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Abstract: In recent years, graphene-based nanomaterials have been increasingly and widely used in
numerous industrial sectors. In the drilling industry, graphene oxide in cement slurry has significantly
improved the mechanical parameters of cement composites and is a future-proof solution. However,
prior to placing it in a borehole ring space, cement slurry must feature appropriate fluidity. Graphene oxide
has a significant influence on rheological parameters. Therefore, it is necessary to study graphene
oxide’s influence on the rheological parameters of cement slurries. Thus, this paper presents rheological
models and the results of studies on rheological parameters. A basic cement slurry and a slurry
with a latex addition were used. The latex admixture was applied at concentrations of 0.1%, 0.03%,
and 0.06%. In total, studies were carried out for six slurries with graphene oxide and two basic
slurries. The obtained results of studies on the slurries with graphene oxide were compared with the
control slurry. It was found that the smallest graphene oxide concentration increased slurry value,
some rheological parameter values, plastic viscosity, and the flow limit. Surprisingly, a concentration
up to 0.03% was an acceptable value, since the increase in plastic viscosity was not excessively high,
which allowed the use of cement slurry to seal the hole. Once this value was exceeded, the slurry
caused problems at its injection to the borehole.

Keywords: cement slurry; graphene; graphene oxide (GO); nanotubes; rheological parameters;
plastic viscosity; yield strength; structural strength; advanced drilling solution

1. Introduction

New allotropic varieties of carbon, such as nanostructural varieties (i.e., fullerenes and carbon
nanotubes (CNT)), are a breakthrough for many industrial sectors. Modifying cement slurries with the
use of carbon nanotubes is ongoing in the oil sector. These are rolled-up graphene planes. Their structure
features a closed surface because nanotubes are finished on one or both ends with semicircular caps [1–5].
Carbon nanotubes feature a large specific surface, new and changed electron properties, and a high
Young’s modulus that reaches 2 TPa. Very strong bonds exist between carbon atoms, which substantially
increase graphene strength. This contributes to very high values of the tensile strength (up to 50 GPa).
Carbon nanotubes have high bending strength and good conductivity of heat and electric currents.
The diameter of the nanotubes most frequently varies between 1 and 100 nm with a length between
10 nm and 2–10 nm [6–11]. Certain studies [12–16] have confirmed that the application of carbon
nanotubes substantially improves the nano- and micromechanical parameters of cement slurries.
An increase in the crack resistance of the cement matrix and local stiffness of the CSH phase during
nanohardness testing is an important feature. As a result of these obtained parameters, slurries with
graphene provide an advanced drilling solution for borehole sealing. Cement slurry modification by
means of a graphene admixture causes a decrease of the set cement porosity and an increase in the
compressive strength of cement composites [17–21]. In studies that used a scanning electron microscope
(SEM), it was found that the use of graphene in cement slurry caused the formation of bridges between
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nano- and microscratches in the binder [21,22]. This resulted in an increased tensile strength and
the further propagation of scratches, which was also confirmed in the literature [5,23–27]. However,
other papers have provided contradictory information on the influence of nanotubes on the mechanical
parameters of cement slurries. The authors of [28–30] compared the variable results of slurry mechanical
properties tests, in which a nanoadditive was applied. Furthermore, they summarized the application
of carbon nanotubes in concrete technology. Some of the discussed studies confirmed an improvement
in parameters such as compressive strength or the Young’s modulus. However, other studies showed
the deterioration of those features [31,32]. Economic factors present a major obstacle in the application
of nanotubes. Nanotubes feature poor adhesion to set cement. In addition, they agglomerate and are
unevenly distributed in cement slurry. Therefore, modifying cement slurry via a graphene mesh was
studied. This is a cheaper material with high mechanical strength. Compared to nanotubes, it does
not reveal the aggregation of individual structures, which eliminates the issue of inhomogeneous
arrangement in the slurry. Graphene oxide, which is a graphene derivative, has average mechanical
properties that are parallel to possible material homogenization in the cement slurry. The concentration
of 0.01–0.05% of graphene oxide compared to cement weight can reduce slurry porosity, accelerate the
initial hydration process, and increase the values of mechanical parameters. Recent studies [18,31–35]
have described the positive influence of graphene oxide on the mechanical properties of cement slurry.
This is due to a reaction occurring between Ca2+ ions present in the hydrating slurry with -COOH
groups on the edges of graphene oxide nanoflakes. The reaction results in a compact strengthened
spatial structure that consists of cement and graphene oxide nanoflake hydration products [36,37].

Such a positive influence of graphene oxide on mechanical and structural parameters is invaluable
in cement slurry technology. However, previous research was carried out mainly from the point of view
of hardened cement slurry [38–42]. Prior to borehole pumping, cement slurry is a rheo-unstable liquid.
During the performance of sealing and strengthening rock mass via drilling technologies, the rheological
properties of cement slurry are the main parameters that decide the success of cementing operations.

When analyzing the available literature, no papers were related to the rheological parameters of
slurries modified with graphene oxide. Therefore, this paper is aimed at supplementing the deficit
with the results of other studies.

