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PREFACE

Primary cementing operation is the process of pumping and placing a
cementitious slurry in a well. After setting, the so-called barrier material
has to provide zonal isolation in the annular gap behind casing string.
After a hundred years of using hydraulic Portland cement as prime
material for cementing operation, although the chemistry of the material
is well-developed, still shortcomings are reported in short- and long-term
properties. Safe and cost-efficient operations have been the motivation
for improving the performance of barrier material. Additionally, annual
increase of the carbon tax is a driving force for switching to green
alternatives to Portland cement.

The present study includes scientific examination of candidate barrier
materials for cementing operation. These materials are an industrial class
of expansive cement, a non-cement-based pozzolanic material, an
inorganic polymer known as geopolymer, and organic thermosetting
resin. The materials were assessed aiming to evaluate their performance
at equal conditions.

The thesis is divided into two main sections comprising a core that
describe the research project and appended papers discussing scientific
achievements. The outcome of this study includes strengths and
weaknesses of each material, which are published in seven scientific
papers: three journals, two peer-reviewed conferences, and two SPE
conferences. The papers are included as Appendix and labeled using
Roman numerals. In the present review, same numerals are used when
referring to the papers.

Paper | includes fluid-state properties of the candidate barrier material.
Density, viscosity profile, static fluid-loss, and the pumpability of the
materials are tested at bottom-hole circulating temperature.



Paper Il presents short-term mechanical properties of Portland cement-
based systems and highlights the effect of chemical additives on the mix
design. In this study, the mechanical properties of expansive cement and
API neat class G cement are included. The samples were cured from one
day to fourteen days at bottom-hole static temperature and under elevated
pressure.

Paper I1ll includes the mechanical properties of candidate barrier
materials. The short-term mechanical properties were tested up to seven
days.

Paper IV shows mechanical properties of the materials up to one month.
In this paper, uniaxial compressive strength, tensile strength, and
Young’s modulus are measured and possible correlations between these
parameters are investigated. Moreover, sonic strength development rate
of the materials is tested by using ultrasonic cement analyzer.

Paper V includes shear bond and hydraulic sealability of cement-based
systems and geopolymer. Shear bond strength of these materials is
examined at two circumferential surfaces by placing the cementitious
material between a pipe and bar. For both shear bond and hydraulic
sealability, both clean and rusty steel are considered as casing string
representatives.

Paper VI has bond strength and hydraulic sealability of the setting
materials. The interface of materials with steel is studied by scanning
electron microspore. Morphology and mineralogy of materials at their
interface satisfy the behavior of materials in shear bond and hydraulic
sealability tests.

Paper VII includes mechanical properties of the materials up to nine
months of curing at bottom-hole static temperature and elevated
pressure. Additionally, morphology and mineralogy of the materials are
tested to support the mechanical behavior of materials.
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Introduction

1 Introduction

In oil and gas industry, wells are the vital veins delivering hydrocarbons
from depths to the surface or injecting fluids to the reservoirs. After
reservoir exploration and economic feasibility studies, the geographical
location of production well is determined by multiple complex studies
over strata. Once the well is designed and the guidelines are set, well
construction is commenced.

Initially, the necessary equipment is mobilized to the location and gets
ready for drilling. Well construction is commenced by drilling an
openhole on the crust or seabed, depending on the location of the well.
In drilling operations, regardless of well purpose, either it is oil and gas,
geothermal or carbon capture, utilization and storage (CCUS),
production or injection optimization depends on appropriate completion
and subsequently, maintaining well integrity of primary cement job.

The first cementing operation was performed in 1905 in Lompoc oil field
located in California, USA aiming to stop downhole water flow over a
sedimentary rock. Followed by placing the cement, the well was shut
down for 28 days allowing the cement to set. However, the primary
cementing behind casing was patented by Erle P. Halliburton and
executed in 1920s to stabilize the borehole in a sandstone formation
above a reservoir (Bearden and Lane, 1961). Initially, the wells were
cemented by common construction cements and a number of additives to
improve performance of the cement in downhole condition. Later,
American Petroleum Institute (API) started to study cement for drilling
operations and established standards to evaluate the performance of
cement and various additives for drilling operations. Nowadays, a
tremendous number of additives are available to improve and control the
performance of Ordinary Portland Cement (OPC) and this trend is still
ongoing to minimize the risk of well integrity failures rooted to OPC.
Moreover, the cement industry produces up to 600 kg CO> per ton of
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cement, accounting for about 7 % of total CO, emission (East, 2018).
Depending on cement type and class, CO> emitted from the calcination
process varies. Using supplementary cementitious materials such as fly
ash is one of strategies to keep emission at lower rates. Hence, it is
expected that the carbon footprint of the drilling application cement is
being even higher than the reported numbers (Fantilli et al., 2019).
Reducing carbon dioxide emissions may require a shift from Portland
cement to environmentally friendly alternatives. Therefore, extensive
scientific activities are in progress to develop new materials for
cementing operations. The new materials have to cover possible
shortcomings of the oil well cement.

1.1  Well integrity

Well integrity is defined as technical and operation task that result in
consolidation of all elements in the well and consequently, minimize the
risk of uncontrolled formation fluid flow during the well’s lifecycle
(NORSOK-D-010, 2013). In this respect, the barrier elements should be
designed or be selected to tolerate chemical, thermal, and mechanical
stresses and environmental conditions that they are exposed to at
downhole condition. The operational conditions include different
parameters such as pressure, temperature, effect of corroding elements,
erosion, and fatigue. The status of well barrier elements shall be
monitored regularly under the mentioned operational conditions.
Therefore, operators are recommended to codify a comprehensive
integrity management system for the wells under operation. The general
requirements and guidelines related to well integrity are introduced by
available standards and recommended practices such as NORSOK D-
010 (NORSOK-D-010, 2013), ISO standard in well integrity
(International Organization for Standardization, 2014), and Guidelines
on Qualification of Materials for the Abandonment of Wells
(Oil&GasUK, 2015).  These documents address establishing and
acceptance criteria of the well barrier elements (WBE).
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During the well’s lifecycle, well integrity issues may happen at different
phases such as well construction, production, testing, intervention, or
post abandonment (Khalifeh and Saasen, 2020a). These issues can be
formation-induced i.e., pressure and temperature variation or corrosion
and erosion due to flow rate or chemistry of the formation fluid flow, or
operations induced. If the well is operated beyond the designed limit,
one or more elements may fail and result in loss of well integrity. Poor
maintenance, improper installation, and failure related to testing are other
operationally related integrity issues that can cause leakage in the system.
The leakage can occur through completion equipment such as different
safety valves (e.g., downhole safety valves, annular safety valve),
packers, along cement, or at the interface of cement with casing string or
formation.

1.2 Primary cementing operation — setting
material as well barrier element

In drilling operations, when the hole reaches a certain depth, a casing
string is placed in the wellbore. The casing functions to provide
stabilized conduit and prevent the wellbore from collapse. Running
casing string in the well is followed by cementing operation, in which
the drilling fluid is displaced by cement slurry. The cement fills annular
gap between the casing and formation or the space between two casing
strings. The slurry is then solidified and seals off the annular space. The
annular cement has different functions including providing zonal
isolation and preventing formation fluid migration between different
strata, protecting casing from corrosion, and mechanically holding the
casing in place. The role of cement is important to protect the surface
aquifer from contamination by hydrocarbons or other fluids and hinder
further environmental issues. According to NORSOK D-010, any zonal
isolation material should have certain properties (NORSOK-D-010,
2013):
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e Long term integrity — The material should perform as it is
designed during its lifecycle.

e Impermeable — It should be capable of preventing formation fluid
flow through its matrix structure.

e Non-shrinking — Any kind of shrinkage (i.e., chemical,
autogenous, and drying) increases the risk of leakage.

e Ductile — The material should develop sufficient strength and
having some degree of flexibility to withstand mechanical loads.

e Corrosion resistant — Being chemically resistant to corrosive
substances ensuring safe operations by preventing degradation.

e Bonding — It is necessary to have an integrated bonding of the
material to casing and formation to prevent micro-path formation
at the interface.

e Compatible to tubular integrity — The material has a duty to
protect casing; therefore, the barrier material and tubular should
be chemically consistent.

Amidst these properties, long-term integrity of the zonal isolation
material is an issue that requires further development. Although the
standards emphasize long-term integrity of barrier materials, there are
still shortcomings in a clear description of testing related to several
operational factors, such as time, temperature, type and concentration of
chemicals, types of loads.

1.3 Possible difficulties with zonal isolation
material

From the well integrity perspective, wellbore as a unified system consists
of several well barrier elements responsible for zonal isolation. The well
barrier elements include steel casing, cement, elastomers, and
surrounding formation. Among these, cement as the key component
seals unintended zones from fluid flow. Failure in cement integrity is
critically important and requires immediate action.
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The cement-casing/formation interface or the matrix of cement are
regarded as potential leak paths. Figure 1.1 shows the schematic of a
well and possible leak path scenarios. Considering cement as one of the
well barrier elements, permeable structure of cement matrix, crack
development, and micro annular channel are the main reasons of loss of
well integrity and zonal isolation. Cracks can be formed due to
mechanical loads existing at downhole and cyclic changes in pressure
and temperature. Insufficient mechanical strength of the cement to
tolerate these loads during operation can cause cracks and debonding
from adjacent medium and consequently, resulting in sustained casing
pressure (SCP). SCP is defined as pressure build-up in the annular gap
due to intrusion of formation fluid.

In Norway, Petroleum Safety Authority (PSA) is responsible for the
safety and emergency awareness in the petroleum industry. PSA
monitors drilling plans from well construction to permanent plug and
abandonment (PP&A). They publish the trends in risk level in petroleum
activity (RNNP) on an annual basis aiming to have a more integrated
picture about the incident risk. The latest report published in 2021
includes the survey of 1292 temporary abandoned wells from 2011 to
2020 (PSA, 2020). It was mentioned that the percentage of healthy wells
with no or major issues in integrity has been reduced from 62 % to about
45 %. The failure can occur in different well barrier elements in the well
such as casing, annular safety valve, tubing, etc. Among these,
shortcoming associate with cement is well known (Kiran et al., 2017).

Several factors can increase the risk of micro annuli formation at the
interface. Poor drilling mud removal before pumping the cement slurry,
deficiency in casing centralization, irregular wellbore geometry and
existence of caves in the annulus, and presence of wax, scale, and pre-
existing rust on steel surface prohibit integrated bonding of cement with
surrounding medium and leave channels at the interface.
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Interface casing and cement
(micro-annulus, channel)

Interface casing and cement
(micro-annulus)
(wax, scale, oil, dirt, etc.)

Bulk permeability
(connected pores,
cracks, channels)

Leak in casing(connection)
(corrosion, deformation)

Channel

Annulus cement
(connected pores, cracks)

Interface rock and cement
(micro-annulus, channel)
(mud-cake, cuttings, oil, etc.)

Figure 1.1. Schematic of wellbore cross section including casing, annular barrier, primary
cement sheath, cement plug inside casing, and the possible leak paths (Gasda et al., 2004).

Over the hundred years of using Portland cement in drilling operations,
although different additives have been introduced to upgrade its
properties, still long-term integrity remains an issue for some wells
(Trudel et al., 2019). It requires practical collaboration between
academia and field engineers to find the gaps and develop safe and cost-
efficient solutions for the drilling operations including petroleum
applications, geothermal, or CCUS wells (Vralstad et al., 2019). In
addition to Portland cement, there are other materials that can be
considered as barrier, depending on operational condition and functional
requirements (Khalifeh and Saasen, 2020b; Oil&GasUK, 2015; Vralstad
et al., 2019). Thermosetting and thermoplastic polymers, metal alloys,
non-setting grouts, modified in-situ materials, in-situ formation, etc. are
some of candidate materials that can be used as a well barrier element.
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Amongst these, three alternative setting material are selected for further
examination in this study.

In the following, the properties of two Portland based cements and three
noncement-based materials are described in the light of the strong
chemistry background of Portland cement and high ambition of green
shift from OPC to alternative materials. These materials are:

An industrial class of expansive cement
Noncement-based pozzolanic material
Inorganic geopolymer

Organic thermosetting resin

A Dyckerhoff API neat class G cement was selected as a reference. The
neat cement was selected as each chemical additive may have a different
impact on the performance of the material depending on material
suppliers around the world.
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Obijectives and scope of the study

2 Objectives and scope of the study

The scope of this study includes evaluating the candidate materials for
cementing operations at equal conditions of pressure and temperature
and at laboratory scale. Besides, the test results of each material are
compared together to find the corresponding current strengths and
shortcomings linked to each mix design. The objectives of this project
are summarized as follows:

Determine the fluid-state properties and rheological behavior of
the alternative materials and compare the results with field
requirements. The questions are: 1- Are the viscosity profiles of
these materials in the range of operational conditions? 2- Are the
slurries stable during placement and post-placement when they
expose to a porous medium? 3- Are these materials pumpable
for sufficient time to be placed in the well?

Determine the mechanical properties after solidification. The
questions are 1- Are the materials able to solidify and develop
strength? 2- Are the materials able to maintain their mechanical
properties in long-term? 3- Is there any correlations between
different mechanical properties? 4- What are the changes in
micro-structure and mineralogy of materials and what are their
contributions to the mechanical properties?

Determine the bond strength between barrier materials and steel
as a representative for the casing. The questions are: 1- Are these
materials able to bond to the steel metal? 2- Is there any
correlation between hydraulic sealability and bonding? 3- How
is the morphology of the interface of these materials when they
are cured in contact with steel?



Objectives and scope of the study

Figure 2.1. Infographic presenting measured properties of candidate barrier materials.
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3  Candidate Materials for Cementing
Operation - Review

3.1 APIlneatclass G

The properties of conventional Portland cement depend on the hydration
reaction of minerals in the clinker and the phase of products after
solidification. The effect of various mineralogical compositions has
been previously studied in detail (Bullard et al., 2011; Taylor, 1997).
Mineral phases distribution is the principal criterion in Portland cement
classification. Based on API standard, the Portland cement is classified
into six different classes depending on the depth of placement and
operational condition of pressure and temperature. Table 3.1 shows
typical classes of Portland cement and the potential phase composition
according to the API standard spec 10 (Americal Petroleum Institute,
2010).

Table 3.1. Cement classes based on API standard. Typical major mineral phases for each class
are adopted from API standard spec 10 (Americal Petroleum Institute, 2010).

API class Potential composition of major phases (wWt%)
CiSt(Alite) | CoS? (Belite) CoA? C4AF* (Ferrite)
(Aluminate)

A 45 27 11 8

B 44 31 5 13

C 53 19 11 9

D 28 49 4 12

G 50 30 5 12

H 50 30 5 12

1 — Tricalcium silicate

2 — Dicalcium silicate

3 — Tricalcium aluminate
4 — Calcium aluminoferrite

In offshore drilling operations, classes G and H are selected as basic well
cement. They are mainly available in moderate sulfate resistance (MSR)
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and high sulfate resistance (HSR). In this project, an HSR API neat class
G cement manufactured by Dyckerhoff was used as the reference. The
chemical composition of the material is summarized in Table 3.2.

Table 3.2. Chemical composition of the Dyckerhoff class G cement.

. Insoluble
Composition | MgO SOs Na20 CsS CsA CsAF residue LOI
Amount 1 27 | 061 51 | 24 | 17 0.49 15

wt %

3.2 Expansive cement

Shrinkage is a well-known phenomenon for Portland cement, and it is
subcategorized into three main types: a) chemical shrinkage, b)
autogenous shrinkage, and c¢) drying shrinkage (Panchmatia et al., 2020).
In cement hydration reaction, the volume of products is less than the sum
of the volume of reactants. The decrease in volume due to hydration
reaction is referred to as chemical shrinkage. When the cement hardened
in a sealed container and the structure is formed, the unreacted particles
consume the pore solution trapped inside the bulk and the hydration
reaction continues, which results in empty pores behind. Pore water
consumption and the corresponding volume reduction cause capillary
pressure development and introducing extra tension within the cement
matrix. Volume shrinkage due to capillary pressure development of
empty pores is referred to as autogenous shrinkage of cement. Drying
shrinkage occurs when the moisture leaves cement matrix. Empty pores
induce a negative capillary pressure to the matrix and causes volume
reduction. However, this type of shrinkage is not applicable in downhole
condition due to presence of humidity.

When the cement is solidified inside a well, the inner or outer
circumferences are under extra tension due to changes in temperature and
pressure. Hence, enhancing the chemical reaction of cement to reduce
shrinkage induce stresses will help to improve the mechanical properties
of cement during the well’s lifecycle. Shrinkage reducing admixtures
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(SRA) (zZhan and He, 2019) and expanding agents (Ghofrani and Plack,
1993) are used in application to mitigate the cement shrinkage.
Generally, the SRAs are glycol-based chemicals used for reducing the
drying shrinkage of cement or concrete by decreasing the surface tension
of pore water. The expanding agents have a role to compensate
autogenous shrinkage, especially at early ages.

There are two main expansion mechanisms for cement and concrete
(Nelson and Guillot, 2006):

1- Expansion by gas generation: In this method, aluminum, zinc, or
magnesium powders is used as an additive and hydrogen gas is
generated as a result of reaction with alkaline elements in cement.

2- Expansion by crystal growth: This method relies on the crystal
growth of a certain mineral within the cement matrix. Alkaline
oxides of magnesium (MgO) and calcium (CaQ) are the common
additives, which dry blended with cement. The crystal
hydroxides of these elements (Mg(OH), and Ca(OH).) have
higher volume and, therefore, mitigate the cement shrinkage to
some extent.

Both methods mentioned above require to be engineered to have a
controlled expansion. In the first method, hydrogen bubbles generated
as the result of reaction may coalesce and form micro channels in the
matrix. Similarly, for the crystal growth mechanism, the corresponding
expansion should take place when the shrinkage arises. Obviously, early
expansion is not effective for shrinkage compensation and very late
expansion can form cracks in the matrix and compromise zonal isolation.
Parameters such as downhole operational condition, the particle size of
expanding agent, and the effective dosage have a critical role in short-
and long-term zonal isolation.

Among the mentioned methodologies, utilization of MgO has been well
established for oil and gas applications and compared to CaO, it is more
efficient for temperatures above 80 °C (Van et al., 2019). Nano-MgO
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expanding agents with different particle sizes are under development for
oil and gas applications (Jafariesfad et al., 2017). It provides diverse
reactivity levels to form crystals at the right time and with the right size
to avoid expansion-induced crack in the matrix.

In this project, an industrial expansive cement, which is used for P&A
applications is considered and tested for primary cementing operations.
The cement is dry blended with MgO as expanding agent by about 2 %
by weight of cement (BWOC). Other commercial chemical additives are
recommended by the material supplier to enhance performance of the
cement. The mixing procedure and chemicals are introduced in detail in
the next section.

3.3 Pozzolanic material

Pozzolan is the name some of silica-rich materials that have no
cementitious properties on their own, but they can react with alkaline
hydroxide (such as Ca(OH)2) and present cementitious properties.
Pozzolans are considered as an important group of cement extenders.
Extenders are used to reduce the cement slurry’s density. Pozzolans also
reduce the cement permeability by reacting with Ca(OH). and forming
calcium-silicate-hydrate (CSH) compounds through pozzolanic reaction
(McCarthy and Dyer, 2019). Besides, a zeolite structure of the set
pozzolan based material can act as an ion exchange component in
corrosive environments and prevent chemical deterioration of the
solidified cement (Papadakis et al., 1992).

Utilization of pozzolanic materials as a cement-free binder has been of
interest of researchers. Slag, rice husk ash, palm oil fuel ash, and fly ash
are well-known sources of pozzolanic components that can be activated
with a calcium hydroxide based activator solution (Karim et al., 2017).
In the current study, a non-cement pozzolanic material is selected as a
candidate material for zonal isolation. This is an alkali activated
commercial material that is used as a spacer in drilling operations to
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separate the drilling mud and cement. It is a cement-compatible material
and if mixes with cement, it will contribute to strength development and
proper zonal isolation. Besides, the material has adjustable rheological
properties, and it is capable of solidifying with time. The application of
the material as an individual well barrier element in cementing operation
was investigated. The chemical composition of the material is patented
and unfortunately, no detailed information is available for ingredients
used in mixing.

3.4 Geopolymer

Geopolymers are a class of alkali activated materials, consisting of long-
chain aluminosilicate molecules. The solid precursor can be from a
natural source such as thermally activated kaolin or rock-based material,
or from industrial sources including fly ash, granulated blast furnace
slag, rice husk (Hajimohammadi et al., 2011; Khalifeh, 2016). The liquid
activator, also known as hardener, is an alkaline solution based on
sodium or potassium involving silicate species. Geopolymerization
reaction consists of various mechanisms. First, the dissolution of solid
amorphous precursors starts when it is mixed with an alkaline solution
in the presence of hydroxyls. In this phase, active monomers connected
silanol groups (Si-O-H) start to form in the slurry. As the concentration
of active monomers reached a specific level, the silicate species start to
reposition themselves and reconnect. Polycondensation and crosslinking
are followed by the reaction when monomers and small oligomers form
three-dimensional networks and make tetrahedral aluminosilicate
structure gels. After solidification, the geopolymer structure is a function
of curing temperature and pressure, source of solid phase and reactivity
of particles, alkali elements in liquid hardener, and silica/alkali molar
ratio (Davidovits, 2013; Hajimohammadi et al., 2011; Khalifeh, 2016;
Provis and van Deventer, 2009).

