slow rate and thus delaying of the hardening (EFCA). Figure 4-1 shows the difference
in the rate of heat evolution, which produced due to the use of the pumping and hardening
retarders. It is proven that the heat evolution produced from the setting retarder is more than of

the hardening one.
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Figure 4-1 The Setting and Hardening Effect on The Heat Evolution

There are two main kinds of the retarding admixture, organic and inorganic-based
chemicals as it is presented by Table 4-1 (Gunter, 2016).

Table 4-1The Types of Retarding Admixture

Organic chemicals Inorganic chemicals
Unprocessed Na, Ca or NH4 salts of

) ) Phosphates
Lignosulphonates acids
Hydroxycarboxylic acid and their salt Borates & fluorates
Phosphonates Salts of Cu, As, Mg and Sb
Carbohydrates like Sugars K2HPO4 & KH2PO4 ¢ Al2O3

Oxides of Zn and Pb phosphates

4.3.1 Lignosulphonates

The admixture of retarders mainly depends on materials having lignosulfonate acids and
their salts. Lignosulfonate is the deposit of chemical paste grinders, and it forms around 90%
of the liquid waste-producing from the industry of pulp mills. Some studies have been carried
on industrial lignin. It showed that there are approximately 50 million tons of lignosulfonate
and alkali lignin delivered every year, and just 10% of them are used (Dawy et al., 1998). There
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are two groups of lignosulphonates, hydrophobic one, which contains a carbon chain, and the
second group is hydrophilic, which contains sulphonic, alcoholic hydroxyl, and phenylic
hydroxyl (Telysheva et al., 2001).

One study has been performed on three types of lignosulphonate, lignosulfonate, sodium
lignosulfonate, and calcium lignosulfonate to show the effect of using retarders-based
lignosulphonate on the properties of the geopolymer. The experiment showed that the viscosity
of geopolymer paste decreases and thus, the fluidity increases by raising the dosage of the used
lignosulfonate. The normal one showed less viscosity among the others.

The effect of lignosulphonates on the setting time of the geopolymer has been analyzed
by comparing the use of different types of lignosulfonates with the geopolymer paste without
any retarder. The experiment revealed that the thickening time is prolonged by utilizing
lignosulphonates as a retarder, and it is extended more and more by increasing its dose. The
normal lignosulphonate has the highest effect, followed by sodium-based lignosulphonates. On
the other hand, the calcium-based lignosulphonate has the highest impact on the compressive
strength. The research performed that the compressive strength of the paste is improved by

growing the curing time and the dosage of the lignosulfonates-based retarder.
4.3.2 Sugars

Saccharides consist mainly of carbohydrates with groups of hydroxyls. Sugars are
classified into two groups: reducing and non-reducing. The reducing sugars produce some
ketone or aldehyde in the basic solutions and thus has a moderate effect, while the non-reducing
is either very efficient or inefficient retarders, based on the chemical structure of them. Table

4-2 displays examples of non-reducing and reducing retarders (Harr, 1991; Hewlett, 1998)

Table 4-2 Reducing and Non-reducing Sugar

Reducing Sugar Non-Reducing Sugar

Glucose Sucrose (Glucose-Fructose)

Fructose Trehalose (Two Components of Glucose)
Lactose (Milk Sugar) Raffinose

Maltose (Malt Sugar)

Sucrose is known as an extremely effective retarder, but its dose restricts its usage.

Figure 4-2 expressions the chemical structure of sucrose, where glucose and fructose are
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combined together to form sucrose. Raffinose is a very efficient retarder, while Trehalose is an
inefficient one (Collepardi, 1996).

CH,OH
CHOH O CHOH

H H H

H

OH H . H HO foH =
OH OH 0

H OH OH H
Glucose C4H;,04 Fructose CsH;,05 Sucrose C;,H»,04;
Monosaccharide Monosaccharide Disaccharide
Reducing Reducing Non-reducing
Moderate retarder Moderate retarder Very efficient retarder

Figure 4-2 The Chemical Structure of Sucrose c(Collepardi, 1996)

It is investigated that using sucrose will lengthen the setting time and improve the
mechanical strength of the paste. In different curing conditions, adding 1% of sucrose to a
mixture of fly ash-based geopolymer enhances the strength of the paste and increases the setting
time of it (Shaikh & Vimonsatit, 2014). Some studies are carried on the mechanism of sucrose
reaction with a fly ash-based geopolymer and concluded that the chemical bond (HO-C-C=0)
is converted from sucrose into acid complexes. The particles of binder can adsorb the acid
complexes, and sucrose forms insoluble metal-organic complexes by combination with Ca, Al,
and Fe in the mixture. The insoluble metal can cover the surface of the paste, which results in
slowing down the geopolymerization process and thus prolonging the setting time (BRUERE,
1966; Ramachandran & Feldman, 1996)