The rheological parameters of cement slurries are crucial during the design and execution of
works related to the sealing and strengthening of soil or rock mass [7,43–45]. Their appropriate choice
contributes to ensuring the required tightness in the borehole. Obtaining the required rheological
parameters is related to the selection of a rheological model, which can determine its parameters [43].
The rheological properties of cement slurries are the subject of interest because they show a relationship
with:

4 Course of the slurry setting process;
4 Consistency;
4 Stability;
4 Selection of the technology for slurry injection into the sealed environment;
4 Resistance to the slurry flow through the circulation system [43].

The dispersion system to which the cement slurry belongs is extremely complex. This results from
the fact that rheology is significantly affected by hydration reactions occurring in the slurry versus
time [10,43,44,46]. The presence of nanomaterials or other modifying admixtures is an additional factor
that affects the slurry’s rheological variability. It should be emphasized that cement slurries may feature
various rheological properties depending on the time of measurement after slurry preparation. Flow curves
may be reversible or show hysteresis. This results from the fact that, at short measurement times,
the slurry’s structural damage dominates, while at longer times, the slurry’s reconstruction prevails.
In drilling fluid technology, rheological models are used to describe causalities that exist between
rheological parameters and the technology of their application [44,47–52]. Based on the rheological
model matching real fluid behavior, it is possible to reduce the errors of the calculated quantities, i.e.,
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flow character, fluid flow resistance in the circulation system, and particle sedimentation [44,53–57].
Depending on the type of fluid, various mathematical formulas describing its behavior during flow
were used [43,58–62]. These are mainly relationships between the shear rate and shear stress [43].
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There are also relationships between the shear rate or shear stress and apparent viscosities (2010):
Carreau–Yasuda

η− η∞
η0 − η∞

=

[
1 +

(
λ(−

dv
dr

)a] n−1
a

(6)

Cross
η− η∞
η0 − η∞

=
1(

1 + λ
(
−

dv
dr

)) (7)

Ellis
η =

η0

1 +
(
τ
τ2

)α−1
(8)

Krieger–Dougherty

ηr =
(
1−

Φ
Φm

)−[η]Φm
(9)

Meter
η = η∞ +

η0 − η∞

1 +
(
−τ
τ2

)α−1
(10)

Powell–Eyring

η = η∞ + (η0 − η∞)
sinh−1(λ(− dv

dr ))

λ
(
−

dw
dr

) (11)

where:

τ—shear stress;
τy—yield stress;
dv/dr—shear rate gradient;
η—viscosity;
ηpl—plastic viscosity;
η0—zero viscosity;
η∞—viscosity at the shear rate approaching infinity;
k—coefficient of consistency;
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n—exponent;
Φ—degree of particles packing for the Krieger–Daugherty model;
Φm—maximum degree of packing for the Krieger–Daugherty particles;
λ—time constant.

When studying the rheological parameters of cement slurries, which are complicated dispersion
systems, experiments must be carried out at a wide range of shear rates [10,43,44,63–69]. Therefore,
the studies were performed using a rotational viscometer at a shear rate that ranged from 1022 s−1 to
1.70 s−1. Slurries modified with a graphene oxide admixture featured higher values of mechanical
parameters. However, the presence of graphene oxide affected rheological parameters. Therefore,
the influence of graphene oxide on the rheological parameters of cement slurries was studied.
The optimum rheological model of cement slurries was chosen as a result of rheological curve
determination, enabling the best description of measurement results in the shear stress (τ)–shear rate
(γ) system of coordinates. Rheological parameters for individual models were determined using
the method of regression analysis. The optimum rheological model for the slurry with the studied
graphene oxide concentration was determined based on statistical tests [10,44].

2. Materials and Methods

2.1. Materials

CEM I 42.5R Portland cement was used to prepare the slurries. The cement contained 3.22% of SO3

and 0.069% of Cl−. The specific surface of the cement was 3426 cm2/g, specific density was 3.09 g/cm3,
and the alkali content was (eq. Na2O) 0.61%. The tap water contained 0.064 mg/L NH4 of ammonia,
2.95 mg/L NO3 of nitrates, 0.048 mg/L NO2 of nitrites, 29.2 µg/L Fe of iron, 5.81 µg/L Mn of manganese,
and 344.0 mg/L CaCO3 of calcium carbonate. The graphene oxide used to prepare slurries was an
oxidized form of graphene. This form was created in the process of graphene crystal oxidation with a
mixture of sulfuric acid, sodium nitrate, and potassium permanganate (Hummers’ method). From a
molecular structure point of view, graphene oxide resembles a honeycomb with additional groups
containing oxygen. Because of the high affinity of those groups with water molecules, the graphene
oxide was hydrophilic and water-soluble. The graphene oxide contained 79% of carbon and 20% of
oxygen. The flake size was 0.5–5 µm and the thickness (minimum 80% of flakes) was one atomic layer.
Centrifugation was used to prepare large flakes at a high concentration. Ultrahighly concentrated
graphene oxide adopted sheet-like forms. The graphene oxide used was purchased from the company
Graphene Supermarket, USA. To eliminate microflows of gas, latex was used in the drilling sector,
which was an aqueous dispersion of a styrene-butadiene copolymer. The latex used was purchased
from Polski Serwis Płynów Wiertniczych Sp. z o.o.

