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A B S T R A C T   

Oil and gas exploration and production in deep and ultra-deep wells located in high pressure and high tem
perature zones (HP/HT) are increasing considerably to meet global energy demands. Exploration in HP/HT zones 
presents several challenges to the performance of drilling fluids to maintain wellbore stability during the drilling 
process. The rheological characterization of drilling fluids has been extensively investigated through experiments 
at atmospheric pressure; however, there are many open questions concerning high-pressure conditions. This 
work aims to perform a rheological characterization of inverted emulsion drilling fluid with measurements 
performed under a wide high-pressure range. The experiments were carried out in a rheometer coupled to the 
pressure cell system. The results show that the impact of the pressure is more relevant in the solid than in the 
liquid-like regime. Not only the viscosity, storage modulus, and yield stress tend to increase under pressure but 
also the material yield strain. The higher the applied pressure, the greater is the deformation that the material 
withstands in the solid regime. These findings can bring relevant information to the oil and gas field since the 
knowledge of the material gel strength under high pressures is fundamental for the drilling operation.   

1. Introduction 

The growing global demand for oil and gas has increased exploration 
in deep and ultra-deep wells (Lee et al., 2012; Liu et al., 2020). Deeper 
wells tend to exhibit a higher bottom hole pressure, above 690 bar, and 
temperatures above 148 ◦C, called high-pressure high-temperature 
(HP/HT) wells (Gautam et al., 2022). HP/HT conditions provide a 
hostile environment for the reservoir and, consequently, require an 
appropriate selection and formulation of the drilling fluid (Mao et al., 
2020; Mitchell and Miska, 2011; Zamora et al., 2013). Oil-based drilling 
fluids, also known as oil-based muds (OBMs), are technically preferred 
and are recommended for HP/HT wells (Stamatakis et al., 2013). Several 
reasons support this option, including better thermal stability, better 
wellbore stability, and lower friction coefficients than water-based muds 
(WBMs) (Ibeh, 2007; Xu et al. 2013, 2014; Zhuang et al., 2018). 

Drilling fluids perform essential functions such as maintaining hy
drostatic pressure, transportation and suspension of drill cuttings to the 

surface, cooling and lubricating the drill bit and improving wellbore 
stability (Xu et al. 2013, 2014; Zhuang et al., 2018). The rheological 
properties of the drilling fluid influence on the drilling fluid perfor
mance, as they affect parameters such as rate of penetration, hole 
cleaning, wellbore hydraulics and filter cake formation (Agwu et al., 
2021; Gautam et al., 2022; Mohamed et al., 2021). Thus, monitoring the 
rheological properties of the fluid under downhole conditions is essen
tial, since, at subsurface conditions, the properties may differ from the 
original values due to pressure and temperature variations that occur 
along the well (Agwu et al., 2021; Gautam et al., 2022; Mohamed et al., 
2021). As we discuss below, the effect of pressure on the rheological 
behavior of drilling fluids is not well understood in the literature. The 
central gap in the current knowledge is the influence of pressure on the 
gel strength of drilling fluids. 

In the last six decades, much effort had been applied to understand 
the effects of pressure and temperature on the rheological properties of 
drilling fluids (Amani, 2012; Amani and Al-jubouri, 2012; Hermoso 
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et al., 2017, 2015, 2014a, 2014b; Long et al., 2021; Rossi et al., 1999). In 
general, one can conclude that the apparent viscosity increased with 
pressure; however, it decreased with increasing temperature. It is 
interesting to note that many authors observed that the apparent vis
cosity of drilling fluids was affected by changing the temperature 
regardless of the pressure experienced by the fluid. On the other hand, 
the role of the pressure is almost negligible up to a certain pressure, 
which varies for each drilling fluid formulation (Alderman et al., 1988; 
Gandelman et al., 2007; Gokdemir et al., 2017; Herzhaft et al., 2001; 
Vajargah and van Oort, 2015). The increase in pressure and/or tem
perature experienced by the drilling fluid must provide chemical, 
physical, and electrochemical reactions in the material (Caenn et al., 
2017; Zhuang et al., 2019). Minor changes in the chemical composition 
of the fluid can cause considerable differences in the rheological 
behavior (Zhuang et al., 2017; Caenn et al., 2017; Rodrigues et al., 
2020). 

