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Abstract

This study investigates the impact of adding nanocarbon black (NCB) to wellbore cement under high-pressure, high-
temperature (HPHT) conditions to enhance its properties for long-term zonal isolation. Four cementitious slurries
were prepared in the laboratory using the wet-mixing method, following the American Petroleum Institute standards
(API 10B-2 and API 10A). NCB was incorporated as a reinforced nanomaterial in cementitious composites at varying
concentrations of 0.05%, 0.1%, and 0.2% by weight of cement (BWOC) into the slurry mix fluid following a specific
mixing sequence before the addition of Class-G wellbore Portland cement, which is manufactured via the dry process
and commonly used in the oil and gas industry. The study evaluated parameters, such as density, rheology, free fluid
(FF), fluid loss (FL), thickening time (TT), compressive strength (CS), tensile strength (TS), porosity, and permeability,
following API standards. The results demonstrated that NCB additions slightly increased slurry density and significantly
improved rheological properties, with low yield stress at bottomhole circulating temperatures. NCB concentrations

of 0.05% and 0.1% reduced free fluid, fluid loss, and thickening time while enhancing the cement sheath's com-
pressive and tensile strength, simultaneously reducing its porosity and permeability. Moreover, the improved early
compressive strength development indicated accelerated cement hydration reactions due to incorporating NCB.

The study found that 0.1% NCB was the optimal concentration, enhancing mechanical properties and operational
efficiency by reducing wait-on-cement time and costs while improving wellbore integrity. However, higher NCB con-
centrations required careful dispersion to prevent nanoparticle agglomeration. Overall, NCB significantly enhanced
cement sheath characteristics under HPHT conditions.

Keywords Nanocarbon black, HPHT wellbore integrity, Rheological properties, Mechanical characteristics, Porosity,
Permeability
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(Alkhamis & Imqgam, 2018). The cementing operations
in thermal wells or exploration of new reserves in
challenging environments such as HPHT conditions
lead to cyclic thermal stresses on the cement sheath that
can result in wellbore cementing failures such as micro-
annuli and severe cracks and might cause compromised
zonal isolation that can endanger equipment, personnel,
and the environment, and increase the number of
remedial cementing jobs which would, in turn, increase
the costs of the production phase to overcome these
issues to prevent the complete loss of the well (Nelson
& QGuillot, 2016; Helmy, Y. and Fakher, S., 2024). Even
with the recent progress in advanced smart polymeric
materials, fibers, and self-healing materials, achieving
sufficient long-term zonal isolation in harsh oil well
conditions remains a significant challenge (Jafariesfad
et al., 2017). Consequently, it is important to find a
new approach to designing a cement system capable of
enduring the potentially severe conditions throughout
the wellbore life cycle. Nanotechnology offers a
promising approach to transforming conventional
cement systems into unconventional, durable, flexible
cement systems that are capable of withstanding
imposed mechanical and thermal stressful conditions
(Deshpande and Patil 2017, Jimenez et al., 2016, Fakher,
S. et al.,, 2023a; 2023b). Incorporating nanocarbon-based
materials represents a promising method for enhancing
the short-term and long-term performance of cement
sheaths in wellbore cementing operations (Fakher, S.
and Khlaifat, A., 2023; Khlaifat, A. et al., 2024). Wu et al.
(2024) analyzed the microstructure, pore structure,
and electromagnetic properties of cement paste with
nanocarbon black (CB), revealing that the incorporation
of CB enhanced the pore structure by increasing the
proportion of small pores (<100 nm) and improving
overall pore distribution. Although the presence of CB
agglomerates initially decreased compressive strength,
the use of dispersant at 0.5 wt% CB effectively reduced
the size of the agglomerates and significantly increased
compressive strength. Sridhar et al, (2024a, 2024b)
investigated the mechanical properties of hybrid fiber-
reinforced concrete (HFRC) by evaluating compressive
strength, split tensile strength, and flexural strength in
mixtures with steel and polypropylene fibers at different
volume fractions (0.25%, 0.5%, and 0.75%). The findings
showed that the inclusion of fibers greatly improved the
concrete’s mechanical performance. Notably, the blend
of steel fibers’ high elastic modulus with polypropylene
fibers’ low elastic modulus proved especially beneficial in
enhancing the concrete’s overall strength and durability.
Aosai et al. (2024) examined the impact of incorporating
nanoalumina (1% to 3%) with polyvinyl alcohol (PVA)
fibers and the hybridization of nanosilica (NS) and
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nanoalumina (NA) were examined and results showed
that hybrid nanoparticles greatly enhanced compressive
strength compared to control and NA mortars. However,
workability declined at higher concentrations. The
optimal strength improvement of 7.4% was achieved with
0.5% NA and 2.5% NS. Nunes et al. (2014) investigated the
effect of the addition of carbon nanotubes (CNTs) on the
rheological and mechanical properties of cement slurries
used in oil wells, and it was found that the inclusion of
CNTs, at concentrations of 0.1% and 0.3% BWOC, did
not affect the slurry’s rheological behavior or stability.
Souza et al. (2020) examined the influence of multiwall
carbon nanotubes (MWCN'Ts) on Portland cement paste,
and the findings revealed that MWCNTs accelerated
the cement’s hydration rate, shortened the initial setting
time, and modified the hydration process, with more
pronounced changes at higher concentrations (0.15%
to 0.30% BWOC). Y. Li et al. (2021) investigated the
reinforcement of wellbore cement using botryoid hybrid
nanocarbon materials (BHNCMs) and found that a 1%
BWOC concentration enhanced the cement’s flexibility
and strength by 20%. Peyvandi et al. (2017) examined the
incorporation of low-cost graphite nanoplatelet (GNP)
and carbon nanofibers (CNF) into cementitious materials
to improve zonal isolation in oil and gas wells, and their
findings indicated a 20% increase in flexural strength, a
10% increase in tensile strength, and a 50% enhancement
in shrinkage resistance with only 0.2% GNP and CNEFE.
Nochaiya and Chaipanich (2011) investigated the
porosity of Portland cement composites incorporating up
to 1% MWCNTs BWOC was investigated and found that
the inclusion of MWCNTs decreased the total porosity
of the cement sheath from 27.2% to 22.7%. Rezania et al.
(2019) studied the combined impact of nanocarbon black
(NCB) and nanosilica on cement sheaths, revealing that
these nanoparticles notably reduced the permeability of
cement paste. G. Y. Li et al. (2005) and De La Roij et al.
(2012) discovered that integrating nanomaterials into
the calcium silicate hydrate (C-S-H) structure within
cement matrices enhanced both strength and flexibility.
This improvement was achieved by bridging tensile
stresses and reinforcing the C-S-H structure, effectively
preventing crack propagation. Singh and Vander Wal
(2018) analyzed carbon blacks’ lattice characteristics
and nanoscale structure using transmission electron
microscopy (TEM) due to its availability, low cost of
use, and higher magnification capability than scanning
electron microscopy (SEM). TEM images illustrating
these diverse carbon blacks are presented in Fig. 1.
The study found that nanostructure variations affect
properties like surface area and color intensity, with finer
particles providing better reinforcement. Carbon blacks
are produced in various grades for different applications.
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A) Furnace Black B) Thermal Black