2.2. Slurry Preparation

In total, eight recipes were prepared to determine the influence of graphene oxide on the rheological
parameters of cement slurries. Slurries 1–4 were pure slurries and Slurries 5–8 were slurries with a
latex addition. The first slurry was a control sample. Samples 2 to 4 were slurries modified with a
graphene oxide admixture of 0.01%, 0.03%, and 0.06%, respectively. The same scheme was used in the
slurries with a 2.5% latex admixture. Slurry 5 was a control sample, whereas Slurries 6–8 contained
graphene oxide at amounts of 0.01% to 0.06%. The latex and graphene oxide concentration was taken
against the batch water amount (BWOC).

At the slurry preparation, a defined amount of water was measured via a graduated cylinder.
An appropriate amount of graphene oxide aqueous dispersion was batched into the water. In the
second group of slurries, latex was batched into the water. Water with a graphene addition was poured
into a mixer. The rotational speed was set to 1600 rpm and the mixing lasted 10 min. After that
time, the cement was poured into the batched water blend and the mixing continued for another
20 min. The mixing procedure at a low rotational speed reflected the slurry preparation under borehole
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conditions. The basic slurry, marked as No. 1 in Table 1, was prepared first. The water–cement coefficient
of the slurry was 0.50. In the next slurries, graphene oxide at planned amounts was introduced.

Table 1. Compositions of studied cement slurries.

Composition Action No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

Water–cement ratio 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46
Latex Cement matrix sealing 0.0 0.0 0.0 0.0 2.5 2.5 2.5 2.5

Graphene Mechanical parameters improvement 0.0 0.01 0.03 0.06 0.0 0.01 0.03 0.06
CEM I 42.5R Cement Sets the cement slurry 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Graphene in % by mass of cement.

2.3. Experimental Procedures

The studies on rheological properties were carried out based on shear curve determination.
Tests were performed for 12 rotational speeds: 600, 300, 200, 100, 60, 30, 20, 10, 6, 3, 2, and 1 rpm,
corresponding to the following shear rates (γ): 1022, 511.2, 340.8, 170.4, 102.2, 51.1, 34.08, 17.04, 10.22,
4.11, 3.41, and 1.70 s−1. Studies were carried out at 20 ◦C ± 2 ◦C. The tap water, deprived of any
mechanical pollution, was batched liquid. An OFITE 900 viscometer with coaxial cylinders was used
in the rheological properties’ studies. Numerical software “Rheo Solution” was used to facilitate
computations related to the determination of optimum rheological models for the studied slurries.
This software is owned by the Faculty of Drilling, Oil and Gas of the AGH University of Science and
Technology and is used in other scientific and research work. The laboratory studies were aimed at
determining the influence of graphene oxide on rheological parameters of cement slurries.

Tables 2–5 present the calculated rheological parameters of cement slurries with different concentrations
of graphene oxide. Rheological parameters were calculated for the following models [10,35,46,52]:

- Newton;
- Bingham;
- Casson;
- Ostwald–de Waele;
- Herschel–Bulkley.

Table 2. Parameters of selected rheological models for slurries prepared with graphene oxide without
a latex admixture.

Rheological Model Rheological Parameters
Composition No.

1 2 3 4

Newtonian
Newton’s dynamic viscosity, Pa·s 0.0935 0.0993 0.1097 0.1306

Correlation coefficient, - 0.0000 0.0000 0.0000 0.0000

Bingham
Plastic viscosity, Pa·s 0.0600 0.0636 0.0712 0.0766

Flow limit, Pa 21.6059 23.0592 24.9136 34.9151
Correlation coefficient, - 0.8854 0.8899 0.9096 0.8353

Ostwald–de Waele
Coefficient of consistency, Pa·ss 7.4090 8.1303 9.4095 12.6893

Exponent, - 0.3421 0.3363 0.3240 0.3152
Correlation coefficient, - 0.9831 0.9857 0.9906 0.9628

Casson
Casson’s viscosity, Pa·s 0.0318 0.0331 0.0358 0.0379

Flow limit, Pa 13.2941 14.3810 15.8959 22.6342
Correlation coefficient, - 0.9344 0.9386 0.9537 0.8978

Herschel–Bulkley

Flow limit, Pa 13.3732 13.7834 14.1473 31.3900
Coefficient of consistency, Pa·sn 19.0041 19.3433 22.9940 37.2710

Exponent, - 0.2168 0.2208 0.2779 0.1028
Correlation coefficient, - 0.9926 0.9937 0.9922 0.9885

Apparent viscosity at 1022.04, s−1, Pa·s 0.072 0.077 0.087 0.098
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Table 3. Parameters of selected rheological models for slurries prepared with graphene oxide containing
a latex admixture.

Rheological Model Rheological Parameters
Composition No.

5 6 7 8

Newtonian
Newton’s dynamic viscosity, Pa·s 0.0682 0.0743 0.0967 0.1664

Correlation coefficient, - 0.000 0.0000 0.0000 0.0000

Bingham
Plastic viscosity, Pa·s 0.0409 0.0392 0.0431 0.0993

Flow limit, Pa 17.6483 22.7031 34.6101 43.3617
Correlation coefficient, - 0.9672 0.9397 0.9036 0.9268

Ostwald–de Waele
Coefficient of consistency, Pa·ss 10.1599 13.6580 21.5698 22.3456

Exponent, - 0.2176 0.1912 0.1599 0.2500
Correlation coefficient, - 0.9535 0.9703 0.9797 0.9929

Casson
Casson’s viscosity, Pa·s 0.0116 0.0125 0.0147 0.0410

Flow limit, Pa 13.5152 18.0410 28.7196 31.1932
Correlation coefficient, - 0.9891 0.9771 0.9592 0.9735

Herschel–Bulkley

Flow limit, Pa 13.4668 13.6058 14.3889 22.6583
Coefficient of consistency, Pa·sn 0.7647 2.4951 11.0039 14.9704

Exponent, - 0.5779 0.4096 0.2555 0.3392
Correlation coefficient, - 0.9870 0.9838 0.9827 0.9962

Apparent viscosity at 1022.04, s−1, Pa·s 0.056 0.058 0.072 0.130

Table 4. Results of measurements and calculated values of apparent viscosity for slurries with graphene
oxide without a latex admixture.