One crucial role of the drilling fluids is avoiding cuttings to precip
itate over the drill bit during some stoppage on the drilling process 
(Balhoff et al., 2011; Gautam and Guria, 2020) and to fulfill this 
requirement these materials develop a structured state at rest. In order to 
break up this gel-like structure and reach the liquid-like regime, 
pumping pressures higher than the usual are required to resume circu
lation, which can be a complex technical problem since this pressure 
may overcome the formation fracture pressure and damage the borehole 
walls. The process of breaking up the material structure is usually 
referred to as solid-liquid transition (Coussot et al., 2006) since the 
material behaves as a solid for stress below the yield stress and as a 
liquid when this critical stress is surpassed. The accurate determination 
of the behavior of the drilling fluids in this solid-like regime is essential 
for further understanding the solid-liquid transition and, consequently, 
for better choosing the strategies during the drilling process. In this 
scenario, the comprehension of the effects of pressure and temperature 
not only on the viscosity but also on the properties of the material in the 
solid-like regime is essential for the oil and gas industry (Maxey, 2009). 

Although considerable analyzes have been developed on under
standing the influence of high pressures and high temperatures on the 
apparent viscosity of drilling fluids, the role of these variables on the 
behavior of the material in the solid-like regime is still an open question. 
As far as we are concerned, the only attempts to study the effect of the 
pressure on the solid-like behavior of drilling fluids were developed by 
Maxey (2009) and Patel et al. (2019). In both works, the authors focused 
only on the influence of the frequency applied on the oscillatory test in 
the linear viscoelastic region for fluids with different compositions 
submitted to high pressures. Considering the importance of under
standing the material behavior in the solid-like regime and the 
solid-liquid transition, the present work aims to investigate the influence 
of pressure on the rheological behavior of an inverted emulsion drilling 
fluid in three regions: liquid regime, solid regime and solid-liquid 
transition. The main contribution of this work is to call the commun
ity’s attention that the high pressures affect not only the drilling fluid 
viscosity but also the material characteristics in the solid-like regime and 
the solid-liquid transition. The authors are not aware of a similar dis
cussion having been reported previously. It can be anticipated that the 
material’s gel strength is much affected by the pressure applied to this 
analyzed drilling fluid. 

2. Experimental methodology 

A synthetic drilling fluid kindly provided by Petrobras was selected 
for the experimental study. The sample is an inverted emulsion using an 
olefin base oil with an internal phase of sodium chloride brine, with a 

60/40 oil to water ratio. Other drilling fluid components are primary 
and secondary emulsifiers, lime, organophilic clay, and barite. 

The measurements were performed on the Anton Paar MCR 502 
controlled shear stress rotational rheometer equipped with a pressure 
cell system that allows applying pressures up to 1000 bar. The pressure 
supply unit consists of an upstream hand pump that pressurizes the in
ternal oil with a pressure range of up to 700 bar, and a spindle pump for 
applying pressures up to 1000 bar, and a separator unit responsible for 
transferring the pressure from the oil to the sample (see Fig. 1). 

Fig. 1 shows the configuration of the pressure cell, the rheometer, 
and the pressurization unit. The pressure cell apparatus, illustrated in 
Fig. 2, consists of (a) magnetic coupling, which transfers the torque from 
the motor-drive to the internal cylinder mounted in the pressure cup; (b) 
pressure head that seals the cell so that it is pressure-tight; (c) mea
surement system, i.e., the internal cylinder; (d) pressure cup, i.e., the 
external cylinder from the Couette configuration. One can see under the 
pressure cup the connection by which the sample is pumped in the 
closed-cell to achieve the desired pressure before starting the rheo
metrical measurement. 

