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Abstract: In deep hydrocarbon development wells, cement slurry with high density is required to
effectively balance the high-pressure formations. The increase in the slurry density could be achieved
by adding different heavy materials. In this study, the effect of the weighting materials (barite,
hematite, and ilmenite) on the properties of Saudi Class G cement matrix of vertical homogeneity,
compressive strength, porosity, and permeability was evaluated. Three cement slurries were weighted
with barite, hematite, and ilmenite, and cured at 294 ◦F and 3000 psi for 24 h. All slurries have
the same concentration of the different additives except the weighting material. The amount of
weighting material used in every slurry was determined based on the targeted density of 18 lbm/gal.
The results of this study revealed that the most vertically homogenous cement matrix was the
ilmenite-weighted sample with a vertical variation of 17.6% compared to 20.2 and 24.8% for hematite-
and barite-weighted cement, respectively. This is attributed to the small particle size of the ilmenite.
The medical computerized tomography (CT) scan confirmed that the ilmenite-weighted sample
is the most homogeneous, with a narrow range of density variation vertically along the sample.
Hematite-weighted cement showed the highest compressive strength of 55.3 MPa, and the barite- and
ilmenite-weighted cement compressive strengths are each 18.4 and 36.7% less than the compressive
strength of the hematite-weighted cement, respectively. Barite-weighted cement has the lowest
porosity and permeability of 6.1% and 18.9 mD, respectively. The maximum particle size of ilmenite
used in this study is less than 42 µm to ensure no abrasion effect on the drilling system, and it
minimized the solids segregation while maintaining a compressive strength that is higher than
the minimum acceptable strength, which is the recommended weighting material for Saudi Class
G cement.
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1. Introduction

Primary oil-well cementing operations are conducted to achieve different functions, such as
preventing fluid communication between the drilled formations and wellbore as well as flow between
different formations, supporting the drilled formations and casing string, and protecting the casing
from corrosive fluids attack [1–3].

In a primary cementing operation, a water-to-Class G cement (w/c) ratio of 0.44 is used as per
the API standard [4], which makes a cement density of approximately 16.44 lbm/gal [5]. In deep oil
wells, the use of cement with a higher density is required. Therefore, the weight of the cement can be
increased by adding a weighting agent to the cement slurry.
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Barite (BaSO4), ilmenite (FeTiO3), and hematite (Fe2O3) are the most commonly used weighting
materials for cement [6–8]. In spite of its low cost, barite is rarely used as a weighting material for
oil-well cement [9] because of its pollution potential, since it contains a considerable concentration
of toxic heavy metals [10]. The typical particle size of barite is similar to Class G oil-well cement.
The barite used as a weighting material for cement must have a specific gravity of about 4.2 g/cm3 to
meet the API specifications. Ilmenite has a lower concentration of heavy toxic metals compared to
barite [10], and its particles are very coarse compared to barite, which means an increase in the abrasion
effect on the drilling system [11]. However, the use of micronized ilmenite as a weighting material for
the drilling fluids has been recently suggested, which resulted in an improvement in drilling fluids
rheology [12–14] and a reduction in the abrasive effect on drilling system equipment [11]. Hematite,
which is the most commonly used weighting material for cement, is finer than barite. Hematite is
desired as a weighting material because of its high specific gravity, so a small amount of solids will
be added to the cement slurry to achieve the required slurry density [15]. Hematite can also cause
abrasion to the drilling equipment, and this problem could be prevented by using hematite with
particles smaller than 45 µm [16].

The use of any of the weighting materials could adversely affect the homogeneity of the cement
by forming a cement matrix with varying density vertically along the cement body; this a direct result
of solids segregation. Cement solids segregation could lead to alteration of cement properties such as
porosity, permeability, and strength [17].

In addition to the segregation problem, in oil wells associated with high-pressure–high temperature
(HPHT) conditions, alteration of the mechanical properties of the hydrated Portland cement is expected
because of the adverse effect of the temperature on the cement hydrated products [18–21]. The conditions
of elevated temperature are expected in deep wells, geothermal wells, and wells subjected to steam
injection for enhanced oil recovery applications [22].

Portland cement experiences major chemical and microstructural transformations under
high-temperature conditions (>110◦C). Such a phenomenon is known as strength retrogression,
which increases as long as the temperature increases beyond 110 ◦C [23,24]. During the strength
retrogression transformation, calcium-rich products are formed in the cement matrix, which will
increase the matrix porosity and permeability and deteriorate its mechanical properties.