Shear Rate,
s−1

Shear Stress, Pa Apparent Viscosity, Pa·s

Composition No. Composition No.

1 2 3 4 5 6 7 8

1.703 9.7090 11.242 13.797 16.863 5.700 6.600 8.100 9.900
3.407 9.7090 9.7090 10.731 13.797 2.850 2.850 3.150 4.050
5.110 10.220 12.264 15.330 21.462 2.000 2.400 3.000 4.200
10.220 15.841 17.374 18.907 21.973 1.550 1.700 1.850 2.150
17.034 21.462 21.973 22.995 33.215 1.260 1.290 1.350 1.950
34.068 31.682 32.193 34.237 47.012 0.930 0.945 1.005 1.380
51.102 34.237 36.281 39.858 57.743 0.670 0.710 0.780 1.130

102.204 37.814 41.391 44.457 61.320 0.370 0.405 0.435 0.600
170.340 41.391 45.479 47.523 64.897 0.243 0.267 0.279 0.381
340.680 51.100 54.166 57.743 74.095 0.150 0.159 0.169 0.217
511.020 58.765 59.787 65.919 80.227 0.115 0.117 0.129 0.157

1022.040 73.584 79.205 88.914 100.156 0.072 0.077 0.087 0.098

Table 5. Results of measurements and calculated values of apparent viscosity for slurries with graphene
oxide containing a latex admixture.

Shear Rate,
s−1

Shear Stress, Pa Apparent Viscosity, Pa·s

Composition No. Composition No.

1 2 3 4 5 6 7 8

1.703 12.775 16.863 26.061 28.105 7.500 9.900 15.299 16.499
3.407 12.775 16.352 26.061 28.616 3.750 4.800 7.650 8.400
5.110 13.797 16.863 27.083 30.149 2.700 3.300 5.300 5.900
10.220 16.863 21.462 31.171 36.792 1.650 2.100 3.050 3.600
17.034 20.951 26.061 37.303 42.413 1.230 1.530 2.190 2.490
34.068 22.484 28.616 41.902 53.144 0.660 0.840 1.230 1.560
51.102 22.484 28.616 43.946 58.765 0.440 0.560 0.860 1.150

102.204 24.528 30.149 45.99 68.985 0.240 0.295 0.450 0.675
170.340 27.083 32.704 48.545 76.139 0.159 0.192 0.285 0.447
340.680 34.237 39.347 53.655 88.403 0.100 0.115 0.157 0.259
511.020 39.347 44.968 58.765 101.178 0.077 0.088 0.115 0.198

1022.040 57.232 59.276 74.095 132.86 0.056 0.058 0.072 0.130
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For each of the analyzed cement slurries, a rheological model was adopted, which featured the
highest value of the correlation coefficient.

3. Results and Discussion

To determine the influence of graphene oxide on the rheological parameters of cement slurries,
the measurements were carried out with shear rates as large as possible (up to 1022 s−1). Parameters
corresponding to a specific rheological model were calculated from the obtained results. In addition,
a slurry flow curve was prepared (Figure 1). As Tables 2 and 3 show, the studied slurries were
non-Newtonian fluids. They were described by the Casson and Herschel–Bulkley models, for which
the highest correlation coefficient occurred (from sample No. 4, 0.8978, the Casson model, to sample
No. 8, 0.9962, the Herschel–Bulkley model). These two rheological models were mainly analyzed
during the interpretation stage. The other models were compared for information purposes. As Table 2
shows, the basic slurry without the addition of latex, marked as No. 1, featured a plastic viscosityCss

of 0.0318 Pa·s. The flow limitHB of this slurry was 13.37 Pa and the coefficient of consistencyHB was
19.0041 Pa·sn. The apparent viscosity was 0.072 Pa·s. As Figure 1 shows, the flow curve for this slurry
featured the lowest course. Moreover, on the graph of apparent viscosity change versus shear rate
(Figure 2), the curve for basic slurry No. 1 featured the lowest course. Slurry No. 2 contained the
smallest graphene oxide concentration of 0.01%. This slurry featured a higher viscosityCss than the
basic slurry, equal to 0.0331 Pa·s. As Table 3 shows, the flow limitHB of slurry No. 2 was 13.78 Pa
and the coefficient of consistency HB was 19.3433 Pa·sn. The apparent viscosity of this slurry slightly
increased against the control recipe No. 1 and was 0.077 Pa·s (Table 2). The flow curve of sample No. 2
(Figure 1) was situated much higher than control slurry No. 1, proving that the slurry was thickened
by a 0.01% graphene oxide (GO) concentration. When comparing changes of apparent viscosity versus
the shear rate (Figure 2), the curve for slurry No. 2 was situated much higher than the sample without
GO. The further increase in graphene oxide concentration in slurries Nos. 3 and 4 increased the plastic
viscosityCss to 0.0379 Pa·s in the slurry with a GO concentration of 0.06%. The flow limitHB at the
highest concentration of GO, equal to 0.06%, was 31.39 Pa. The coefficient of consistencyHB in the
sample with 0.06% GO concentration was 37.27 Pa·sn. Moreover, the apparent viscosity went up in
sample No. 4 and was 0.098 Pa·s. When analyzing the graph of shear stress versus shear rate (Figure 1),
the flow curve for slurry No. 4, containing 0.06% GO, had the highest course. Further, on the graph of
apparent viscosity change versus shear rate (Figure 2), the curve for slurry No. 4 was situated highest.