4.3.3 Hydroxycarboxylic Acids and Salts

They are a chemical group of several members, which are manufactured in large
volumes. Hydroxy acids are polycarboxylic acids, which contain at least two groups of
carboxylic, such as, citric acid, glycolic acid, oxalic acid, and tartaric acid (Mizuno & Shioiri,
2010). It is investigated that the chemical properties of hydroxycarboxylic are linked to those

of sugar, and thus some of them have the same retarding mechanism of sugar (Collepardi, 1996;
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Ramachandran, 1996). A study has been carried out on the reaction of hydroxycarboxylic acids
with the paste. It revealed that a complex of salicylic acids with Al results in delaying the
hydration of the paste and thus prolong the setting (DIAMOND, 1972).

4.3.4 Inorganic retarders

Most inorganic retarders work on coating the binder particles by producing an insoluble
hydroxide in the solution, which results in delay in the hydration process. It is studied that some
of them can delay the setting time by producing a complex with the geopolymeric slurry, such
as oxides of Zn and others like Pb delay the process by precipitation (Alshamsi et al., 1997;
Banfill, 1998; Thomas et al., 1981).

4.3.4.1 Phosphates

Sodium phosphate is utilized in some experiments to retard the setting time of alkaline
activated material. It is concluded from the XRD experiment that sodium phosphate forms a
new phase at the early stage of reaction with AARS, which results in creating a membrane cover
on the surface of AARS. The new phase can retard the setting time of the geopolymeric slurry
reduce the heat evolution (Gong & Yang, 2000).

4.3.4.2 Potassium Dihydrogen Phosphate

KH2PO; is the molecular formula of monopotassium phosphate. It consists of inorganic
phosphate and potassium salt.

4.3.4.3 Sodium Dihydrogen Phosphate Dihydrate (NaH2P0O4.2H20)

Sodium phosphate admixture is a water-soluble white crystalline solid (Collepardi,
1996). It is investigated that sodium phosphate lengthens the dormant period, which results in
slowing down the rate of hydration and increasing the setting time (Monteiro et al., 1985).
Another study has been conducted on different kinds of sodium phosphates. It is found that
sodium phosphate has more effect on lengthening the setting time of the geopolymeric slurry
more than sodium hexametaphosphate (Ramachandran & Lowery, 1992).

4.3.4.4 Phosphonates

A large number of researchers proved that slats and acids of phosphonates are an
efficient retarder for inorganic polymer materials as they form complexes with cation during
the mixing with alkali solution (Collepardi, 1996).

4.3.4.5 Borax (Na2B40O7.10H20)

It is known as sodium borate and is a salt of boric acid. A large number of studies has

been conducted on utilizing the borax with a fly ash-based geopolymer. It revealed that the
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addition of borax could lengthen the setting time and gradually improve the compressive
strength of the geopolymer mortar (Antoni et al., 2016). Another study has applied on class F
fly ash-based geopolymer with using anhydrous borax. It is concluded that the retarding effect
of borax depends on its dose, curing temperature and intensity of alkali solution. The effect of
borax can work up to 75 °C with and hinders at 90 °C. It is investigated that the retarding effect
of borax comes from producing BO4, which works on inhibiting the polymerization process and
thus increasing the setting time (Liu et al., 2017).

4.3.4.6 Barium chloride dehydrate (BaCl2.2H20)

It is a hydrate barium salt and inorganic chloride. Based on several experiments, there
is an optimum value of barium chloride dehydrate to causes increasing the workability and the
setting time of the geopolymer mortar, over this dose can result in segregation. It is important
to mention that barium chloride dehydrate has no effect on the strength of the geopolymeric

slurry (Prinsse et al., 2019).

43



5. Methodology

In this chapter, the materials used, and their dosage are labelled. In particular, the
procedures of the mixtures, the equipment and devices used during the experiments. It also
includes the tests and their devices, which are utilized to analyze the mechanical properties of
the samples. The analytic method, which is applied to define the value of these mechanical

properties, are described.
5.1 Materials

It is confidential as it is provided by Stavanger University and various companies that
showed interest in this project. Two main components are the base of the geopolymer, solid-
phase (known as geopolymeric precursors) and liquid phase (known as hardener). The solid
phase comes from source materials which should be abundant in silicon and aluminum. In this
thesis, a special rock was used to produce rock-based geopolymers. The chemical composition
of the rock was normalized by introducing reactive aluminosilicate materials to produce the
geopolymeric precursors. The hardener (alkaline liquid), which is responsible for the
polymerization is mainly silicate solutions. Potassium silicates, potassium hydroxide and
ionized water, generate the hardener required to activate aluminosilicates.