100 nm , 100 nm

Fig. 1 TEM images showing aggregates of A furnace, B thermal, C lamp, and D channel blacks (Singh & Vander Wal, 2018)
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Fig. 2 TEM images contrasting A a high and B a low degree of aggregation in the different carbon blacks (Singh & Vander Wal, 2018)
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Table 1 Chemical composition of Italian API Class-G Portland
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Table 2 Physical performance of Italian APl Class-G Portland
cement

cement
Chemical composition Standard Sample results

requirements

APl Spec 10A

(ISO 10426-

1:2009)
Loss on ignition, (max %) 3.00 1.20
Magnesium oxide, (max %) 6.00 1.20
Sulfur trioxide, (max %) 3.00 2.50
Insoluble residue, (max %) 0.75 0.19
Total alkali content (Na,O), (max %)  0.75 0.64
Tricalcium silicate, (max %) 48-65 51.00
Tricalcium aluminate, (max %) 3.00 0.50
2C,A+C,AF, (max %) 24.00 16.70

Examples of carbon blacks with varying degrees of
aggregation are shown in Fig. 2. Based on an extensive
literature review that highlights the ongoing difficulties
in achieving long-term zonal isolation and maintaining
cement sheath integrity under harsh conditions. This
study investigates the effectiveness of nanocarbon black
(NCB) in enhancing wellbore cementing performance
in high-pressure, high-temperature (HPHT) conditions.
Also, it identifies the optimal concentrations needed to
maximize these improvements through comprehensive
experimentations by incorporating nanocarbon black
(NCB) into Class-G Portland cement slurries to
investigate the NCB’s effects on a broad range of cement
properties, including density, rheology, fluid behavior,
mechanical strength, porosity, and permeability. This
research’s novelty lies in providing a new perspective
on mitigating wellbore cementing failures in HPHT
conditions and emphasizing the potential for developing
cost-effective, environmentally sustainable solutions that
can significantly enhance the sustainability and efficiency
of oil and gas production operations.

2 Experimental

2.1 Materials

The study used Class-G Portland cement with high-
sulfate-resistant grade (HSR), which is a common material
for cementing in oil and gas wells. The cement’s chemical
composition and physical performance are detailed in
Tables 1 and 2, respectively, which are typical for cements
and materials for well cementing standard requirements
(API 10A, 2019) to ensure proper hydration of cement
and its validity for laboratory testing and field use for
wellbore cementing operations. The nanomaterial used
in the research is nanocarbon black (NCB) from Birla
Carbon Inc. It is a black-gray spherical nanoparticle with

Physical performance Standard requirements
API Spec 10A (ISO 10426-

Sample results

1:2009)
Specific gravity 3.15-3.2g/cm3 3.2g/cm3
Setting time at 52 'C 90-120 min 111 min
Free fluids at 26 C 5.9% 2.3%
(S, 8hat38°C >2.1 MPa 3.93 MPa
CS,8hat60C >10.3 MPa 13.39 MPa

Table 3 Physical and chemical characteristics of NCB

Particle size 39—55 nm

Specific gravity 1.92 g/cm?

Specific surface area 39—41 m%/g

lodine absorption 39—47 g/kg

DBP absorption 116126 (10~ m3/kg)

Heat loss 1.5%

Ash content (non-carbon/inorganic material) 0.5%

Table 4 Cement slurry compositions used in experiments based

on APl 10B-2

Materials Cc1 c2 Cc3 c4
Cement, %BWOC (Dyckerhoff) 100 100 100 100
Silica, %BWOC (SLB) 35 35 35 35
Antifoam, %VBWOC (SLB) 0.01 0.01 0.01 0.01
Fluid loss agent, %BWOC (SLB) 035 035 0.35 035
Extender, %BWOC (SLB) 7 7 7 7
Dispersant, %BWOC (SLB) 14 14 14 14
Retarder, %BWOC (SLB) 03 03 03 03
NCB, %BWOC (Birla Carbon Egypt) 0 0.05 0.1 02

Distilled water, %BVOBF (ChemWorld) 100 100 100 100

Table 5 Cement slurry compositions used in experiments based

on API T0A

Materials C5 Ccé6 c7 c8
Cement, %BWOC (Dyckerhoff) 100 100 100 100
NCB, %BWOC (Birla Carbon Egypt) 0 0.05 0.1 0.2

Distilled water, %BWOC (ChemWorld) 44 44 44 44

high aspect ratios and excellent thermal and electrical
conductivities. The physical and chemical characteristics
of the nanocarbon black are presented in Table 3, in
addition to the eight cement slurry compositions (C1, C2,
C3, C4, C5, C6, C7, and C8) based on testing procedures
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of API 10B-2 and API 10A standard guidelines used in
this study are detailed in Tables 4 and 5. Conventional
additives are used in cement systems to enhance specific
properties. An antifoam chemical is added to prevent
issues like gelation, cavitation, and reduced density
caused by excessive foaming, by adjusting surface tension
and improving the dispersion of solids, effectively
eliminating foam formation (Nelson & Guillot, 2016).
A fluid loss control agent such as an organic polymer is
added to the slurry to prevent water loss in permeable
zones. This avoids increased viscosity, annular bridge
formation, and low-quality cement. Controlling fluid loss
also prevents premature cement setting and formation
damage (Bourgoyne, 1991; Cheung & Beirute, 1985).
A cement extender is used to reduce slurry density to
prevent lost circulation in weak formations and minimize
well-completion stages. They also increase slurry yield by
lowering the amount of cement required, enhancing cost-
effectiveness in cementing. (Nelson & Guillot, 2016). A
dispersant agent is added to the slurry to avoid viscosity
fluctuation with temperature changes by maintaining
workability during mixing and placement to ensure an
even distribution of NCB particles for consistent cement
paste (Y. Li et al,, 2021). A retarder is added to cement
slurries to extend the setting time and keep the cement
pumpable for a longer duration before solidification
(Schlumberger, 1984).