Recipes with 2.5% latex content were the second group of analyzed slurries. Slurry No. 5 was
the basic sample with latex and without a GO admixture. As Table 3 shows, this sample features the
Casson viscosity of 0.0116 Pa·s, which was lower than the basic sample without latex. The flow limitHB

of control sample No. 5 was 13.47 Pa, which was almost identical to the control sample without latex.
The coefficient of consistency for sample No. 5 was 0.7647 Pa·sn, while the apparent viscosity was
0.056 Pa·s. As the graph of shear stress dependence on shear rate (Figure 3) shows, the flow curve in
the basic sample No. 5 was situated lowest. Further, during the analysis of apparent viscosity change
versus shear rate (Figure 4), the values of apparent viscosity featured the lowest course.

Moreover, in this group, the introduction of 0.01% graphene oxide addition to the latex slurry
caused an increase in rheological parameters. As Table 3 shows, after adding 0.01% of GO to sample
No. 6, the rheological parameters slightly increased: viscosityCss 0.056 Pa·s, flow limitHB 13.60 Pa,
which was almost comparable with the control sample No. 5. The coefficient of consistencyHB for the
sample containing 0.01% GO was 2.49 Pa·sn, was just under three-times more than in the control sample.
The apparent viscosity was comparable with the control sample and was 0.058 Pa·s. An increase
in graphene oxide concentration in sample No. 7 to 0.03% resulted in a viscosityCss of 0.0147 Pa·s,
while 0.06% GO resulted in the viscosityCss increased to the value of 0.0410 Pa·s. The flow limitHB

after the use of 0.03% GO grew slightly, reaching 14.39 Pa·sn, while 0.06% GO in the slurry with latex
increased the flow limitHB to 22.66 Pa·sn (Table 3). The coefficient of consistency for slurry No. 7,
containing 0.03% GO, was 11.0039 Pa·sn, and the use of 0.06% GO caused an increase in the value to
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14.9704 Pa·sn. The apparent viscosity in slurry No. 7 was 0.072 Pa·s, and the addition of 0.06% GO
caused the obtainment of an apparent viscosity of 0.130 Pa·s. For the analysis of shear stress course
versus shear rate for slurries with latex (Figure 3), the highest flow curve course was visible in the
sample with a concentration of 0.06% GO. It was observed that shear stress values featured higher values
in the latex slurry than in the slurry without latex. Further, the curve (Figure 4), illustrating the course of
apparent viscosity versus shear rate was situated highest for sample No. 8, containing 0.06% GO.
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0.056 Pa∙s. As the graph of shear stress dependence on shear rate (Figure 3) shows, the flow curve in 

the basic sample No. 5 was situated lowest. Further, during the analysis of apparent viscosity change 

versus shear rate (Figure 4), the values of apparent viscosity featured the lowest course.  

Moreover, in this group, the introduction of 0.01% graphene oxide addition to the latex slurry 

caused an increase in rheological parameters. As Table 3 shows, after adding 0.01% of GO to sample 

No. 6, the rheological parameters slightly increased: viscosityCss 0.056 Pa∙s, flow limitHB 13.60 Pa, 

which was almost comparable with the control sample No. 5. The coefficient of consistencyHB for the 

sample containing 0.01% GO was 2.49 Pa·sn, was just under three-times more than in the control 

sample. The apparent viscosity was comparable with the control sample and was 0.058 Pa∙s. An 

increase in graphene oxide concentration in sample No. 7 to 0.03% resulted in a viscosityCss of 0.0147 

Pa∙s, while 0.06% GO resulted in the viscosityCss increased to the value of 0.0410 Pa∙s. The flow limitHB 

after the use of 0.03% GO grew slightly, reaching 14.39 Pa·sn, while 0.06% GO in the slurry with latex 

increased the flow limitHB to 22.66 Pa·sn (Table 3). The coefficient of consistency for slurry No. 7, 

containing 0.03% GO, was 11.0039 Pa·sn, and the use of 0.06% GO caused an increase in the value to 

14.9704 Pa·sn. The apparent viscosity in slurry No. 7 was 0.072 Pa∙s, and the addition of 0.06% GO 

caused the obtainment of an apparent viscosity of 0.130 Pa∙s. For the analysis of shear stress course 

versus shear rate for slurries with latex (Figure 3), the highest flow curve course was visible in the 

sample with a concentration of 0.06% GO. It was observed that shear stress values featured higher 

values in the latex slurry than in the slurry without latex. Further, the curve (Figure 4), illustrating 
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As Table 4 shows, the values of apparent viscosity for slurries with graphene oxide without a latex
admixture grew for each shear rate with increasing graphene oxide concentration. This resulted in the
increase in a calculated apparent viscosity, which grew proportionally to the GO percentage share in
the slurry. For slurries with a 2.5% latex admixture, the values of shear stress and apparent viscosity
also grew proportionally to the GO share, which was visible in Table 5. However, the obtained values
were higher than for the slurry without a latex admixture.