The recipe of the precursor and the hardener, which are used for preparing the first
sample (BS1) are exposed in Table 5-1, while Table 5-2 shows the chemistry of the precursor
of BS1. It is regarded as the base reference sample that is used to highlight the effect of the
retarders on the pumping time of the sample. This recipe is the same for the first five samples
(S1, S2, S3, S4, and S5). The total slurry mix design for the five samples is illustrated below in
Table 5-3, where it shows the retarders which are used for each one of specimens. The same
recipe of BS1 is used over the five samples besides the chemical, which are used for each
sample to see its effect compared to the BS1 (without any additives).

Table 5-1 The Compositions of The Base Reference Sample (BS1)

The modular ratio of hardener
Elements Precursors Hardeners )

(Si02/K20)
BS1 700 g 368 g 2.35
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Table 5-2 The Chemistry of Precursor for BS1

Compositions Precursors of BS1
SiO2 62.7142857
Al2O3 10.2617143
Fe203 0.5857143
Ca0 13.736
MgO 7.3657143
Na20 1.8131429
K20 1.6565714
TiO2 1.0491429
MnO 0.0102857
Sro 0.0102857
BaO 0.0051429
s* 0.5571429
LOI 0.2348571

Table 5-3 The Chemicals and the Weight of Different Retendering Admixtures

Specimens S1 S2 S3 S4 S5
Retarding ) ) ] ] ]

) Chemical R | Chemical A | Chemical K | Chemical K | Chemical H
admixture
Weight gram | 5.5 35 35 7 35

Another recipe is used as a base with different weights of precursors and hardeners.
Table 5-4 and Table 5-5 illustrate the recipe of the second base sample (BS2) that is used as a
reference for evaluating the effect of various retarding admixtures on the geopolymer slurry.
Some retarding admixtures are used with the same recipe of the second reference sample and
tested to see its effect on the reference trend of BS2. Table 5-6 shows the chemicals and the

weights of the used retendering admixtures, which are used with BS2.

Table 5-4 The Recipe of The Second Base Sample (BS2)

The modular ratio of
hardener (SiO2/K>0)

Precursors Hardener
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7009

395¢

2.56

Table 5-5 The Chemistry of The Precursor of BS2

Compositions Precursors of BS2
SiO2 61.1357143
Al203 10.5028571
Fe203 0.5792857
Ca0 14.6028571
MgO 7.8428571
Na2O 1.7928571
K20 1.5978571
TiOz 1.1171429
MnO 0.01
Sro 0.01
BaO 0.005
s* 0.5942857
LOI 0.2092857
Table 5-6 The Type and Weight of The Retarding Admixture
Samples Chemical H Chemical S Chemical L Chemical N
S6 350 0 0 0
S7 359 309 0 0
S8 5.25g 30g 0 0
S9 5.25¢ 0 0 0
S10 0 0 350 0
S11 0 0 0 35¢g

Some tests are performed to see the effect of modular ratio on the pumping time of the

geopolymeric slurry. Different weights of hardeners are used to evaluate the relationship

between the modular ratio and the pumping time of the geopolymer mortar. Table 5-7 displays

some samples with different modular ratios, which are used during this study.
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Table 5-7 The Recipe of A number of Samples with Different Modular Ratio

Samples Precursors Hardener The modula-r ratio of
hardener (SiO2/K20)

512 700 g 420 g 2133

S13 700 g 398 ¢ 2.4

S14 700 g 407 g 2.42

S15 700 g 3919 265

516 700 g 3759 4.14

S7 700 g 39549 2.56

Other experiments are applied to find out the effect of mixing design. Some of the
retarder admixtures are mixed directly with the hardener; others are mixed first with one
element of the hardener before adding them to the remaining components of the hardener.

BS1* has the same recipe of BS1 but with different mixing design, where a component
of solid phase is mixed first with the hardener before adding the other ingredients of precursor
to the mixture. S5* with the same recipe of S5, but the retarder is mixed first with one
component of the liquid phase and then added to the left-over components of the hardener.
There is another test that is performed to investigate the effect of chemical W and chemical O
on the pumping time of the geopolymer paste. S11* has the same recipe of S11 except that it
uses chemical W instead of chemical O in the recipe of the hardener. Table 5-8 illuminates the
recipes of both S11 and S11*.

Table 5-8 The Recipe of Specimen S11*

The modular
ratio of
Composition | Precursors Hardener Chemical W | Chemical O
hardener
(Si02/K20)
S11 700 g 395 ¢ 2.56 - 409
S11* 700 ¢ 395¢g 2.56 40 ¢ -
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5.2 Equipment

There are a large number of tools that are used during the preparation of the geopolymer.