Nowadays, geopolymers as a green alternative for cement have attracted
significant attention. It is believed that it has a lower carbon footprint
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and it can reduce the CO2 emission up to about 70 % compared to
Portland cement (Paiva et al., 2018). Application of geopolymers in oil
and gas market is seriously under study and researchers are in close
collaboration with engineers to adjust the properties based on field
requirements (Eid et al., 2021; Khalifeh et al., 2019; Paiva et al., 2018).
Similar to other cementitious materials, the pumpability of geopolymers
is reduced as the temperature increased (Salehi et al., 2019). Introducing
the chemical admixtures to retard the geopolymerization affects the early
strength development of geopolymers (Chamssine et al., 2021). A decent
understanding of geopolymerization reaction is the key to success for
controlling fluid-state and mechanical properties after solidification.

In this project, a naturally occurring rock was used as the source of
aluminosilicate in geopolymerization reaction. The chemical
composition of the solid precursor was normalized by adding ground
granulated blast furnace slag (GGBFS) and microsilica. Table 3.3
summarizes the chemical composition of the solid precursor. The
activator was potassium silicate solution. Sugar was used as a retarder
for the slurry to make the material pumpable at the specified bottom-hole
circulation temperature.

Table 3.3. Chemical composition of the geopolymer solid precursor.

Major Other
element | SiO2 | Al2Os | Fe203 | MgO | CaO | Na2O | K20 | TiO2 | MnO | LOI
oxides elements

wt % 56.63 | 1247 | 109 | 6.23 | 1645 | 1.77 | 287 | 1.16 | 0.29 0.45 0.58

3.5 Thermosetting resin

Thermosetting resin is an organic polymer available as a particle-free
liquid. The material is non-reactive at room condition, while triggered
by temperature, it turns into a solid phase (Todorovic et al., 2016). In
drilling operations, such properties have made this material suitable for
remedial operations and stop leakage through casing cement (Sanabria et
al., 2016). The liquid resin penetrates ditches and leak paths and then
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solidified at downhole temperature. Temperature, pressure, monomer
units, and inter molecular forces are the main variables that control the
solidification reaction. Glass transition temperature is an important
parameter for amorphous polymers, and it is related to macro-molecules
dynamic. It is a temperature limit beyond which, the long-change
molecules start to decompose, and the polymer loses its elastic
performance and behaves as a plastic material.

Thermosetting resins have higher strength and flexibility compared to
the Portland cement-based systems. Previous studies mentioned that the
compressive strength of thermosetting resins can reach six times more
than the strength of Portland cement (Beharie et al., 2015). The
rheological and fluid properties of thermosetting resins can be adjusted
depending on the operational condition and application.

Thermosetting resins have limitations in operation. They have a higher
coefficient of thermal expansion compared to other cementitious
materials and steel. For the operational conditions with a wide range of
temperature fluctuations, the thermal instability may compromise long-
term integrity of the material. Besides, exposure to brine chemically
deteriorates the material. Volume shrinkage and exothermic reaction
after solidification are also highlighted in the literature (Dahlem et al.,
2017; Todorovic et al., 2016).

In this project, a unique thermosetting resin was designed for primary
cementing operations. However, the slurry contains glass beads as a
weighting agent and hence, it is not considered as a particle-free system
anymore.
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4  Analytical Methods

The barrier material which is going to be used for cementing operation
is first designed by chemists and material experts. Although the designed
cement is going to be pumped in the wellbore, first it must be qualified
through tests at cement laboratory. Therefore, the laboratory tests on the
barrier materials are considered a critical process for well integrity
assessment. In the following sections, the methodology for testing
materials is described in detail, from mixing and slurry preparation to
performing the corresponding test to measure a particular feature of each
material.

4.1 Testing conditions

In well construction, the temperature at the bottom of the well is reduced
due to continuous fluid circulation. This temperature is called bottom-
hole circulating temperature (BHCT). The temperature of the formation
at the bottom of the well under undisturbed conditions is the bottomhole
static temperature (BHST). Generally, the fluid-state properties of
cement are measured at BHCT and the mechanical properties after
solidification are measured at BHST. In this project, the BHCT and
BHST are 65 and 90 °C, respectively. The working pressure is about
170 bar (2500 psi). This condition covers the environment at
intermediate casing for the majority of well on the Norwegian
continental shelf (NCS).

4.2  Slurry preparation

The primary step in sample preparation is mixing the slurry. API has a
recommended practice for mixing oil well cement at laboratory
(American Petroleum Institute, 2013). In this procedure, depending on
the density and desired rheological and mechanical properties, the water
and other liquid additives are prepared and placed in a mixing container.
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Accordingly, the solid phase including the required cement powder and
solid additives are weighted. The mixing procedure comprises mixing
the slurry with the rotation rate of 4000 RPM 250 RPM for 15 seconds,
where the solid phases are added to the liquid mix. Then, the slurry is
sheared for 35 more seconds at 12000 RPM +250 RPM. In slurry
mixing, depending on the particle size and reactivity of the cement and
additives, the shear rate and time of shearing are critical factors. Previous
studies showed that varying these parameters may have a critical effect
on rheological properties and mechanical behavior after solidification
(Hodne et al., 2000; Saleh and Teodoriu, 2017).

The API class G cement, expansive cement, pozzolanic material, and
geopolymer were mixed with API high-speed WARING blender. For
the thermosetting resin, Heidolpth overhead stirrer was used with PR 32
Ringed Pitched-Blade Impeller. The thermosetting resin was mixed
under 600 RPM following the sequence mentioned in the next section.

43 Mix designs

API neat class G cement — A class G cement manufactured by
Dyckerhoff was mixed with 44 % BWOC of water in accordance with
the API specification (Americal Petroleum Institute, 2010).

Industrial expansive cement — The solid phase was API class G cement
manufactured by Dyckerhoff dry blended with expanding agent by the
material supplier. Magnesium oxide (MgO) was used as expanding
agent. Industrial chemicals including retarder, fluid-loss controller,
cement dispersant, and antifoam were added to the water before mixing.
Microsilica solution (50 wt%) was added to the liquid phase and mixed
for 5 seconds at 4000 RPM. The solid phase was added to the liquid
following the API standard (American Petroleum Institute, 2013).

Pozzolanic material — Release of the exact composition of this material
is prohibited from the material supplier due to the commercialization of
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the product. The slurry was received “ready-to-test” and all slurry design
was made by the supplier for the same wellbore conditions of this study.
A premixed activator was added to the slurry prior to delivery for the
tests.

Geopolymer — The rock-based aluminosilicate precursor normalized by
introducing ground granulated blast furnace slag (GGBFS). The
potassium silicate solution with a Si/K mole ratio of 1.14 was used as the
activator for the solid phase. To make the slurry pumpable at BHCT,
sugar (4.3 % by weight of solid precursor) was used as retarder. The
sugar was added to the liquid phase and mixed for 5 seconds before
adding the solid phase.

Thermosetting resin — The liquid organic resin was mixed with a reaction
imitator for 10 minutes and a viscosifier was added to the liquid and
stirred for 15 more minutes. Glass bead powder as weighting agent was
added stepwise to the liquid to increase the density. The whole system
was mixed for 30 minutes to get a homogeneous slurry.

Conditioning is performed to simulate the conditions that the slurry
encounters during placement. In all tests, materials were conditioned
after mixing. The temperature ramp-up rate was selected to be 1 °C/min
from room temperature to BHCT and the addition of 30 minutes hold
for conditioning. OFITE model 60 atmospheric consistometer was used
as a tool for conditioning.

In all experiments, it was attempted to stick to the common standards
available for testing cement for oil and gas applications aiming to make
reproducible results. The standards are mentioned in each test method.
For the tests that have no common standard to the procedure, the
methodology is described in detail.
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4.4 Fluid-state properties

4.4.1 Density

The density of each slurry was measured after conditioning. Pressurized
mud balance was used for density measurement. The operational
procedure for testing density is described in APl RP 10B-2 (American
Petroleum Institute, 2013).

4.4.2 pH measurement of slurry

The pH of slurries was measured after mixing and before doing
conditioning. The pH of slurries was measured by Mettler Toledo
pHmeter model SevenCompact™ pH S210. The pH electrode was
model LE438.

443 Viscosity

The conditioned slurries were poured into the viscometer cup for
viscosity measurements. The viscosity was measured by rotational
viscometer Fann 35. The cup was equipped with a heater to keep the
temperature constant. The dial readings are extracted from equipment at
rotational speeds of 3, 6, 30, 60, 100, 200, and 300 RPM, first in
ascending and later in descending orders and the dial reading is reported
as an average at each rotation speed (American Petroleum Institute,
2013).

Herschel-Bulkley viscosity model (Eq. 4.1) is one of the general
constitutive models accepted in petroleum industry. This model gives a
reasonable estimation of the behavior of cementitious fluids. The
equation is:
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T=Ty+KYn, T>T1,

Yy=0, TS Ty
where 1ty is the yield stress and n is the flow index, both are unique
values and depend on the composition of the slurry. K is consistency
factor and depends on the flow index. However, the dependency of K
on the curvature component, n, hinders comparison of the model for
different fluids. Various combinations of K and n can provide a
reasonable model fit for the same data set. Saasen and Ytrehus (Saasen
and Ytrehus, 2018) presented an approach by re-arranging the model
parameters and using the surplus shear stress tg, and surplus shear rate
Y, Which both are unique for each fluid. In this model, the equation is

defined as follows:

4.1

..on
v
T=Ty + T (Y_s) 4.2

where 1= 1- 1y at Y=y and ty is approximated by Eq. 4.6 (Power and
Zamora, 2003):

Ty =213 — T¢ 4.3
where 13 and 16 are shear stress at 3 and 6 RPM, respectively. In
cementing operation of 9 5/8 in. casing, the slurry is pumped by the rate
of about 1300 L/min, which is equal to the shear rate of 102.2 s in the
annular gap between the casing and 12 % in. borehole. This shear rate is
identical to 60 RPM in the rotational viscometer. To determine the
curvature components of the equation, two ranges are considered: one at
the shear rates below the surplus shear rates (nis), and one for the higher
ranges (nns). Shear rates at the rotational speeds of 30 and 200 RPM are
considered for determination of curvature components (Eq. 4.7):

In (TS’OT—:Ty)

In <Yﬂ>
Ys

g =

4.4
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4.4.4 Static fluid loss

The conditioned slurries were poured in the high pressure — high
temperature fluid loss cell. Filter paper (2.7 um) was in the cell. The
differential pressure of 4.5 MPa (650 psi) was adjusted on top of the cell
and the leached liquid was measured for 30 minutes. API standard
(American Petroleum Institute, 2013) recommends that the final static
fluid loss shall be reported as the cumulative leached liquid multiplicated
by two. For the cases in which breakthrough occurs before 30 minutes,
the following equation can be used:

’30
Q =2V, - 4.5

where Q is the API fluid loss, V: is the cumulative volume of leached
liquid in milliliters from time 0 to the time at with the breakthrough
occurs, and t is the time of breakthrough in seconds.

4.4.5 Pumpability

Pumpability or consistency of slurries was measured by both
atmospheric and pressurized consistometers. After mixing, the slurries
were poured into the corresponding cell of equipment and the
temperature ramp-up rate of 1 °C/min was applied until BHCT was
reached and then, held constant. For the pressurized consistometer, the
pressure rate was set at 1.7 MPa/min and pumpability was tested at 17
MPa (2500 psi). OFITE model 60 and OFITE and OFITE Model 2040
were used for atmospheric and pressurized consistometers, respectively.
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4.5 Mechanical Properties after solidification

4.5.1 Uniaxial compressive strength (UCS) and
Young’s modulus

All slurries were poured into cylindrical plastic molds after 30 minutes
of conditioning. The samples were cured at BHST (90 °C) for the UCS
test. The curing pressure was 170 bars and was supplied by an ISCO
pump connected to the curing autoclave. Water was used as medium for
pressurizing and curing the samples. Although the common API 10B-2
standard recommends for cubic samples with a diameter of 2 in., it
declared that the results can be used only to ensure sufficient strength of
cement to resume drilling operation (American Petroleum Institute,
2017). For annular cement integrity simulations, it is recommended to
use cylindrical molds with a slenderness ratio (height /length) of 2.
Besides, cylindrical samples were preferred due to the availability of
cylindrical autoclaves for curing samples. After curing, the samples
were removed from the oven to cool down to the ambient temperature.
After removing from plastic molds, both ends of the samples were
smoothened to eliminate the ending effect under loading.

The equipment used for the UCS test was Toni Technik-H mechanical
tester linked to the TestXpert v7.11 software. The tests were performed
at a constant load rate of 35 MPa/min (American Petroleum Institute,
2013). The materials were cured for 1, 3, 5, 7, 28, 90, 180, and 270 days.
Three samples were provided per each material at different due times.
UCS was calculated by Eq 4.6.

O'=K 4.6

where o is the uniaxial stress in mega pascal (MPa), F is the maximum
force before cracking of specimen in Newton (N), and A is the contact
area of the specimen to loading frame in square millimeters (mm?2).
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The modulus of elasticity, or Young’s modulus, was calculated by
measuring the slope of the axial stress—strain curve in the elastic region
(Eq. 4.7):

E
_A
YM = 4+ 4.7

L
where YM is Young’s modulus in giga pascal (GPa), F is the on the

specimen in N, A is the contact area of the specimen to loading frame in
mm?, and L and AL are the initial height and the height change, both in
millimeters (mm).

4.5.2 Sonic strength development

A Chandler ultrasonic cement analyzer (UCA) model 4265-HT was used
to measure the sonic strength development of materials at downhole
conditions. The slurry was poured into the UCA cell. The equipment
continuously measures the transit time of the sonic wave throughout the
sample by transducers located at both ends of the cell. Then the transit
time is converted to the compressive strength by the means of pre-
defined algorithms. Such algorithms are generated based on correlations
for cement slurries. Since the transit time of the sonic wave is unique
and it depends on the chemistry of materials, a new algorithm is required
for each material in this project. The new algorithms were generated by
utilizing the results from UCS tests at different time intervals and the
corresponding transit time measured by the equipment. A polynomial
equation was developed by plotting UCS data versus transit time.

4.5.3 Tensile strength

Brazilian test is a method to indirectly measure the tensile strength of
cementitious materials. The same curing procedure for the UCS test was
followed. Cylindrical samples after demolding were cut in disk shapes
with a thickness to diameter ratio of about 0.6 (American Society for
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Testing and Materials, 2015). The disk shape specimens were placed
vertically between curved jaws and a compression load of 50 N/s was
applied for the test (Figure 4.1). Four specimens were tested per each
material at different due times. The tensile strength was calculated by
Eq. 4.8.

F
=1.272—— 4.8
Ot 7TD
where ot is the tensile stress in MPa, F is the maximum force before
cracking of the specimenin N, T isthe thickness,and D isthe diameter

of the specimen, both in mm.
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Figure 4.1. Schematic of the samples and testing jaws for indirect tensile strength (Brazilian test)
measurement

4.6 Morphology and micro-structure analysis

4.6.1 Scanning Electron Microscopy (SEM)

Morphology of the solid materials was examined after 7, 28, 30, 180, and
270 days of curing using a Scanning Electron Microscope. The SEM
tests were performed on crushed samples in UCS tests. The samples after
UCS test were dried under vacuum for 1 more day and then coated with
palladium plasma to prevent charging. Additionally, energy-dispersive
X-ray spectroscopy (EDS) were used together with SEM intending to
identify element distribution on the surface layers of the materials.
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Morphology study and EDS analysis was performed using the secondary
electrons (SE) mode of the microscope. Scanning Electron Microscope
model Gemini Supra 35VP (ZEISS) was used for SEM analysis.

When the sample is exposed to the electron beam for imaging, a variety
of signals is generated (Figure 4.2). Low-energy Secondary Electrons
are reflected from the surface or near-surface of samples. They are
originated from an inelastic interaction between the sample’s surface and
primary electron of the beam. Therefore, SE is useful for surface
topography studies. However, the backscattered electrons (BSE) carry a
higher level of energy and they are originated from deeper zones of the
sample. They are reflected after elastic interaction of primary electron
beam and atoms in the sample. Such collision results in a change in the
trajectory of electrons. Generally, larger atoms scatter electrons stronger
than lighter atoms, which results in a stronger signal. In this case, the
zones with heaver elements are brighter than light elements (Vernon-
Parry, 2000).

Secondary Electrons

Electron Beam

Backscattered Electrons

Figure 4.2. Signals emitted from a sample. The image shows the Secondary electrons and
backscattered electrons emissions.
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4.6.2 XRD

X-ray diffraction (XRD) is a technique that is used to identify phase
changes and crystallography of precursors. This method was employed
to identify the phase of minerals and monitor the change in the phases
after each time interval. Bruker D8 Advance micro-diffractometer was
used as equipment, and the patterns were extracted in the 20 range of 5-
90 ° at the step of 1 °/min with rotation (15 RPM) of samples.

4.7 Bond strength

The bond strength between cement barrier and casing steel can be
divided into three different categories (Figure 4.3): a) shear bond
strength, b) hydraulic bond strength and c) tensile bond strength. The
scope of this part of project is to establish the effect on shear bond
strength and hydraulic bond strength at the steel-setting material
interface (SSI). Analysis of the tensile bond strength is outside the scope
of the current study.

Casing Pipe

Tensile bond stren
Tensile

Shear bond stren

Shear force

Cement sheath

Figure 4.3. Schematic of casing - barrier material system at downhole condition. Shear force,
tensile force and hydraulic sealability at the interface of casing pipe and surrounded cementitious
material are highlighted.
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4.7.1 Shear bond strength (SBS)

Shear bond strength (SBS) expresses the maximum force that the
interface of casing-cement can handle before the casing starts to move.
In laboratory, SBS is measured by the push-out test, in which a bar or
pipe is placed inside a cement slurry and the system is cured under
desired operational conditions. For the push-out test, the middle bar is
pushed by the means of compression load. The maximum force at which
the bar initiates moving in the cement is reported as a force to break
cement bond (Bearden and Lane, 1961). To have a correlation with
various specimens’ dimensions, the contact area between the cement and
steel bar should be considered. The SBS is calculated by Eq. 4.9:

Finax
SBS = 4.9
A

where Fmax IS the maximum force before debonding in N, and A isthe
contact area between cementitious material and steel bar in mm?2.

In this study, a test setup was designed for measuring SBS at two
different circumferences of cementitious materials and steel including a
solid bar with the OD of 50 mm inside a cement slurry, and a pipe with
the ID of 150 mm surrounded the materials. Figure 4.4 shows the
schematic of SBS test samples setup. Due to technical limitations and
market availability, two different steel grades were used for representing
casing steel. The middle bar had equal material to AISI 4140 P110 and
the outer pipe was a carbon non-alloy P235TR1 steel. The chemical
composition of steels is provided in Table 4.1. The tests were conducted
on clean and rusted steel surfaces. To make rusted steel pipes and bars,
they were immersed in seawater for 14 days. Three samples were
considered and tested per each combination of steel and barrier material.
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Table 4.1. Type of steels used in shear bond strength, hydraulic sealability, and interface analysis

tests.

Chemical Composition % (Max)

Steel Type | Application —=——9r=—0c"T" N cu Ti | P | S | S | v | Al

a140p110 | SBSPA— 160 001 023 106 015 02 | - 0011 0002 03 | 0013 | 0.027
HBS pipe

P235TR1 ;ii’ OUlr | 516 12 | 008 03 03 | 03 004 0025 002 035 002 -

4140 L80 ;ﬂg;ce 043 091 | 02 09 025 035 - (0025 0025 03 | - -

102 mm

150 mm

150 mm

Figure 4.4. Schematic of shear bond strength test setup including a solid steel bar placed in center
and a steel pipe around the sample. The cementitious slurry after mixing is poured in the annular
gap between the bar and pipe. A, B, and C parameters were measured for every sample to find
the correct contact area between the steels and barrier materials.

The samples were cured for seven days under elevated temperature and
pressure of 90 °C and 34 bar (500 psi), respectively. The SBS samples
were cured at lower pressure mainly due to technical limitations in the
size and design of available autoclaves. Zwick/Roell Z050 was used as
equipment to apply load on samples and the loading rate was 50 N/S.
For the expansive cement and thermosetting resin combined with rusted
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steel, Toni Technik-H mechanical tester was used since the bond strength
was beyond the capacity of machine.

4,72 Hydraulic sealability

Hydraulic bond strength is defined as the integrity of cement and casing
at the interface that prevents fluid flow (Figure 4.3). There is no common
standard nor test procedure for measuring hydraulic sealability. A pre-
design test setup was considered for testing the sealing performance of
selected barrier materials and steel. The steel pipes used for hydraulic
sealability were equal to the material used as the inner bar for shear bond
strength. The pipe had a length of 120 mm and an OD of 51 mm. Three
holes as injection points were improvised in the middle of the pipe with
an orientation of 120 degrees. The pipes had a thickness of 7 mm to
avoid any ballooning effect during injection. Both clean and rusted steel
pipes were considered for the sealability test, and the rusty surface was
provided similar to SBS test steels. For the hydraulic sealability test,
three samples were considered per material and steel type.

The conditioned slurries were poured in the annular gap, and the system
was cured for seven days at 90 °C and 170 bar. After gradually cooling
down, the samples were connected to an ISCO pumped which was able
to log the injected flow rate (Figure 4.5)

]

ISCO pump for injecting water
to the interface of the pipe
and cement

Steel pipe with cementitious
material cured inside

Figure 4.5. Schematic of hydraulic sealability test setup including sample, ISCO pump, and
computer for logging data. The injection was done at the cement-steel interface.
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The injection pressure was increased at different steps using the
following sequence. It is worth noting that higher injection pressure tests
were avoided due to safety reasons. The applied procedure was as
follows:

e Increase the injection pressure from ambient to 6.8 bar (100 psi)
in 1 minute.

e Hold the pressure for 10 minutes.

e Increase the pressure from 6.8 bar to 10.2 bar (150 psi) in 1
minute.

e Hold the pressure for 10 minutes.

e Increase the pressure from 10.2 bar to 13.6 bar (200 psi) in 1
minute.

e Hold the pressure for 5 minutes (where neat G cement started to
leak significantly).

e Increase the pressure from 13.6 bar to 20.4 bar (300 psi) in 1
minute.

e Hold the pressure for 5 minutes.

e Increase the pressure from 20.4 bar to 27.2 bar (400 psi) in 1
minute.

e Hold the pressure for 5 minutes.

e Increase the pressure from 27.2 bar to 34 bar (500 psi) in 1
minute.

e Hold the pressure for about 20 minutes.