2.2 Cement Slurry Formulation

To facilitate result analysis and comparisons, cement
slurry formulations are designed and conducted based
on laboratory testing that replicates real field conditions
such as bottom hole circulating temperature (BHCT: 190
°F), bottom hole static temperature (BHST: 237 °F), and
bottom hole pressure (BHP: 6200 psi). Oil and gas well
cement slurry formulations were prepared by following
the API guidelines (API 10B-2, 2013) and (API 10A,
2019) to achieve a consistent specific density of 1.9 g/cm?
(15.8 Ib/gal) and a water to cement (w/c) ratio of 44%. The
NCB mixing ratios were kept at minimal concentrations
of 0.05%, 0.1%, and 0.2% BWOC to prevent any negative
effects from nanoparticle agglomeration in the cement
slurry, as observed in previous studies with higher NCB
concentrations. The NCBs were incorporated within
four cement slurry compositions, including a neat
cement formulation employed as a testing reference for
comparison and evaluation to investigate the positive
effects of NCB addition to the cement slurry properties
in both liquid and solid states to get the optimal
concentration of NCB at which the uniform dispersion
of nanocarbon particles is ensured. Silica flour is added
with a percentage of 35% BWOC into cement slurry to
prevent cement sheath strength retrogression, which
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occurs at an elevated bottomhole static temperature
(BHST) above 230°F because some of the calcium
silicate hydrate (C-S—H) gel combines with the calcium
hydroxide (CH) to form alpha dicalcium silicate hydrate
(aC,H), which usually results in shrinkage, decreases CS,
and increases the permeability of the set cement (Young
& Hansen, 1986). This phenomenon can be overcome by
decreasing the overall lime-to-silicate ratio (C/S) ratio
in the cement, preventing the conversion of C-S—H gel
and CH to C,SH (Yetunde & Ogbonna, 2011). Also, by
introducing NCB with various concentrations into the
cement system, we can enhance the CS and flexibility and
reduce the permeability of the set cement sheath under
HPHT conditions. Eight cement pastes with varying
compositions were prepared and analyzed by laboratory
experiments. The composition details of each paste and
their corresponding designations will be used throughout
this study.

2.3 Cement Slurry Preparation

The cement slurry compositions were prepared accord-
ing to the guidelines recommended by (API 10B-2, 2013)
and (API 104, 2019), by applying the wet-mixing method
for chemical additives and the dry-mixing method for
blending the cement with silica flour, which is a widely
employed approach for preparing oil well cement within
the industry. Failure to follow the specified order of addi-
tion can cause unpredictable slurry behavior and nega-
tively affect performance. So, it is recommended to follow
the appropriate mixing order while preparing all compo-
sitions of cement slurries. The slurry mixing procedure
involved first agitating distilled water at 4000 rpm, then
sequentially adding the antifoam agent, fluid loss agent,
extender, dispersant, and retarder. NCB was added and
hydrated for 5 minutes at 4000 rpm to ensure uniform
nanoparticle dispersion. Finally, add dry blended cemen-
titious materials, and the agitation speed was increased
to 12,000 rpm to achieve proper slurry mixing energy as
per guidelines of API 10B-2, (2013). After slurry prepara-
tion, the cement paste is tested according to the two (API
10B-2 and 10A) standards referred to above to evaluate
the effect of nanocarbon addition with various concen-
trations on slurry behavior under ideal conditions based
on API 10A and actual simulated wellbore conditions
based on API 10B-2.

2.4 Testing and Measurements

2.4.1 Slurry Density Measurements

The study involved measuring the density of the slurries
right after the cement was mixed at atmospheric
conditions according to the guidelines recommended
by API 10B-2 (2013), using a standard pressurized mud
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Fig. 3 Pressurized mud balance for slurry density measurements

balance as presented in Fig. 3. The recorded density
values were in pounds per gallon (ppg) and were then
compared to a reference slurry of pure cement.

2.4.2 Cement Slurry Rheology Measurements

The flow characteristics of the slurries were assessed by
using a rotational viscometer (Chandler, Model 3500) as
shown in Fig. 4, to confirm the impact of nanocarbon
black on the workability of the fresh cement slurry at sur-
face temperature 80°F and at bottomhole circulation tem-
perature (BHCT) 190°F after conditioning the slurry on

Fig. 4 Rotational viscometer for slurry rheological parameters
measurements
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downhole conditions for 30 minutes in an atmospheric
consistometer. The dial measurements were captured
first in an increasing sequence and then in a decreas-
ing sequence, using a maximum speed of 300 rpm. The
ratio between the readings at each speed was employed
to assess certain properties of the slurries. Gel strength,
measured in Ibf/100 ft? is an additional factor that can be
extracted directly from the reading on the dial by allow-
ing the sample to remain static for 10 s and then acti-
vating the viscometer at a typically low speed of 3 rpm.
We then observe the highest point of deflection on the
dial to be reported as 10 s gel strength and let the sam-
ple remain static for 10 min and record this value as the
result of 10 minutes gel strength following the guidelines
of (API 10B-2, 2013). Even though the Herschel-Bulkley
rheological model is the most suitable way to depict the
rheology of cement slurry, but Bingham model has been
most widely used so that the rheological measurements
of the slurries were documented as the mean of the two
dial readings obtained at each speed to obtain the plastic
viscosity and yield point of the slurry. It is recommended
to perform a linear regression analysis using the complete
set of available data points using Eq. (1):

=1+ [up X ¥] 1)

where T: shear stress, measured in Pa, or (Ibf/100 ft?); Ty
Bingham yield stress, measured in Pa, or (Ibf/100 ft?); Hp!
plastic viscosity, measured in Pa-s, or (cP); y: shear rate,

measured in s71.