Although the addition of weighting materials to cement considerably alters its properties, only a
few previous studies have evaluated the change in cement slurry characteristics as a function of the
weighting material [9,15]. The high specific gravity of the weighting materials leads to problems such
as solid particles segregation, especially when the cement slurry contains components of large particle
size [25], and this problem causes the hydrated cement sheath to have considerably varying properties
vertically along the solidified cement body, especially the cement density, porosity, and permeability.

The goal of this study is to evaluate the effect of using different weighting materials on the cement
matrix properties such as vertical homogeneity, compressive strength, porosity, and permeability, for
cement slurries prepared with a density of 18 lbm/gal and cured at HPHT conditions of 294 ◦F and
3000 psi.

2. Materials and Methods

2.1. Materials

Three cement slurries with composition summarized in Table 1 were prepared. The slurries
were prepared with the same concentration of Saudi Class G cement, silica flour, fluid loss additive,
dispersant, retarder, defoamer, and water. All cement slurries were prepared to have a similar density
of 18 lbm/gal, and based on this the concentration of the weighting additives (i.e. barite, ilmenite,
and hematite) was varied to achieve a consistent density (18 lbm/gal). The cement formulations
summarized in Table 1 were provided by a service company. These formulations are commonly used
for cementing deep oil wells in Saudi Arabia.
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Table 1. The composition of the cement slurries prepared in this study; additives are in the unit of “by
weight of cement (BWOC).”

Component
BWOC (%)

Barite-Weighted Hematite- Weighted Ilmenite- Weighted

Saudi Class G Cement 100 100 100
Silica Flour 35 35 35

Fluid Loss Additive 0.5 0.5 0.5
Dispersant 0.25 0.25 0.25
Retarder 1.5 1.5 1.5

Defoamer 4.7 × 10−7 4.7 × 10−7 4.7 × 10−7

Water 44 44 44
Heavy

Weighting
Materials

Barite 37.6 0 0
Hematite 0 32.9 0
Ilmenite 0 0 36.3

Saudi Class G cement with the composition summarized in Table 2 as characterized by the X-ray
fluorescence (XRF) and all other additives was provided by a service company. The water used was
deionized water.

Table 2. The elemental composition of Class G cement, as characterized by X-ray fluorescence (XRF).

Component Concentration (wt %)

Silica 21.6
Alumina 3.30

Iron Oxide 5.99
Calcium Oxide 64.2

Magnesium Oxide 1.10
Sulphur Trioxide 2.20
Loss on Ignition 0.90

Insoluble Residue 0.30
Equivalent Alkali 0.41

Figure 1 compares the particle size distribution for Saudi Class G cement, barite, hematite, and
ilmenite. As shown in Figure 1, barite has a particle size distribution similar to Saudi Class G cement,
where D50 for Saudi Class G cement is 12.15 µm, and for barite it is 11.67 µm. Hematite has a particle
size finer than barite with D50 of 9.41 µm. Ilmenite was the finest weighting materials used in this
study, with a D50 of 8.03 µm. The ilmenite used in this study has a particle size of less than 42 µm.
Blomberg et al. [11] reported based on experimental work that the use of ilmenite with less than 3% of
particles of 45 µm or more prevented drilling system abrasion, which indicates that the ilmenite used
in this study will not cause any abrasion problems to the drilling system.

Table 3 compares the specific gravity of Saudi Class G cement and the weighting materials used
in this study.

Table 3. The specific gravity of Saudi Class G cement and the weighting materials used in this study.

Material Specific Gravity

Saudi Class G
cement 3.15

Barite 4.20
Ilmenite 5.10
Hematite 4.95
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2.2. Samples Preparation

The cement slurries were prepared according to the API standard [4]. After preparation, the
slurries were poured into metallic molds of two different dimensions based on the targeted test, as
will be detailed in the following sections. The first kind of molds is cubical with 2” edges, and the
second one is cylindrical with a 1.5” diameter and a 4” length. The samples were then cured at 294 ◦F
and 3000 psi using an HPHT curing chamber. The curing conditions used in this study are the same
conditions provided to us by the cement formulations provider (service company). After 24 h of curing,
the cement samples were removed from the curing chamber and demolded based on the metallic
molds to be evaluated for the change in their different properties.
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2.3. Density Variation

Density variation was studied using three cylindrical samples with a 1.5” diameter and a 4”
length, representing the three kinds of specimens considered in this study. The density change was
evaluated through the medical computerized tomography (CT) scan imaging technique and direct
density measurement. The three cylindrical cement samples of 1.5” diameter and 4” length were first
CT-scanned from the top to the bottom to identify the density at every section along the samples at
a spacing of about 1.2 mm between the slices and a voxel resolution of 1 mm, and each image had
dimensions of 512 × 512 pixels. Small cement cylinders were then cut (based on the cylindrical samples
of 1.5” diameter and 4” length) at three sections representing the top, middle, and bottom sections
of the cement samples; the three small cement cylinders with 1.5” diameter and 0.5” length were
cut exactly at the top, center, and bottom of the large cement cylinders to fairly compare the density
variation in the three locations along the large cylindrical cement samples. The density was determined
as a function of the volume and weight of the small cement cylinders.