4.8 Steel — setting material interface

To understand the interface properties of cementitious materials and steel
pipe from SBS and hydraulic sealability tests, a different test setup and
procedure were designed and performed. The objective of this test is to
characterize possible interaction at the boundaries by checking the
morphology and minerals at the surface.

A semi-cube steel metal was cut from a 9 5/8 in. steel casing pipe grade
L-80 with 53 Ib/ft (Figure 4.6). This is a common steel for well
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construction. On side of the metal was polished with sandpaper grit 2500
to get a smooth surface. The chemical composition of steel is presented
in Table 4.1. The steel was immersed inside a slurry and cured under the
same condition for SBS and hydraulic sealability test for seven days.
After colling down, the steel surface and the corresponding setting
material were separated, and both were kept under vacuum and inside a
desiccator for one day. The samples were then transferred for SEM test
after coating with palladium. Energy-dispersive x-ray spectroscopy
(EDS) analysis was performed in parallel to SEM to identify element
distribution in the surface layers of the materials.

Hole for exposing pres

The side to polish I I Inner side of the pipe

S

< ¥
KA
(4

K v
10mm 3 Rubber sleeve
1
3
A 3 V\
Outer side of the pipe \

Steel cube |-

Figure 4.6. The setup and sample preparation for interface analysis. A semi-cube piece was cut
from a9 5/8 in. L-80 (53 Ib/ft) casing pipe. One side was completely polished and then immersed
inside a slurry.
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5 Results & Discussion
5.1 Fluid-state behavior

5.1.1 Viscosity, density, and gel strength

For any material, viscosity is defined as its resistance to flow. The flow
properties of material can be estimated by viscous properties; for
example, when it is stirred or pumped. Different parameters such as solid
content, carrier fluid or hardener, temperature, pressure, and
conditioning time have a direct impact on the viscous behavior of slurry.
Figure 5.1 shows the shear stress vs. shear rate of setting materials after
pre-conditioning at BHCT (I, 1V). All materials present yield stress to
various extent; therefore, they are non-Newtonian fluids at 65 °C and
atmospheric pressure. The yield stress was estimated based on the model
suggested by Powe and Zamora (2003). The model was introduced in
Section 4.4.3. The fluid parameters are summarized in Table 5.1. The
curvature components of viscosity model parameters (nis & nns) were
determined as less than unity, which is indication of further shear
thinning behavior. The measured API class G cement experienced a
sharp bend at shear rates close to 100 s. The slurry was conditioned for
30 minutes at 65 °C. Since no retarder was added to the mix, it is likely
that the hydration reaction progressed to form weak gel structures in the
slurry and therefore, at specific shear rates the gel breaks and results in a
sharp decrease in viscosity of the material (11).

The pozzolanic material and thermosetting resin showed the lowest yield
stress among materials. However, the viscosity of resin was higher
compared to other materials, where the dial reading at 300 RPM was not
possible. The weighting agents introduced during mixing caused high
viscosity for the thermosetting resin. The viscosity profiles for the
geopolymer and expansive cement were almost close to each other.
However, at the same shear rates, geopolymer had lower shear stress
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compared to the expansive cement. Depending on the wellbore
temperature, rheological properties of drilling fluid/spacer present in the
well, the viscosity and yield stress of the slurry are needed to engineered.
This helps to have a proper placement of the setting material and reduce
the risk of mud cake formation at cement-casing/formation interface
resulting from poor mud displacement (Taghavi et al., 2012).

160

140 0
120

100
o API class G
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®
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Geopolymer
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Figure 5.1. Viscosity profile of the materials at 65 °C. Non-Newtonian behavior is concluded for
all materials since they showed yield stress and shear-thinning behavior (1, V).

The 10-second and 10-minute gel strength tests of slurries are taken at 3
RPM. The test procedure is well described in the API standard
(American Petroleum Institute, 2013). The results are presented in Table
5.1. Gel strength is due to structure development at static conditions.
The gel strength of the expansive and neat class G cements after 10
minutes was considerably higher than other materials (I, ). The
pozzolanic material had the lowest gel strength.

The density of slurries was measured after conditioning at BHCT using
pressurized mud balance. The density of was in the range 1.65 to 1.95
sg. (13.7 t0 16.2 ppg). The thermosetting resin and pozzolanic materials
had a lower density compared to other materials.
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Table 5.1. Fluid properties including density, pH, gel strength, viscosity model parameters, fluid
loss and pumpability of materials (I, 1V).

Gel Strength i osity model parameters

API Pumpability

Density bH (Pa) Fluid (min)
(sg.) 10- 10- Loss
sec min ty ts Nis Nhs (mI) ATM PRS
Neat class G 19 136 1175 695 6.13 3168 098 029 821.04 132 96
Expansive
o 195 132 122 403 74 442 064 065 21 4625 3385
Pozzolanic 168 133 357 511 204 2665 072 070 188 N/A NA
material
Geopolymer 195 134 122 23 778 2811 095 087 O 120 110
Thermosetting 4 o= /A 35 104 332 3858 0844 082 18376 293 2635

resin

N/A: Not Applicable

5.12

Static fluid loss test

In cementing operation and during cement placement, when the slurry
reaches a porous formation behind casing, the formation may act as a
filter that passes the carrier fluid or hardener while stopping the particles.
This phenomenon has negative impacts on wellbore control, which are
summarized as following:

1-

Loss of liquid phase results in solid particle bridging in the
annulus and reducing hydrostatic pressure above the cement
column. If the hydrostatic pressure falls below the pore pressure
of formation, formation fluid can penetrate the annuli and form
channels in the cement sheath.

Cement fluid loss contributes to an increase in viscosity of the
slurry. Hence, a higher pumping pressure may be required to
compensate the pressure loss due to high viscosity. In weak
formations, high pumping pressure can induce fractures. It is
followed by loss of slurry to the formation and therefore, top of
cement may not achievable.

The liquid portion that left the slurry may have a critical role for
solidification reaction after placement. Thus, the chemical
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reaction for solidification can be disrupted at a high fluid loss and
the mechanical properties are compromised.

Figure 5.2 and Table 5.1 summarize the static fluid loss test results of
selected barrier materials in absence of filtration control additives. The
neat class G cement encountered a breakthrough after almost 2 minutes
from starting the test. Thermosetting resin could hold the pressure for
about 7 minutes before breakthrough occurs. Although the thermosetting
resin is considered as particle-free system, the current mix design
includes glass beads as a weighting agent to increase the density of
slurry. Hence, it is not a particle-free system. The expansive cement and
pozzolanic material had about 10 ml of fluid loss after 30 minutes, while
the geopolymer slurry had no loss during the testing period (I, 1V).

120

100

80

API class G
60 Expansive cement

Pozzolanic material

Volume (ml)

40 Geopolymer

Thermosetting resin

20

0 5 10 15 20 25 30
Time (min)

Figure 5.2. Static fluid loss test results of materials (I, V).

Depending on the geology of drilling environment, different operators
have specific criteria on acceptable fluid loss for cement slurries.
Generally, values below 50 ml in 30 minutes are desired for primary
cementing operations (Bensted, 1998).
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5.1.3 Pumpability and consistency

In cement laboratory, the consistency of cement slurry is examined by
measuring the torques of spring connected to a paddle that continuously
shears the slurry. For cementitious materials, pumping time, also known
as workability, is an indication of how long the fluid is pumpable before
the gelation starts. The test is performed at the BHCT of 65 °C, and the
temperature ramp-up rate should follow a specific schedule of individual
wells. The instrument measures the consistency of slurry in the Bearden
unit of consistency (Bc). The upper limit of pumpability depends on the
operators’ criteria. Commonly, the consistency above 70 Bc is
considered as unpumpable fluid.

Figure 5.3 shows the consistency profiles of the materials at atmospheric
and elevated pressure of 170 bar (I, IV). Since two different measuring
devices were used for this test, one extra test was conducted for the neat
class G cement using a pressurized consistometer but at atmospheric
pressure (dash line in Figure 5.3 A). The reason was to check reliability
of the atmospheric consistometer. Since no significant difference was
observed in the results, atmospheric pressure tests were performed using
an atmospheric consistometer. Increasing pressure accelerates the
gelation of materials to various extents. The reduction in pumping time
was about 25 % for both the neat class G cement and expansive cement.
Right-angle-set (RAS) is a manner of cementitious material that shows
how quickly the gelation phase occurs and follows in solidification.
Besides, right-angle-set can be an indication of early strength
development. This behavior is apparent in expansive cement, while the
neat class G has a longer gelation period.

The pozzolanic material had a constant trend of consistency for almost
23 hours and the trend started to develop gradually. After 28 hours, the
consistency was peaked at around 40 Bc, and followed by reduction in
consistency (see Figure 5.3. C). The test was stopped at this point. A
few seconds after removing the sample, a strong gel was formed which
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was difficult to remove from the consistometer’s blade. It is evident that
dynamic and static conditions have influences on fluid behavior.
Consistency of the geopolymer was less affected by pressure since the
consistency curves were almost matched for the atmospheric and
elevated pressure tests. Introducing sucrose to the mix design as a
retarder could not make the slurry pumpable for more than two hours.
The thermosetting resin’s pumping time was pressure-dependent, and the
pumping time was reduced by 10 % when the consistency was measured
under pressure. The test was stopped when the consistency was reached
at about 50 Bc, as it was recommended by the material supplier because
the resin has a flash setting behavior and it may damage the equipment
after solidification.
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Figure 5.3. Consistency profile for A) API class G cement, B) expansive cement, C) pozzolanic

material, D) geopolymer, and E) thermosetting resin.

atmospheric pressure and 170 bar (I, V).

5.1.4 Conclusion

The consistency was tested at both

The density of slurries was within the desired range of 1.65 to 1.95 sg.
(13.7 to 16.2 ppg). The summary and conclusion of fluid-state tests are

presented in the following:
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1- Yield stress for the thermosetting resin and pozzolanic material
was lower than the geopolymer and Portland cement-based
systems, which may increase the risk of segregation before
solidification.

2- Considering the fact that the selected operational condition may
fit for production casing cementing operation (normally 9 5/8 in.
to 12 Y4 in. annulus), under a normal pumping rate of about 10 —
12 bbl/min (shear rates below 200 s), the viscosity profile for all
materials showed an acceptable behavior.

3- Static fluid loss test results show that the weighting agents used
for thermosetting resin are not perfectly attached to the liquid
resin. High fluid loss can compromise the application of
thermosetting resin. Similar to the expansive cement, a chemical
additive is required to increase the yield stress and minimize fluid
loss.

4- All materials were pumpable to a various extent at the selected
BHCT. The pozzolanic material remained in liquid until the
slurry was shearing. Quick gelation was observed when the
equipment was stopped.

5.2 Mechanical behavior

5.2.1 Uniaxial compressive strength and Young’s
modulus

Figure 5.4 shows the average compressive strength of materials from day
one and up to nine months of curing at BHST of 90 °C and 170 bars of
pressure (VII). The pozzolanic material and geopolymer were not able
to develop strength after one day of curing. The compressive strength of
pozzolanic material reached about 13 MPa after one week and remained
constant for rest of the test period. As it was mentioned in the
introduction of materials, the pozzolanic material is already used as
spacer to clean the hole before pumping cement. Spacers are normally
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not a setting material, but this pozzolanic material can stay in the
wellbore and solidify. Hence, the setting time can be adjusted depending
on the wellbore environment. The UCA test results in Section 5.2.3 show
that the material starts to develop strength after 2 days. In the same
Section, the UCA results of geopolymer showed strength development
after 2.5 days. The pumpability of geopolymers is temperature sensitive
and it requires a proper retarder to prolong pumpability. Sucrose as a
retarder in this mix design negatively affected strength development at
early ages. Sucrose can cover the aluminosilicate source in the
geopolymer precursor and seal it off to be engaged in nucleation reaction
(Rattanasak et al., 2011). However, the high concentration of silicate in
the hardener was suspected to start polycondensation of silicates in the
slurry and initiate gel formation. The compressive strength of
geopolymer was increased gradually and reached 15 MPa after one
month. The UCS was increased by more than 80 %, from 13 MPa (7-
day) to 23 MPa after three months. The UCS reached 58 MPa in sixth
month and declined by 37 % after nine months. The GGBFS source was
changed during the project and the nine-month-old samples were mixed
with the new GGBFS batch. This could be one reason for the reduction
in compressive strength.

The thermosetting resin reached a maximum compressive strength in the
short-term, more than 120 MPa after one week (IIl). However, the
strength started to decline afterward. The UCS was declined by 40 %
after one month, and 72 % after three months compared to one-week
results. The compressive strength after six months was only 22 MPa and
the material showed a severe plastic behavior. The compressive strength
after nine months was not achievable due to hydrothermal degradation.
Deterioration of mechanical properties is not intended for a barrier
material candidate. Besides, the achieved results of the current
thermosetting resin highlight the necessity of long-term evaluation of
alternative setting materials (\V11I).

43



Results & Discussion

For the Portland cement-based systems, the compressive strength was
measured to be almost constant the test period. The neat class G cement
reached maximum strength of 40 MPa after one week and the strength
was slightly declined up to six months and reached 35 MPa. After nine
months, the strength was reduced to 26 MPa, which was 35 % less than
the maximum of its strength during this period. The expansive cement
followed the same trend, and the compressive strength was reduced by
24 % after peaking at 45 MPa in one week to 34 MPa in nine months.
The curing temperature was 90 °C, which is close to the 110 °C landmark
for strength retrogression (Nelson and Guillot, 2006). To minimize the
retrogression, an extra source of silica (between 35 to 40 % BWOC) is
normally introduced to the cement powder (de Sena Costa et al., 2017).

The UCS results up to nine months provided an overview of the
mechanical behavior of materials over time. Although the change of
mechanical properties for these mix designs of thermosetting resin and
pozzolanic material can give a full picture of their behavior under
elevated pressure and temperature, the geopolymer and both cements
may need more time to reach a plateau in compressive strength trend over
time (VI11).
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Figure 5.4. UCS test results of the materials at different time intervals; cured at 90 °C and 170
bars (VI1).

Figure 5.5 shows Young’s modulus of the materials calculated at the
elastic region of stress-strain curve, and it is an indication of the
flexibility of materials. At the same compressive strength, a higher
Young’s modulus means a less flexible material. Young’s modulus of
the materials followed almost the same trend as compressive strength
after each time interval. Among all samples, the thermosetting resin test
results cured after 90 days may not be reliable data, since the material
was entered into plastic region immediately after applying the load.
However, the thermosetting resin had a higher compressive strength and
higher flexibility compared to other materials up to one week of curing

(1.

When studying the mechanical properties of brittle materials such as
cement, it is essential to consider both strength and flexibility of
materials. In fact, a material with higher flexibility and lower strength
may dampen the external stress and survive better than a stronger
material with less flexibility. Therefore, the ratio of UCS to Young’s
modulus (UCS/YM) was calculated for all materials (Figure 5.6). The
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calculated ratio for the thermosetting resin was significantly higher than
the other materials (around 17 x 10%). Hence, the right vertical axis was
allocated to thermosetting resin. The ratio is a dimensionless parameter,
and the higher values are representing a higher performance. The ratio
for the pozzolanic material was slightly higher in long-term. The
geopolymer started to show better performance compared to the cement
system, from three months to the end of nine months. The performance
of the pozzolanic material and the geopolymer during the test period was
partially better than the cement system (VI11).
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Figure 5.5. Young's modulus test results of the materials at different time intervals; cured at 90
°C and 170 bars (VII).
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Figure 5.6. UCS/YM of the materials. The right vertical axis shows the ratio for thermosetting
resin. Vertical axis is a dimensionless parameter (V11).

5.2.2 Tensile strength

The tensile strength was measured indirectly by applying Brazilian test.
Figure 5.7 shows tensile strength of the barrier materials (\VII1). The
thermosetting resin had an average tensile strength of 9.5 MPa, which
was the highest tensile strength up to one month (IV). The reliability of
data for a three-month-old sample and on, is under question due to a
significant increase in flexibility of the material. The tensile strength of
pozzolanic material was measured to be almost constant, and it was about
1 MPa £ 0.25. The average tensile strength of the geopolymer was 0.8
MPa for the first three months. However, the tensile strength increased
by 170 % after six months and remained almost constant at 1.75 MPa up
to nine months (V11).

Tensile strength for the expansive cement was increased by 30 %, from
1.5 to 2 MPa in the first seven days. The strength was reduced by 40 %
for this material after one month and reached 1.2 MPa. The tensile
strength was then increased after six months and reached 2.2 MPa and
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remained constant after nine months curing. This trend was almost the
same for the class G cement. The material had tensile strength of 2.8
MPa after nine months, which was about 27 % higher than the strength
of the material after during the first week of curing. A detail discussion
is provided in Appendix (V11).
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Figure 5.7. Indirect tensile strength of the materials at different time intervals; cured at 90 °C and
170 bars (VI1).

5.2.3 Sonic strength development

In oil field applications, UCAs are used to measure the strength
development of cement. In this method, transit time of the sonic wave is
the direct measurement, which is the function of the material’s chemistry
and structure. A unique algorithm was developed for each material to
convert the transit time to compressive strength. The UCS data was
plotted versus the measured transit time. The developed polynomial
equations for each material are presented in Table 5.2. The UCA test
was conducted up to one month for each material and the results are
described in the Appendix (Il and V)
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Table 5.2. Generated customized algorithm of the barrier materials for the UCA test based on
data up to one month (l11, 1V).

Material Polynomial equation R-square value
Class G cement y=125.77x2 - 3701.1x + 226795 0.9822
Expansive cement y= 19()‘85;42 —5281.6x + 35842 0.9788
Pozzolanic material y= 365,82x2 —9880.6x + 65261 0.9907
Geopolymer y= 28.662x" — 1310.9x + 12057 0.995
Thermosetting resin y= 250,9;(2 —9065.9x + 80945 0.8502

524
1-

Conclusion

The change in mechanical properties over the testing period
revealed the necessity of long-term evaluation of materials for
critical applications.

2- According to the UCS and UCA data, the geopolymer was not

able to develop early strength for more than two days, while the
consistency curve showed that the material is only pumpable for
almost two hours. The retarder used in the mix design to prolong
the pumping time negatively affected the strength development.
Therefore, the gelation time was longer.

For all materials, no correlation was observed between the
compressive and tensile strengths. For example, the compressive
strength of the geopolymer increased between one month and
three months, while its tensile strength remained unchanged in
this period. The compressive strength observed between six and
nine months curing time was decreased, while its tensile strength
did not change.
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5.3 Microstructure analysis

5.3.1 SEM and EDS Analysis

Morphology of the materials was studied by running SEM test on
crushed samples in UCS tests. Figure 5.8 shows the SEM image of the
barrier materials after seven days, three months, and nine months (V11I).
The Portland cement after hydration forms calcium — silicate — hydrate
(C-S-H) as the major phase. This phase is responsible for the strength
development after setting. The plates of calcium hydroxide (CH) were
identified in the cement matrix after seven days, while they were not
found in the three-month-old samples and later (see green square in
Figure 5.8). However, the column structure of portlandite dominate the
cement matrix. After nine months, the column structure shifted to the
dense compact structure. Besides, lamellar plates that could be the result
of phase transformation and strength retrogression were identified in the
nine-month-old samples. This observation agrees with the UCS results
of the API class G cement after nine months (see Figure 5.4). The BHST
is 90 °C, which is close to the 110 °C landmark for strength retrogression
(Nelson and Guillot, 2006). The XRD results shown in Section 5.3.2
revealed that in nine-month samples, portlandite phase has been
increased and C-S-H phase was reduced as result of phase change. As
mentioned in Section 5.2.1, for high temperatures, it is a common
practice that 35 to 40 % BWOC silica-rich compound (i.e., silica flour)
is added to the cement to reduce the calcium oxide to silicon oxide ratio
to about 1.0 (Nelson and Guillot, 2006).

In expansive cement, Mg-based expanding agents serve the material to
compensate for the chemical shrinkage through crystal growth. The
matrix o the material is denser compared to the API class G cement. The
crystals of the expanding agent were detected by EDS element analysis
and are highlighted with orange arrows shown in Figure 5.8. In the
samples assessed after one-week and three-month curing, the crystals are
entirely integrated into the surrounding cement matrix. The crushed
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samples after nine months of curing showed cracks at the boundaries of
the crystals with nearby cement structure. Nevertheless, the mechanical
properties were not significantly affected during the test period and the
strength of the material followed almost a constant trend. The
microsilica added to the slurry acts as the filler in early stages and
becomes part of the structure through pozzolanic reaction. It partially
act as a silica source preventing strength retrogression as well as
providing a gas-tight structure of the expansive cement (Grinrod et al.,
1988).

In the pozzolanic material, the matrix had a zeolitic-like structure. This
structure is shown by the light orange arrows. However, the structure
was impermeable, and it provided hydraulic sealability (see Section
5.4.2), which proves that the pores exist in the matrix are not connected
to each other. Moreover, the spongy structure matches the low
compressive strength and high flexibility of the material during the nine
months of testing.  More information regarding the chemical
composition of the evaluated material is prohibited due to
commercialization purposes.