2.4.3 Cement Slurry Free Fluid Measurements

A free fluid test was conducted to assess the stability of
the slurry to ensure that it can provide full zonal isolation
and maintain the desired cement slurry properties. As
evidenced in Fig. 5, the free fluid volume was determined
by conditioning the slurry at 190°F, then pouring it into

Fig. 5 250-mL graduated cylinder for APl 10B-2 slurry free fluid
measurements
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a graduated 250-mL plastic cylinder with a sealing cover
and keeping it on an undisturbed (vibration-free) surface
for 2 hours at 80°F according to guidelines listed in API
10B-2 (2013). We calculated the free fluid as a percentage
of the volume of the slurry using Eq. (2). As illustrated
in Figs. 6, 7, the free fluid test was performed according

Fig. 6 500-mL conical flask for APl 10A slurry free fluid measurements
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to the recommended practice of API 10A (2019) by
conditioning the slurry at 80°F for 20 min, then pouring
760 g of conditioned slurry into a 500-mL conical flask
with a sealing cover and keeping it on an undisturbed
(vibration-free) surface for 2 hours at 80°F. The free
fluid (FF) percentage must not exceed 5.9% and can be
calculated based on Eq. (3):

9= VFF/VS x 100 )

o= [(Vpp x ps)/ms} x 100 3)

where ¢: slurry free fluid content percentage, measured
in %; Vgp : volume of free fluid collected, measured in
mL; V, : initial volume of slurry, measured in mL;p:
density of slurry, measured in g/cm?; m; : initial recorded
mass of the slurry, measured in g.

2.4.4 Cement Slurry Sedimentation Measurements

When the cement slurry is left undisturbed for a certain
duration, it can also undergo particle sedimentation.
The settling process becomes evident through a density
comparison of various sections within the solidified
cement column (API 10B-2, 2013). The sedimentation
of the cement sheath was assessed after conditioning the
slurry in an atmospheric consistometer (Chandler, Model
1200) at 190°F for 30 min to simulate downhole placement

(b)
Fig. 7 a Sedimentation tube with 250-mm length, 25-mm inner diameter; b divided set cement column after curing for 24 h for sedimentation
measurements
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conditions. We then poured the conditioned slurry into
a sedimentation tube that is 200 mm long and 25 mm in
diameter. The tube is placed in a curing chamber in a
vertical position for 24 hours at BHST (237°F) and testing
pressure of 3000 psi until the conditioned slurry reached
the set phase. We then removed the tube and allowed it to
cool to 80°F using a water bath; after that, we measured and
recorded the length of the specimen and the set cement
drop, which is the gap separating the upper surface of
the solidified cement from the upper surface of the initial
slurry level. Next, cut 20 mm from each end of the set
cement column and divide, then mark the set cement into
at least four equal segments approximately 20 mm long.
The segments were cut at marks while keeping their order
and placed in water until ready to be weighed. The weight
of each section was determined in both air and water to
utilize Archimedes’ principle for computing the relative
density or specific gravity for each segment. Finally, the
difference in density between the upper and lower portions
of the solidified cement column was computed to indicate
slurry sedimentation using Eq. (4):

Mair (4)

Prelative = Myater

where pyeruve: relative density of each set segment,
dimensionless; m,;.. mass of the cement segment in the
air (dry mass), g; m,,.,- mass of the cement segment in
the water (wet mass), g.

2.4.5 Cement Slurry Fluid Loss Measurements

The rate of fluid filtration rises as temperature increases,
while pressure has a relatively minor impact on the filtra-
tion rate (Bourgoyne, 1991). Controlling the fluid loss (FL)
of cement slurries is crucial for minimizing the drying out
of the slurry within the porous sections of the well. As
depicted in Fig. 8, the fluid loss filtrations of tested slur-
ries across the permeable zones were measured by using
a non-stirred fluid loss cell (Chandler, Model SFL387) at
the bottomhole circulating temperature (190°F) and at an
operating pressure of 1000 psi. Also, the filtrate volume is
collected within 30 min. Furthermore, in the case of HPHT
conditions as encountered in the wellbore, the filter paper
should have half the surface area of the standard size. As a
result, the measured filtrate volume needs to be multiplied
by two before being recorded, as per standard guidelines
(API 10B-2, 2013). The API fluid loss volume was calcu-
lated as described in Eq. (5):

Vir =2y [ (39,) (5)

where Vgr: volume of fluid loss collected, measured
in mL; V;: filtrate volume collected within time (t),
measured in mL; ¢ : time, measured in minutes.
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Fig. 8 Non-stirred fluid loss apparatus for slurry filtrate volume
measurements

2.4.6 Cement Slurry Thickening Time Measurements

For the slurry thickening time (TT) test, an HPHT
consistometer (Chandler, Model 8040) is used to
determine the time it takes to thicken when tested
with a specific schedule for a temperature and pressure
to simulate the placement of slurry in the wellbore as
demonstrated in Fig. 9. The consistometer typically
includes a rotating cylindrical container for the slurry
with a stationary paddle arrangement, all housed
within a cylindrical pressure chamber that rotates at
150 rpm and is capable of enduring high pressures and
temperatures. Initially, the slurry was exposed to a
surface temperature (80°F) and atmospheric pressure
during the batch mixing time for 2 hours, then raised
to the bottomhole circulating temperature of 190°F
and bottom hole pressure of 6200 psi within 2 hours,
and then stabilized on these conditions until the end of
the test as recommended practice (API 10B-2, 2013).
Also, a thickening time test was performed for class-G
cement slurry compositions based on API 10A (2019),
in which the temperature and pressure are ramped from
atmospheric conditions to 125°F and 5160 psi within 28
minutes and kept on these conditions until the end of the
test. The slurry Bearden consistency (Bc) is characterized
by the torque applied to the paddle due to the presence
of the cement slurry that is measured over testing time to
obtain the allowed thickening time for the slurry, which
is recommended pumping time to avoid increasing in
slurry viscosity and pumping pressure throughout the
placement time of the cementing operation.
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Fig. 9 HPHT consistometer for slurry thickening time measurements