One of the major issues in performing rheometrical measurements at 
high pressures is the accuracy of the measured results, especially at low 
shear stresses and shear rates. The sensitivity of the systems is reduced 
due to the torque transmission that is carried out magnetically. The 
results reliability was assured by performing identical protocols at at
mospheric pressure using the standard configuration rheometer and the 
pressure cell system coupled with the rheometer. Thus, it is possible to 
compare both results and determine the range of shear stress and shear 
rate in which we can adequately analyze the fluid using the pressure cell 
apparatus. 

The standard configuration rheometer features two separate motors, 
which allow rotation of the upper and/or lower geometry, with direct 
control of torque or rotation. We used the Couette rough surface ge
ometry for the tests performed in the standard configuration, with 22 
mm diameter for the cup, 20 mm diameter and 30 mm height for the 
internal cylinder. For the tests carried out with the pressure cell system, 
the rheometer is equipped just with one upper motor, and the bottom 
cup is fixed. In other words, the pressure head and the pressure cup 
shown in Fig. 2 are static. Consequently, the upper motor performs the 
control of the experiment and measurements. We also used Couette 
rough surface geometry in this configuration, with 30 mm diameter for 
the cup, 28 mm diameter and 50 mm height internal rotating cylinder. 

Considering that the primary goal of the current work is to analyze 
the effects of pressure on the structure of the drilling fluid, all tests were 
performed at a constant temperature of 25 ◦C. The influence of higher 
temperatures in the drilling fluid behavior remains a topic for future 
work. 

Rheological tests were conducted at five different pressures: atmo
spheric pressure, 70, 270, 500 and 800 bar. Before any test, whether in 
the standard configuration rheometer or with the pressure cell system, 
the drilling fluid sample was homogenized for 10 min on the Hamilton 
Beach mixer. 

For tests performed with the standard configuration of the rheom
eter, the sample was pre-sheared for 10 min at 500 s− 1 and then left 
under a zero-shear stress condition for 10 min resting time, in which the 
gel development process took place. After the pre-test, the sample was 
submitted to different protocols: (i) measurement of the equilibrium 
viscosity curve in which plateaus of shear rate were applied until the 
steady-state shear stress determination; (ii) stress amplitude oscillatory 
sweep from 10− 3 to 100 Pa and 1 Hz; (iii) stress ramp from 10− 2 to 100 
Pa for 5 min. For the tests performed in the rheometer coupled with the 
pressure cell system, the same protocol performed in the rheometer with 
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standard configuration was followed; the only difference is that in this 
system, the sample is pumped into the measuring device up to the 
desired pressure. 

3. Results and discussion 

The influence of pressure on the rheological behavior of the drilling 
fluid was analyzed in three regions: the liquid-like regime, the solid-like 
regime, and the solid-liquid transition. First, we analyze the liquid 
regime. In other words, the influence of the pressure on the apparent 
viscosity of the material. Fig. 3 presents the material equilibrium vis
cosity curve under different applied pressures. In these experiments, 
each shear rate was imposed for enough time (minimum of 10 min) until 

the material reached the steady-state for each condition. First, it is worth 
mentioning that the difference between the results obtained for the 
viscosity curve using the standard configuration (blue star) and the 
pressure cell (red triangle) is neglected at atmospheric pressure. We 
performed a single-factor statistical analysis of variance (ANOVA) with a 
significance level of 95% to assess the existence of any statistically sig
nificant differences between the tests performed with the usual config
uration and with the pressure cell configuration at atmospheric pressure 
and at 25 ◦C. The ANOVA results are shown in the Appendix. We 
observed that there are no statistically significant differences between 
the results obtained with the usual configuration and with the pressure 
cell configuration. 

Interestingly, it seems that as observed elsewhere (Gokdemir et al., 

Fig. 1. Rheometer connected to the pressure cell system. Adapted from the Instruction Manual C-ETD 300/PR 1000 (2015).  