The SEM image of the geopolymer shows a dense structure after
solidification highlighted by green arrows (Figure 5.8). A spongy
structure was identified within the one-week-old sample, which is due to
the formation of three-dimensional structures after polycondensation in
geopolymerization reaction. The geopolymerization reaction leaves
unreacted ingredients in the structure to various extents, while they react
at a slower rate with alkaline pore solution until becoming part of the
geopolymer matrix (Khalifeh et al., 2013). In this mix design, the
unreacted rock-based source of aluminosilicate and GGBFS are
indicated by blue and yellow arrows, respectively. The EDS element
analysis revealed a significantly lower amount of the rock-based
aluminosilicate source in the nine-month-old samples compared to
younger ones. The existence of such unreacted particles could act similar
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to aggregate in concrete, while entire consumption of them results in
formation of geopolymer gels with less strength.

The SEM images of thermosetting resin show spheres widespread on the
sample’s surface (Figure 5.8). The spheres are glass beads added as a
weighting agent to the slurry and they are surrounded by the solidified
organic resin. The thermosetting resins were cured for one month and
after showed radial expansion. The radial expansion after one month was
about 2 %, while after nine months, the diameter was increased by almost
12 %. This expansion cracked the curing molds for six- and nine-month
old samples. The images for thermosetting resin did not show any change
in the microstructure of the material, neither the solidified resin nor the
weighting agents and their interface with the resin. Hence, it requires
another technique than SEM analysis for further analysis.
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Figure 5.8. SEM images of barrier materials after one week, three months, and nine months. All
images, except for the thermosetting resin are taken at the same magnification and the indicated
scale bar is 2 um. For the thermosetting resin, the scale bar is 10 um (VII).

53



Results & Discussion

5.3.2 XRD-Rietveld determined mineralogy

The powder X-ray diffraction (XRD) technique was used to study
crystallography, phases of the solidified materials, and to relate the
possible phase change to behavior of the materials. The samples were
collected from UCS crushed specimens, and grinded for XRD analysis.
The results of one-month samples for expansive cement and pozzolanic
material were discarded due to low intensity in XRD patterns. Rietveld
refinement method was used by employing TOPAS software from
Bruker to identify and quantify the phases in materials. This method is
a powerful technique in which least-squares procedure is applied to
quantify phases in the test sample. In this method, the structure of
identified phases in XRD test are added to the software and the data is fit
to the model. The weighted sum of squared differences between both
observed and computed values should be minimized through the
algorithm (Toby, 2006). Weighted profile R-factor (Rwp) and Goodness-
of-fit (GOF) are the terms used to evaluate the Rietveld refinement. The
values between 1 and 2 for GOF (1 < GOF < 2) and values equal and less
than 10 for Rwp (Rwp < 10) are considered as good match (Toby, 2006).
For all material, GOF are summarized in Table 5.3.

Table 5.3. Goodness of fit and Weighted profile R-factor corresponding to Rietveld refinement.

7D M 3M 6M oM
GOF | Rwe | GOF | Rwe | GOF | Rwer | GOF | Rwer | GOF | Rwep

Neat class G 109 | 444 | 144 473 | 112 453 113 455 106 432

Expansive 106 | 38 | - - 102 426 104 463 1.05 | 4.24

cement

Pozzolanic 129 500 - - 128 | 577 | 131 592 128 | 542

material

Geopolymer 143 572 | 15 | 575 142 | 559 | 154 @ 6.09 | 1.93 | 7.44

For the expansive and neat class G cements, four major phases were
identified (Figure 5.9.A and B). These phases are grouped as clinker and
C-S-H phases, while portlandite, a-C>SH phases are showed separately.
The clinker phase includes calcium disilicate, calcium trisilicate, and
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calcium aluminoferrite as major elements and it remained almost
constant in all samples.

The C-S-H phase is the major product of cement hydration, and it is
accountant for the material’s strength. In neat G cement, the amount of
this phase was constant from seven days to six months. However, this
phase was reduced by about 10 % for the nine-month-old samples. This
observation agrees with the UCS test results of the material. The
compressive strength of the class G cement was reduced after nine
months by 35 % compared to six-month-old samples. It was discussed
earlier in Section 5.2.1, the curing temperature was 90 °C, which is close
to the 110 °C landmark for strength retrogression. During this process,
the C-S-H phases converts to a high crystalline phase of alpha dicalcium
silicate hydrate (a-C2SH) at calcium-rich areas. The result is shrinkage
of matrix and deterioration in mechanical strength of the material.
Although such sharp increase in a-C>SH was not observed between six-
and nine-month-old samples, the general trend is increasing for this
phase. Portlandite (CH) crystals are liberated after cement hydration
reaction. The refinement results show the portlandite phase was almost
constant up to six months; however, the concentration was increased by
5 % after nine months. It satisfies the observation from SEM image of
the neat class G cement after nine months, where portlandite crystals
were noticed in the structure. Crystal structure growth can increase the
formation of cavities in the cement matrix and therefore, reduce the
ability of the material to hold higher compression loads.

For expansive cement, the C-S-H was decreased from seven days to nine
months, which fits the UCS results. The C-S-H phase was reduced
slightly from three months to six months and remained constant up to
nine months. Portlandite and a-C>SH had no major change during the
period. Considering the fact that microsilica was added to the mix, the
excess source of silica in cement can chemically interact with portlandite
through a pozzolanic reaction and form C-S-H phase (Araujo et al., 2019;
de Sena Costa et al., 2017). Unlike the neat class G cement that
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experienced strength retrogression, expansive cement was backed up by
the pozzolanic reaction to maintain its strength after nine months.

Figure 5.9.C shows the XRD refinement of pozzolanic material. Low
amount of clinker phase compared to the cement-based materials
confirms that pozzolanic material has different ingredient than the
Portland cement. However, the identified phases after solidification
were like hydrated cement. The material consists of C-S-H phases up to
about 90 %, while minor amount of clinker, calcite, a-C>SH, and quartz
were recognized. The identified phases were remained unchanged
during the period. This behavior matches the strength profile of the
material. Since the pozzolanic material is already patented, further
investigation is prohibited by the supplier.

Figure 5.9.D shows the results for geopolymer. Four major phases in
solidified materials were C-S-H, plagioclase, microcline and quartz.
Considering that the XRD results of the seven-day and nine-month
samples include different batch of GGBFS, most of phases follows a
trend for one-, three-, and six-month-old samples. During these
intervals, the C-S-H phase was increased gradually, which is fitting
strength development trend of the material. Besides, the quartz and
microcline phases exist in the rock-based aluminosilicate source
decreased during this period, which is an indication of ongoing
geopolymerization reaction in this material. The XRD results for
geopolymer highlights the importance of material source in chemistry of
reaction and generated phases after solidification.
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Shear bond strength of materials was tested after curing samples for
seven days. Figure 5.10 shows the measured shear bond strength of the
materials for clean steel and rusty steel surfaces (V, VI). The shear bond
strength at the rusty surface was higher to a different extent compared to
that at the clean surface.

Figure 5.9. Quantification of the major phases using Rietveld refinement method. A) neat class
G cement, B) expansive cement, C) pozzolanic material, and D) geopolymer.

54 Bond strength and interface analysis

Shear Bond Strength
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The thermosetting resin did not bond to the outer pipe. The samples were
cured at elevated temperature of 90 °C and cooled down to the ambient
temperature for testing. The coefficient of thermal expansion of
thermosetting resin is higher than the steel pipe, therefore, debonding
could occur due to excess tension at the interface. On the bar side, the
shear bond strength was increased by 100 %, by changing from 2.6 to
5.2 MPa. The main reason is the increase of surface roughness of the
rusted pipe. Although it was the highest bond strength measured among
all materials, it was significantly touched by its high coefficient of
thermal expansion.

The pozzolanic material failed to bond to the clean steel pipe, while the
bond strength was 0.25 MPa on the rusty pipe surface. In this case, the
surface roughness may have less impact on the shear bond strength.
Because if it was the reason, the same impact should be noticed on the
bar side. However, the bond strength did not change at the bar side. It
is worth noting that the chemical composition of bar and pipe metals are
different. The variation in mineralogy and morphology of rust products
can directly affect the compatibility and bonding between hardened
pozzolanic material and different steel surfaces.

For the geopolymer material, a 100 % increase in shear bond strength
was observed when the rusty surface was used compared to the clean
surface at both pipe and bar. This increase in SBS is both due to a change
in surface roughness and possible chemical interaction between the rust
products and geopolymer binder during solidification. For the API class
G cement, the bond strength did not change very much neither at the bar
or pipe surfaces. The bond strength of expansive cement increased by
140 and 75 % on the bar and pipe, respectively. Similar to the
geopolymer, the increase of bond strength of expansive cement may
benefit from both roughness and the chemical interaction with rust.
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Figure 5.10. Shear bond strength test results from push-out test for clean steel surface (top) and
rusty surface (bottom). Samples cured at 90 °C and 34 bars (V, VI).

5.4.2 Hydraulic sealability

Figure 5.11 shows the results of hydraulic sealability and hydraulic bond
strength of materials (V, VI). These tests were performed at ambient
temperature after curing samples at downhole conditions. The
thermosetting resin was not able to hold the differential pressure around
the sample. This is related to its high coefficient of thermal expansion
compared to the steel pipe. The neat class G cement started to leak both
at the interface and through the cement matrix. Presence of a rusted
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surface had no significant impact on the hydraulic sealability of the
cement at its interface with the steel pipe. One reason for the leakage is
the autogenous shrinkage of cement matrix after solidification (Nelson
and Guillot, 2006). The capillary pressure developed in empty pores of
the cement structure introduces excess tension to the structure. Such
tensile force at the interface opens micro paths for the fluid to flow and
therefore, poor hydraulic sealability.

The expansive cement had better hydraulic sealability compared to the
neat class G cement both at the clean and rusty surfaces. The clean steel
samples started to leak at pressures above 20 bars, while the rusted
surface provided better sealability. Additionally, no leakage was
observed through the bulk of the material. The expanding agents
introduced in the mix design compensated for the possible shrinkage of
the cement matrix. Besides the supplementary materials such as
microsilica added to the slurry made a dense structure preventing leakage
through the matrix.

The hydraulic sealability profile and the abnormal shape of the
pozzolanic material with rusty pipe revealed incompatibility of material
and rust products (V1). The material swelled at its interface with a rusted
surface which is an indication of a mismatch between the rust products
and pozzolanic material that can affect its long-term hydraulic
sealability. The injection flow rate for the pozzolanic material was less
than the geopolymer. However, the injecting flowrate was higher at
rusted surface compared to the clean surface steel.

Hydraulic sealability of geopolymer was better on the clean surface. The
rust existed on the steel surface, however improved the shear bond
strength properties, but it had a negative impact on the hydraulic bond
strength of geopolymer. As the leakage was only observed at the
interface of the rusted pipe and not through the matrix, apparently the
geopolymerization reaction has deviated due to mixing with rust
products and the formation of different minerals at the interface.
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Figure 5.11. Hydraulic sealability test results for clean steel (top) and rusted steel (bottom). Sharp
humps in the figures are because of increase in the pressure level across the samples

Overall, hydraulic sealability measurement of a barrier material
expresses the potential of material to prevent fluid to flow, either through
its matrix or at its boundaries with surrounding medium. In the first
scenario, the structure of the material should be impermeable or have
very low permeability. In this study, neat class G cement was not able
to stop fluid flow within the matrix structure. It is due to the connectivity
of the pores in the structure. The injecting water was able to penetrate
the material under the applied differential pressure. The expansive
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cement, pozzolanic material, and geopolymer had very low porous
structure, or the pores were not connected to transfer the fluid within the
matrix. The second scenario can be complicated. If there are micro-
paths formed along with the cement-casing interface and it is connected
to the source of fluid, the fluid would flow through the path, even at very
low differential pressure around the interface. However, one can assume
a case where the micro-path is not fully developed, and it is blinded off
at some distance from the fluid source. When increasing the differential
pressure, the ability of a material to hold its bonding to the surrounding
medium and prevent propagation of micro-path is expressed as hydraulic
bond strength. Hydraulic bond strength is the function of fluid normal
forces in the micro-annuli, size of the micro-annuli, chemical
compatibility of the material with surrounding material, and mechanical
properties of the barrier material and surrounding material.

5.4.3 Steel — setting material interface

As described in previous sections, the essence of interface properties
between barrier materials and steel is not well understood. In this
section, morphology and mineralogy at the interface of the setting
materials after solidification were presented (VI1). The polished steel
surface, prepared as per Section 4.8, was considered as casing
representative. The samples were cured for seven days at the equal
condition as the SBS and hydraulic sealability test. The interface of the
materials was separated accurately and coated with palladium plasma
and placed under electron microscope for analysis.

The photos in Figure 5.12 and Figure 5.13 reveal the morphology of
setting materials at the interface and the corresponding steel interface,
respectively. Since the foremost intention of this test was to search for
iron content at the interface, the microscope was set on the backscattered
electron (BSE) mode to search for heavy elements accumulating on the
surface by indicating brighter zones. The test was continued on the
secondary electron (SE) that provides a better resolution on the
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morphology of the materials. The porous structure on the surface of the
neat class G cement (Figure 5.12. A) supports the poor hydraulic
sealability results of the system. The surface is covered by a huge
amount of hexagonal calcium hydroxide crystals, as well as calcium —
silicate — hydrate (C-S-H) gels and needle shape ettringite. Generally, at
the steel-cement interface, a higher concentration of alkaline pore
solution (mainly Ca(OH)2) acts as a buffer on the steel surface and
protects it from destructive reactions (Page, 1975). Besides, higher
concentration of Ca(OH) at the interface increases calcium hydroxide
(CH) crystal accumulation, which results in porous structure to form in
this region (Horne et al., 2007). The SEM analysis on the neat class G —
steel interface satisfies these statements as a porous structure with large
crystals were observed on both cement and steel surfaces. The
connectivity of these pores between CH crystals has negative impact on
hydraulic sealability of class G cement.

Figure 5.12. B shows the surface of the expansive cement. The surface
had a uniform structure that can be proof of its good hydraulic sealability.
Apparently, the microsilica added to the mix design filled the pores and
formed a dense C-S-H gel near surface compared to the neat class G
cement. The ditch on the right side of the picture (see Figure 5.12. B) is
the crystal of expanding agent added to the mix design to compensate for
the shrinkage of the cement after solidification. However, positioning of
expanding agent close to steel-cement interface can jeopardize hydraulic
sealability of the system in long-term. These crystals can rupture the
surface and rise toward the steel. Particle size of expanding agent and
the final size of the corresponding crystal are parameters that must be
considered for expansive cements. The steel surface connected to the
expansive cement (Figure 5.13. B) is covered by wrinkles. The wrinkle
shapes were concentric and branched from silicate and calcium-rich
spots. Since the steel surface was prepared in the same procedure as for
other materials, this pattern on the steel surface may be due to
solidification reaction and the reason is still a remaining question.
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Figure 5.12. C shows surface of the pozzolanic material. Although the
surface has porous structure, the pores are not connected to each other
and that is aligned with its good obtained hydraulic sealability. The
bright spots are the unreacted ingredients of the material. The BSE
scanning showed that the surface was full of heavy elements. But using
EDS X-ray mapping, only a few points contained iron accumulation on
the surface. The corresponding steel surface (Figure 5.13 C) was covered
by the needle structures with the same composition of the pozzolanic
material. The results from hydraulic bond and shear bond strength tests
are evident that structure near the surface of the pozzolanic material can
provide hydraulic sealability, while the structure is not strong enough to
withstand the applied shear force.

Figure 5.12. D shows surface of the geopolymer. The surface structure
was intact, similar to the expansive cement that endures the good
hydraulic sealability results. The grain in the middle of the picture is an
unreacted GGBFS. The UCS results in this study proved that the
geopolymerization reaction continues over time and unreacted particles
may react with the pore solution at a slower rate. Therefore, the matrix
of geopolymers is continuously under development, which affects the
mechanical properties as well as the structure at the interface. The BSE
scanning of the geopolymer surface showed bright spots and the EDS X-
ray mapping showed high iron concentration on that spot. Figure 5.13 D
matches the steel surface connected to the geopolymer. The surface was
covered with a dense fine structure separated from the geopolymer
matrix. The profile of this structure on steel surface reveals a good grip
between geopolymer and steel. The high shear bond strength supports
the decent mechanical properties of the structure in this region.

Figure 5.12. E and Figure 5.13. E are SEM images of the thermosetting
resin and the connected steel surface, respectively. Although the
material failed to maintain hydraulic sealability due to its high coefficient
of thermal expansion, it had a good bonding to the inner bar in the SBS
test. Using BSE and EDS X-ray mapping, iron accumulation was
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detected on the resin’s surface. The spherical bright points in the picture
are glass beads used in the mix as the weighting agent. Since there was
only one iron-rich point observed on the resin’s surface, it can be an error
in sample preparation i.e., mill scale left on the surface during steel
preparation. The SEM image of steel shows solidified resin adhered to
the surface.

Figure 5.12. SEM images of the interface of setting materials with steel surface. A) neat class G,
B) Expansive cement, C) Pozzolanic material, D) Geopolymer, and E) Thermosetting resin
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Figure 5.13. SEM images of steel surface connected to setting materials. A) neat class G cement,
B) Expansive cement, C) Pozzolanic material, D) Geopolymer, and E) Thermosetting resin

Figure 5.14 shows the clean steel bars placed in the middle of SBS setup.
The samples were left in the open air for a long time (the time is
mentioned for each material). It is evident that the steel bars contacted
with geopolymer and pozzolanic material remained clean, while those
connected to cement systems were rusted. The neat class G cement had
a permeable structure and therefore, air and humidity could transfer
through the cement matrix. Although the expansive cement showed an
impermeable structure during hydraulic sealability test, drying shrinkage
could induce microcracks in the cement matrix facilitating humidity to
reach the steel surface. The other root for crack could be uncontrolled
crystal growth of expanding agents. Hence, the shear bond and hydraulic
bond strength tests should be repeated after a longer curing period to
confirm the workability of expanding agents.

The geopolymer structure remained impermeable after one year and the
steel bar was protected from interaction with humidity. Depending on
the mix design and ingredients, geopolymers have self-healing capability
to some extent, which the cracks that formed due to drying shrinkage can

66




Results & Discussion

be healed after some time and under a specific environment (Liu et al.,
2020). The steel bar connected to the pozzolanic material was removed
six months earlier compared to other materials. But is expected to follow
the same mechanism as the geopolymer.

_;. Geopolymer lozzolanic Material B8 Expansive cement API né: &
¥ (12 Months) ¥ {6 Months) (11 Months) {11'Months)
| : X

Figure 5.14. The steel bars placed in the SBS samples were removed. The samples were kept in
the open air for different time intervals. The steels in geopolymer and pozzolanic material were
still intact, while those which were inside the Portlandf based cement were rusted. The steel bar
inside the thermosetting resin was difficult to remove and therefore, left inside the sample.

5.4.4 Conclusion

The bond strength test results can be affected by the difference in curing
and testing temperature. It is due to the high coefficient of thermal
expansion for some materials such as thermosetting resin.

1- The shear bond strength and hydraulic sealability have no
correlation. One material can have high shear bond strength with
a specific steel surface, while the interface could have a porous
structure with high permeability.

2- On a rusty surface, the rust products can chemically interact in
the solidification process and help to make a strong shear bond,
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while the matrix has a high permeability that passes fluids within
the structure.

For the geopolymer, although the rusty surface provided a higher
shear bond strength, the possibility of chemical interaction
between the rust product and the binder may for a stronger
bonding to the steel. However, this zone may have permeable
structure that negatively hydraulic sealability of geopolymer.
The expanding agents introduced in the expansive cement
supported the material from leakage at the interfaces after one
week. Since the mechanism of expansion is crystal growth, the
chemical reaction of expanding agents should be monitored in
longer period. Because uncontrolled crystal growth in long
period at the circumferential regions pushes the cement from the
steel surface and opens a gap at the interface.

The measurements at the steel — pozzolanic interface and steel —
neat class G interface are good examples for concluding there is
no correlation between shear bond and hydraulic sealability of
barrier materials with steel casing.
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6 Summary & Conclusion

In this study, selected candidate materials for cementing operation were
evaluated at equal condition of pressure and temperature. The fluid-state
properties and rheological behavior at the liquid phase were examined
right after mixing and based on recommended procedures. The density,
pH, and viscosity of the materials were within the requested operational
range.

Thermosetting resin and pozzolanic material had lower gel strength
compared to other materials, which may increase the risk of particle
segregation before solidification depending on the ingredient’s particle
size. The expansive cement had a higher viscosity at low shear rates.
Both cements and geopolymer developed stronger gel strength revealing
their time-dependent rheological structure. For the recommended
predefine bottom-hole circulation temperature, it is recommended that
the slurries to be pumpable for more than four hours. The class G cement
and geopolymer had a low pumpability compared to the expansive
cement and thermosetting resin. The pozzolanic material did not develop
gel after 28 hours using API consistometers. The expansive cement,
pozzolanic material, and geopolymer revealed acceptable values for the
static fluid loss test. The thermosetting resin was not bonded to the
weighting agents, and blow-out occurred after about seven minutes.

Mechanical behavior of the materials was examined from one day to nine
months curing time. The thermosetting resin showed the highest strength
up to one month, and the mechanical properties retrograded afterward.
The structure of this material could not hold any compression load after
nine months. Mechanical behavior of the class G cement was stable for
most of the test period. The structure of the material experienced
retrogression between six and nine months which negatively affected the
compressive strength of the material. The UCS of the expansive cement
was slightly reduced during the test period; however, the reduction rate
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was not as intensive as for the class G cement. The microsilica
introduced to the slurry acted as an external silica source that can delay
the strength retrogression.