Each of them has its function and procedures to use in a good way.
5.2.1 Mettler Toledo Scale

It is used to measure the weight of the component of the mixture. Its accuracy is about
+/-0.01 g. Figure 5-1 shows the scale, which is used during the project.

Figure 5-1 Mettler Toledo Scale

5.2.2 OFITE Model Commercial Blender

It is used to prepare the liquid phase and mix it with the solid phase to prepare the slurry
according to API procedures. The constant speed blender has a high rotating speed, which
results in a high-level of mixing energy. However, the high energy of mixing and sharp blades
could lead to damage to the polymer chain. According to the study, which performed to
investigate the effect of mixing on the polymer chains, the polymers should be mixed in two
stages. The sample is mixed with high energy in the first stage to avoid the formation of
fisheyes, which is developed due to a lack of appropriate wetting—following by mixing at a
low speed, which works on protecting the polymer chains from destruction (Aghamir-Baha,
n.d.). Figure 5-2 displays the components and the control panel of the mixing.
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Figure 5-2 OFITE Model Commercial Blender

5.2.3 Hamilton Beach Mud Mixer

It is used as a non-API mixer. It does not have sharp blades and has quite less speed
than the previous one. It is utilized for mixing the alkali solution and additive before adding the
solid phase. Figure 5-3 illustrations the non-APIl mixer, which is used to prepare the liquid

phase during the project. Figure 5-4 displays the difference between the blades of APl mixer
and non-API mixer.
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Figure 5-3 Hamilton Beach Mud Mixer

Figure 5-4 The Shape of The Mixer and Commercial Blender Respectively from Left to Right
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5.2.4 Molds

It is a cylindrical plastic shape used to keep the specimens for curing. It prevents
moisture absorption, and it is easy to get out of the samples. Figure 5-5 shows the shape and

dimensions of the plastic mold.

Figure 5-5 Plastic Mold

5.2.5 Atmospheric Consistometer

It works according to API Spec 10A/10B2 standards. There are two main functions of
this apparatus. Conditioning of the slurry is the first one, which prepares the paste for some
measurements, such as, viscosity, rheological properties, and compressive strength using UCA
and UCS. The second task is to measure the consistency, which refers to pumpability and thus
setting time. LabVIEW2018 is a software, which is installed on a computer and connected to
this consistometer. The thickening time is estimated through this software. Figure 5-6 illustrates

the components of ATM-consistometer.
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Figure 5-6 Atmospheric Consistometer

5.2.6 Cutting Machine

It is a device, which is used to prepare the demolded samples for the UCS test (crushing
test). It is performed to flatten the sample from both sides and thus assuring that a force is
distributed along the surface area of the sample during the crushing test. Figure 5-7 shows the

cutting machine, which is used to prepare the geopolymer sample for mechanical test.

Figure 5-7 Cutting Machine with Diamond Blades
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5.2.7 Hydraulic Press Machine

A Toni Technik-H device with a loading rate of 72 KN/min and a TestXpert v 7.11
software is manipulated to execute the uniaxial compressive strength (UCS) test. Throughout
the test, the reported data is used to measure the mechanical properties such as compressive
strength and Young's sample modulus. A Zwick/Z020 mechanical testing machine with a

loading rate of 50 KN/min and a TestXpert v3.2 software is used to measure the tensile strength.
5.2.8 UCA

An ultrasonic cement analyzer (UCA) as it is shown in Figure 5-8 is a non-destructive
test and is applied to estimate the compressive strength through measuring the velocity of an
ultrasonic signal under pressure and temperature conditions. The sonic strength is correlated to
the transit time. An empirical relationship between the compressive strength and the transit time
is used, and then the collected data is sent to a computer to highlight the results (Khalifeh et
al., 2014). This method has pros and cons. Its benefits are non-destructive, realistic (simulate a
downhole condition), and accurate. Establishing the desired temperature and pressure of
downhole condition through an internal oven is integrated with UCA, and A compressor is
connected with it. Its drawback is that the tri-axial loading and the shear strength are not

considered in this test.

Figure 5-8 Ultrasonic Cement Analyzer
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5.3 Mixing Procedures

There are many different ways to mix the solid and liquid phases. In this project, the

following steps are applied to prepare the geopolymer paste:

1.

2
3
4.
5
6

Preparing each element of the slurry according to its dosage
Mixing the components of solid-phase at dry conditions
Mixing elements of the hardener for a few seconds by using the mud mixer

Pouring the liquid in the mixer cup of the commercial blender

. Adding the additives to liquid and mixing them at 4000 RPM for 15 seconds
. Turning the commercial blender on an automatic position. So, it works for 50 sec,

15 sec at low speed 4000 RPM and 35 sec at high speed 12000 RPM according to
APl RP 10B-2 standards.