When analyzing the influence of graphene oxide on the rheological parameters of cement slurries,
a regular increase in the obtained values was visible and proportional to the GO concentration. As Figure 5
shows, the increase in both viscosityCss and apparent viscosity was small and linear for slurries without
latex. While in the slurry with latex, the highest growth of apparent viscosity was visible at a GO
concentration of 0.06%. The situation in the case of flow limit and coefficient of consistency described by
the Herschel–Bulkley model was different. As Figure 6 shows, in the case of the slurry without a latex
admixture, there was a sudden increase in the value of flow limitHB and coefficient of consistencyHB.
Instead, in the slurries with latex, the growth of the analyzed parameters was less sudden.

Energies 2020, 13, x FOR PEER REVIEW 11 of 16 

 

Table 5. Results of measurements and calculated values of apparent viscosity for slurries with 

graphene oxide containing a latex admixture. 

Shear Rate, 

s−1 

Shear Stress, Pa Apparent Viscosity, Pa∙s 

Composition No. Composition No. 

1 2 3 4 5 6 7 8 

1.703 12.775 16.863 26.061 28.105 7.500 9.900 15.299 16.499 

3.407 12.775 16.352 26.061 28.616 3.750 4.800 7.650 8.400 

5.110 13.797 16.863 27.083 30.149 2.700 3.300 5.300 5.900 

10.220 16.863 21.462 31.171 36.792 1.650 2.100 3.050 3.600 

17.034 20.951 26.061 37.303 42.413 1.230 1.530 2.190 2.490 

34.068 22.484 28.616 41.902 53.144 0.660 0.840 1.230 1.560 

51.102 22.484 28.616 43.946 58.765 0.440 0.560 0.860 1.150 

102.204 24.528 30.149 45.99 68.985 0.240 0.295 0.450 0.675 

170.340 27.083 32.704 48.545 76.139 0.159 0.192 0.285 0.447 

340.680 34.237 39.347 53.655 88.403 0.100 0.115 0.157 0.259 

511.020 39.347 44.968 58.765 101.178 0.077 0.088 0.115 0.198 

1022.040 57.232 59.276 74.095 132.86 0.056 0.058 0.072 0.130 

When analyzing the influence of graphene oxide on the rheological parameters of cement 

slurries, a regular increase in the obtained values was visible and proportional to the GO 

concentration. As Figure 5 shows, the increase in both viscosityCss and apparent viscosity was small 

and linear for slurries without latex. While in the slurry with latex, the highest growth of apparent 

viscosity was visible at a GO concentration of 0.06%. The situation in the case of flow limit and 

coefficient of consistency described by the Herschel–Bulkley model was different. As Figure 6 shows, 

in the case of the slurry without a latex admixture, there was a sudden increase in the value of flow 

limitHB and coefficient of consistencyHB. Instead, in the slurries with latex, the growth of the analyzed 

parameters was less sudden. 

 

Figure 5. Casson’s viscosity and apparent viscosity change versus the graphene oxide (GO) 

concentration. 

0

0.025

0.05

0.075

0.1

0.125

0.15

No. 1;

0.00%

GO

No. 2;

0.01%

GO

No. 3;

0.03%

GO

No. 4;

0.06%

GO

No. 5;

0.00%

GO

No. 6;

0.01%

GO

No. 7;

0.03%

GO

No. 8;

0.06%

GO

Cement slurry free latex Latex cement slurry

C
a

s
s
o

n
's

 v
is

c
o

s
it
y
, 

P
a

∙s

A
p

p
a

re
n

t 
v
is

c
o

s
it
y
 a

t 
1

0
2

2
.0

4
, 

s
-1

 ,
 P

a
∙s

Casson's viscosity Apparent viscosity

Figure 5. Casson’s viscosity and apparent viscosity change versus the graphene oxide (GO) concentration.Energies 2020, 13, x FOR PEER REVIEW 12 of 16 

 

 

Figure 6. Flow limit and coefficient of consistency change versus the GO concentration. 

4. Conclusions 

Because of the lack of data proving the influence of graphene oxide on the rheological 

parameters of cement slurries, it was necessary to carry out this research. The performed studies are 

useful for the drilling sector due to the possibility of determining injection expenditure and choice of 

pumping sets. Rheological parameters of the slurry are the main factors that decide the borehole 

sealing effectiveness; therefore, this was this article’s focus. This was particularly important in the 

case of recipes with a graphene oxide admixture because such slurries provided an advanced solution 

for the drilling sector. 

Cement slurries with a graphene oxide addition, due to their rheological properties, were best 

described by the Herschel–Bulkley model. Linear models, such as the Newtonian model or the 

Bingham model, should not be used for precise calculations of the slurry flow resistance. In such 

cases, the flow resistance will be burdened with a big error, especially during calculations of casing 

columns sealing in deep boreholes.  