The compressive strength of geopolymer was increased until six months
curing time and then decreased after nine months. Geopolymerization
reaction was delayed at earlier periods due to retarder introduced during
mixing. The compressive strength of this material after six months of
curing was 400 % higher than one-week-old samples. The compressive
strength, tensile strength, and flexibility of cement-based systems and
geopolymer were all in the same range after nine months. The
pozzolanic material, although having a retarded strength development,
had a constant strength during the curing period. The material had the
lowest mechanical strength and the highest flexibility after nine months.

The shear bond strength and hydraulic sealability of barrier materials
have no correlation with each other. The neat class G cement had high
shear bond strength with a specific steel surface, while the interface was
porous and had a high permeability. The rust product on the steel surface
had a negative impact on the hydraulic sealability of pozzolanic material
and geopolymer. The expansive cement had better hydraulic sealability
with a rusted steel than the clean steel surface. The chemical
composition of steel surface is important since the existing elements can
chemically interact with the slurry during solidification process and form
new minerals with different properties compared to the matrix of
materials.

The interface analysis of materials on the polished steel surface provided
a better understanding about the morphology of steel- steering material
interface. The class G cement had a porous structure at its interface with
steel. The expansive cement and geopolymer had an integrated surface
due to ingredients introduced during mixing. The pozzolanic material
had a zeolitic structure interface. The pores were not connected and
fulfilled proper hydraulic sealability.
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The main conclusion of this research study can be drawn as follows:

The mechanical behavior of all tested materials highlights the
importance of the long-term assessment of alternative barrier
materials for cementing operations.

There is no correlation between the tensile and compressive
strengths of materials in the long term.

The current mix design of geopolymer is not applicable for
cementing operation as it has low pumpability and high wait on
cement time.

The retarder introduced to the geopolymer mix showed its impact
on setting rather than gelation.

The current mix design of pozzolanic material increases wait on
cement time and nonproductive time of operation.

Chemistry of the current mix design of thermosetting resin is not
suitable for placing the slurry in this operating pressure and
temperature. Zones with high permeable formation can separate
the liquid resin and leave a fluid with higher density in the drilled
hole.
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Portland cement is the prime zonal isolation material used in hydrocarbon wells and its utilization has been
extended to geothermal, carbon sequestration and gas storage wells. Despite the vast quantity of research ac-
tivities and publications, well integrity reports show shortcomings associated with Portland cement at specific
conditions of pressure, temperature, chemical environment and geographical locations. In this experimental
study, four alternative barrier materials have been selected for further experiments at laboratory scale: an in-
dustrial class of expansive cement, a non-cement pozzolanic shury, a rock-based geopolymer and an organic
thermosetting resin. Neat class G cement was used as reference material for comparing the results.

‘The study includes the rheological behavior of the candidate materials, static fluid-loss and pumpability at
both atmospheric and elevated pressures. All of the materials at the liquid phase showed an acceptable viscosity
profile at the operational shear rates. The consistency curve of the slurries showed that the barrier materials are
pumpable for the desired period with the right-angle set (RAS), except for the pozzolanic slurry, which was not
able to make gel up to 24 h at dynamic conditions.

Mechanical properties of the candidate barrier materials including uniaxial compressive strength (UCS),
modulus of fexibility, sonic strength development and tensile strength of the samples were characterized up to
28 days of curing. The UCS test results showed that the thermosetting resin has an extremely high compressive
strength compared to the other materials, while the geopolymer and the pozzolanic slury are more ductile. The
tensile strength of the materials experienced no significant change over time; however, for the neat class G
cement, it is reduced after 28 days.

formation to sufficiently seal the annular space between casing and
formation or two casings. Additionally, the zonal isolation materials
should be mpermeable to prevent fluid migration within the barrier
sheath. The bottom-hole corrosive environment shall not eritically

1. Introduction

During zonal isolation operations, known as primary cementing,
Portland cement is normally used as well barrier element to provide well

integrity by preventing uncontrolled fluid flow behind the casing string.
Portland cement serves the casing by anchoring and protection for a
corrosive downhole environment, The barrier material is a key element
to maintain well integrity, it should be able to meet a number of criteria
necessary to achieve a safe operation during the life cycle of the well.
According to the available guidelines (American Petroleum Institute,
2013; American Petrolenm Institute, 2017; International Organization
for Standardization, 130, 2014; Norsol, 2013), candidate barrier mate-
rials have to make an integrated bonding with the casing pipe and

* Corresponding author.
Email address: Mohammadreza kamali@u

no (M. Kamali).

https://doi.org/10.1016/] petrol. 2021.108455

deteriorate the chemical and mechanical properties of the zonal isola-
tion material. The intense mechanical loads are sometinies unaveidable;
hence, it is essential that the barrier material has adequate mechanical
strength and flexibility to withstand the downhole stresses cansed by
temperature and pressure changes. In addition, it is necessary to avoid
the changes in the bulk volume of the barrier material. Severe shrinkage
and expansion in the volume can damage the barrier sheath and
consequently, results in loss of well integrity. Lastly, the compatibility of
cementitious material and casing should be considered; any detrimental
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reaction at the interface can cause debonding and forming
micro-annular paths.

Ordinary Portland cement (OPC) has been used extensively for pri-
mary cementing operations for many years (Nelson and Guillot, 2006).
‘Therefore, its properties and behavior at various phases are well known
among engineers and academia. Along with its availability and
reasonable marlcet price, OPC has been a practical cementitious material
for primary cementing, remedial activities and permanent plig and
abandonment (P&A) (Le-Minous et al., 2017). However, over the years,
a number of concems related to short- and long-term utilization of OPC
has been stated by operating companies and scientists (Jimenez et al.,
2016). The industrial reports and academic publications have declared
that a range of 2-45% of both production and njection wells, depending
on the number of the wells per geographical location, suffer from well
integrity issues (Davies et al., 2014; Vignes, 2011). They addressed the
major shortcomings like low ductility and brittleness, bulle shrinkage
while curing, low durability in a corrosive environment, and low ther-
mal and chemical stability at elevated temperatures (Al Ramadan et al.,
2019; Kiran et al., 2017; Vrdlstad et al., 2018). Enormous research works
have studied the effect of different additives intending to enhancing
both rheological and mechanical properties of OPC and make it adapt-
able to drilling conditions (Jafariesfad et al., 2017a; Khalil et al., 2020;
Mangadlao et al., 2015; Moreira et al., 2018). Despite all modifications
and researches conducted on development of additives to well cements,
the concerns are still valid as the main root of shortcomings is cement
chemistry. Therefore, researchers have been searching for alternatives
to Portland cement for field applications. Of these, one may refer to
expansive cement, Pozzolanic based slurries, geopolymers and thermo-
setting resins (Abid et al,, 2019; Beharie et al., 2015; Jafariesfad et al.,
2017b; Khalifeh et al., 2018).

The current objective is to characterize theological behavior and
mechanical properties of the abovementioned materials at the equal
downhole condition and presenting their shortcomings and advantages.
The mechanical properties were measured in the short-term, and in a
time span from 24 h after curing up to 28 days. The result for each test is
compared with test results obtained with neat API class G cement, which
is the prime material for the OPC. During this project, the bottom-hole
circulating temperature (BHCT) was set to 65 °C, while the bottom-
hole static temperature (BHST) was 90 °C. The pressure for curing the
samples was equal to 17 MPa. This condition is applicable to the ma-
jority of the wells on the Norwegian Continental Shelf (NCS). Prior to
discussing the experimental results, it is necessary to familiarize readers
with barrier materials.

1.1. Expansive cement
Tntegrated bonding at cement-casing and cement-formation in-
terfaces is crucial for achieving zonal isolation. Cement shrinkage is a

result of chemical, autogenous and drying shrinkage phenomena. Hy-
dration reaction of cement is associate with shrinkage as volume of the

d cement mateix

Pori waler
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paste product is less than the reactants (Henkensiefken et al., 2000). The
decrease in volume due to the hydration reaction is referred to as
chemical shrinkage. The hydration reaction, however, continues as the
slurry hardens. The unreacted cement in the system consumes the
remaining water trapped in pores and leave the pores empty. The pore
water drainage results volume reduction, which is cansed by capillary
pressure development and extra tension within the cement matrix. This
process is simplified in Fig. 1. The volume change due to the pore water
consumption is known as autogenous shrinkage. As the shory solidifies,
the change in volume is because of the autogenous shrinkage, which is
lower compare to the chemical shrinkage (Henkensieflen et al., 2009).
The shrinkage-induced tension can be intensified at the cement sheath
inner and/or outer circumferences by external loads from pressure or
temperature changes at nearby environment. If the summation of ten-
sions exceeds the tensile strength of the cement, the risk of forming
radial cracks or debonding from casing and formation increases
significantly.

A proven approach of improving sealability and elimination of
micro-annuli formation due to OPC volume shrinkage is the use of
expansive zonal isolation materials, which expand upon setting
(Baumgarte et al, 1999). The expanding agents act either by making
crystals growing within the structure or by the controlled generation of
gas bubbles within the cement matrix. Different mechanisms can be
taken to acquire expansion within the cement system, and they are
extensively reviewed in the literature (Nelson and Guillot, 2006; Santos
et al, 2018; Thomas et al., 2014). Among all methodologies that have
been investigated, the application of magnesium oxide (Mg0) in well
cements have revealed appropriate results. In civil and construction
industry, where confining pressure may not exist, the amount of MgO is
critically controlled to avoid cracks due to the expansion of the cement
matrix. In the oil well, on the contrary, MgO can compensate shrinkage
and maintain zonal isolation. The effectiveness of the expansive agent
reaches a maximum when the corresponding expansion reaction takes
place while the shrinkage arises. On one hand, the early expansion
would not compensate for the long-term shrinkage in the cement matrix.
Very late expansion may cause crack in the cement structure; hence, the
expansive additives should be carefully engineered. Yet, the full control
of the reaction and the effectiveness of the agent at different operational
conditions are under investigation (Santos et al., 2020). The parameters
such as expansive agent’s particle size, and the dosage, time control of
the reaction, and downhole pressure and temperature have a critical role
in short- and long-term mechanical properties of the cement after so-
lidification. The experimental observations show that hybrid use of
nano-sized MgO with diverse reactivity levels can solve the issue of early
expansion before solidification of the cement slurry (Jafariesfad et al,,
2017b).

In this research work, a commercial industry expansive cement,
which is extensively used for P&A operation is investigated for primary
cementing operation and zonal isolation. The cement system has MgO as
an expansive agent, This agent is dry blended with API class G cement.

Pore space is emptied
by dehydration

Fig. 1. Autogenous shrinkage of the cement-based materials during solidification.
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1.2 Pozzolanic slurry

Some silica-rich materials, known as pozzolans, may not have
cementitious properties on their own, but react with calcium hydroxide
(Ca(OH)z) in an aqueons environment and show cementitions properties
(American Society for Testing and Materials, ASTM, 2013). Pozzolans
are widely used as cement extender for cement and they are available in
natural and artificial types. In the presence of pozzolans, the perme-
ability of cement is significantly reduced and the silica reacts with un-
desirable side reaction products, Ca(OH); in the system and form a
stable and durable caleinm - silicate - hydrate (C-8-H) compound. The
microporous structural units broadly lmown as zeolites exist in pozzo-
lanic materials. Zeolites can act as an ion-exchange component in a
corrosive environment and maintain the cement properties (Papadalis
et al., 1992),

In this study, a commercial pozzolan-based slurry is considered as a
barrier material for primary cementing. It is a non-OPC material and it is
primarily used as spacer {luid ahead of cement. Its rheological properties
can be adjusted to the desired level and the shury can set and develop
strength at downhole conditions. No detailed information is available
for the composition of this shury. This material is used in the North Sea.
Therefore, test results of this material are added for benchmarking its
performance.

1.3. Geopolymer

Inorganic polymers, known as geopolymer, are a class of cementi-
tious materials produced by mixing a liquid hardener with reactive
aluminosilicate species (Davidovits, 2013), The tetrahedral long-chain
molecules that consist of alumimum and silicate are formed during
geopolymerization reaction and hence, no hydration takes place. The
solid phase that is broadly lmown as geopolymeric precursor, may
include low caleium fly ash, thermally activated clay (metakaolin) or
natwrally occurring rocks (Khalifeh et al., 2019; Liu et al., 2020; Salehi
et al., 2019). The liquid phase is an alkali (normally sodium or potas-
sium) silicate solution with an optimum modular ratio. The reaction is
known as geopolymerization and it consists of three main mechanisms:
the dissolution of aluminosilicate structure of the solid phase in presence
of hydroxyls and creation of silanol groups (8i-O-H), orientation and
reconnection of molecules due to an increase in the concentration of jons
in the slurry and forming oligomers and finally, polycondensation by
connecting  oligomers and forming a long-chain structure of
aluminosilicates.

The geopolymers are already used in civil industry, but the tech-
nology is stll under development for oil and gas applications by
adjusting the rheological and mechanical properties in accordance with
downhole conditions. Previous research works confirmed that rheolog-
jeal behavior and mechanical properties of geopolymers are
temperature-dependent (Khalifch et al, 2018; Paiva et al., 2018). In the

current work, a natvrally occwrring rock normalized with other alumi-

nosilicate sowrces (Alvi et al., 2020) is mixed with potassium silicate
solution to produce the rock-based geopolymers.

1.4. Thermosetting resin

Organic thermally activated resins, broadly known as thermosetting
resin, can be solidified when exposed to a predesigned temperature.
Thermosetting resins are considered as particle-free liquid polymers and
this feature allows penetrating micro fractures and seal the leak paths by
forming heavy-molecule solids (Beharie et al., 2015; Cestari et al,
2009). Therefore, they are mainly used for remediation jobs to seal the

Journal of Peirolerim Science and Engineering 201 (2021) 108455

micro crack or defected annular cement. Temperature, pressure and the
composition of the liquid resin are the main variables in the polymeri-
zation reaction. Glass transition temperature in thermosetting resins is
defined as the maximum temperatwre after which, the solid material
enters into the plastic region and rigid behavior is not available no
longer (Montserrat, 1993). Therefore, it is critical to have full control
over the mix design of resin, operational condition, and geological
temperature gradients in the drilling environment.

Thermosetting resins have been studied for potential P&A applica-
tions and in remedial field operations (Al Ansari et al., 2015; Todorovic
et al, 2016). This class of organic materials has shown interesting me-
chanical properties. The compressive strength is considerably higher
than the OPC while they are more ductile. However, their volume
shrinkage and exothermic reaction during solidification can introduce
mechanical and thermal stresses at specific circnmstances and bring
concerns (Vralstad et al., 2018), In this study, glass beads are used to
adjust density of the slurry; hence, our system is not considered as
particle-free system.

2. Test material preparation and experimental procedure

In all experiments, the slurries were mixed using the raw materials
delivered by the industrial service providers and the mixing procedure
was followed in accordance with the provided instructions. The mixing
procedure for each cementitions material is described as follows:

Neat class G cement — The neat API class G cement manufactured by
Dyckerhoff was mixed with 44% deionized water. API high-speed mixer,
Waring blender, was used to mix the slurry.

Expansive cement — The dry blended API class G cement (Dyckerhoff)
with magnesium oxide as an expansive agent was delivered by the
material supplier. Industrial chemicals were added to the shury to tailor
the rheological and mechanical properties of the slumry. The additives
included in this study were retarders, fluid-loss controller, defoamer and
cement particle dispersant. Microsilica solution with a mass fraction of
50% in water was recommended by the cement supplier to enhance
performance of the material.

Pozzolanic shury - Common industrial chemicals that usually are
used for controlling cement properties were applied to mix the slurry, A
chemical activator was introduced to the slurry before pre-conditioning.
The pozzolanic shuty was mixed and delivered by the material supplier.

Geopolymer — The precursor was dry blended in accordance with the
recommended provedure. The solid phase was an aluminosilicate rich
naturally occwrring rock normalized by adding active quenched blast
firnace slag (BFS), which is an industrial waste, to achieve normalized
chemical composition. Potassium silicate solution with a modular ratio
of 2.49 was used as hardener and mixed with solid phase before pre-
conditioning. API high-speed model, Waring mixer, was used to mix
the shury.

Thermosetting resin = The liquid pre-mixed resin based of vinyl
toluene was provided by the material supplier. Glass beads were used to
increase the mass density of the resin mixture and a viscosifier was
added to control the rheological properties. The slurry was mixed at 600
RPM nsing Heidolph overhead stirer model Heigh-TORQUE. The ma-
terials used in this study are summarized in Table 1.

Slurry preparation - All the laboratory experiments performed in a
specific condition of pressure and temperature to simulate downhole
conditions; where the bottom-hele circulating temperature (BHCT) and
bottom-hole static temperature (BHST) were selected to be 65 and 90 °C,
respectively. The downhole pressure is considered to be 172 bar. For all
laboratory experiments, the mixed slurries were pre-conditioned for 30
min at the BHCT, in accordance with APl 10B-2 (American Petroleum
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Table 1
Mix design of the of candidate barrier materials used in this study.
Solid phase Liquid phase by weight of solid (BWS) Additives (BWS)
Class  Naturally Glass  Deionized  Potassium Pre- Micro Fluid-loss ~ Cement Defoamer ~ Cement  Viscosifier
G occurring  bead  water silicate mixed silica controller  dispersant retarder
rock solution resin solution
(50%)
Neat class G 790 44%
Expansive 790 33% 11% 2.8% 0.5% 0.1% 0.6%
cement
Pozzolanic No information available.
material
Geopolymer 700 44.5%
Thermosetting 720 50% 1%
resin
15 Sec 4000 RPM Mixed slurry
o AP! high-speed mixer [ o 12000 R to
SO“d conditioning
/—_- R,
B —

phase

by
\
\

1

——

\

_ ufl 1 £

-
Pitch blade and Radial-
. .
. .
Liquid r—
. Neat Class G cement used for conditioning of
slurries

phase

pancse
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. Pozzolanic slurry

Geopolymer
Thermosetting resin

Fig. 2. Slurry sample preparation for laboratory tests.

Institute, 2013). The temperature ramp-up rate was 1 °C/min; after
reaching the BHCT, the slurries were pre-conditioned for 30 min. At-
mospheric  consistometer, OFITE Model 60, was used for
pre-conditioning of the slurries.

In Fig. 2, the slury preparation up to conditioning before running
laboratory experiments is shown graphically.

Viscosity measurement — Fann 35 rotational viscometer with config-
uration of R1-B1 was used for measuring the viscosity profiles. The
viscometer cup was pre-heated to 65 °C for avoiding any thermal shock
to the slurries. The test was performed following the API 10B-2 Rec-
ommended Practice (American Petroleum Institute, 2013). The average
between the ramp-up and ramp down flow curves were used to calculate
the viscosities at the different shear rates.

Static fluid-loss — The pre-conditioned slurries were transferred to the
static fluid-loss test cell for measuring the performance of the slurries.
The sampled fluid was measured at different time intervals, up to 30
min. For those slurries that experience break-through before 30 min, the
following expression is used to report the API fluid-loss:

Fluid — loss =2V TO

where V; is total volume of the filtered liquid at the time of break-

@

through, and ¢ is the time in minute when the break-through occurs.
Pumpability - After loading the slurries in the relevant equipment, the
temperature ramp-up rate was set equal to 1 °C/min until it reached to
the BHCT and then the temperature was kept constant. Additionally, the
of the samples was d at the el d pressure of 172
bar with the pressure ramp-up of 17.2 bar/min. The equipment for
measuring the consistency was OFITE Model 60 for atmospheric pres-
sure and OFITE Model 2040 for elevated pressure. Both equipment

sheared the slurries at 150 RPM; however, the paddles are different.
Uniaxial compressive strength (UCS) - The uniaxial compressive
strength test was performed on samples cured at downhole condition of
pressure and temperature after desired period of time. For UCS test, the
specimens can be cured either in cubic forms with dimension of 50.8 mm
(American Petroleum Institute, 2013) or in cylindrical mold with height
to diameter (slenderness ratio) of 2.0 (American Petroleum Institute,
2017). The procedures for compressive strength test, and also
non-destructive sonic strength development are described in API 10B-2.
However, the test results only can be used to ensure that the cement has
sufficient strength to resume drilling operation and they are not prac-
tically appropriate for annular cement integrity simulations (American
Petroleum Institute, 2017). Hence, in this study, cylindrical specimens
were considered to measure uniaxial compressive strength of the
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materials. Two main reasonings for selecting cylindrical geometry are as
following: a) the UCS test results can be more practical for cement
sheath integrity simulations (American Petrolenmn Institute, 2017), b)
practical issues such as design of the HPHT autoclave chambers used in
this study.

Poly propylene plastic contamers manufactired by VWR with
diameter of 50 mm and height of 102 mm (see Fiy. 4a) were used as
mold. The molds can withstand the maximum temperature of 121 °C;
therefore, they were applicable for curing the samples at 90 °C and
under elevated pressure of 172 bar. After conditioning at BHCT, the
slurries were poured in the molds and placed in the autoclaves for
curing. Three samples were considered for each material and placed in
the oven for different time intervals, 1-, 5-, 7- and 28-day (12 samples in

total). Afterward, the hardened samples were removed from oven and
1;
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gradually cooled down to ambient condition. TLater, the samples were
detached from the molds and both ends were flattened by using a cutting
machine to eliminate the end effect during loading process (see Fig. 4b).
Flattening both ends caused reduction in slenderness ratio below 2 that
can overestimate the compressive strength of the barrier materials.
Hence, the API 10TR7 for testing mechanical behavior of cement rec-
ommended correction factor that should be applied to each testing
sample, For specimens with (I/d) < 2, API has referred to American
Society for Testing and Materials, ASTM (2014) and correction factors
can be either interpolating the range provided by Table 2, or using the
polynomial equation in Fig. 3.