Adding the solid to the liquid during 15 secs and then the mixing process is
continued for the remaining 35 seconds (Petroleum and natural gas industries. Cement

and materials for well cementing, n.d.).

It is proven by the different experiment that premixing the liquid together before adding

the solid results in improving the workability of the mixture and enhancing the sample strength
(Nuruddin et al., 2011; Rangan, n.d.).

5.4 Conditioning of the slurry

It is a simulation for the conditions which the paste will challenge when applied in field

applications. The OFITE model 60 atm consistometer is used to create a simulation that the

geopolymer will encounter during pumping inside the wellbore and taking its place around the

casing. It is designed for low-temperature applications and provides a proper homogenous

mixture, which has benefits for the conditioning process. According to API Spec 10A/10B2

standards, the techniques of the conditioning are:

1.

4.

Putting a paddle into the container, where it contains a hole at its bottom. This hole
is used to secure the paddle at the center.

Pouring the slurry into the container up to a marker inside the container (the highest
allowable point into the container)

A lid is put on the container where the top point of the paddle goes into the torque
shaft of the lid. It is secured by rotating the lid until its locking pin is inserted into
the pin slot of the container.

Putting the container inside a bath (it is made of stainless steel) and locking in place
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by using pins and slots. The mineral oil transfers the heat to the slurry container
when the temperature is heated up and holds the set temperature.

5. Switching on the main, motor and temperature buttons.

6. Further, setting the temperature on 25 °C and then the software will start recording.
The process of recording is performed by using sensors. The lid contains a cord
sensor pin on its side, which is connected to a torque sensor. The torque sensor is
linked to the software through cables and cord.

7. Once the consistometer is turned on, the slurry cup rotates at a constant speed of 150
RPM.

8. Every 5 mins, ramping up the temperature 5 degrees until reaching the desired
temperature.

9. The slurry cup is removed after reaching the determined time of the conditioning,
and the slurry is poured into the plastic mold. A small amount of the deionized water
is poured on top of the slurry to prevent dehydration of the sample during curing.

10. The molds are left at room’s temperature or inside an oven. It depends on the curing

condition (Pressure, Temperature and Time).
5.5 Mechanical Characteristics

It is essential to simulate the forces, which will affect the geopolymer in well
cementation process to assure that the prepared sample can be used at these conditions. The
geopolymer should be able to support the casing and tolerate the forces, which is generated
during the drilling operations. It should provide acceptable resistance against the formation

forces and during stimulation jobs.
5.5.1 Demolding and Cutting

After the end of the condition period, samples are demolded and soaked into a container
of hot or just warm water (depend on the curing temperature) to avoid cracking due to thermal
shock. Further, the samples are cut by a machine by using a diamond blade cutter to achieve
flat surfaces and obtain a distributed load, which leads to getting accurate results, however,
according to research, the height of the specimen should be 2-3 larger than its diameter during
the measurement of the compressive strength (Lavrov & Torseter, 2016). On the other hand,

the prepared sample is cut into two pieces since the required ratio of height to diameter is 0.2-
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0.75, according to ASTM D3967-16. Keeping the samples inside the water before and after
cutting to avoid the drying, which could result in cracking.

5.5.2 Mechanical Testing

There are two different ways to estimate the mechanical properties of the slurry,

destructive test, and non-destructive one. Each of them has its benefits and shortcomings.
5.5.2.1 UCA

The ultrasonic cement analyzer provides the most accurate value of the compressive
strength, where it supplies an elevated pressure and temperature (downhole conditions). This
test analyzes the instant improvement of the sample strength during the time without the need
to cut the samples. The process starts by putting the conditioned samples inside the analyzer at
the required condition. The cylinder cell which carries the sample has connected with a sender
and a receiver where the sender is located on the top of the cell while the receiver is at the
bottom. An ultrasonic sound wave is generated from the sender, going through the sample, and
finally is received at the receiver. A correlation is used to transfer the transit time of the wave

to a compressive strength of the sample.
5.5.2.2 UCS

The uniaxial compression strength measures the mechanical properties of the paste by
applying force axially until failure, so it is a destructive test. After preparing the sample for the
test, the sample is dried before running the test. Its length and diameter at both ends are
measured because the mold does not have a constant diameter along its length. The average
diameter is used for the calculation. Further, the sample is placed at the center of the device
(spreading the force all through the sample) and a force with a steady rate of 72 kN/m is applied
until the sample is crushed. The result data (compressive load, test time and axial deformation)
is used to calculate Young’s modulus and the UCS. Figure 5-10 shows the sample is loaded in
the machine, which is used to measure the compressive strength and Figure 5-11 illustrates the

crushed sample after the test.
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Figure 5-9 The Compressive Strength Machine

Figure 5-10 The Crushed Sample from uniaxial compressive strength test
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5.5.2.3 Brazilian Test

It is an indirect method used to measure tensile strength. It has the same procedures as
UCS except that the constant rate of the applied force is 50 kN/min, and the sample is situated
inside an arched jaw instead of the flat platen of the machinery. The curved jaw helps to decline
the contact stresses on the samples, as stated in ASTM 2016. Figure 5-11 displays the tensile
strength machine and the sample is loaded inside the curved jaw while Figure 5-12 shows the

sample after crushing.