For the analysis of the obtained values, it was found that the graphene oxide admixture to the 

cement slurry resulted in an increase of its rheological parameters. The flow limitHB of the base cement 

slurry was 13.4 Pa and the addition of 0.01% graphene oxide increased to 13.8 Pa. The greatest 

increase was visible at 0.06% GO, where the flow limitHB was 31.4 Pa (Table 2). This increase was 

stronger in the slurries without latex. Latex slurries featured the lowest values of Casson’s viscosity, 

apparent viscosity, flow limitHB, and plastic viscosityHB. The flow limitHB of the latex-free base cement 

slurry was 13.4 Pa and the base latex cement slurry was 13.5 Pa. However, after adding 0.06% GO, 

the latex-free cement slurry had a flow limitHB of 31.4 Pa, and the latex cement slurry had a flow 

limitHB of 22.6 Pa. 

Casson’s viscosity and apparent viscosity in the slurry with a latex admixture strongly increased 

after applying 0.06% of the graphene oxide concentration. Smaller GO amounts did not cause such a 

strong increase in the analyzed viscosity values. While in the slurry without latex, the growth of 

viscosity was proportional to the GO concentration and proceeded almost linearly.  

The flow limit and the coefficient of consistency described by the rheological Herschel–Bulkley 

model suddenly increased after exceeding the 0.06% GO concentration in the slurry without latex. 

However, in the latex slurries, the analyzed parameters featured lower values and there was no clear 

increase in the value at a given GO concentration. 

The lowest values of rheological parameters, among the studied slurries, featured cement 

slurries without a graphene oxide admixture. However, the GO admixture for concentrations ranging 

from 0.01% to 0.03% showed a small influence on rheological parameters. The flow limitHB was in the 

range of 13.4 Pa to 14.1 Pa for the latex-free cement slurry and from 13.5 Pa to 14.4 Pa for the latex 

0

10

20

30

40

50

No. 1;

0.00%

GO

No. 2;

0.01%

GO

No. 3;

0.03%

GO

No. 4;

0.06%

GO

No. 5;

0.00%

GO

No. 6;

0.01%

GO

No. 7;

0.03%

GO

No. 8;

0.06%

GO

Cement slurry free latex Latex cement slurry

F
lo

w
 l
im

it
, 

P
a
;

C
o
n
s
is

te
n
c
y
 f

a
c
to

r,
 P

a
∙s

n

Flow limit, Pa Consistency factor, Pa∙sn

Figure 6. Flow limit and coefficient of consistency change versus the GO concentration.



Energies 2020, 13, 5441 11 of 15

4. Conclusions

Because of the lack of data proving the influence of graphene oxide on the rheological parameters
of cement slurries, it was necessary to carry out this research. The performed studies are useful for the
drilling sector due to the possibility of determining injection expenditure and choice of pumping sets.
Rheological parameters of the slurry are the main factors that decide the borehole sealing effectiveness;
therefore, this was this article’s focus. This was particularly important in the case of recipes with a
graphene oxide admixture because such slurries provided an advanced solution for the drilling sector.

Cement slurries with a graphene oxide addition, due to their rheological properties, were best
described by the Herschel–Bulkley model. Linear models, such as the Newtonian model or the
Bingham model, should not be used for precise calculations of the slurry flow resistance. In such cases,
the flow resistance will be burdened with a big error, especially during calculations of casing columns
sealing in deep boreholes.

For the analysis of the obtained values, it was found that the graphene oxide admixture to the
cement slurry resulted in an increase of its rheological parameters. The flow limitHB of the base cement
slurry was 13.4 Pa and the addition of 0.01% graphene oxide increased to 13.8 Pa. The greatest increase
was visible at 0.06% GO, where the flow limitHB was 31.4 Pa (Table 2). This increase was stronger in the
slurries without latex. Latex slurries featured the lowest values of Casson’s viscosity, apparent viscosity,
flow limitHB, and plastic viscosityHB. The flow limitHB of the latex-free base cement slurry was 13.4 Pa
and the base latex cement slurry was 13.5 Pa. However, after adding 0.06% GO, the latex-free cement
slurry had a flow limitHB of 31.4 Pa, and the latex cement slurry had a flow limitHB of 22.6 Pa.

Casson’s viscosity and apparent viscosity in the slurry with a latex admixture strongly increased
after applying 0.06% of the graphene oxide concentration. Smaller GO amounts did not cause such
a strong increase in the analyzed viscosity values. While in the slurry without latex, the growth of
viscosity was proportional to the GO concentration and proceeded almost linearly.

The flow limit and the coefficient of consistency described by the rheological Herschel–Bulkley
model suddenly increased after exceeding the 0.06% GO concentration in the slurry without latex.
However, in the latex slurries, the analyzed parameters featured lower values and there was no clear
increase in the value at a given GO concentration.