American Petroleum Institute (2017) recommends the constant
compression stress rate in the range of 3.5 MPa/min to 14 MPa/min.
However, due to technical limitations, the stress rate was selected equal
to 35 MPa/min. According to a Cooperative Testing Results presented in
Annex A, American Petroleum Institule (2017), the loading rate of 35
MPa/min results in lower compressive strength by 6% comparing to the
loading rate of 14 MPa/min for the cylindrical specimens (American
Petrolenm Institute (2017)). The UCS machine used to conduct the tests
was Toni Technik-H mechanical tester (see Fig. 4c).

Indirect tensile strength (Brazilian) — The same procedwre as the UCS
test was followed to cure the samples. Then, the cured samples were cut
into the disc shapes with a thickness of about 30 mm and placed verti-
cally between the curved jaws as shown in Fig. 4d. Zwick/Roell Z050
static material testing machine with a compression loading rate of 3 kN/
‘min was employed to run the experiments (American Society for Testing
and Materials, ASTM, 2016) and the tensile strength was calculated by

the following equation.
Tensile stength — 12— @
ensile strengtn = 1. 7DL

where T is the maximum tensile force, D is the diameter, and L is the
thickness of the sample.

Sonic strength development - The pre-conditioned slurries were
transferred to the ultrasonic cement analyzer (UCA) machine. The
operational condition of temperature and pressure for the equipment
was defined to be 90 °C and 172 bar, respectively, The temperature and
pressure ramp-up rates were 1 °C/min and 17.2 bar/min. Chandler UCA
Model 1265-HT was employed for this test. The machine is calibrated to
test OPC, while for new materials, a novel algoritluo must be provided
and applied in the custom algorithm option.

Table 2
Correction factor of wniaxial compressive strength for specimens that have
slenderness ratio below 2.

Ird 2 1.75 1.5 125 1
Correction factor 1 098 0.96 0.93 0.87

Fig. 3. Calculated correction factor by applying the polynomial equation for
specimens with slenderness ratio less than 2.

3. Results and discussions
3.1. Rheological behavior and viscosity measurement

In this study, the viscosity of shuries was measured by the means of
rotational viscometer. Fluid viscosity along with wellbore geometry (e.
g hole size, mclination and eccentricity) determines the frictional
pressure losses and fluid displacement quality in the wellbore. Hence,
accurate viscosity measurement and data fitted to an appropriate model
are necessary. Among several suggested models for the drilling fluids,
Herschel - Bulkley model is the simplest three-parameter model to
describe the viscosity of non-Newtonian flwids over a range of shear
rates (Herschel and Bulkley, 1926). In this model, shear stress () at any
shear rate (j) is presented as:

T=1, +Ki",1 > 1, (3)

where 7, is the yield stress and nis the flow index, both are unique values
and depending on the composition of the slurry. K is consistency factor
and depends on the flow index. Hence, K cannot represent the properties
ofthe fluid in fluid comparisons. Consequently, considering the Herschel
— Bulkley approach and modelling the fluid behavior by curve fitting
method may result in various combinations of K and « for the same data
set, Saasen and Yivehus (2018) re-mranged the Herschel — Bulkley
model based on the suggested approach by Nelson and Ewoldt (2017)
and introduced a surplus shear stress, 7. and surplus shea rate, §, , both
are unique parameters for each fluid and the flow situation. The new

model is defined as follows:
=1, +'r,(‘l)“, “)
¥y

where i, =77, at. j =y,
The equation snggested by Power and Zamora (2003) provides an
acceptable approximation for the yield stress:

T, =213 — T (5)

The next step is to determine the surplus shear rate and the related
surplus shear stress. Geometry of flow path is one of the effective pa-
rameters in shear rates. In primary cementing operation, the cement
shurry flows in a pipe or in the anrmlar area behind casing. Moreaver, the
flowrate at which the cement shury is pumped can influence the shear
rate. Usually, the shear rate of 102.2 5" (the pumping flow rate of abont
1300 L/min in 9 5/8-in. to 12 %-in. annulus) is typical in cementing
operations. This shear rate is equal to 60 RPM in bob and cylinder
rotational viscometer. Subsequently, to determine the curvature
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Fig. 4. a) The plastic mold used for curing the samples, b) Cured sample after flattened both ends, ) UCS test setup, d) Indirect tensile strength test setup.

Table 3
Density, pH, viscosity model parameters, fluid loss and consistency of the materials.
Density (sg.) pH Gel Strength (Pa) Viscosity model parameters API Fluid Loss (ml) Pumpability (min)
10-sec 10-min ty T g e ATM PRS
Neat class G 1.9 13.6 11.75 69.5 6.13 31.68 0.98 0.29 821.04 132 9%
Expansive cement 1.95 13.2 122 40.3 7.4 44.2 0.64 0.65 21 462.5 3385
Pozzolanic material 1.68 13.3 3.57 511 2.04 26.65 0.72 0.70 18.8 N/A N/A
Geopolymer 195 134 12.2 23 7.78 28.11 0.95 0.87 0 120 110
Thermosetting resin 1.65 N/A 35 19.4 3.32 38.58 0.844 0.82 183.76 293 263.5
N/A: Not Applicable
200
180
160
140
g. 120
@
2
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3 80
£
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o
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~+—Neat class G cement Material I - resin

Fig. 5. Viscosity profile of the candidate barrier materials at 65 °C.

component in the model. Two different values can be estimated, one at
shear rates below and one for the shear rates above the surplus shear
rate, aiming to increase the accuracy of the prediction and they are
labelled as ny; and nj. The mentioned parameters can be calculated at 30
and 200 RPM as follows, respectively:
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For all materials, the 10-sec and 10-min static gel strengths were
measured at constant temperature of 65 °C and they are summarized in
Table 3.

The viscosity profile of the barrier materials at 65 °C and atmo-
spheric pressure, right after pre-conditioning is presented in Fig. 5. As all
the slurries have yield stress and a flow index less than unity, they are
nor with a shear thinning bel . They are p ble at
typical operational pumping rates. The static gel strength test was per-
formed after 10 s and 10 min at 3 RPM. All the fluids develop gel
strength during a static period. The yield stress for the thermosetting
resin and pozzolanic material was less than the other materials, but the
viscosity of the resin was higher at higher shear rates, which the dial
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reading at 300 RPM was not achieved, The glass beads that added to the
system as the weighting agent can have an influence on the fluid
behavior and make a plug flow at higher shear rates. The same pro-
cedure was followed for the neat class G cement, where the measured
shear stress at 102 57" for the neat class G was unexpectedly high. A
possible human or equipment error was suspected. However, repeating
the tests three times confirmed the accuracy of the observation. The
aperational shear rate for cementing operation barely passes 200 5™
and it means that there will be no concern about the placeability of the
slurries (Nelson and Guillot, 2006),

3.2 Static fluid-loss test

The static finid-loss was measured by API recommended apparatus.
In primary cementing operation, during placement and post-placement
before the material solidifies, the formation can act as a filter and hy-
drostatic pressure above the slurry can squeeze slurry filtrate into the
formation, The loss of liquid phase can result in building particle bridges
across the annulus and, hence, reducing in hydrostatic pressure in the
annulus and increasing the risk of reservoir fluid invasion into the bar-
rier sheath. Snch liquid may also have a critical role in the setting pro-
cess and maintaining the desired mechanical properties for the life cycle
of the well. Moreaver, fluid-loss can also negatively affect the rheolog-
ical properties and consequently, placeability of the slurry all the way up
behind the casing as it becomes thicker when the liquid phase leaves the
‘mixture. From the operational point of view, the cement slurry should be
placed at the predesigned depth and with the predefined pumping rate
and without significant change in the composition. Increasing the pump
pressure to place a thick slurry that already lost a part of its liquid can
accelerate the fluid loss and fracture formation. However, in remedial
operations, a high slurry loss (i.e. including the liquid phase and parti-
cles) value is a benefit for cement squeezing, when the fluid loss can
result in cement bridge-off to seal the leak path. The guidelines for fluid
loss control have been developed based on the field experiences, not the
theoretical models. Hence, the operators have different specification
about the acceptable fluid loss and the value may vary depending on the
drilling environment and formation, but the values below 50 ml per 30
min are favourable for primary cementing (Bensted, 1998),

The result of static fluid-loss of the shuries after 30 min pre-
conditioning at 65 °C is presented in Fig. 6. The geapolymer slurry
revealed no fluid-loss during the testing time, which means that there is
no free flnid and the geopolymeric species present in the slurry are well
attached to the hardener phase. Although the hardener composition has

a crucial effect on the test results, literature shows that modification of

Jomal of Petroleum Science and Engineering 201 (2021) 108455

particle size of geopolymeric precursors reduces the fluid loss by 100%
comparing to the previous tests performed by Khalifch et al. (2019). The
pozzolanic shury and expansive cement indicated an acceptable result,
approximately 10 ml after 30 min. This is mainly due to particle size
distribution and fluid-loss control agents used in these mixtures, The
thermosetting resin, however, experienced break-through just 8 min
after running the test. Although the glass beads were used as weighting
agent and the system is not particle-free, they were not able to bond to
the liquid resin during the mixing and pre-conditioning. Consequently,
extensive fluid-loss was experienced. The loss of water from the neat G
cement was intensive and the break-through occurred only 3 min after
rurming the test. The API static fluid-loss values for the thermosetting
resin and class G cement reported in Table 3 show higher than that of the
liquid phase added to mix the shury, The physical meaning of these
valies can be described as if the slurry is conmected to the source of the

liquid phase, the tabulated value can be passed as filtrate in 30 min.
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Fig. 7. The consistence of the neat class G cement slory as function of time.
Orange curve: Atmospheric consistometer. Brown curve: Presswrised con-
sistometer at atmospheric conditions. Blue curve: Pressurised consistometer at
elevated pressure. Numeric values are thickening time to 100 Be (min). (For
interpretation of the references to colow in this figure legend, the reader is
referred to the Web version of this article.)

120
100 f
!
!
80 J
E
£ 60 {
=
]
>
a &
20
IS o o . . . .
o 5 10 15 20 25 30 35
Time (Min}
—+—Neat class G ——Expansive cement Pozzolanic material —+—Geopolymer ——Themaosetting resin

Fig. 6. Static fluid-loss of the barrier materials.
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Fig. 8. The consistence of the expansive cement slurry as function of time.
Orange curve: Atmospheric consistometer. Blue curve: Pressurised con-
sistometer at elevated pressure. Numeric values are thickening time to 100 Be
(min). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 10. The consistence of the geopolymer shury as function of time. Orange
curve: Atmospheric consistometer. Blue curve: Pressurised consistometer at
elevated pressure. Numeric values are thickening time to 100 Be (min). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 9. The consistence of the pozzolanic material as function of time. Orange
curve: Atmospheric consistometer. Blue curve: Pressurised consistometer at
elevated pressure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

3.3. Pumpability and consistency

The pumpability of the cementitious slurries was measured by
measuring the torque of spring connected to a paddle. The paddle stirred
the slurry continuously. Considering the consistency of setting mate-
rials, one should differentiate between pumping time and setting.
Setting time is the time required for the material to set from gel status.
Pumping time, also known as workability, is a property of setting ma-
terial indicating how long the slurry remains in the fluid phase before
gelation occurs. The test is usually performed at the BHCT and the in-
strument measures the consistency of the shury in Bearden units of
consistency (Bc). Depending on the operator’s eriteria, the upper limit
for the pumpability varies between 30 and 40 Be and beyond that, the
cement mixture is considered as unpumpable or risky fluid because the

140
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Fig. 11. The consistence of the thermosetting resin shury as function of time.
Orange curve: Atmospheric consistometer. Blue curve: Pressurised con-
sistometer at elevated pressure. Numeric values are thickening time to 100 Be
(min). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

slurry becomes thick. However, it is recommended to continue the test
until it reaches 100 Be (American Petroleum Institute, 2013). The reason
is that the trend of the curve from 40 Be to 100 Be can provide an
estimation about the strength of gel so that gas should not be able to
attack the slurry before it sets. Arapid increase inthe consistency during
this period is known as Right-Angle Set, where the transition from liquid
to the solid phase happens quickly and it can significantly reduce the risk
of formation fluid invasion into the cement sheath, especially in gas
wells or oil wells with shallow gas. However, it may increase the risk of
setting in drill string or setting at undesired depth before reaching the
end station.

The consistency of the candidate barrier materials at atmospheric
and elevated pressure of 172 bar is shown in Figs. 7-11. As two different
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Fig. 12. The paddles that is used for shearing the mixed slurries in pressurised consistometer (upper device) and atmospheric consistometer (bottom device).
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Fig. 13. Average compressive strength of the candidate barrier materials.

equipment were used to run the test at ic and el d pres-
sure, an extra test was performed on the neat class G cement with the
pressurised consistometer while the pressure was set at atmospheric
level (brown curve). The reason was to test the reliability of the atmo-
spheric consistometer and validity of the measurements. No significant
difference was observed in the results; hence, the tests at atmospheric
pressure were performed with atmospheric consistometer.

I ing the p from heric to 172 bar has an

acceleration effect on the pumpability of all materiel to a different
extent. For the neat class G cement, the acceleration effect was about 35
min which is about a 25% reduction in pumping time, while for the
expansive cement the impact was slightly more pronounced. The
expansive cement was pumpable for almost 7 h at atmospheric pressure
and increasing the pressure reduced the pumpability to 5 h giving nearly
a 26% reduction in pumping time. The kinetic of the govemning chemical
reactions and hydration of the components that exist in the chemical
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Fig. 14. Average Young's modulus of the barrier materials.
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Fig. 15. Average uniaxial compressive strength (blue bars) and the compres-
sive strength divided by Young's modulus (orange line) for the neat class G
cement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

additives are likely pressure-sensitive (Wagh, 2016). These reactions
have a significant influence on the formation of calcinm-silicate-hydrate
(C-S-H) gels and expedite gelation of the expansive cement. The con-
sistency curve of the non-cement based pozzolanic slurry shows a con-
stant trend up to 23 h after running the test. The curve reached a peak
after 28 h and started to fluctuate. The test stopped at that stage and
quick gelation happed only a few seconds after removing the sample
from consistometers, Fig. 9. The test revealed how the static and dy-
namic condition affects gelation and setting time of the pozzolanic
slurry. One may conclude that the physical damage to the gel structure
of the material is the reason for having long thickening time. The geo-
polymer showed pressure independent pumpability. This has been
confirmed by previous research conducted on the rock-based geo-
polymer (Khalifeh et al., 2019). Pumpability of the thermosetting resin
was also pressure-dependent and it was reduced by 30 min by increasing
the pressure, which is almost 10% reduction; however, the measured
pumping time is still within the range recommended by operators. It
might be valuable to study electrostatic forces between the particles or
structure  of solid phases for materials that showed pumping
time-sensitive to pressure.

The expansive cement, geopolymer and thermosetting resin showed
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Fig. 16. Average uniaxial compressive strength (blue bars) and the compres-
sive strength divided by Young's modulus (orange line) for the expansive
cement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Right-Angle Set less than 15 min since the gelation phase started. Apart
from the pressure as a variable in consistency tests, the effect of blade
geometries of atmospheric and pressurised consistometers (see Fig. 12)
is also recommended to be considered for future studies. The geometry
of the paddle may affect the mixing energy or damaging the gel struc-
tures prior to the setting phase starts.

3.4. Uniaxial compressive strength (UCS) and flexibility

The average compressive strength of the barrier materials for the
period of up to 28 days is presented in Fig. 13. The flexibility,
compressive and tensile strength of the barrier material are linked
together; increasing in ductility of the cementitious materials can result
in a reduction of required compressive and tensile strengths (Jafariesfad
et al., 2017a).

The average Young’s modulus of each barrier material after curing
the samples up to 28 days is shown in Fig. 14. The pozzolanic shury and
geopolymer were not able to develop early strength after 24 h curing
under the bottom-hole condition. However, Young’s modulus of these
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Fig. 17. Average uniaxial compressive strength (blue bars) and the compres-
sive strength divided by Young’s modulus (orange line) for the pozzolanic
material. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 18. Average uniaxial compressive strength (blue bars) and the compres-
sive strength divided by Young's modulus (orange line) for the geopolymer.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

materials after 5,7, and 28 days of curing were significantly low, and the
materials were extremely flexible. Both the neat cement and the
expandable cement systems showed constant flexibility during 28 days
of curing. The modulus of flexibility for ther ing resin was di d
by almost 50% after 28 days of curing.

In Figs. 15-19, the average uniaxial compressive strength (UCS)
(right vertical axis) and the ratio of the UCS to Young’s modulus (UCS/
E) (left vertical axis) of the barrier materials are presented. The
compressive strength of the neat class G cement has a slight decrease
during the period from 7 to 28 days. This provides a motivation to
investigate the change in the compressive strength for even longer pe-
riods. The compressive strength of the expansive cement was slightly
decreased at the end of the testing period comparing to the results after
1-day curing and it became more ductile. After 28 days, the pozzolanic
slurry and the geopolymer reached to the compressive strength of 14 and

Fig. 19. Average uniaxial compressive strength (blue bars) and the compres-
sive strength divided by Young's modulus (orange line) for the thermosetting
resin. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 20. Stress-strain curve for the thermosetting resin after curing at different
time intervals.

16 MPa, respectively, and their trend for strength development was
increasing for both materials. Although the thermosetting resins are not
as brittle as cement, their UCS test was performed as described in the
previous section to provide equal testing conditions for comparison with
the other investigated materials. Perhaps development of standards for
characterization of mechanical properties of thermosetting resin-based
materials for utilization as zonal isolation materials is a necessity. The
stress-stain curve for the material showed elastic behavior at earlier
stage of the loading, almost similar to the other materials, but it enters to
a plastic region. In other words, the plastic region in stress-strain curve
of thermosetting resin was extended comparing to the other materials.
However, the thermosetting resin was also cracked at failure point.
Tig. 20 shows the stress-stain curve for the thermosetting resin.

The strength development trend for the thermosetting resin was
reached to the maximum value of 130 MPa after 7 days; almost three
times greater than the neat class G cement, but the value was dropped by
almost 40% to 80 MPa after 28 days. Nevertheless, the UCS/E parameter
increased due to the ductility of the material in this period. In Fig. 21 it is
provided a comparison of the UCS/E value for all the five barrier ma-
terials for the testing period. The observations in results of UCS tests and
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Table 4 Table 5
Young's modulus and compressive strength relationship equation parameters. Generated customised algorithm of the barrier niaterials for the UCA test based
Model paranseters Minis s WIS on data up to 28 days.
N b Material Palynomial equation Resquare valne
o 8 =12677x2 - 4 J 2 5 ¥
Neat class G cement 2560 0.015 Class (‘-rﬂuml _12 773(:3 3701.1% :22{37’4 0.0822
E sive cement 0.701 0.105 E.xpansm_a cmmn_l y = 190.85x" - 5281.6x + 35842 09788
Yo - . oy Pazzolanic material y= 365.82x° - 9B80.6x + 65261 0.9907
zeolanic material 0732 0.007 G I — 98,6624 - 1310.9x + 13057 0.095
Geapolymer 0544 0.006 I”W wer v o e g
Thermsetting resin 0015 0191 Thennoselting resin ¥ = 250.9x" - 90659 + 80945 0.8502

the change in the ratio of UCS to Young's modulus have amplified the
motivation to investigate the change in mechanical properties of all
barrier materials in long-term. In addition, oneneeds to characterize the
microstructure of these materials by the use of XRD and SEM technigues,
to investigate any phase changes or transformation of the minerals.

3.4.1. Relationship between compressive strength and modulus of elasticiry

Regularly the flexibility index is expressed in terms of compressive
strength. Tomosawa and Noguchi (1993) analysed more than 3000 data
of compressive strength for different types of heterogeneous concrete.

They proposed a universal equation to estimate the structural defor-
mation of coneretes with compressive strength ranging between 20 and
160 MPa, The power-equation (Equation (8)) covers the compressive
strength and mass density of the tested materials; besides, a correction
factor takes into accownt the coarse aggregates and mineral admixtures
in the concrete systems.

E=k k:,lAXﬁ,lrE ¥ 8

where L is the modulus of elasticity in MPa, k; and ks are the correction
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Fig. 25. Sonic strength development (blue line) and the transit time (orange
line} for the pozzolanic material. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 26. Sonic strength development (blue line) and the transit time (orange
line) for the geopolymer. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 27. Sonic strength development (blue line) and the transit time (orange
line) for the thermosetting resin. (For interpretation of the references to colowr
in this figure legend, the reader is referred to the Web version of this article.}

factors defining the coarse aggregates and mineral admixtures, o¢ is the
compressive strength in MPa, and 7 is the mass density in Kg/1.