2.4.7 Cement Slurry Compressive Strength Measurements

The CS of the slurry is analyzed by using the ultra-
sonic cement analyzer unit (Chandler, Model 4265) as
observed from Fig. 10 for a nondestructive test with a
curing period of 24 hours and load frame (Chandler,
Model 4207D) and a curing chamber (Chandler, Model
7370) as indicated in Fig. 11 for a destructive crush test
with a curing period of 7 days with the same pressure
and temperature profile. The tests were performed by
ramping to the BHST of the wellbore and to bottomhole
pressure (BHP) within 4 hours, as per recommended pro-
cedures of API 10B-2 (2013), to evaluate the mechanical
characteristics of cement sheath under harsh conditions

Fig. 10 Ultrasonic cement analyzer for nondestructive CS measurements

to replicate the actual stress experienced in the wellbore
downhole conditions. Also, a CS test was performed
for Class-G cement slurry compositions based on API
10A (2019), which cured at a temperature of 100°F for 8
hours. The minimum strength achieved after the curing
period varies based on the type of cement used and the
curing conditions. We calculated the CS by dividing the
force needed to fracture the specimen with the smallest
cross-sectional area touching the load-bearing plates of
the load frame using Eq. (6):

Cs = Fmax/ g, ©)

ENGINEERING
ULTRASONIC CEMENT ANALYZER

B —
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Fig. 11 Load frame for destructive CS measurements

where CS: compressive strength of the sample, measured
in psi; Fyax : maximum force attained prior to failure,
measured in Ibf; A,,;;, : minimum cross-sectional area of
the sample, measured in in.2

2.4.8 Cement Slurry Tensile Strength measurements

Indirect tensile strength, which is referred to as the split-
ting tensile strength or the Brazilian tensile strength, can be
used to determine tensile strength. Similar to the CS test,
all slurry specimens undergo the same curing conditions
for 7 days. The test involves applying compressive force
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across the diameter of the cylindrical cement sample until
it fails as seen in Fig. 12. It is crucial to ensure that the fail-
ure crack occurs in the same direction as the applied load
to obtain an accurate result (Iremonger et al., 2015). The
splitting tensile strength was calculated as described in Eq.

(7):

or =2/ 1p (7)

where ot : tensile strength of specimen, measured in

psi; F : axial compressive failure load, measured in 1bf;
h : height of specimen, measured in in.; D : diameter of
specimen, measured in in.

2.4.9 Cement Sheath Porosity Measurements

In this study, we used the helium porosimeter as shown in
Fig. 13 to determine the grain volume, pore volume, and
porosity percentage for all hardened specimens with 1.5-
in diameter and 2.7-in length, via an isothermal helium
expansion into the chamber from a reservoir of known vol-
ume and pressure until equilibrium pressure is reached (20
to 60 min). The grain volume can be calculated by measur-
ing the new gas pressure by applying Boyle’s law, and the
grain volume of the specimen is calculated mathematically
using Eq. (8). The effective porosity is calculated by taking
the difference of the bulk volume and grain volume using
Eq. (9) (Luffel & Howard, 1988):

PV, =Py (V4 Vs — V) or P1Va = Py Vs (8)

¢ = [(Vb - Vg)/vb} % 100 )

Fig. 12 Splitting tensile strength (Brazilian test) for cement sheath compositions a before applying axial compressive failure load; b after applying

axial compressive failure load
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Fig. 13 Porosity test for cement sheath compositions after curing for 7 days at downhole conditions

where ¢ porosity of the sample, measured in %; Vy :
bulk volume of the sample, measured in cm? V, : grain
volume of the sample, measured in cm?; L : length of the
sample, measured in mm;

D : diameter of the sample, measured in mm.

2.4.10 Cement Sheath Permeability Measurements

The permeability of a porous medium refers to its capac-
ity to permit fluid to flow through it (Alkhamis & Imqam,
2018). High permeability is undesirable, as it deteriorates
the cement sheath zonal isolation. Hence, it is essential to
minimize the permeability of the cement sheath as much
as possible. The API 10B-2 standard provides a proce-
dural guideline for measuring the relative permeability
of cured cement to liquids or gases (Nelson & Guillot,
2016). To measure gas permeability, it is necessary to dry
the sample, which can be achieved by placing it over a
desiccant or using a vacuum oven or a high-temperature
oven (Mindess et al., 1981). As reflected in Fig. 14, the gas
permeability of the cured cement is determined by intro-
ducing fluid into the core at a constant pressure differ-
ence along its length. The gas permeability of the cured
cement sample can be calculated using Darcy’s law, as in
Eq. (10):

k= [(2000 X Hgas X dgas X P X L)/A X [(pinlet)z - (poutlet)zﬂ

(10)
where k : permeability to gas, measured in mD; gg,s : flow
rate of gas, measured in mL/s; fig,s : Viscosity of the gas,
measured in cP; L: length of the sample, measured in cm;
A : sample cross-sectional area, measured in cm? p:
adjusted barometric pressure, measured in atm; pje; :
inlet gas pressure, measured in atm; p,,y.; : outlet gas
pressure, measured in atm.

Fig. 14 Permeability test for cement sheath compositions
after curing for 7 days at downhole conditions

3 Results and Discussion

3.1 Cement Slurry Density

The initial density of the pure cement system was
approximately 15.8 ppg, as observed in Fig. 15. With
the addition of 0.05%, 0.1%, and 0.2% NCB BWOC, the
density increased slightly by 0.06%, 0.13%, and 0.25%,
respectively. These minor increases can improve the
cement sheath integrity, which is beneficial for primary
and remedial wellbore cementing applications like plugs,
squeezes, and casing cementing operations. Mean density
values for all analyzed slurries in this study are provided
in Table 6.