2.4. Compressive Strength Measurement

For compressive strength evaluation, three cubical samples of 2" edges representing each cement
specimen under evaluation were prepared and tested following the API and ASTM standards [26,27].
To evaluate the compressive strength, the samples were continually subjected to compression load at a
rate of 1.5 KN/s until the samples failed under compression. The maximum compression load that
the sample could withstand represents its compressive strength. The compressive strength of every
specimen was then calculated as an average compressive strength of three samples. The crushing
machine used for compressive strength measurement is shown in Figure 2a.
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fluid for permeability evaluation.

2.5. Tensile Strength Measurement

Cement cylinders of 1.5” in diameter and 0.9” in length were used to evaluate the cement tensile
strength using indirect measurement (Brazilian tensile strength) by averaging three replicas. [28,29].

The tensile strength was determined indirectly as a function of the maximum load that the sample
could withstand before failing and the sample’s dimensions using Equation (1).

σt =
2P
πdl

(1)

where σt is the Brazilian tensile strength in (MPa), P denotes the maximum load the sample could
withstand before failure in (N), and d and l denote the diameter and length of the cement sample,
respectively, both in (mm). The crushing machine used for tensile strength measurement is shown in
Figure 2a.
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2.6. Porosity and Permeability Measurement

Cylindrical samples of 1.5” in diameter and 4” in length were used to measure the porosity
and permeability. The porosity was measured according to Boyle’s law [30] and using the helium
porosimeter, which is the same procedure followed by Mahmoud and Elkatatny [31] and Mahmoud
et al. [32]. The permeability was measured according to the procedures explained by Sanjuán and
Muñoz-Martialay [33] and with the use of the Hagen–Poiseuille law, which is widely used to evaluate the
permeability of the porous media using compressible fluid that undergoes laminar flow at steady-state
conditions. The helium porosimeter and gas permeameter are shown in Figure 2b,c, respectively;
nitrogen was used as the measuring fluid for permeability quantification.

3. Results and Discussion

3.1. Density Variation

Figure 3 compares the density variation along the cement samples considered in this study.
This figure compares the density values at the top, middle, and bottom of all cement samples and
the percentage density variation between the top and bottom of each sample. As shown in Figure 3,
the density variation along the barite-weighted cement sample was the highest, with a density variation
between the sample’s top to bottom of 24.8%, followed by the hematite-weighted sample with a 20.2%
density variation. The most homogeneous sample was the ilmenite-weighted sample, which had
a vertical density variation of 17.6% from top to bottom. This result could be explained as a direct
relation to the particle size distribution for every weighting material explained earlier and compared
in Figure 1, and it confirms that the use of weighting material that has large particles could result in
vertical heterogeneity. Several previous studies have confirmed that reducing the particle size of the
weighing material such as barite and ilmenite used with drilling fluid can prevent solids settlement [34]
and improve the properties of the drilling fluids [14,35,36].
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Figure 3. Densities of the cement slices at the top, middle, and bottom of the cement cylinders cured at
294 ◦F and 3000 psi for 24 h.

Figure 4 shows the density variation along the cement cylinders as characterized by the CT scan.
The slices in Figure 4 represent different sections along the cement cylinders. The different colors
of the circles in Figure 4 indicate the density difference. Blue refers to lower density, red represents
medium density, and orange is for higher density, while yellow represents the highest density sections.
As shown in Figure 4a, the density of the cement sample significantly varied along the barite-weighted
sample, where Slices 1–35 (almost the top half of the sample) are blue. The density of the bottom
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half of this sample varied considerably, where Slices 36–40 are blue/red, Slices 41–46 are red, Slices
47–56 are red/orange, Slices 57–64 are orange, and Slices 65–80 (bottom of the sample) are yellow. This
result indicates that, for the barite-weighted sample, the top half of the sample had a lower density
compared to the bottom of the sample, confirming that the density sharply changed axially along
the barite-weighted sample. As indicated in Figure 4b, the hematite-weighted sample also showed a
considerable and sharp variation between its top and bottom sections.
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The ilmenite-weighted sample (Figure 4c) had a much more moderate density variation, Slices
1–30 are blue with a small amount of red, Slices 31–40 are blue/red, Slices 41–50 are red with light blue,
Slices 51–65 are red with a small amount of orange, and Slices 66–80 are orange. This result confirms
the small and gradual density variation axially along the hematite-weighted cement sample.