In this study, a regression analysis of over 12 crushed samples per
each material was conducted based on the UCS test results, F
Considering the universal equation suggested by Tomosawa and Nogu-
chi (1993), a general equation was proposed to relate the short-term
compressive strength of the materials as the explanatory variable and
modulus of elasticity as the target variable. The suggested equations can
predict the ductility of the materials with an acceptable accuracy at
specific operational pressure and temperature in this project. All the
slurries were mixed based on a fixed recipe; hence, the density of all
materials is constant in the equation and can be neglected. Moreover, a
homogeneous solid phase with constant mineralogy was used to mix and
cure the barrier materials in entire tests. Cansequently, the general
equation can be simplified as a power function to the following form:

E=ao} (9

In the equation above, the modulus of elasticity, E, is in GPa and o3 is
in MPa. Frequently, the least squares regression methodology is used to
reduce the deviation between the model calculations and direct mea-
surements. In this practice, the minimum weighted least squares (WLS)
method is considered for finding the optimum values for a and b
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constants in the general equation. The values for the constants are
summarized in Table 4. The pozzolanic and geopolymeric materials
showed the minimum WLS and it is an indication of homogeneity of the
samples,

Sonic strength development

The ultrasonic cement analyser is able to estimate the strength
development of the setting materials by measuring the sonic wave
transit time through the sluries. Transit time of the sonic wave is a
direct measurement by the equipment, and it is only dependent on the
chemistry of the tested material. The software is programmed to convert
the measured transit time to the compressive sirength of the material
based on a predefined algorithm mtroduced earlier to the system by the
manufacturer, This algorithm is achieved based on previous experiments
and it can provide a good estimation for the OPC. For setting materials
other than OPC, the calculated compressive strength is not accurate, and
anew algorithm should be introduced to the software. In this study, the
UCS data were plotted versus the corresponding transit time measured
by the equipment at the same period of curing time. Hence, four points
were available for the neat class G, expansive cement and thermosetting
resin while three points were available for the pozzolanic slurry and
geopolymer. The generated algorithm for individual barrier material is
presented in Table 5.

In Figs. 23-27, the sonic strength development (left vertical axis) and
transit time (right vertical axis) for the candidate barrier materials are
presented. The change in sonic strength development determined using
the default algorithm for the neat class G cement is shown in Fig. 23.
These values do not correspond with the crushing tests shown in Fig. 16.
Hence, anew algorithm was made. The results from using this algorithm
are shown by the blue curve in Fig. 23, The mechanical strength of the
expansive cement started to decline 4 days after curing. A consecutive
reaction corresponding to the chemical additives may cause a reduction
in strength of the material. One possible scenario could be activation of
the expansive agent that may create internal pressures, The trends of the
pozzolanic material and geopolymer confirm that both materials had no
strength wp to 2 days after running the test, but the strength develop-
ment was still ongoing after 28 days of the UCA test. The thermosetting
resin was set fast at 90 °C and 2500 psi, but the corresponding plot shows
a number of jumps in strength development trend. Coagulation of the
weighting agents may be the reason for the sudden peaks in the trend;
therefore, studying the non-zero zeta potential of the particles might
explain the behavior of the material at this operational condition.
Comparing the results from the UCA test with strength development in
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Fig. 29. Average tensile strength (blue bars) and the tensile strength divided by
Young's modulus (orange line) for the neat class G cement. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

consistency curves can inform that how dynamic condition impacts the
gelation of the materials, while its also essential to take into account the
25 °C difference in temperature in both tests, difference between BHST
and BHCT. This effect on the thermosetting resin was intensive as static
condition accelerates the gelation by 3 h. The dynamic condition effect
was also observed for the pozzolanic material earlier in consistency test.
A gap of 10-h is recognized between gelation and the strength devel-
opment result of UCA test, which means that although the materials
have formed gel after 28 h, it has not been set until about 40 h under
90 °C and static condition.

3.6, Indirect tensile strength (Bragzilian) test

At downhole condition, the thermal and pressure loads occur during
well completion and production period induce considerable tensions in
complex directions to the cement sheath. These loads can arise well
integrity challenges that may result in poor bonding of setting material
to the casing/formation or the barriers with low tensile strength. The
required tensile strength depends on the complex loadings on the barrier
sheath as well as the mechanical properties of the nearby formation.
Jafariesfad et al. (2017a) reviewed the typical loading modes and

" Geopalymer M Thermosetting resin

Fig. 28. Average tensile strength of the eandidate barrier materials.
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Fig. 30. Average tensile strength (blue bars) and the tensile strength divided by
Young's modulus (orange line) for the cement. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 31. Average tensile strength (blue bars) and the tensile strength divided by
Young's modulus (orange line) for the pozzolanic material. (For interpretation
of the references to colour in this figure legend, the render is referred to the
Web version of this article.)

minimum requirements to prevent the failure in barrier systems. They
stated that for a different combination of radial and tangential stresses,
Young’s modulus affects the required tensile strengths to sustain zonal
isolation and consequently, a higher ratio of tensile strength to Young's
modulus is required.

In Fig. 28, it is shown the average tensile strength of the candidate
barrier materials during a time span of 28 days. In Figs. 29-33, it is
shown the average tensile strength (TS) (right vertical axis) and the ratio
of tensile strength to Young’s modulus (TS/E) (left vertical axis) of the
barrier materials. All the candidate materials showed a decline in tensile
strength between 7 days and 28 days of curing; except for the thermo-
setting resin, which experienced an increasing trend. The ratio of the
tensile strength to Young's modulus of the cement system was declined
after it reached a peak at 5 days. This parameter was almost constant for
the pozzolanic material and geopol but for the th ing resin,
it increased by more than 100% due to an increase in ductility and
tensile strength. Fig. 34 provides a comparison of tensile strength over
Young’s modulus value for all five barrier materials for the testing
period.

Fig. 32. Average tensile strength (blue bars) and the tensile strength divided by
Young's modulus (orange line) for the geopolymer. (For interpretation of the
references to eolour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 33. Average tensile strength (blue bars) and the tensile strength divided by
Young's modulus (orange line) for the thermosetting resin. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

In hanics, it is well-established that tensile strength and UCS
is related (Nazir et al, 2013). Although direct measurement or labora-
tory tests of mechanical properties is the more reliable, estimations of
USC/tensile strength based on available data can reduce the cost and
save time. In this paper, a correlation between UCS and indirect tensile
strength of the candidate barrier materials was investigated. The sample
preparation for each test was followed the same procedure and both
solid and liquid phases were homogeneous for each curing time. The
average value of UCS and tensile strength was used to find the
correlation.

The dispersion of average UCS and tensile strength tests results of the
candidate barrier materials is shown in Fig. 35. The correlation coeffi-
cient was calculated for the mentioned parameters (see Table 6). The
calculated correlation coefficients revealed that for the pozzolanic ma-
terial, there is a strong positive relationship between the UCS and tensile
strength. The coefficients for the expansive cement and neat class G
cement indicated a fairly positive relation between the mentioned me-
chanical properties; but for the thermosetting resin, the value shows a
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Table 6

Linear and power model parameters for the correlation between 1ICS and tensile strength of the barrier material.

Power Model Parameters Linear Model Paramelers

Correlation coefficient Power model Minimum WIS Linear model Minimmm WLs

a b a b
Class G cement 33.52727 0.085083 152955 324155 0.204 0.016342 0.016744
Iixpansive cement 36.58101 0234407 5.68501 3158398 0453 0.022118 0.023401
Pozzolanic material 13.9195 21149 28.14154 —14.1267 0.973 0.006746 0.005205
Geopolymer 13.2295 0141667 1.812256 11.3871 —0.0003 003662 0.036794
Thermosetting resin 993.0011 —1.06013 —9,24039 179.9438 —0.5011 0.132749 0141613

rather strong negative relationship. The calculated coefficient for the
geopolymer was an indication of a weak relation between the UCS and
tensile strength properties. Linear and power equations (Equation (10))
were considered to find an accurate relation between UCS and tensile
strength and the minimum weighted least squares (WLS) method is
considered for finding the optimum values for a and b constants in the
general equation. The values for the constants are summarized in
Table 6, The power model equation provides a better match based on
available data, except for the pozzolanic material, which linear model
fits better on the data set.

oc=ax oy +b  Linear equation form
fe=ax fi‘,’ Power equation form

(10)

4, Conclusions

Rheological and mechanical performance of five different zonal
isolation materials were examined at equal operational condition of
pressure and temperature. Albeit shortcomings of the neat API class G
cement, it was selected as reference in this experimental project due to
its well-known chemistry and properties. Thermosetting resin and
pozzolanic material showed lower yield stress comparing to the geo-
polymer and cement systems; however, the pozzolanic material appear
more shear-thinning compared to thermoseiting resin. Expansive
cement exhibits higher viscosity in majority of shear rates. The expan-
sive cement, neat class G cement and thermosetting resins developed
strong 10-min gel structure, but the geopolymeric and pozzolanic

148



Appendices

M. Kamali et al.

shuries showed less time-dependent gel structure,

All the materials except the pozzolanic material showed right-angle
set pumping profile. The pozzol material © d in liquid state
while sheared in the consistometers. Expansive cement, neat G cement
and thermosetting resin showed pressure-dependent performance. Static
flnid-loss and pumpability of the materials showed acceptable values for
the expansive cement, pozzolanic shury and geopolymer, while the
thermosetting resin experienced early breakthrough. The glass beads
used as weighting agent were not able to bond to the liquid resin to
perform as a fluid-loss controller.

Considering compressive strength development of the neat class G
cement, expansive cement and th ing resin, a ive re-
action takes in place which results in retrogression of the strengths.
Early strength development of the pozzolanic and geopolymeric slurries
is a concern as they did not develop strength up to two days of curing.
Tensile strength of the thermosetting resin is 11% of its compressive
strength cured for 28 days, but tensile strength of the other materials
ranged 3.5-5% of their compressive strengths, Ductility of the neat class
G and expansive cements, pozzolanic and geopolymer materials do not
experience significant change during this testing period; however, the
thermosetting resin becomes more ductile. Calculated compressive to
Young's modulus and tensile strength to Young's modulus values
showed that the thermosetting resins are more flexible with higher
strength, followed by the geopolymeric and pozzolanic materials, and
lastly the expansive cement and neat G cement.
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Experimental Study of Hydraulic
Sealability and Shear Bond
Strength of Cementitious Barrier
Materials

In this experimental study, two different cementitions materials, including (i) a class of
expansive cement currently used for plug and abandonmeni (P&A) operations and (i) a
non-cement-based naturally occurring reck, known as geopolymer, are selected io
examine the hydraulic bond strength and shear bond sivength. Clean machined steel and
rusiy corroded steel were selected to represent the casing. The test samples were cured
at 90 °C considered as bottom-hole static temperature (BHST) and under elevated pressure
of 17.2 MPa for I week. The hydraulic sealability of the barrier materials tested up to
3.4 MPa of differential pressure. The results indicated that additives used in slurry prepa-
ration impact the hydraulic sealability of the material. Additionally, the rusty corroded steel
provided a better hydraulic sealability comparing to the clean machined steel for the same
cementitious material. The shear bond strength test was performed by running the push-out
test. According to the present test observations, no correlation was found between the shear
bond and hvdraulic bond strength of different barrier materials. The geopolymer showed
the lowest shear bond strength, while it provided the highest hydraulic sealability.

[DOL: 10.1115/1.4051269]

Keywords: perrolewm  engineering, cementing operations, petrolenm  wells-drilling/
production/construction

1 Introduction

In drilling operation and well construction, a cementitious shurry
is pumped into the wellbore and placed behind the casing. The
slurry is solidified and acts as a barier to seal the annular space
berween the casing and formation and provide zonal isolation.
The barrier material facilitates well construction and production
by preventing formation fluid migration between different strata,
holding the casing in place, and protecting it from corrosion. Con-
sequently, the cementitious barrier material must be impermeable
and be able to make a sufficient bonding to the casing to achieve
integrated hydraulic sealability [1].

Ordinary Portland cement (OPC) is the leading material for
primary cementing and plug and abandonment (P& A) operations.
The chemistry of OPC is well-documented for both operating engi-
neers and scientists, and the material is commercially available.
Various chemical additives are introduced to the cement system
to improve its performance at downhole conditions [2]. However,
OPC is found to have shortcomings after setting including,
but not limited to thermal instability, retrogression of mechanical
properties due to contamination by drilling mud, low ductility,
and shrinkage. Shrinkage of the cement bulk due 1o the hydration
reaction can increase the risk of micro-path formation at the
cement—casing and cement-formation interfaces. Besides, poor
mud removal, improper cement placement due to eccentricity of
casing and wellbore geometry, and gas channeling in the cement
sheath can have a detrimental effect on zonal isolation and acceler-
ate well integrity failure. Moreover, the cyclic change in pressure
and temperature over the lifespan of the well implies a lot of com-
paction and tension of the cementitious barrier materials. Such
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condition requires sufficient flexible cement system with high
tensile strength to Young’s modulus and compressive strength to
Young's modulus ratios. The OPC-based system is brittle in
nature and may show a weak performance at downhole condition
by forming radial cracks when it is subjected to an excessive load
[3-5]. Therefore, researchers and technology providers continu-
ously attempt to improve the quality of set cement and the cement-
ing operation by either new cementing techniques or introducing
alternative cementitious materials for the situations that OPC has
limitations [6,7].

In zonal isolarion and well abandonment operation, shear bond
and hydraulic bond strength are rwo parameters, which contribute
to effective hydraulic sealability at the interface of zonal isolation
material and its adjacent medium [8]. The shear bond strength repre-
sents how strong the bonding is to prevent the movement of casing/
cement sheath in the wellbore, and it is quantified as the minimum
required force to move the casing within the cement sheath or the
cement sheath within the formation. The hydraulic bond strength
is the maximum hydraulic force induced by the formation fluid to
mitiate debonding at the interface. This parameter can be deter-
mined by continues pumping fluid at the boundaries until the
leakage occurs. The shear bond strength and the hydraulic bond
strength at the interface of barrier material and casing are discussed
and reviewed in detail in Sec. 1.1. Figure 1 shows a schematic of the
wellbore, including formation, casing, and the cement sheath.

1.1 Shear Bond and Hydraulic Bond Strengths. The shear
bond strength effectively resists shear displacement and is
expressed as the minimum required force to iitiate movement at
the interface of two materials, and it is an important indication of
the cement abilily to support casing string in wellbore [9] mechani-
cally. On the laboratory scale, the shear bond strength between the
cementitious material and casing pipe or formation is measured by
placing the casing pipe (or a rod with few centimeters in diameter)
inside the zonal isolation material or curing the zonal isolation
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Fig.1 Schematic of the wellbore including the formation, casing, and the cement sheath. The
shear and hydraulic bond strengths are illustrated at the cement—casing and cement-

formation interface.

material inside the formation outcrop. Then, a loading frame applies
an axial load until debonding occurs, and the inner material starts to
slip. One of the early shear bond strength experimental studies was
performed by Evans and Carter [10]. The shear bond of different
cement systems was investigated with casing and two types of for-
mation, including sandstone and limestone. They reported the shear
bond strength between 0.07 and about 2.76 MPa. They stated that
shear bond strength depends on curing conditions, including but
not limited to curing pressure and temperature, casing surface
roughness, drilling fluid existence, and size of specimens. Kaku-
moto et al. [11] studied the effect of confining pressure on
push-out test samples. They applied effective confining pressure
of 1.5 and 3 MPa and compared the results with the ambient effec-
tive pressure of 0 MPa. The test result shows that increasing the
confining pressure around the testing specimens contributes to esca-
lated shear bond strength, depending on the pipe roughness. The
authors also showed when the samples reach a maximum load
(i.e., maximum load before debonding oceurs), the applied load
can enter a fluctwation zone. They revealed that it is the effect of
stick-slip at the interface of the samples.

Lavrov et al. [12] investigated the effect of casing size on the
shear bond strength. The authors studied 37 testing samples with
pipe outer diameter (OD) of 10, 21, and 33 mm and height of
30 mm. The samples were cured at 80 °C and under elevated pres-
sure. The tests were performed at displacement control mode with a
rate of 0.5 mm/min. The test result shows the same oscillation beha-
vior for the samples caused due to the selected mode of testing.
They experimentally proved that the shear bond strength declines
by about 36% with an increase in pipe diameter for the selected
range of 10-33 mm. One of the limitations of running laboratory
experiments is downscaling the real condition to the smaller size,
particularly when the materials will go under mechanical loads.
One important observation on Lavrov et al.’s test results is the
large standard deviation from the mean values of the shear bond
strength, which might be due to the small size of the tested
samples or inconsistency in the sample preparation. They claimed
that bonding strength is not an intrinsic parameter of cement—
casing systems and should not be applied to field conditions
directly. Using finite-element simulations, they concluded that the
normal stress caused by cement shrinkage is reduced at the interface
of larger diameters, and it results in less friction resistance of casing
and cement. Thus, less push-out strength. In an earlier study con-
ducted by Lavrov et al. [13], they attempted to measure the
tensile bond strength between cement and steel using a three-point
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bending test. They prepared bi-material beams with the dimension
of 60x35x5 em—30x5x 5 cm cement and 30 x5 x5 em steel—
and cured the specimens for 1 month at ambient pressure and tem-
perature. The samples, however, were not able to be retrieved for
testing as all samples were broke at the interface of steel-cement.
Hence, they concluded that the push-out test represents friction
and mechanical interlock between casing and cement, rather than
providing information about adhesion between two materials [12].

In another experimental study, Khalifeh et al. [14] investigated
the hond strength of Portland cement with six different pipe mate-
rials, including steel (reference material), titanium, two different
grades of uncoated aluminum, and two different types of nano-
coated aluminum pipes. They prepared the test specimens by
curing cement around 50 mm pipes at an elevated temperature of
70 *C and atmospheric pressure for 7 days. The test results revealed
that uncoated aluminum pipes provided poor shear bond strength,
which is rooted in the detrimental reaction at the interface of the
cemeni—aluminum. On the other hand, the Lilanium pipes were
found to have stronger shear bond strength with Portland cement
by 5% greater compared with the cement-sicel system. The nano-
coated aluminum pipes showed strong shear bond strength com-
pared with the uncoated aluminum pipes. Even, the strength was
13% higher than the cement—steel system. Their study highlighted
the possible chemical interaction between cement and the different
casing materials.

The characterization of bond swength of geopolymers was
studied by Zhang et al. [15] at ambient and elevated temperatures.
Their research study included 18 different combinations of meta-
kaolin and fly ash as a solid phase. They tested the shear bond
strength in the temperature range of 20-300 °C and concluded
that increasing temperature has an adverse effect on the bond
strength of geopolymers. The test results also indicated that the
chemical composition such as SVAI ratio, Si02/K,0 ratio, and
solid/liquid ratio of alkali-activated material significantly impact
bond strength. In another study about the characterization of geopo-
Iymers for oil and gas applications, Salehi et al. [ 16] investigated the
shear bond strength of class F fly ash geopolymers, In this study,
sodium hydroxide (NaOH) with the concentration of 8 M, 10 M,
and 12 M was used as a hardener. The experiments were performed
at 65 and 93 °C, and the results showed that for mentioned specific
fly ash-based system, there is an optimum value for the sodium
hydroxide concentration. The maximum bond strength was
achieved with 10 M NaOH. It was concluded that an increase in
the concentration up to 10M of alkali hydroxide bardener
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accelerates the polymer gel formation, which is responsible for
bond strength and compressive strength of geopolymers. Increasing
the concentration beyond 10 M for this system affects gel formation
and strength development of the slurry and resulting in weaker
bonding between the geopolymer and the casing metal. Comparing
the test results of fly ash geopolymers with the API class H Portland
cement shows slightly higher bond strength for the geopolymers.
The researchers highlighted a parameter “fracture energy” accoun-
tant for shear bond strength of considered materials. Fracture energy
is described as the ability of materials with crack to resist fracture.
In this study, this parameter was higher for the geopolymer than the
class H cement. In another study about alternative materials for
OPC in the oil and gas industry, Khalifeh et al. [17] tested the
shear bond strength of a rock-hased geopolymer. They used potas-
sium silicate solution as a hardener with SiO./K;0 of 2.28 and
cured the samples at 70 °C for 7 days. The measured shear bond
strength was about 1.3 MPa, which is 3.6% less than the class G
cement tested at the same condition. The authors concluded that
the hardener modular ratio (Si02/M>0) affects the bond strength
of geopolymers (M is an alkali metal, potassium, or sodium).

The principle of shear bond strength is needed to be thoroughly
understood. Shear bond strength at the interface of casing and
cement can be the summation of (a) friction at the interface of dif-
ferent materials, (h) mechanical interlock due to surface roughness.
(c) nward tension at the swface resulting from cement shrinkage.
and (d) bonding as a result of chemical interaction between cemen-
titious material and minerals exist at casing surface. However, the
latter is a subject of debate.

I fficient to have a strong bonding to achieve proper zonal
1solation; a cementitious material can have severe adhesion to the
casing material, while pathways exist at the interfaces and formation
fluid can easily penetrate through micro-channels. Hence, hydraulic
bond strength is more critical in terms of zonal isolation, and it
should he further investigated [18].

Hydraulic bond strength characterizes the interface between
casing and cement material to resist the hydraulic fluid penetration,
and it can be considered as a direct measurement of hydraulic seal-
ability and providing zonal isolation [19]. The hydraulic bond
strength is defined as minimum pressure induced by an injection
fluid to make debonding or initiating flow at cement-casing/
formation interface.

Several experimental studies investigaled hydraulic bond
strength of cement-casing or cement-formation interface at both
small- and large-scale [10,14,20]. The experiments were conducted
by continuous injection of gas or liquid at the interfaces, and the
pressure development and/or the flowrate during the test were mon-
itored. Chemistry and proper placement of the cementitious barrier
material, and the pipe surface properties are critical parameters to
have integrated hydraulic sealability. The compatibility of the
casing malerial and the cementitious slurry is a necessity. In an
carlier experimental study conducted by Khalifeh et al. [ 14], incom-
patibility of aluminum pipe and the API neat class G cement was
highlighted. Steel pipes are commaon materials for casing the bore-
hole. For situations that alternative material is required for cement-
ing operation or a new additive is introduced to the cement slurry, it
is inevitable to test the system’s compatibility and performance.

