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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 slurry, 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 flexibility, 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 slurry 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.

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 Petroleum Institute, 2017; International Organization
for Standardization, ISO, 2014; Norsok, 2013), candidate barrier mate-
rials have to make an integrated bonding with the casing pipe and
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formation to sufficiently seal the annular space between casing and
formation or two casings. Additionally, the zonal isolation materials
should be impermeable to prevent fluid migration within the barrier
sheath. The bottom-hole corrosive environment shall not critically
deteriorate the chemical and mechanical properties of the zonal isola-
tion material. The intense mechanical loads are sometimes unavoidable;
hence, it is essential that the barrier material has adequate mechanical
strength and flexibility to withstand the downhole stresses caused 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 market price, OPC has been a practical cementitious material
for primary cementing, remedial activities and permanent plug and
abandonment (P&A) (Le-Minous et al., 2017). However, over the years,
a number of concerns 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 injection 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, bulk 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; Vrélstad 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 rheological 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

Integrated 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
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paste product is less than the reactants (Henkensiefken et al., 2009). 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 caused 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 slurry solidifies,
the change in volume is because of the autogenous shrinkage, which is
lower compare to the chemical shrinkage (Henkensiefken 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 (MgO) 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.

i Autogenous shrinkage

\ after consuming pore

I water

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)y) in an aqueous environment and show cementitious 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 calcium - silicate — hydrate (C-S-H) compound. The
microporous structural units broadly known as zeolites exist in pozzo-
lanic materials. Zeolites can act as an ion-exchange component in a
corrosive environment and maintain the cement properties (Papadakis
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 fluid ahead of cement. Its rheological properties
can be adjusted to the desired level and the slurry can set and develop
strength at downhole conditions. No detailed information is available
for the composition of this slurry. 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 aluminum and silicate are formed during
geopolymerization reaction and hence, no hydration takes place. The
solid phase that is broadly known as geopolymeric precursor, may
include low calcium fly ash, thermally activated clay (metakaolin) or
naturally 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 (Si-O-H), orientation and
reconnection of molecules due to an increase in the concentration of ions
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 still 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-
ical behavior and mechanical properties of geopolymers are
temperature-dependent (Khalifeh et al., 2018; Paiva et al., 2018). In the
current work, a naturally occurring rock normalized with other alumi-
nosilicate sources (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
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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 temperature 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 circumstances 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 cementitious 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 slurry to tailor
the rheological and mechanical properties of the slurry. 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 slurry — 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 slurry was mixed and delivered by the material supplier.

Geopolymer — The precursor was dry blended in accordance with the
recommended procedure. The solid phase was an aluminosilicate rich
naturally occurring rock normalized by adding active quenched blast
furnace 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 slurry.

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 using Heidolph overhead stirrer 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-hole 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 API 10B-2 (American Petroleum
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Table 1
Mix design of the of candidate barrier materials used in this study.
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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 s|urry
- API high-speed mixer § = oec L0002 to
SOI'd conditioning
——
F——— P e N
phase SR (o et
e

v Overhead stirrer, Pitch blade and Radial-flow impellers

Liquid
phase

S

a‘

paoow

Atmospheric consistometer
used for conditioning of
slurries

. Neat Class G cement
Expansive cement
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 slurry 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, /370

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

@

through, and t 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
consistency of the samples was measured at the elevated 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 Petroleum Institute, 2017), b)
practical issues such as design of the HPHT autoclave chambers used in
this study.

Poly propylene plastic containers manufactured by VWR with
diameter of 50 mm and height of 102 mm (see Fig. 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
gradually cooled down to ambient condition. Later, 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 Institute (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
Petroleum 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 procedure 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.

F
Tensile strength=1.2—— 2
ensile streng ZDL (2)

where F 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 4265-HT was employed for this test. The machine is calibrated to
test OPC, while for new materials, a novel algorithm must be provided
and applied in the custom algorithm option.