Figure 5-11 The Tensile Strength Machine

Figure 5-12 The crushed Sample from Indirect Tensile strength test
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5.6 Pumping Time

It defines the workability of the geopolymer through estimating how long the slurry is
pumpable during field operations (Saeed Salehi et al., 2019). The software LabVIEW2018 is
installed on the computer and linked to the consistometer through the cord and cables. When
the consistometer is turned on, the container is rotated, and the data is recorded. Following the
same steps of the conditioning until step No (8) to measure the consistency. The rotation of the
slurry container is continued until the consistency of the sample reaches 100 BC, which refers
to the final set of the sample according to API 10B-2 standard. There are two important values
during the record, the initial set which takes place at 40 BC, and the final set at 100BC. Both of
them define the quality and the workability of the geopolymer paste (Petroleum and natural
gas industries. Cement and materials for well cementing, n.d.). Figure 5-13 highlights the trend
of the geopolymer paste during the conditioning period until it is set. There are three zones; the
first one, the consistency of the sample continues decreasing as the temperature increases. The
second zone starts almost when the temperature reaches the defined value (65 °C) and stabilize
at this value. This behavior lasts for a short time, and then the last action will take place as the

sample will be gelled. The last zone will continue until the geopolymer paste is set (100 BC).
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Figure 5-13 The Behavior of The geopolymer Paste during The Conditioning
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6. Results and Discussions

6.1 Atmospheric Consistency Experiments

Several researches have been performed to find the retarding admixture, which could

prolong the pumping time of the geopolymeric slurry. Some studies started using retarders,

which showed good results with cement. In this thesis, a large number of chemicals are tested

with different percentages and mixing designs. All experiments during this study have been

applied using an atm consistometer. The temperature during the test is ramped up from ambient

25 °C to 65 °C (increase the temperature 5 degrees every 5 mins). All results are recorded and

the data of consistometer with the time are plotted to show the pumpability of the geopolymer

slurry.

The first test was run using the recipe of the base sample to study how long the sample

could be pumped and then some retarding admixtures were added to the reference recipe to

figure out their effects on the pumpability of the slurry. Figure 6-1 shows the pumping time of

the reference recipe without and with different retarders.
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Figure 6-1 The Effect of Different Retarders on The Pumping Time

Table 6-1 The Initial and Final Setting Time of The Samples

Samples/ time mins

The initial setting at 40 BC

The final setting at 100 BC

BS1

85.2

93.7
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S1 75 83.4
S2 76.4 87.3
S3 76.5 88.6
S4 78.2 94.2
S5 79.4 96.8

As shown in Figure 6-1 and Table 6-1, the base sample BS1 has a setting time longer
than other samples. It revealed that those chemicals worked as an accelerator for geopolymer
slurry. It is investigated that using different percentages of chemical K did not have any effect
on the pumpability of the paste (S3, S4). Another test was conducted to investigate the effect
of mixing design on the reaction of the hardener and precursor with the retarding admixture. In
the sample S5, the components of hardener were combined first, and then the chemical was
added to the mixture and mixed for 10 seconds before adding the precursor. On the other sample
S5*, the chemical was added to the chemical W first, and then the mixture was added further
to the remaining components of the hardener. Further, the precursor was added. Figure 6-2
shows the effect of adding the retarding admixture chemical H to the chemical W. It is
investigated that S5* has longer setting time than S5 for both initial and final setting by 25

mins.
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Figure 6-2 The effect of mix design on the setting time

Another test is performed using BS2, and the result was compared to the one from BS1.
Figure 6-3 shows the effect of different recipes on the setting time of the geopolymer slurry. It

is revealed that BS2 can be pumped for a longer time than BS1. Since BS2 shows a reasonable
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pumping time, some retarding admixtures were used with it to prolong its setting time. All of
them did not show any effect apart from chemical H. Figure 6-4 shows the behaviors of the

retarding admixtures and its effect on the thickening time of the slurry.
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Figure 6-3 The impact of different recipes of the precursor
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Figure 6-4 The Impact of Various Retarding Admixtures on The Thickening time