The lowest values of rheological parameters, among the studied slurries, featured cement slurries
without a graphene oxide admixture. However, the GO admixture for concentrations ranging from
0.01% to 0.03% showed a small influence on rheological parameters. The flow limitHB was in the
range of 13.4 Pa to 14.1 Pa for the latex-free cement slurry and from 13.5 Pa to 14.4 Pa for the latex
cement slurry. Therefore, the concentration range of 0.01% to 0.03% GO was optimal for cement
slurry technology because it caused an improvement for the slurry’s mechanical parameters parallel to
maintaining the rheology on the required level.
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Nomenclature

Symbol Explanation
GO graphene oxide
GPa gigapascal
TPa terapascal
CSH hydrated calcium silicates, difficult to dissolve in water
SEM scanning electron microscopy
Ca2+ calcium cation
-COOH carboxyl group
w/c water–cement ratio—expresses the amount of water per cement unit
Css the liquid described by the Casson rheological model
HB the liquid described by the Herschel–Bulkley rheological model
τ shear stress
τy yield stress
dv/dr shear rate gradient
η viscosity
ηpl plastic viscosity
η0 zero viscosity
η∞ viscosity at the shear rate approaching infinity
k coefficient of consistency
n exponent
Φ degree of particles packing for the Krieger–Daugherty model
Φm maximum degree of packing for the Krieger–Daugherty particles
λ time constant
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uszczelniających w technologiach wiertniczych. Cem. Wapno Beton 2019, 22, 215–226. [CrossRef]
12. Konsta, M.; Metaxa, Z.; Shah, S. Highly dispersed carbon nanotube reinforced cement based materials.

Cem. Concr. Res. 2010, 40, 1052–1059. [CrossRef]

http://dx.doi.org/10.1007/s11223-019-00106-4
http://dx.doi.org/10.1016/j.conbuildmat.2017.01.006
http://dx.doi.org/10.1063/1.4884015
http://dx.doi.org/10.1002/adma.201090156
http://dx.doi.org/10.1177/0021998314522674
http://dx.doi.org/10.1016/j.progpolymsci.2010.07.005
http://dx.doi.org/10.3390/nano4020267
http://dx.doi.org/10.1002/adma.201000960
http://dx.doi.org/10.3390/en12030467
http://dx.doi.org/10.32047/CWB.2019.24.3.215
http://dx.doi.org/10.1016/j.cemconres.2010.02.015


Energies 2020, 13, 5441 13 of 15

13. Konsta, M.; Metaxa, Z.; Shah, S. Multi-scale Mechanical and Fracture Characteristics and Early-Age Strain
Capacity of High Performance Carbon Nanotube/Cement Nanocomposites. Cem. Concr. Comp. 2010, 32,
110–115. [CrossRef]

14. Ranjbartoreh, A.; Wang, B.; Shen, X.; Wang, G. Advanced mechanical properties of graphene paper. J. App. Phys.
2011, 109, 014306. [CrossRef]

15. Kasiralvalad, E. The great potential of nanomaterials in drilling & drilling fluid applications. Int. J. Nano Dimens.
2014, 5, 463–471.

16. Li, F.; Jiang, X.; Zhao, J.; Zhang, S. Graphene oxide: A promising Nanomaterial for energy and environmental
applications. Nano Energy 2015, 16, 488–515. [CrossRef]

17. Li, G.; Wang, P.; Zhao, X. Mechanical Behavior and Microstructure of Cement Composites Incorporating
Surface-Treated Multi-Walled Carbon Nanotubes. Carbon 2005, 43, 1239–1245. [CrossRef]

18. Jamrozik, A. Graphene and graphene oxide in the oil and gas industry. AGH Drill. Oil Gas 2017, 34, 731.
[CrossRef]

19. Pan, Z.; He, L.; Qiu, L.; Habibnejad Korayem, A.; Li, G.; Zhu, J.; Collins, F.; Li, D.; Duan, W.; Wang, M.
Mechanical properties and microstructure of a graphene oxide-cement composite. Cem. Conc. Comp. 2015,
58, 140–147. [CrossRef]

20. Almalkawi, A.T.; Salem, T.; Hamadna, S.; Darsanasiri, A.G.N.D.; Soroushian, P.; Balchandra, A.; Al-Chaar, G.
Physio-Microstructural Properties of Aerated Cement Slurry for Lightweight Structures. Materials 2018, 11, 597.
[CrossRef]

21. Kremieniewski, M. Ultra-Lightweight Cement Slurry to Seal Wellbore of Poor Wellbore Stability. Energies
2020, 13, 3124. [CrossRef]

22. Sun, Y.; Chen, M.; Gao, P.; Zhou, T.; Liu, H.; Xun, Y. Microstructure and microwave absorbing properties
of reduced graphene oxide/Ni/multi-walled carbon nanotubes/Fe 3 O 4 filled monolayer cement–based
absorber. Adv. Mech. Eng. 2019, 11, 168781401882288. [CrossRef]

23. Sedaghat, A.; Ram, M.; Zayed, A.; Kamal, R.; Shanahan, N. Investigation of Physical Properties of
Graphene-Cement Composite for Structural Applications. J. Comp. Mater. 2014, 4, 12–21. [CrossRef]

24. Makar, J.; Margeson, J.; Luh, J. Carbon nanotube/cement composites—early results and potential applications.
In Proceedings of the 3rd International Conference on Construction Materials: Performance, Innovations and
Structural Implications, Vancouver, BC, Canada, 22–24 August 2005.

25. Kremieniewski, M. Recipe of Lightweight Slurry with High Early Strength of the Resultant Cement Sheath.
Energies 2020, 13, 1583. [CrossRef]

26. Tao, C.; Kutchko, B.G.; Rosenbaum, E.; Wu, W.-T.; Massoudi, M. Steady Flow of a Cement Slurry. Energies
2019, 12, 2604. [CrossRef]
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