Fig. 2. Pressure cell apparatus illustration. Adapted from the Instruction Manual C-ETD 300/PR 1000 (2015).  
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2017; Herzhaft et al., 2001; Ibeh, 2007; Xu et al., 2013), the effects of 
pressure on the viscosity are negligible up to a certain pressure level for 
the drilling fluid analyzed in this work. It appears that the pressure effect 
on the particles and droplets interactions is not enough to change the 
macroscopic viscosity measurement up to this value. In the current 
work, we observed that this pressure is between 70 and 270 bar, as 
shown in Fig. 3, in which, except for the lowest applied shear rate, the 
70 bar pressure did not affect the fluid viscosity. It is interesting to point 
out that a similar range of pressure was suggested by Gokdemir et al. 
(2017) for another type of oil-based drilling fluid. From the pressure of 
270 bar onwards, the higher the imposed pressure, the higher the vis
cosity (see Fig. 3). The pressure effects are most noticeable at lower 
shear rates; for example, the apparent viscosity measured at 50 s− 1 

increased almost three times compared with the experiment performed 
at atmospheric and 800 bar-case. On the other hand, this increment was 
around two times for 400 s− 1 in this same comparison. Many researchers 
also observed with different oil-based drilling fluids that the apparent 
viscosity doubled or even fourfold when the pressure increased to values 
between 500 and 1000 bar, regardless of the temperature (Gandelman 
et al., 2007; Herzhaft et al., 2001; Torsvik et al., 2015; Vajargah and van 
Oort, 2015). As previously analyzed in the literature in HTHP condi
tions, these results show that the pressure can play a significant role in 
determining the operational condition since the viscosity of the drilling 
fluid can be much affected by the level of the well pressure during the 
drilling operation. 

In order to verify how the pressure can modify the behavior of this 
drilling fluid in the solid-like regime, oscillatory stress amplitude sweep 
tests were performed after the pre-shear of 500 s− 1 and the resting time 
of 10 min (see Fig. 4). This protocol analyzed the storage (G′) and 
dissipation (G′′) moduli as functions of the measured strain amplitude at 
25 ◦C and different pressures applied to the sample. Three main regions 
can be observed in this analysis (Hyun et al., 2011):  

1. The linear regime at small shear amplitudes (called SAOS – Small 
Amplitude Oscillatory Shear) in which the material properties are 
independent of the applied stress amplitude;  

2. The MAOS (Medium Amplitude Oscillatory Shear) region in which 
some nonlinearities are observed on the measurements;  

3. Finally, the material reaches the LAOS (Large Amplitude Oscillatory 
Shear) region, in which the nonlinearities are evident in the 
measurements. 

In order to analyze the reliability of the oscillatory measurements 
using the pressure cell configuration, the comparison between the re
sults obtained with the standard configuration rheometer (blue symbols) 
and the pressure cell configuration (red symbols) are shown in Fig. 4a. 
The figure presents the dynamic moduli (G′ and G′′) on the y-axis and the 
stress amplitude on the auxiliary y-axis as a function of the strain 
amplitude. One can see that the pressure cell results can represent the 
main features of the curves. Some points on the curves are essential on 
the analysis: the values of G′ and G′′ in the linear viscoelastic regime and 
mainly the comparison between both moduli that can be analyzed by the 
phase angle shift [δ = atan (G’’

/G’)] presented as a function of the 
pressure in Fig. 4f. The phase angle value can be understood as the 
predominance of the elastic behavior over the viscous behavior in the 
SAOS regime, i.e., for an elastic solid δ = 0◦ and a viscous fluid δ = 90◦

(Macosko, 1994). In addition to these characteristics on the SAOS 
regime, one can analyze the linear-to-nonlinear viscoelastic transition, 
the point at which the stress starts to impose irreversible plastic de
formations in the material microstructure (Fernandes et al., 2017). 