3.2 Cement Slurry Rheological Behavior

The rheological flow curves for the four cement designs
were nearly identical, forming straight lines at both
surface and downhole temperatures, indicating minimal
impact from NCB on rheological behavior. At surface
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Fig. 15 Density measurements for reference system of cement slurry

Table 6 Density measurement for the four cement slurry
compositions

Cement slurry compositions Density
[Ibm/gal]

C1 (neat slurry system) 15.80

C2 (neat slurry system +0.05%NCB BWOC) 15.81

C3 (neat slurry system +0.1%NCB BWOC) 15.82

C4 (neat slurry system +0.2%NCB BWOC) 15.84

Conversion factor: 1 lbm/gal=119.8264 kg/m*

y 9' : |!) 'r'l'."!b"?;' i ’-12 :
70 80 20 | 100 1o
..L..;,‘..;.J.,L[mt.ml.zﬁknk&km} il 7,

temperature, plastic viscosity increased with NCB due to
a higher solid volume fraction of the NCB cement slurry
systems, and yield stress doubled with 0.2% NCB. At
downhole temperatures, yield stress decreased by 11.11%
and 22.22% with 0.05% and 0.1% NCB, respectively, due
to uniform nanoparticle dispersion aided by a dispersant
agent which can lead to slurry viscosity reduction to
improve placement with minimum dynamic pressures at
downhole temperature. Rheological data are provided in
Tables 7 and 8, with Figs. 16 and 17 showing behavior at
different temperatures.

Table 7 Rheological parameters at surface temperature for slurry compositions (C1, C2, C3, and C4)

Shear rate [s7"] Shear stress [Ibf/100ft?]

Yield stress [Ibf/100ft?] Plastic viscosity [cP]

C1-C2-C3-C4 (@] c2 c3 c4 (@] c2 c c4 (@] c2 c3 c4
511 43341 43554 4.3661 7.3768 3 3 3 6 125 127 128 129
10.21 5.6655 5.7082 57295 8.7508

51 16.3145 16.5276 16.6341 19.7406

102 29.6291 30.0551 30.2682 334812

170 47.3818 48.0919 484470 51.8020

340 91.7636 93.1838 93.8939 97.6040

511 136.4064 138.5409 139.6082 143.6754

Conversion factors: 1 Ibf/100ft? =0.4788 Pa. and 1 cP=0.001 Pa.s

Table 8 Rheological parameters at downhole temperature (190°F) for slurry compositions (C1, C2, C3, and C4)

Shear rate [s™"] Shear stress [Ibf/100ft?] Yield stress [Ibf/100ft?] Plastic viscosity [cP]
C1-C2-C3-C4 c1 c2 c3 c4 c1 c2 c3 c4 c1 C2 c3 c4
511 10.7396 9.7396 8.7503 10.8677 9 8 7 9 163 163 164 175
10.21 124758 114758 104972 12.7317

51 26.3622 25.3622 244687 27.6404

102 43.7243 42.7243 419373 46.2807

170 66.8739 65.8739 65.2289 71.1345

340 124.7477 123.7477 1234578 133.2690

511 182.9620 181.9620 182.0292 195.7690
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Fig. 16 Rheological behavior of various slurry compositions
at surface temperature
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Fig. 17 Rheological behavior of various slurry compositions
at downhole temperature
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3.3 Cement Slurry Free Fluid

The results indicate that NCB acts as a bridging agent,
filling gaps between cement particles and reducing the
mobility of free fluids. This reduction in free fluid con-
tent helps maintain the cement’s effective density, lower-
ing hydrostatic pressure and preventing the formation of
channels within the cement barrier, as observed in previ-
ous studies (Webster & Eikerts, 1979).

3.3.1 Free Fluid Testing Based on the Specification of API
10B-2

The inclusion of NCB significantly reduced free fluid vol-

ume in the cement system. The addition of 0.05% NCB

BWOC led to a 25% reduction, while 0.1% NCB BWOC

resulted in a 50% reduction in free fluids within the

cement slurry, as detailed in Table 9.
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Table 9 Free fluid volume percentage for APl 10A and API 10B-2
cement slurry compositions

Cement slurry compositions Free fluid% Free fluid%
[API 10A] [API 10B-2]

C1 (neat slurry system) 252 0.04 (trace)

C2 (neat slurry system+0.05% NCB BWOC)  2.44 0.03 (trace)

C3 (neat slurry system+0.1% NCB BWOC) 228 0.02 (trace)

C4 (neat slurry system+0.2% NCB BWOC) ~ 3.00 0.12 (trace)

Ib/gal
16.10 16.12 16.14 16.16 16.18 16.20

o~ Test 1 (0% BWOC-NCB)

—— Test 2/(0.05% BWOC-NCB)

Segment Number

RS

Fig. 18 Sedimentation curves after 24-h curing for 0% and 0.05%
BWOC NCB slurries

Ib/gal

16.10 16.12 16.14 16.16 16.18

—&— Test 3 (0.1% BWOC-NCB)

Test 4 (0.2% BWOC-NCB)

Segment Number

Fig. 19 Sedimentation curves after 24-h curing for 0.1% and 0.2%
BWOC NCB slurries

3.3.2 Free Fluid Testing Based on the Specification of APl 10A

According to API 10A specifications, the addition of
NCB had a slight impact on free fluid content. At concen-
trations of 0.05% and 0.1% BWOC, NCB reduced free flu-
ids in the cement slurry by 3.17% and 9.52%, respectively.
These findings are represented in Table 9 for clarity.

3.4 Cement Slurry Sedimentation

Figs. 18 and 19 show that all cement systems
demonstrated strong stability, with no significant
sedimentation observed. The incorporation of NCB
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Table 10 Sedimentation for APl 10B-2 cement slurry compositions

Cement slurry compositions Downgrade [mm] ASG [g/cm3]
C1 (neat slurry system) 040 0.0060
C2 (neat slurry system +0.05% NCB BWOC) 0.20 0.0048
C3 (neat slurry system +0.1% NCB BWOC) 0.10 0.0036
C4 (neat slurry system +0.2% NCB BWOC) 0.50 0.0072
(API 10B-2 standard limits) <5.00 <0.06
Table 11 Fluid loss filtrate volume for APl 10B-2 cement slurry 110
compositions 100 I
Cement slurry compositions API fluid Zg l
loss [mL] o

s il
C1 (neat slurry system) 53.00 § 60 [
C2 (neat slurry system +0.05% NCB BWOC) 52.00 é 50 f
C3 (neat slurry system +0.1% NCB BWOC) 50.00 § 22
C4 (neat slurry system +0.2% NCB BWOC) 55.00