The output results of hydraulic bond strength tests are relevant for
a qualitative comparison between the casing and cementitions mate-
rials for both academia and field engineers. The quantitative infor-
mation, however, includes the non-negligible scaling effect of the
test setup. As discussed in the literatre [9,12], the small-scale
test results provide no guarantee for the exact observation in the
field-scale setup, Nonetheless, studying the hydraulic bond strength
requires thorough details about micro-path development, size, struc-
ture, and direction at the interfaces from a purely academic point of
view. Fluid flow through a degraded cement sheath was studied
through the visualization of the micro-annuli employing computa-
tional fluid dynamics (CFD) and X-ray computed tomography
(CT) [21]. Researchers used pressure- and thermal-cycling to
mimic real downhole conditions in drilling operations and
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visualized the fluid flow through the micro paths with the cement
sheath and cement-casing interfaces. They concluded that the
flow in the macro annuli is a complex phenomenon as it depends
on the size and shape of the flow path and the magnitude of degra-
dation of the cement sheath.

1.2 Cementitious Materials. It is crucial to have integrated
bonding at the cement-casing or cement-formation interfaces to
achieve proper zonal isolation in the well construction. OPC expe-
riences autogenous shrinkage during solidification [22]. In the
hydration reaction, the calcium-rich cement powder consumes the
waler and forms calcium-silicate-hvdrate (C-S-H) groups, which
are accountable for sirength development. When the reaction pro-
ceeds, the unreacted cement particles consume free water within
the cement matrix and empty the pores. This phenomenon resulis
in autogenous shrinkage and applies internal 1ensile stress in solidi-
fied cement. For situations that the cement sheath has no access to
external humidity, the autogenous shrinkage can be extensive and
cause radial cracks. Therefore, in oil and gas applications, particu-
larly when the cement slurry is placed between two casings, a
higher water 1o cement ratio is considered [23].

Expansive agents are one of the additives that can compensate the
shrinkage 1o some extent, where the expanding agent can make
crystals or generate gas bubbles during the solidification process
[24]. The effectiveness of expansive cement for oil and gas applica-
tions increases if the expansion reaction occurs at the right time—
when the shrinkage starts. Early expansion reaction would not
effectively compensate for the long-term shrinkage. While very
lare expansion can cause cracks in cement structure, it is essential
to engineer the chemical reactivity of expanding agents in cement.

Geopolymers are inorganic materials that are produced by mixing
areactive aluminosilicate species with a liquid hardener and make a
slurry with cementitious properties [17,25]. In this class of material,
the geopolymerization reaction occurs instead of hydration and
forms long-chain molecules in tetrahedral orientation, including
aluminate and silicate. The solid phase may include low calcium
fly ash, metakaolin, or naturally occurring rock. The liquid phase
1s an alkali silicate solution (potassium or sodium) with an adjusted
modular ratio. The geopolymerization reaction proceeds in three
main steps: (a) the aluminosilicate structures are dissolved and the
silanol groups (8i-O-I1) are created, (b) the single groups are ori-
ented and reconnected to form oligomers as the ion concentration
increases in the slurry, and finally, (c) the long-chain structure of
aluminosilicates is formed through polycondensation and by con-
necting oligomers. Although geopolymers are used in the civil
industry, the technology is still at the research stage for oil and
gas application by engineering the properties based on downhole
conditions.

In this research work, an expansive commercial cement used for
plug and abandonment operation and a rock-based geopolymer are
applied, as zonal isolation material, to study shear bond and hydrau-
lic bond strengths of the casing. This study aims to investigate the
performance of a different class of materials at similar operational
conditions of pressure and temperature and generate a data set
including the test results of neat materials. The neat API class G
cement was also selected to make the results reproducible as a non-
commercial reference. The common additives may also be different
depending on material suppliers all around the world.

2 Material Preparation and Experimental Procedures

2.1 Slurry Preparation and Mixing. For all samples, the
slurries were mixed using the raw materials, meluding solid and
liquid phases and additives that were delivered by the industrial
service providers. The mixing procedure was followed in accor-
dance with the provided instructions by material suppliers and
described in detail in the following. The recipes were designed
and suggested based on bottom-hole circulation temperature
(BHCT) of 65 °C and bottom-hole static temperature (BHST) of
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90 “C, and the pressure of 170 bar. This is the condition for majority
of wells in North Sea, and it is recommended by operating compa-
nies. The rheological properties and pumpability of materials at
BHCT, and mechanical properties of materials after solidification
up to 28 days of curing were tested and published [26]. All materials
used for hydraulic bond strength tests were mixed using the APT
high-speed mixer Waring blender. The mixer starts to mix the
slurry for 15 s at 4000 rpm and continues mixing for 35 more
seconds at 12,000 rpm. The shear bond strength specimens
needed a higher volume of cementitious slury; therefore, the APT
high-speed mixer was not applicable due to its small capacity.
Hobart N50-60 commercial blender was used to mix the slurry
for the shear bond strength test. The mix design of each material
was upscaled and sheared for 30 min, while the mixer speed was
fixed at level 2. The mixing procedure and components for cach
type of barrier material are described as follows:

Neat class G cement—The solid phase consists of only neat APT
class G cement manufactured by Dyckerhoff. It was mixed with
44% by weight of cement (BOWC) de-ionized water.

Expansive cement—The solid phase was dry blended class G
cement with magnesium oxide as an expansive agent, and it was
delivered by the material supplier. Industrial chemicals were
added to the de-ionized water and formed the liquid phase. The
material supplier recommended additives were to tailor the rheolo-
gical and mechanical properties of the slurry. The additives
included in this study were retarder, fluid-loss controller, defoamer,
and cement particle dispersant. Microsilica solution with a mass
fraction of 50% in water was recommended by the cement supplier
to enhance the performance of the material

Geopolymer—The slurry was mixed based on an in-house recom-
mendation. The solid phase that also known as precursor was dry
blended by hand mixing and shaking in a sealed bucket. The precur-
sor was an aluminosilicate-rich naturally occurring rock normalized
by active quenched blast furnace slag (BFS), an industrial waste, to
achieve normalized chemical composition. In this study, the potas-
sium silicate solution with a modular ratio of 2.49 was used as a
hardener mixed with the precursors.

22 Molding, Curing, and Running Test. Shear bond
strengih—The shear bond strength test was performed by conduct-
ing the push-out test. The specimen consists of

{a) Inner pipe: A metal bar with a diameter of 51 mm and a

height of 120 mm, which represents casing material.

Outer pipe with an inner diameter of 150 mm: The outer pipe

is functioned to hold the cementitious slurry during the

curing period and as a casing material 1o measure the shear
bond strength. Therefore, the shear bond strength for each
sample of barrier material was measured twice; once, at the
interface of a small bar with a diameter of 51 mm and next
time, at the interface of the outer casing with an inner dia-

meter of 150 mm.

{c) Stainless-steel bottom-cap: It has a hole with a diameter of
51.5 mm in the center to fix the metal bar. The bottom-cap
also has a circular groove to hold the outer pipe. Plastic cel-
lophane was placed on the bottom-cap to avoid any bonding
between the slurry and the cap during the curing period. The
bottom-cap was removed before running the shear bond
strength rest.

(d) Stainless-steel top-cap: It is similar to the bottom-cap, but
with two extra holes with a diameter of 20 mm, one for
filling the cell and the other one for observing the level of
liquid slurry inside the mold.

(b,

The whole system was assembled using silicon glue 1 day before
mixing the slurry, The system was cured at 90 “C, corresponding to
bottom-hole stalic temperature. However, the pressure for curing
shear bond strength test specimens could not be increased above
500 psi due to safety issues and limitations with the curing
chamber. After 7 days of curing, the samples were prepared
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for the push-out test to measure the shear bond strength test in
short-term. The specimens were cooled down to the ambient tem-
perature in 9 h to avoid thermal shock to the system. The bottom-
and top-caps were removed slowly. and the samples were placed
on a stand for applying loading rate. The stand was designed to
only hold the cement sheath. Both the middle bar and outer pipe
are free to move during loading. Initially, the bar was pushed
until the bonding was broken. At this point, the bar started to
move within the cement sheath. In the next step, the loading rate
was applied to the outer pipe until it was debonded at the interface
with the cement sheath. A universal testing machine (Zwick/Roell
Z050) that is normally used for the compressive/tensile strength
test was used as equipment to apply load on samples. Loading
regime to push the bars and pipers may have an impact on the
results, and it also depends on the sensitivity of the equipment.
The cquipment was programmed on load control mode rather
than position control, and the loading rate of 50 N/s was selected.
The reason for considering load control is presented in detail
under Sec. 4. The whole process of sample preparation is illustrated
graphically in Fig. 2.

Hydraulic bond strength—After mixing by API high-speed
‘Waring blender, the barrier materials were transferred to the atmo-
spheric consistometer and conditioned for 30 min at bottom-hole
circulation temperature of 65 °C. The temperature controller was
fimctioned to increase the temperature by 1 °C/min. After condi-
tioning, the slurry was poured inside the casing pipes. The
120 mm casing pipe has an inner diameter of 37 mm and a thickness
of 7 mm. Three holes are established at the center of the body with
an orientation of 120 deg for pump connection and fluid injection.
The pipes used for the hydraulic bond strength test were the same
in composition and material as the solid bars used for the shear
hond strength test. The samples were placed inside cylindrical auto-
claves in the oven to be cured for 7 days. The temperature for curing
was 90 °C, and a pump provided the pressure of 2500 psi in auto-
claves, Three specimens were provided per barrier material with
casing to minimize the possible errors in running the tests. After
7 days, the samples were cooled down slowly and connected to
an 1SCO pump for hydraulic testing and fluid injection. De-ionized
water was used as an injection fluid. There is no common standard
to evaluate the hydraulic bond strength of barrier materials for oil
and gas applications. The pump was programmed to increase the
pressure gradually in the following steps:

(1) From atmospheric to 100 psiin L min and hold at 100 psi for
10 min.

(2) From 100 to 150 psi in I min and hold at 150 psi for 10 min.

(3) From 150 to 200 psi in 1 min and hold at 200 psi for 5 min.

The neat class G cement was the first material to test the hydraulic
bond strength. It was observed the samples start to lose their
hydraulic sealability at 200 psi. It was not applicable to increase
the differential pressure due to high fluid leak in specimens.
However, the expansive cement and geopolymer showed no
leakage and no sign of failure until 200 psi. Therefore, it was
decided to increase the differential pressure up to 500 psi in follow-
ing the steps:

(a) From 200 to 300 psi in 1 min and hold at 300 psi for 5 min.

{(b) From 300 to 400 psi in 1 min and hold at 400 psi for 5 min.

(c) From 400 to 500 psi in 1 min and hold at 500 psi for 15 min.

The test stopped at 500 psi due to safety issues, Figure 3 graph-
ically shows the setup for hydraulic bond strength. To avoid drying
shrinkage, all testing samples for shear bond and hydraulic bond
strength test were kept under water after removing the oven and
running the experiments.

3 Experimental Results

3.1 Shear Bond Strength Test. The samples after 7-day
curing were placed under compression load 1o run the push-out
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102mm

Fig. 4 The cross section of a shear bond strength test sample. A, B, and C should be mea-

sured for each specimen.

test. For every sample, the contact area of barrier material with the
inner bar and the outer pipe was estimated before loading the speci-
men. The contact area was calculated by extracting A, B, and C for
each sample as illustrated in Fig. 4.
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Fig. 5 Shear bond strength at the interface of solid bar and
outer pipe for API neat class G cement, expansive cement, and
geopolymer
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Figure 5 shows the shear bond strength for the candidate barrier
materials with both clean and rusty steels. The bond strength for all
samples with rusty steel is increased. However, the bond strength of
neat class G cement has less increase, by about 10% for both rusty
bar and pipe steel compared with the clean steel surfaces. The
reason for this lesser increase is not known. The shear bond strength
of class G cement at the pipe interface was only 17% of the bond
strength with the bar. In another study with the same cement and
similar grade of steel bar in the middle, Khalifeh et al. [14] reported
the shear bond strength of 1.3 MPa, which is 58% lower than the
current measured strength. Following sample preparation procedure
but increasing temperature by 20 °C and curing under elevated pres-
sure of 3.4 MPa has positively impact shear bond strength.

The shear bond strength of expansive cement experienced about
100% increase when the rusty steel was considered, both at the pipe
and bar interface. The shear bond strength at the bar interface was
reached to the average value of 4.5 MPa, and at the pipe interface,
the bond strength was measured 2.5 MPa, which is 55% of the bond
strength at the bar interface.

The shear bond strength for the geopolymer was increased by
100% at both rusty bar and pipe interfaces. The shear bond strength
of the geopolymer at the pipe surface was about 50% of strength at
the bar interface for both clean and rusty boundaries.

The difference in shear bond strength of geopolymer and expan-
sive cement with neat class G cement at outer pipe can be either
related to the shrinkage of class G cement or chemical interactions
between the barrier materials and surface minerals in the interface
transition zone (ITZ). However, the chemical interaction between
rust and different cementitious materials is not yet well understood.

3.2 Hydraulic Bond Strength Test. The hydraulic bond
strength test goal was to qualitatively evaluate the hydraulic seal-
ability at the interface of the barrier material and casing systems.
The hydraulic bond strength test results for selected barrier materi-
als and clean machined steel are shown in Fig. 6. The figure
includes the flowrate (ml/min), cumulative injected fluid by the
pump during the test period (ml) and pressure (psi). The neat
class G cement—steel pipe system was considered as a reference
in this study.

The high initial flowrate refers to the fluid to fill and pressurize
the connected pipes to the samples, and it can be ignored. The
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small humps in the flowrate trend during the test are also referred to
the increase in differential pressure. A relatively high flowrate was
expected for the neat class G cement due (o the autogenous shrink-
age. The test was only continued up to differential pressure of
200 psi due to high leakage at the interfaces between pipe and
cement and also cement matrix. Expansive cement and geopolymer
could provide scalability up to 200 psi. The logged pump flowrate
was negligibly low, compared with that of the neat class G
cement (Fig. 6). Therefore, no fluid leak was observed at the inter-
faces and material matrices when the tests were continued up to
500 psi. Both expansive cement and geopolymer systems provided
appropriate sealability comparing to the neat class G cement. The
test results for the cementitious materials and rusty corroded steel
are shown in Fig. 7. Similar to the clean steel test results, the
samples followed almost the same trend. The geopolymer showed
a minimum flowrate compared with the other systems. The hydrau-
lic sealability of the expansive cement system was also in the same
range of geopolymer.

4 Discussions

Shear bond strength—The shear bond strength of different
barrier materials was measured at the inner and outer surfaces of
the set barrier materials and steel. The shear bond strength test’s
main goal in the present work was predicting the pure shear force
that is required to make a movement at the interface of the steel
and barrier material by reducing the possible uncertainties. This is
the main reason to consider a relatively thick sheath of barrier mate-
rials (about 50 mm) for molding and sample preparation. Thinner
thicknesses could result in radial cracks due to the almost 70 °C dif-
ference between curing and testing temperatures. However, the
samples were cooled down gradually for 9 h, but the difference in
the thermal expansion coefficient of barrier materials and steel
could cause radial cracks [27].

Additionally, the outer pipe was carbon steel grade S235]RH
(roughness: 2.1, chemical composition: 2% carbon, 1.4% manga-
nese, and 0% silicon), while the inner bar was chromium-rich
grade 4140 (roughness: 2.07, chemical composition: 1.06% chro-
mium, 0.91% manganese, 0.419% carbon, and 0.3% silicon).
Suppose any possible chemical interaction affects bonding
between the barrier material and the steel pipe. In that case, the
chemical composition, and minerals at the surface of both barrier
material and metal are the key parameters. Consequently, the
effect of pipe diameter in the shear bond strength test is irrelevant
in this study. Moreover, shrinkage due to the hydration reaction
and ch Ty of cement slurries is well-known. When the cement-
based slurries are placed in a circular geometry, such as specimens
that are provided for the shear bond strength test, cement shrinkage
implies inward tension to the convex interface consisting of the
interface between cement and middle bar. At the concave interface,
the interface between cement and outer pipe, it is opposite. The
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interface of the cement and concave metal experiences a tension
from the pipe-cement interface heading inward [27]. Figure §
graphically illustrates the possible shrinkage tension regime that
exists in a circular geometry. This can be an explanation for
higher shear bond strength at the bar’s interface (convex surface)
compared with the outer pipe (concave surface).

Despite the shear bond strength test result reported by the pre-
vious literature, no fuctuation was observed in results after
debonding occurred at the interface [11]. The loading mode
applied by the equipment in the push-out test is an important
parameter and may impact shear bond swength test results. The
previous studies have selected position control to apply load on
the samples. Generally, it is believed that for the compression
tests of cementitious malerials to measure uniaxial compressive
strength, the control mode—position or load control—has no
effect on stress—strain curves at the linear elastic range. In contrast,
for the plastic range, the loading rate will be much lower than the
load control, or the beginning of the position control [28]. By con-
sidering the displacement control mode selected by previous
researchers for testing the samples, the fluctuation in the results
may be due to the equipment adjustments to meet the selected
iesting mode. When the pipe starts to move within the cement
sheath, dynamic friction exists at the interface of both materials.
The equipment iniends to meet the specified displacement rate;
hence, it suddenly stops/reduces the loading rate on the sample.
The dynamic friction coefficient changes to the static friction coef-
ficient, which is greater than the dynamic one. Consequently, a
more loading rate is required to push the pipe and reach the
defined displacement rate, and the force starts to rise again. This
oscillation behavior will repeat at entire time of the test after
debonding occurs.

Evang and Carter found a correlation between compressive
strength and shear bond strength of cement [10]. They showed a
direct relationship between compressive strength and shear bond
strength of the cement systems and stated that the supporting
ability of cement could be determined if its compressive strength
is available. The uniaxial compressive strength of the barrier mate-
rials was tested for up to 7 days of curing slurries under elevared
temperature and pressure. The results are presented in Fig. 9 [26].
However, the mentioned relation between compressive strength
and shear hond strength is only valid for the barrier materials and
inner rusty bar. Still, for the outer pipe, the compressive strength
was inversely proportional to the shear bond strength when geopo-
lymer and cement systems are compared. Therefore, the correlation
can be updated by including the different classes of barrier materials
and the position of the casing pipe (inside or outside of the barrier
material).

Hydraulic bond strength—Generally, as the curing condition is
different from the testing conditions in the laboratory, the provided
results cannot be extended 1o the real field application due to the
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Fig. 10 Top: API neat class G samples started to leak both at interface and within the

bulk at 100 psi of diffs ial p e. Middle: Exp at 500 psi of differential
p B Geopolymer at500 psi of differential pr Both expansi t
and geopoly r led no fluid within the bulk.
uncertainties. Therefore, it is recommended to consider the results (1) At the casing-barrier material’s interface, either by possible
to make only a qualitative comparison between different casing constructive reactions between the components of the set
materials and cementitious barrier materials. barrier material and the casing to form a tight and integrated
The curing condition, samples preparation, casing material, and sealing at the interfaces, and shrinkage compensation of the
the casing inside diameter were the same for different cementitious cementitious material. The neat class G cement is expected
materials. Hence, any difference in hydraulic sealability can be to experience an autogenous shrinkage due to the hydration
divided into two sections: reaction, which applies extra tension at the interfaces. The
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role of chemical additive and expansive agent in the expan-
sive cement was brilliant in the test results. Although the geo-
polymer slumy follows a different reaction path for
solidification, similar chemical components responsible for
shrinkage compensation in expansive cement exist in geopo-
Iymer slurry. The BFS used in the geopolymer precursor sig-
nificantly contributes to both shear and hydraulic bond
strengths. The slag can develop internal stresses caused by
densified microstructure. This feature can later result in
rebonding and healing performance at the interface [29].

(2) Within the matrix of the barrier material. During the hydrau-
lic bond strength test for the neat class G cement, it was
observed that the injected fluid not only leaked at the
cement—casing interface but also found its way through the
cement matrix due to higher permeability comparing to
expansive cement and geopolymer. Figure 10 clearly
shows the fluid penetration and at the API net class G's
surface. Accordingly, the additives used in cxpansive
cement and the chemical composition of geopolymer
improved the hydraulic sealing capability by providing a
less permeable structure for the materials,

Except for the neat class G cement system, the results from rusty
steel pipes comparing to the clean steel pipes showed that the rusted
steel had provided a slightly better sealing capability for the same
barrier material, as presented in Fig. Il. This observation may
reveal that the rough surface at the interface can disconnect possible
macro paths or more meandrous micro paths, which take for time
for the fluid to move at the interface. A similar observation was
reported by other researchers [30]. Running CFD analysis and
X-ray CT techniques can help to understand the micro annular
path’s direction and size.

5 Conclusion

Two alternative barrier materials, including expansive cement
and geopolymer, were highlighted, and shear bond and hydraulic
bond strengths were tested. The neat API class G cement was
also selected as a noncomumercial reference. The shear bond
strength of barrier materials and steel casing summarizes different
parameters such as surface geometry, chemical and mechanical
characteristics of both barrier material and casing. The mineralogy
of materials at the contact interface can influence the bonding in the
short- and long-term. Therefore, the interface transition zone of the
barrier material and metal should be studied in derail. The strong
shear bond strength may not be representative of good zonal isola-
tion individually; hence, the mechanical properties of the materials,
such as compressive and tensile strengths and modulus of flexibil-
ity, should also be included to evaluate the performance of the
whoale system.

The hydraulic sealability of the zonal isolation materials with
clean and rusty steel was tested by continuously injecting water at
the barrier material-casing interface. Both expansive cement and
geopolymer showed sealing capability during the test period and
up to 0.34 MPa (500 psi) of difterential pressure. The injection
flowrate can be considered as a function of possible micro
annular paths at the interfaces. The rusty steel pipes showed slightly
better hydraulic sealability, which can be due to the tortuous flow
path formation. The chemical interaction between cement and
rusty steel or clean steel at the interface transition zone remains a
question. The difference in curing condition of pressure and tem-
perature with the testing condition at room temperature and pressure
is non-negligible; thus, further studies are required to extend the
field application results,
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