In this work, the linear-to-nonlinear viscoelastic transition strain is 
called a critical strain, γc, as shown by the gray arrow in Fig. 4a. It is 
essential to keep in mind that although one usually shows the G′ and G′′

in MAOS and LAOS regimes and defines the yielding point in the G′-G′′

crossover, this analysis must be carried on with caution. The dynamic 
moduli can just be determined appropriately in the SAOS regime (Hyun 
et al., 2011). The yielding behavior is further analyzed later in Fig. 5, in 
which a stress ramp is applied in the material, and in Fig. 6, where the 
values of G′-G′′ crossover stress are analyzed. Comparing the main fea
tures in Fig. 4a, one can state that the pressure cell configuration can 
reliably reproduce the material’s behavior in the stress amplitude 
oscillatory sweep. This configuration was employed to perform the ex
periments in the other pressures levels applied to this drilling fluid 
(Fig. 4b–e). 

Analyzing the influence of the pressure applied on the oscillatory 
stress amplitude sweep (Fig. 4b–e), one can see that the greater the 
pressure applied, the greater the dynamic moduli. However, the incre
ment is higher for G′ than G′′. Just as a comparison, the storage modulus 
increased one order of magnitude (from ~20 Pa to ~200 Pa), while the 
increment in the dissipation modulus was from ~10 Pa to ~20 Pa when 
the pressure increased from the atmospheric pressure (Fig. 4a) to 800 
bar (Fig. 4e). The predominance of the elastic behavior over the viscous 
behavior as the pressure increases can be compared by the phase angle 
measured in the SAOS regime (Fig. 4f), i.e., the higher the applied 
pressure, the lower the phase angle. Table 1 summarizes the main results 
obtained in the rheological measurements. 

As further discussed in Fig. 6, it is important to anticipate that the 
higher the G′, the higher the material gel strength. With this information 
in mind, the most exciting result in the oscillatory measurement (Fig. 4 
and Table 2) is that, although the material gel strength increased with 
the pressure, the critical strain, γc, also increased. The increment in the 
pressure experienced by the fluid makes it possible to reach even greater 
deformations within the linear viscoelastic range of the material. This 

Fig. 3. Viscosity curves as a function of shear rate at 25 ◦C for atmospheric 
pressure, 70, 270, 550 and 800 bar. The experiments were repeated twice with 
different samples and the error bars were determined using a Student’s t dis
tribution with a 95.4% confidence interval as proposed by Oehlert (2010). 
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linear-to-nonlinear deformation, γc, is presented by the gray arrow in 
Fig. 4a–e. A comparison between all the cases is summarized in Fig. 4f, 
and the values are also shown in Table 1. 

In order to further analyze the material solid-liquid transition, uni
directional shear stress ramps were imposed on the material. In this 
protocol, the material behaves as a solid below the yield stress, whose 
strain is limited to low values. At a certain point one can see that the 
strain starts to increase with the applied stress rapidly; this transition 
can be understood as the yield point (Andrade and Coussot, 2019; 
N’gouamba et al., 2020; Venkatesan et al., 2003). Fig. 5 shows the shear 
strain as a function of the applied stress for this protocol performed 
under different pressures after the same pre-shearing and resting time 
used in the previous analysis. First, it is essential to compare the results 
obtained with the standard configuration and the pressure cell. In this 
stress ramp, one can see that the results obtained using the pressure cell 
configuration reproduces quite well all the main features of the curve 
measured with the standard configuration. In these experiments, the 
yielding point was determined using the interception of two power laws 
lines fitted below and above the yielding region; for example, as 

presented by the dashed line, the yield stress and strain are around 7.5 
Pa and 3.1, respectively, for the 800 bar-case. It is worth emphasizing 
that pressure plays an essential role in the material’s solid-liquid tran
sition. Interestingly, as the pressure experienced by the fluid increases, 
not only does the material yield stress increases, but also one can note 
the increase of the material yield strain (see Fig. 7c, which summarizes 
the influence of the pressure on the yield stress and yield strain obtained 
from Fig. 5). 