20 janas
10

did not negatively affect the cement’s characteristics. og:oo:oo 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00
Stability, indicated by the absence of free fluids and Time (HH:MM:SS)
noticeable settling (Al-Yami et al., 2010), was maintained
across all tested samples. Detailed sedimentation test ——ONCB ——0.05NCB 0.1NCB 0.2NCB
data are available in Table 10. Fig. 20 Thickening time curves for API 10B-2 cement slurry

compositions

3.5 Cement Slurry Fluid Loss
The results depicted in Table 11 show that NCB acts as
a bridging agent, filling gaps between cement particles

and reducing fluid loss in the well formation. This reduc- 10000 200
tion preserves the cement system’s integrity. Specifically, 9000 180
the inclusion of 0.05% and 0.1% NCB BWOC resulted in 8000 160 3
fluid loss reductions of approximately 1.88% and 5.66%, _ 7000 140 %
respectively. 2 6000 120 g.’_
[0}
S 5000 100 ©
2 4000 80 a
3.6 Cement Slurry Thickening Time T 5000 60
3.6.1 Thickening Time Testing Based on the Specification 2000 40
of APl 10B-2 1000 20

The addition of NCB to the cement slurry system reduces
the time needed for the cement slurry to thicken, as
demonstrated in Figs. 20 and 21. According to the
specification of API 10B-2, the experimental data reveal
that the addition of nanomaterials at concentrations
of 0.05%, 0.1%, and 0.2% BWOC of NCB resulted ~ Fi9-21 API1052 pressure and temperature profiles
. . . . . . during the thickening time test

in a decrease in thickening time by approximately

4.32%, 5.15%, and 1.99%, respectively. The potential
for premature setting of the NCB slurry system can
be adjusted by using an appropriate concentration of
retarder to meet the thickening time requirements for
wellbore cementing applications. These outcomes are
summarized in Table 12.

00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00

Time (HH:MM:SS)

Pressure (psi)

Temp (°F)

3.6.2 Thickening Time Testing Based on the Specification

of APl 10A
Figs. 22 and 23 show that adding NCB to the cement
system according to API 10A reduces the thickening
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Table 12 Thickening time for API 10A and APl 10B-2 cement slurry compositions

Cement slurry compositions Time to 100 Bc [API 10A] [hr:mn] Time to 50 Bc
[AP1 10B-2]
[hr:mn]
C1 (neat slurry system) 1:58 10:02
C2 (neat slurry system +0.05%NCB bwoc) 1:56 09:36
C3 (neat slurry system +0.1%NCB bwoc) 1:53 09:31
C4 (neat slurry system +0.2%NCB bwoc) 1:57 09:50
120 3000 250
100 g 2500 200
g / S 2000 &
E 80 % 150 g
5 o 1500 ©
2 2 100 g
§ 60 S 1000 5
(&) o [
g
%0 O 500 50
0 0

0
0:00:00 0:14:59 0:29:59 0:44:59 0:59:59 1:14:59 1:29:59 1:44:59 1:59:59

Time (HH:MM:SS)

——O0NCB ——0.05NCB 0.1 NCB

Fig. 22 Thickening time curves for APl 10A cement slurry
compositions

10000
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0
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Fig. 23 API 10A pressure and temperature profiles
during the thickening time test

0.2 NCB
140
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e
80 =}
©
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Time (HH:MM:SS)

0NCB 0.05 NCB 0.1 NCB

0.2NCB

Temp (°F)
Fig. 24 Compressive strength curves during 24 h for API 10B-2
cement slurry compositions

time of the slurry. Specifically, 0.05%, 0.1%, and
0.2% NCB BWOC decreased thickening time by
approximately 1.69%, 4.24%, and 0.85%, respectively.
Detailed results are summarized in Table 12.

3.7 Cement Sheath Compressive Strength
3.7.1 Compressive Strength Based on the Specification of API
10B-2

The addition of NCB to the cement system significantly
enhanced the compressive strength of the cement sheath.
Experimental data showed that incorporating 0.05%
NCB BWOC resulted in a noticeable strength increase.
Notably, when incorporating 0.1% BWOC of NCB, it
resulted in an early compressive strength (50 psi) that
indicated the addition of NCB facilitated acceleration
of cement slurry chemical hydration reactions, which
contributed to reducing wait-on-cement time. Strength
gains of 13.66% and 12.35% were observed, respectively,
after the slurry was cured under simulated wellbore
downhole conditions for 1 day in an ultrasonic cement



Ebied et al. Int J Concr Struct Mater (2024) 19:10 Page 16 of 22

25000 7] 25000

20000 20000

15000 & 15000

10000 /

5000 5000

10000

———O——— Load - Prog (Lbf)

—O——— Load - Maximum (Lbf

200 230 300

000 030 100 130
Time (MMSS)

Fig. 25 Compressive strength curve for API 10B-2 for 0% BWOC NCB slurry after 7 days of curing at downhole conditions
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Fig. 26 Compressive strength curve for APl 10B-2 for 0.05% BWOC NCB slurry after 7 days of curing at downhole conditions

analyzer (UCA) and for 7 days in a curing chamber for  3.7.2 Compressive Strength Based on the Specification of API

a compressive strength test, as illustrated in Figs. 24, 25, 10A

26, 27, and 28. Detailed improvements in compressive  According to API 10A guidelines for slurry compressive

strength measurements are provided in Table 13 for ref  strength testing at 100°F, adding NCB to the cement

erence. system significantly improved compressive strength.
Incorporating 0.05%, 0.1%, and 0.2% NCB BWOC
increased approximately 8.15%, 10.09%, and 8.70%,
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Fig. 27 Compressive strength curve for API 10B-2 for 0.1% BWOC NCB slurry after 7 days of curing at downhole conditions
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Fig. 28 Compressive strength curve for APl 10B-2 for 0.2% BWOC NCB slurry after 7 days of curing at downhole conditions

respectively. Detailed improvements are shown in 3.8 Cement Sheath Tensile Strength

Figs. 29, 30, 31, and 32 and summarized in Table 13. Fig. 12 depicts the use of splitting tensile strength
(Brazilian test) for cement sheath. The experimental
results show that adding NCBs significantly improved
the tensile strength of cement systems, which
is beneficial for oil well applications. With NCB
concentrations of 0.05%, 0.1%, and 0.2% BWOC, tensile
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Table 13 Compressive strength and average load for APl 10A
and API 10B-2 cement slurry compositions

Cementslurry  Compressive strength [psi]
compositions  Average load (Ibf)

Crush test API10A  UCA Crush test
8h API 10B-2 APl 10B-2
[CS-psi] 24 h 7 days
(Avg load-1bf) [CS-psil [CS-psil
(Avg load-
Ibf)
@ [1080] (4258) [2138] [4694] (19060)
2 [1168] (4592) [2268] [4955] (20021)
a [1189] (4712) [2430] [5274] (21416)
(@) [1174] (4603) [2315] [5010] (20445)

Conversion factor: 1 psi=6894.7572 Pa

strength increased by 14.43%, 77.46%, and 36.57%,
respectively, compared to the reference system. The
detailed results are provided in Table 14.