As it is demonstrated in Figure 6-4, the used retarding admixtures prolonged the initial
and final setting time of the paste. S8 showed the best effect among the others, where chemical
S and H were used as a retarding admixture. The trends of S6 and S9 reveal that the increase in

the percentage of the retarder did not have any effect on the setting time. The same result was
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revealed from the trends of S7 and S8. Other types of admixtures were used with the BS2, and
their results are shown in Figure 6-5. It is revealed that the admixtures, which were used in S10

and S11 act as accelerators for the geopolymer slurry.
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Figure 6-5 The Result of Others Retarding Admixtures

Other experiments were carried on using different modular ratios and study their
behavior towards the pumping time of the geopolymer mortar. Figure 6-6 shows the results of
the effect of different modular ratios on the setting time of the slurry. It is revealed that there is
an optimum value of this ratio, which results in increasing the setting time of the slurry. Going
beyond this value will lead to a decrease in the pumping time of the paste. As shown in Figure
6-6, S15 has the optimum value of the modular ratio. Increase or decrease in this ratio results

in reducing the setting time as it is revealed through the behavior of S12 and S16.
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Figure 6-6 The Consequence of Using Different Modular Ratio on The Consistency

The consequence of using chemical W instead of chemical O has been studied through
S11 and S11*. Both of them have the same recipe except S11* used chemical W instead of O.
Figure 6-7 illustrates the comparison between S11 and S11*, where there is a bit difference
between them.
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Figure 6-7 The Effect of Using chemical W instead of chemical O
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6.2 Mechanical Test Results

First, the samples were cured under a temperature of 70 ¢ for 7 days by putting the

samples inside an autoclave, but the process did not go well. Several gas bubbles have been
generated due to the existence of micro silica in the system whereas the reaction with
metasilicate produces O2, H2 and H202.The bubbles started to immensely expand and flow
over the molds as there is no external pressure on it. In fact, the formation of gas bubbles (i.e.
02 and H2, H202) cause expansion effect and compensate any possible shrinkage. Figure 6-8
and Figure 6-9 show the geopolymer sample containing gas bubbles and cracks along its body,
and the cover of the mold was destroyed due to the gas pressure.
Therefore, the samples are put inside the cell and then inside the autoclave. The container of
the samples is connected to a pump to provide a constant pressure while the oven provides the
temperature; we need for conditioning the samples. The curing temperature and pressure during
this project were 90°C and 2500 psi, respectively. After 7 curing days, the samples were
prepared for mechanical testing by flattening its bottom and top surfaces.

During the compression and tensile test, we selected four samples whose highest
pumping time to evaluate the effect of different retarder admixtures on the uniaxial compressive
strength and tensile strength. In addition, measuring the rheology properties and density of

them.
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Figure 6-8 The Result of curing condition (under Atm Pressure)

Figure 6-9 The Consequences of Gas Bubbles on Curing
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Figure 6-10 and Figure 6-11 show the results of compressive strength and tensile
strength correspondingly. Several points have been concluded from Figure 6-10; S7 has a higher
compressive strength than BS2 due to using chemical H. However, the increase in the amount
of chemical H in the recipe will reduce the compression strength of the sample. S7 and S8 have
the same modular ratio, but S8 has a double weight of chemical H than S7. The excess quantity
of chemical H reduced the amount of compression strength even lower than the one without
any retarding admixture (BS2). S7, S14 and S15 reveal the impact of modular ratio on the
compressive strength. There is an optimum value of the modular ratio, which leads to an
increase in the compressive strength. Up or down this value will result in a decrease in the
strength of the sample.

The results of the tensile strength confirmed the concepts from the uniaxial compressive
strength. S7 has the highest value among S8, S14 and S15. However, it is concluded from both
figures that the modular ratio has a significant influence on the tensile strength than compressive
strength, while the weight of retarder has a greater impact on the compressive strength.

Young’s modulus cannot be calculated due to the drawbacks of the used machine. There

are a lot of uncertainties that did not allow to estimate its value.
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Figure 6-10 Uniaxial compressive strength results after 7 days of curing at 90°C and 2500 psi.
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Figure 6-11 Tensile strength results from Brazilian test after 7 days of curing at 90°C and 2500 psi.