It is worth noting that Fernandes et al. (2016) proposed a correlation 
between G′ and gel strength for another oil-based drilling fluid at at
mospheric pressure and different resting times. In this current work, the 
influence of the pressure on the storage modulus and the yield stress of 
this drilling fluid can be somehow correlated. Although representing 
different fluid characteristics (G′ represents the material elasticity and 
the yield stress the minimum stress required to break up the material), 
Fig. 6a shows that both rheological parameters can also be correlated in 
our analyses. For the range of pressures analyzed in the current work, 
the higher the G′, the higher the material gel strength. Much experi
mental time can be saved with this information in mind since it is 

Fig. 4. Oscillatory stress sweep tests performed at 
different configurations at 1 Hz after pre-shearing the 
sample for 10 min at 500 s− 1 and then left it under a 
zero-shear stress condition for 10 min. The experi
ments were repeated twice with the same sample and 
the error bars were determined using a Student’s t 
distribution with a 95.4% confidence interval as pro
posed by Oehlert (2010). Figures (a)–(e) present G′, 
G′′, and the stress amplitude as a function of the strain 
amplitude of each experiment. Figure (a) presents the 
comparison between the measurements performed 
using the standard rheometer configuration (red 
curves) and with the pressure cell installed in the 
rheometer (blue curves), both at atmospheric pres
sure. Figures (b)–(e) show the results at different 
pressures applied on the sample, and figure (f) shows 
a compilation of the essential characteristics 
measured at different pressures. Experiments were 
performed at 25 ◦C. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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possible to perform oscillatory measurements in the linear viscoelastic 
region, varying other parameters (such as the pressure applied to the 
fluid) without performing yielding tests in all the analyses. 

Other interesting comparisons can be observed in Fig. 6b, which 
presents G′-G′′ crossover stress obtained from Fig. 4 as a function of the 
yield stress obtained from Fig. 5. As previously discussed, although it is a 
standard procedure to use the G′-G′′ crossover stress as a value to mea
sure the gel strength, it is not indicated to use this crossover point 

confidently as the material yielding point. The main reasons for this 
caution are that the dynamic moduli can be precisely calculated only in 
the SAOS region, and also the shear history imposed during the MAOS 
and LAOS regimes is too complex and can affect the break-up point in 
some materials (Andrade and Coussot, 2019). Although all these ca
veats, it is interesting to note that, for this material and these specific 
ranges of the analyzed parameters, one can recognize a correlation be
tween the G′-G′′ crossover stress and the yield stress presented in Fig. 6b. 
At least we can state that the higher the G′-G′′ crossover stress, the higher 
the material gel strength. 

The influence of the pressure on the liquid-like regime, solid-like 
regime and solid-liquid transition is summarized in Fig. 7. The rheo
logical parameters analyzed are apparent viscosity, storage modulus and 
yield point. Curiously, it seems that the pressure effect is more evident in 
the solid-like regime (see G′ in the SAOS region in Fig. 7b) and in the 
solid-liquid transition (yield stress in Fig. 7c) than in the liquid-like 
regime (see viscosity in Fig. 7a). As discussed above, the pressure in 
the liquid-like regime is more impacting at low shear rates; however, 
even for 50 s− 1 the apparent viscosity increased just three times 
compared with results at atmospheric pressure and 800 bar. Meanwhile, 
both G′ and yield stress increased one order of magnitude at this same 
comparison. 

Another essential point to be addressed is that the concept that the 
pressure affects the material only above a particular value is valid only 
for the liquid-regime, in which the viscosity is not much affected for the 
case of 70 bar applied pressure. On the other hand, the rheological 
characteristics are affected for the solid-like regime even for the lowest 
pressure imposed on the fluid (70 bar) compared with the results ob
tained at atmospheric pressure (see G′ and the yield stress in Fig. 7). 
These findings bring essential information for the engineers in the oil 
and gas field since one of the main concerns at high pressure conditions 
must be the drilling fluid gel strength. In other words, under these 
conditions, it can be challenging to break up the material’s structure and 
resume the flow, requiring extra care when starting the pumps. 