3.9 Cement Sheath Porosity

Fig. 13 depicts the use of a helium porosimeter to assess
the influence of NCB inclusion in the cement sys-
tem. Experimental results show that adding NCB to
the cement system significantly reduced porosity. Spe-
cifically, concentrations of 0.1% and 0.2% NCB BWOC
decreased porosity by about 21.04% and 22.56%, respec-
tively, compared to the reference system. These findings
are summarized in Table 15.
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3.9.1 Cement Sheath Permeability

Fig. 14 depicts the use of a nitrogen gas permeameter
and all instruments needed for specimen preparation.
Experimental results show that incorporating NCB into
the cement system effectively reduces permeability with-
out adverse effects. Specifically, NCB concentrations of
0.05%, 0.1%, and 0.2% BWOC decreased permeability by
approximately 13.53%, 19.05%, and 19.32%, respectively,
compared to the reference system. These findings are
detailed in Table 16.

Study’s Limitations: At high concentrations of
NCBs, nanoparticles were poorly dispersed due
to nanofiller agglomeration and increased size of
NCB aggregates (Hawreen et al., 2018), which led to
adverse effects on the slurry density, flow character-
istics, and thickening time required for cementing
operations.

4 Conclusions

Following the standard guidelines set by API 10A and
API 10B-2, this study systematically evaluated the effects
of incorporating NCBs into Class-G Portland cement at
concentrations ranging from 0.05% to 0.2% BWOC. The
key findings from these extensive assessments are sum-
marized as follows:

1. The addition of minimal concentrations of NCBs
(0.05%, 0.1%, and 0.2% BWOC) resulted in slight

5000 5000

4000~ 4000

3000

3000 /

2000—] ~ 2000

b o 19, 1 11 Prog (Lbf)
———O——— Load - Maximum (Lbn

1000 1000

0:00 0:30 100 130

230 300 330
Tire (MWtSS)

Fig. 29 Compressive strength curve for APl 10A for 0% BWOC NCB slurry after 8 h of curing at 100°F
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Fig. 30 Compressive strength curve for API 10A for 0.05% BWOC NCB slurry after 8 h of curing at 100°F
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density increases of 0.06%, 0.13%, and 0.25%, respec-
tively. These increases proved beneficial for wellbore
cementing applications, enhancing the overall per-
formance and integrity of the cement system.

. The addition of NCB had minimal impact on the
rheological behavior of the cement, as flow curves
remained nearly identical across different tem-

1:30
Time (MMSS)

200 230

Fig. 31 Compressive strength curve for APl 10A for 0.1% BWOC NCB slurry after 8 h of curing at 100°F

peratures. At surface temperature, plastic viscosity
increased and yield stress doubled with 0.2% NCB.
At downhole temperatures, yield stress decreased
by 11.11% and 22.22% with 0.05% and 0.1% NCB,
respectively.

. Incorporating NCBs into cement systems improved

stability and reduced free fluid content, with
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Fig. 32 Compressive strength curve for API 10A for 0.2% BWOC NCB slurry after 8 h curing at 100°F

Table 14 Splitting tensile strength (Brazilian test) for cement
slurry compositions

Table 16 Permeability for cement slurry compositions after
curing for 7 days at downhole conditions

Tensile strength [psi] Cement slurry compositions Permeability [mD] Cement slurry compositions

[7 days] [7 days]
C1 (neat slurry system) 202.84 C1 (neat slurry system) 0.1181
C2 (neat slurry system +0.05%NCB BWOC) 232.12 C2 (neat slurry system +0.05%NCB BWOC) 0.1022
(3 (neat slurry system +0.1%NCB BWOC) 359.95 (3 (neat slurry system +0.1%NCB BWOC) 0.0956
C4 (neat slurry system +0.2%NCB BWOC) 277.02 C4 (neat slurry system +0.2%NCB BWOC) 0.0953

Table 15 Porosity for cement slurry compositions after curing

for

7 days at downhole conditions

Porosity [%] Cement slurry compositions

[7 days]

C1(
C2(
C3¢
C4(

neat slurry system) 24.29
neat slurry system +0.05%NCB BWOC) 21.09
neat slurry system +0.1%NCB BWOC) 19.18
neat slurry system +0.2%NCB BWOC 18.81

reductions of 3.17% and 9.52% at 0.05% and 0.1%
BWOC per API 10A, and 25% and 50% per API 10B-
2. This enhancement is due to the larger surface area
of NCB particles, with no significant sedimentation
observed.

NCB acts as a bridging agent, reducing fluid loss in
the well formation and preserving cement integrity.

Conversion factor: 1 mD=9.869233e-16 m?

Incorporating 0.05% and 0.1% NCB BWOC reduced
fluid loss by approximately 1.88% and 5.66%,
respectively.

5. Adding NCB to the cement system reduced the
thickening time by 1.69%, 4.24%, and 0.85% per API
10A and by 4.32%, 5.15%, and 1.99% per API 10B-2,
at 0.05%, 0.1%, and 0.2% BWOC, respectively, due to
accelerated chemical hydration reactions of slurries.
However, at higher NCB concentrations, agglomera-
tion occurs, necessitating an increase in dispersant
or retarder to maintain proper slurry dispersion and
meet cementing operation requirements.



Ebied et al. Int J Concr Struct Mater (2024) 19:10

5 Future work

1. Optimizing the concentration and dispersion of
nano-carbon black particles for specific oil well
cementation applications.

2. Using seawater in replacement of fresh water as base
mix water for cement slurry compositions to ensure
the stability, consistency, and mechanical characteris-
tics of the cement slurry to be applicable for offshore
cementing operations.

3. Testing the static gel strength by utilizing a static
gel strength analyzer (SGSA) to check the occurring
probabilities of gas migration throughout the cement
slurry column in the transition phase.
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