6.3 Uniaxial Cement Analyzer (UCA) Results

It is necessary to mention that the UCA system will not present an accurate data for
geopolymer since the predefined algorithm is designed to estimate the sonic strength from the
transit time for OPC (Khalifeh, Saasen, et al., 2019). So, a created algorithm is used to calculate
approximately the value of the sonic strength of geopolymer from the transit time. Many
samples of the same recipe should be cured for different days (1, 3, 5, and 7) and then crushed
and tested for compression strength. Combining the data of both the compressive strength and
the transit time will produce a good algorithm to estimate the sonic strength. However, it is
important to cure the sample for a long period, for instance, 14, 28 and 56 days. Testing the
sample for both UCA and UCS based on long term experiments might generate a more accurate
algorithm and then a precise value of the sonic strength. Figure 6-12 shows the sonic strength
of the four samples by using a generated algorithm (Y= -136.98X2+6103.7X-66100). It is
demonstrated from Figure 6-12 that all samples have stabilized at almost the same value.
However, they have started to build their strength at a different time. S14 started early after one
day to develop its strength while S7 needed two days to begin its strength development. The
other two samples delayed developing their strength. The strength of all samples, which are
used retarders, has increased gradually while the slope of the base sample without any additives

increased sharply. However, they levelled at the same value after 7 curing days.
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Figure 6-12 The Compressive Strength Results from UCA by Using A generated Algorithm.
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Figure 6-13 The Result of Compressive Strength from UCS after 7 days of curing at 90°C and 2500 psi.

Figure 6-12 and Figure 6-13 revealed that the values of compressive strength are unlike.
Many samples should be cured using UCA for various days (1, 3, 5, 7, 14, 28 days) to get more
accurate data of compressive strength.

6.3 Rheology results

Figure 6-14 and Figure 6-15 the results of rheology test of the geopolymer samples. It
is clear that S7 and S8 have the same value of shear stress and higher than the others. So,
chemical H increases the shear stress of the samples, but the increase in the weights of retarders

does not increase the shear stress. Also, it is demonstrated from Figure 6-14 that the modular
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ratio has a considerable effect on this value since S7, S15 and BS2 have a different value of the
modular ratio. Furthermore, the rheology behavior of all samples demonstrates a non-
Newtonian fluid. In addition, it is concluded from Figure 6-15 that the viscosity of all decreases

as the shear rate increase, which points out to shear-thinning fluid.
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Figure 6-14The Results of The Rheology properties of Geopolymer by Herschel-Buckley model
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Figure 6-15 The Results of The Apparent Viscosity of Different Geopolymer Samples
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7. Conclusion

Several studies and experiments demonstrated the potential of geopolymer to be a good
alternative material to OPC for oil well cementing (primary cementing and P&A). It has many
advantages on OPC, but it shows some shortcomings, which should be solved. One of these
drawbacks is to reach certain pumping time and then setting time at elevated pressure and
temperature. This project aimed to investigate numbers of retarders to figure out the appropriate
one that could prolong the pumping time of the geopolymer without affecting adversely on the
mechanical strength of the geopolymer.

The consistency result shows that chemicals, which are considered as cement retarder,
work as an accelerator with the geopolymer. Chemicals (N, L and R) are applied to retard the
pumping time of OPC. On the contrary, using these admixtures with geopolymer reduce the
pumpability of the geopolymeric slurry.

Using only one kind of retarding admixture can increase the pumping time of the
sampling while utilizing two different types of retarding together has the ability to prolong
much more the pumpability. Chemical H and S together retard the setting time of the
geopolymeric slurry more than using only one of them in the recipe.

Each retarding admixture has an optimum value to work as a retarder, using less or more
than this value will lead to a reduction in its capability to retard the thickening time of the paste
and could work adversely as an accelerator.

There are many parameters, which should be considered besides the retarding
admixtures to prolong the pumping time of the geopolymer. The modular ratio plays a vital role
in increasing the pumpability, and it has an optimal value, which could change according to the
type and weight of the employed precursors. In addition, the composition of the solid phase has
a significant influence on retarding the setting time.

Mixing the chemical, which is used as a retarder with one element of the hardener
(chemical O or chemical W) first until it is completely dissolved and then add them to the
hardener (the remaining components) has a significant effect than mixing all together at the
same time. The retarding admixture finds the opportunity and the time to form chemical bonds
in the first case, which promote its effect to delay the setting time of the paste.

This project is an extension for all previous studies, which showed good compressive
strength results for geopolymer. The base geopolymer sample (without any additives) has a
good compressive strength which satisfies the oil well cement requirements. Both of the amount

of the retarding admixture and the modular ratio have a substantial effect on the mechanical
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strength of the geopolymer. Using the optimal value of the admixture and modular ratio results
in an increase in the value of compressive and tensile strength. Contrary, using less or more
than the optimum value of both leads to a decrease in mechanical strength.

Geopolymer samples without and with additives showed a behavior of the non-
Newtonian fluid, its viscosity decreases with the increase in the shear rate (shear thinning-fluid),
and its density is within range of 1.9-1.95 g/cc at ambient temperature and pressure.
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