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

Iyd 2 1.75 1.5 1.25 1

Correction factor 1 0.98 0.96 0.93 0.87
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0.98

0.96

0.94

0.92

Correction factor

y = 0.16x3 - 0.8229x2 + 1.4786X + 0.0544

0.9 R? =0.9999

0.88

0.86
1 1.2 1.4 1.6 1.8 2 2.2

1/d

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 slurries was measured by the means of
rotational viscometer. Fluid viscosity along with wellbore geometry (e.
g. hole size, inclination 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 fluids over a range of shear
rates (Herschel and Bulkley, 1926). In this model, shear stress (z) at any
shear rate () is presented as:

T:T).+K}'/n7T>T}. (3)
y=0 <7,

where 7, is the yield stress and n is 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
of the 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 n for the same data
set. Saasen and Ytrehus (2018) re-arranged 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, 7, , both
are unique parameters for each fluid and the flow situation. The new
model is defined as follows:

T=1,+1, (}./Z)", ()

s

where 7, =7 — 7y at. jy = j;
The equation suggested by Power and Zamora (2003) provides an
acceptable approximation for the yield stress:

7, =273 — Tg 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
slurry flows in a pipe or in the annular area behind casing. Moreover, the
flowrate at which the cement slurry is pumped can influence the shear
rate. Usually, the shear rate of 102.2 s~* (the pumping flow rate of about
1300 L/min in 9 5/8-in. to 12 Y%-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 Ts nyg N ATM PRS
Neat class G 1.9 13.6 11.75 69.5 6.13 31.68 0.98 0.29 821.04 132 96
Expansive cement 1.95 13.2 12.2 40.3 7.4 44.2 0.64 0.65 21 462.5 338.5
Pozzolanic material 1.68 13.3 3.57 5.11 2.04 26.65 0.72 0.70 18.8 N/A N/A
Geopolymer 1.95 13.4 12.2 23 7.78 28.11 0.95 0.87 0 120 110
Thermosetting resin 1.65 N/A 3.5 19.4 3.32 38.58 0.844 0.82 183.76 293 263.5
N/A: Not Applicable
200
180
160
140
©
£ 120
a
£ 100
172}
3 80
£
w
60
40
20
0
0 100 200 300 400 500 600
Shear Rate (1/s)
—eo—Neatclass G —+—Expansive cement Pozzolanic Material Geopolymer —e—Thermosetting 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 nj; and ny;. The mentioned parameters can be calculated at 30
and 200 RPM as follows, respectively:

In(%) ©
n = .
In(z2)
ln (72(".;"@ )
Ny =——2— )

ln(@)

s

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
non-Newtonian with a shear thinning behavior. They are pumpable 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 s~! 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
operational shear rate for cementing operation barely passes 200 s~!
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 fluid-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. Such 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. Moreover, 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 slurries after 30 min pre-
conditioning at 65 °C is presented in Fig. 6. The geopolymer slurry
revealed no fluid-loss during the testing time, which means that there is
no free fluid 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
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particle size of geopolymeric precursors reduces the fluid loss by 100%
comparing to the previous tests performed by Khalifeh et al. (2019). The
pozzolanic slurry 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
running 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 slurry. The physical meaning of these
values can be described as if the slurry is connected to the source of the
liquid phase, the tabulated value can be passed as filtrate in 30 min.

120 70
). 125.23
100 y, 60
Temperature / 131.76
50
= 80 C
] L35
= 40 @
g ]
g 60 E
g 30 E.
o /
© 40 / ©
{ 20
20 10
0 0
0 20 40 60 80 100 120 140 160
Time (Min)

Fig. 7. The consistence of the neat class G cement slurry as function of time.
Orange curve: Atmospheric consistometer. Brown curve: Pressurised con-
sistometer at atmospheric conditions. Blue curve: Pressurised consistometer at
elevated pressure. Numeric values are thickening time to 100 Bc (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. 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 Bc
(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 slurry as function of time. Orange
curve: Atmospheric consistometer. Blue curve: Pressurised consistometer at
elevated pressure. Numeric values are thickening time to 100 Bc (min). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

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 slurry in Bearden units of
consistency (Bc). Depending on the operator’s criteria, the upper limit
for the pumpability varies between 30 and 40 Bc and beyond that, the
cement mixture is considered as unpumpable or risky fluid because the
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Fig. 11. The consistence of the thermosetting resin slurry as function of time.
Orange curve: Atmospheric consistometer. Blue curve: Pressurised con-
sistometer at elevated pressure. Numeric values are thickening time to 100 Bc
(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 Bc (American Petroleum Institute, 2013). The reason
is that the trend of the curve from 40 Bc to 100 Bc can provide an
estimation about the strength of gel so that gas should not be able to
attack the slurry before it sets. A rapid increase in the 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 atmospheric and elevated 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.