Fig. 5. Shear strain as a function of shear stress for a ramp of stress performed 
at different pressures applied on the sample at 25 ◦C after 10 min of pre- 
shearing at 500 s− 1 and 10 min of gel development time. The dashed lines 
are presented to demonstrate the procedure used to determine the 
yielding point. 

Fig. 6. (a) Storage modulus in the linear viscoelastic region and (b) G′-G′′ crossover stress, both function of the yield stress. The continuous lines represent a linear 
relationship between the two properties analyzed with the dashed lines ± 20% reference. 

Table 1 
Parameter values: Storage modulus and dissipation modulus in the linear viscoelastic region; phase angle; G′-G′′ crossover stress; critical strain obtained in oscillatory 
strain sweep tests and yield stress obtained in the stress ramp test at different pressures and at a constant temperature of 25 ◦C.  

Pressure 
(bar) 

G′ in the linear viscoelastic 
region (Pa) 

(Fig. 4) 

G′′ in the linear viscoelastic 
region (Pa) 

(Fig. 4) 

Phase angle (◦) in the 
SAOS region 

(Fig. 4f) 

G′- G′′ crossover stress 
(Pa) 

(Fig. 4) 

Critical strain [-] 
(Fig. 4) 

Yield Stress 
(Pa) 

(Fig. 5) 

Atmospheric 27.3 9.8 20.1 0.2 1.90 × 10− 3 0.8 
70 64.5 16.2 14.2 0.9 2.50 × 10− 3 1.8 
270 194.4 20.4 7.0 2.5 3.00 × 10− 3 2.7 
550 252.6 23.5 5.5 5.4 5.00 × 10− 3 5.6 
800 272.5 17.3 3.6 5.9 5.50 × 10− 3 7.4  
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Finally, one can see that the same characteristics observed in the 
linear-to-nonlinear strain (Fig. 4f) are also noted in the material yield 
strain (Fig. 7c). The higher the applied pressure, the greater is the 
required deformation to reach the yield point for this specific drilling 
fluid. Therefore, we can say that pressure affects the behavior of this 
drilling fluid in the solid-like regime, mainly the deformation required to 
break up the gel. The experimental evidence to explain why pressure 
affects the rheological behavior of the fluid is an interesting topic for 
future work. Here, we can suggest a hypothesis based on ideas proposed 
by other researchers (Briscoe et al., 1994; Chaudemanche et al., 2009; 
Combs and Whitmire, 1960; Hermoso et al., 2014a, 2014b, 2015; Hiller, 
1963; Maxey, 2009). The main hypothesis is that the effect of the 
pressure on the rheological properties of the inverted emulsion oil-based 
drilling fluid can be explained by the compression of the dispersed oil 
phase. The pressure seems to decrease the size of the emulsion droplets, 
affecting the interactions between the drops and the stiffness of the 
microstructure, promoting changes macroscopically in the mechanical 
response of the material. 

Despite the hypothesis to explain this behavior has not been proven, 
the main point to be emphasized in this discussion is that the pressure 
experienced by the material not only affects the viscosity as reported 
previously in the literature but can have a significant influence on the 
gel strength of the drilling fluid. These results call the community’s 
attention to analyze the effect of the pressure on the material behavior in 
the solid-like regime. 

4. Conclusions 

The current work discusses the importance of analyzing the influence 
of high-pressure experiences by the drilling fluids not only in the liquid- 
like regime but also on the solid-like regime and in the solid-liquid 
transition. We show this discussion by investigating the effects of high 
pressures on the rheological behavior of an inverted emulsion drilling 
fluid, with a 60/40 oil/water ratio and an internal brine phase of NaCl. 
This analysis must be expanded for another kind of drilling fluids and 
other compositions in future works. 