The previous results indicated that the use of ilmenite with a maximum particle size of 42 µm
minimized the problem of solids segregation. The low solids segregation for ilmenite-weighed cement
samples could also be further reduced by adding a dispersion agent to the cement slurry [17]. We must
note that the density values as measured by the CT technique are approximate as indicated in the
density scale in Figure 3. These values are less accurate compared with the density values reported in
Figure 3, which are calculated directly as a function of the sample’s weight and dimensions.

3.2. Compressive Strength

The compressive strength of the three types of cement samples evaluated in this study is compared
in Figure 5. The hematite-weighted sample had the highest compressive strength of 55.3 MPa, followed
by the barite-weighted cement which had a compressive strength of 45.1 MPa (18.4% less than the
compressive strength of the hematite-weighted sample), while the ilmenite-weighted cement sample
had the lowest compressive strength of 36.1 MPa, which is 36.7% less than the compressive strength of
the hematite-weighted sample. Although the ilmenite-weighted cement had the lowest compressive
strength among the other samples, the compressive strength of the ilmenite-weighted cement after
24 h of curing (36.1 MPa) was greater than 1000 psi (6.89 MPa), which is the minimum acceptable
compressive strength for cement after 7 days of curing [37].
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Figure 5. Compressive strength of the cement samples prepared and cured at 294 ◦F and 3000 psi for
24 h.

3.3. Porosity and Permeability

Figure 6 compares the porosity and permeability changes due to the inclusion of the weighting
materials into the cement samples. As shown in Figure 6, the barite-weighted cement sample had the
lowest porosity and permeability values. The ilmenite-weighted sample’s porosity and permeability
ranked between the barite-weighted sample and the hematite-weighted sample. The porosity and
permeability of the ilmenite-weighted sample were 47.09 and 772.13% greater than the porosity
and permeability of the barite-weighted sample, respectively. The hematite-weighted sample had
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the highest porosity and permeability, which were 52.38% and 937.7% greater than those for the
barite-weighted sample, respectively. Although the particle size of the barite was the highest among
other weighting materials, the concentration of the barite used was also the highest (Table 1) and could
explain why the barite-weighted cement had less porosity and permeability.Sustainability 2019, 11, x FOR PEER REVIEW 10 of 13 
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4. Conclusions

In this study, the effect of three weighting materials, namely barite, hematite, and ilmenite,
on Saudi Class G cement matrix properties in terms of vertical homogeneity, compressive strength,
porosity, and permeability was studied. The cement samples were prepared with a density of 18 lbm/gal
and cured for 24 h at 294 ◦F and 3000 psi. The results of this study showed the following:

• Ilmenite was the best in producing a vertical homogeneous cement sheath with a variation of
17.6% compared to hematite-weighted (20.2%) and barite-weighted (24.8%) samples, respectively.
This may be attributed to the small particle size of the ilmenite (<42 µm).

• The medical computerized tomography (CT) scan confirmed that the ilmenite-weighted cement is
the most homogeneous sample with a narrow range of density variation axially along the sample.

• Hematite-weighted cement has the highest compressive strength of 55.3 MPa, while the
compressive strengths of barite-weighted and ilmenite-weighted cement are 18.4% and 36.7% less
than the hematite-weighted, respectively.

• Barite-weighted cement has the lowest porosity and permeability of 6.1% and 18.9 mD.
• Overall, ilmenite weighting material used in this work was the best because it has a maximum

particle size of less than 42 µm; this small size of ilmenite helps in preventing an abrasion effect on
the drilling system, and it minimized the solids segregation while maintaining a compressive
strength that was higher than the minimum acceptable strength.
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5. Recommendation

For future work, based on the results of this study, the following points are recommended for
the industry:

• Segregation problems associated with cement slurries weighted with barite, hematite, or ilmenite
could be decreased by reducing the particle size of the weighting material.

• Reducing the particle size of the weighting materials is also necessary to prevent the problem of
solid abrasion.

• The problem of solids segregation could also be further reduced by using a dispersion agent.
• For future work, we recommend the use of micronized barite and micronized hematite (with

less than 3% of the particles of 45 µm and higher) as weighting material to solve the problem of
solids segregation.
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