Increasing the pressure from atmospheric 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 governing chemical
reactions and hydration of the components that exist in the chemical
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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 calcium-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 slurry 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.)

18 16
)
16 14 @
o
—_ 5
© —
14
s 2 3
= 3
® 12 e
§ 10 H
- ']
§ 10 §
% s £
g ® £
£ 6 §
5 a 2
4 a
2
Q
2 2 £
o
0 0
1 5 7 28
Time (Day)

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 thermosetting resin was dropped
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

11

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.
Fig. 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
Young’s modulus and compressive strength relationship equation parameters.

Table 5
Generated customised algorithm of the barrier materials for the UCA test based
on data up to 28 days.

Model parameters Minimum WLS
a b Material Polynomial equation R-square value
Neat class G cement 2.560 0.2607 0.015 Class G. cement y= 125.77x22— 3701.1x + 226795 0.9822
Expansive cement 0.701 0.6133 0.105 Expansw.e cemenf y= l90.85x2 —5281.6x + 35842 0.9788
Pozzolanic material 0.732 0.1346 0.007 Pozzolanic material y= 365.82x2 - 9880.6x + 65261 0.9907
Geopolymer 0.544 0.2342 0.006 Geopolyme? ) y= 28.662); —1310.9x + 12057 0.995
Thermosetting resin 0.015 1.2230 0.191 Thermosetting resin y = 250.9x — 9065.9x + 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, one needs to characterize the
microstructure of these materials by the use of XRD and SEM techniques,
to investigate any phase changes or transformation of the minerals.

3.4.1. Relationship between compressive strength and modulus of elasticity

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.

12

They proposed a universal equation to estimate the structural defor-
mation of concretes 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 account the coarse aggregates and mineral admixtures
in the concrete systems.

1
E =k, k,.1486.6%.7* (8)

where E is the modulus of elasticity in MPa, k; and ky are the correction
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Fig. 23. Sonic strength development based on default algorithm of the equip-
ment (grey line), Sonic strength development based on the generated algorithm
(blue line) and the transit time (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.)

50 18
45 16
|

40 18 —
= £
g3 125
S “
-.uEa 10 £
£ 25 £
g _ e g @
@ £
e =
c 6 =
S 15 E

10 4

5 2

0 0

) 5 10 15 20 25 30
Time (Day)

Fig. 24. Sonic strength development (blue line) and the transit time (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.)
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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.)
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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 colour
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 y 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, Fig. 22.
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. Consequently, the general
equation can be simplified as a power function to the following form:

E=a.cb ©)

In the equation above, the modulus of elasticity, E, is in GPa and o5 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.

3.5. 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 slurries. 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 strength of the material
based on a predefined algorithm introduced 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
a new 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, a new 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 up 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
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Fig. 28. Average tensile strength of the candidate 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 expansive 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 reader 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 geopolymer but for the thermosetting 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.
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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 colour 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 geomechanics, 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 UCS and tensile strength of the barrier material.

Power Model Parameters Linear Model Parameters

Correlation coefficient

Power model Minimum WLS Linear model Minimum WLS

a b a b
Class G cement 33.52727 0.085083 1.52955 32.4155 0.294 0.016342 0.016744
Expansive cement 36.58101 0.234407 5.68501 31.58398 0.453 0.022118 0.023401
Pozzolanic material 13.9195 2.1149 28.14154 —14.1267 0.973 0.006746 0.005205
Geopolymer 13.2295 0.141667 1.812256 11.3871 —0.0003 0.03662 0.036794
Thermosetting resin 993.0011 —1.06013 —9.24029 179.9438 —0.5011 0.132749 0.141613

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 =a X oy +b Linear equation form
c T q f (10

oc=ax o”} Power equation form
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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 thermosetting 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



M. Kamali et al.

slurries showed less time-dependent gel structure.

All the materials except the pozzolanic material showed right-angle
set pumping profile. The pozzolanic material remained in liquid state
while sheared in the consistometers. Expansive cement, neat G cement
and thermosetting resin showed pressure-dependent performance. Static
fluid-loss and pumpability of the materials showed acceptable values for
the expansive cement, pozzolanic slurry 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 thermosetting resin, a consecutive 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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