Rheological tests were performed using a pressure cell coupled to a 
rotational rheometer. Although the sensitivity of pressure cell-coupled 
rheometers was reduced, we could reproduce reliable results in the 
range of stress, deformation and shear rate presented in the results. We 
observed that pressure drastically affects the rheological behavior of the 
drilling fluid, with the impact of pressure being more relevant in the 
solid than in the liquid-like regime. The main conclusions can be sum
marized as:  

• The inverted emulsion drilling fluid viscosity is roughly independent 
of the pressure up to a specific value, between 70 and 270 bar for this 
fluid. Above this pressure, the viscosity increased with the pressure 
experienced by the fluid;  

• The higher the pressure applied to this fluid, the higher the storage 
modulus and the lower the phase angle in the linear viscoelastic 

region, evidencing that higher pressures provide this fluid with a 
predominantly elastic behavior;  

• The yield stress increased with the pressure applied to the material;  
• Interestingly, the critical strain in which the material leaves the 

linear viscoelastic region and the yield strain increased with the 
pressure applied to the fluid;  

• The pressure’s influence is more impacting on the solid-than in the 
liquid-like regime since, in the analyzed range (from atmospheric 
pressure up to 800 bar), the apparent viscosity increased around 
three times while the storage modulus and the yield stress increased 
one order of magnitude. 

These findings provide vital information for improving and man
aging the HP/HT well-drilling projects. The drilling engineer must have 
in mind that high pressures can affect not only the fluid viscosity (as 
pointed by other authors in previous papers) but also have a relevant 
impact on the gel strength of the inverted emulsion drilling fluid. In 
other words, the gel strength of the fluid at high-pressure conditions is 
underestimated if the viscometer used to determine this value operates 
only at atmospheric pressure. The effect of high-pressure conditions 
must be considered for better design and/or management of inverted 
emulsion drilling fluids during the start-up flow procedures. 
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Nomenclature 

G′ Storage Modulus [Pa] 
G′′ Dissipation Modulus [Pa] 
δ Phase Angle [◦] 
γ Strain [-] 
τ Shear Stress [Pa] 
γ⋅ Shear Rate [s− 1] 
HP/HT High pressure/high temperature 

Appendix. ANOVA 

We performed a single-factor statistical analysis of variance (ANOVA) with a significance level of 95% to assess any statistically significant dif
ferences between the tests performed with the standard configuration and with the pressure cell configuration at atmospheric pressure and at 25 ◦C. 
The ANOVA results are shown in Tables 2, 3, and 4 presented below. 

We observed that the F parameters for all tested comparisons are lower than the critical F, indicating no statistically significant differences between 
the results obtained with the standard configuration and with the pressure cell configuration.  

Table 2 
ANOVA one factor to analyze significant differences in the viscosity curve performed on the rheometer with the standard configuration and with the pressure cell 
configuration.  

Source of variation SQ gl MQ F p-value Fcrit 

Between groups 6.70 × 10− 2 1 6.70 × 10− 2 1 × 10− 3 0.975 4.60 
Within the groups 903.47 14 64.53 

Total 903.54 15    

Table 3 
ANOVA one factor to analyze significant differences in the stress amplitude oscillatory sweep tests performed on the rheometer with the standard configuration and 
with the pressure cell configuration.  

Source of variation SQ gl MQ F p-value Fcrit 

Between groups 268.49 1 268.49 3.45 6.70 × 10− 2 3.97 
Within the groups 5913.99 76 77.82 

Total 6182.48 77    

Table 4 
ANOVA one factor to analyze significant differences in the stress ramp tests performed on the rheometer with the standard configuration and with the pressure cell 
configuration.  

Source of variation SQ gl MQ F p-value Fcrit 

Between groups 1.44 × 10− 4 1 1.44 × 10− 4 1.53 × 10− 4 0.990 3.93 
Within the groups 5913.99 108 0.938 

Total 6182.48 109   
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