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The sagging phenomenon of solids, such as hematite, in drilling fluids is commonly experienced when drilling at elevated
temperature conditions presenting operational and well control issues. Thus, we report herein the addition of vermiculite to
water-based drilling fluid with the objective of improving fluid stability by hematite sagging mitigation. Different quantities of
vermiculite clay (3–6 lb/bbl) were used and the sagging tendency was evaluated for the base and vermiculite-containing drilling
fluids under static and dynamic conditions. From the sag measurements, the optimum vermiculite content was determined,
and the influence on the key drilling fluid properties was studied by conducting the rheology, viscoelasticity, filtration, density,
and alkalinity measurements. To simulate the practical elevated temperature, the tests were performed at temperature up to
250°F. The outcomes of this study revealed that the addition of vermiculite to the base drilling fluid significantly improved
fluid stability. The content of 5 lb/bbl vermiculite was sufficient to mitigate the hematite sagging at elevated temperatures and
drive the sag tendency factors to safe values. The ability of vermiculite to improve fluid stability was confirmed with the
enhancement of rheological and viscoelastic properties, since the recommended vermiculite content resulted in a 24%
reduction in plastic viscosity, 9% increment on yield point, and improved storage and loss modulus with better gelling
structure. Also, the filtration properties were improved with 5 lb/bbl vermiculite, as the filtrated volume was reduced from 6.2
to 5 cm3 and formulated a preferred filter cake with less weight and thickness. In addition, the small amount of vermiculite did
not change the drilling fluid weight, and the pH was slightly dropped but within the practical alkalinity range.

1. Introduction

The drilling fluids play substantial roles in drilling opera-
tions by providing the hydrostatic pressure, carrying the
drilled cuttings, well cleaning, string lubricating, conveying
the hydraulic energy, and blocking the permeable forma-
tions; therefore, the design of suitable drilling fluid formula-
tions is a key for successful drilling of oil and gas wells [1].
Water-based drilling fluids (WBDF) are commonly used
with favorable technical and economic performance; none-
theless, their application in highly deep, deviated, and
unconventional wells necessitates special considerations to
comply with the elevated temperature and pressure condi-
tions [2]. In such challenging conditions, several fluid
stability-related issues can be occurred such as solids sag-
ging, flocculation, and thermal degradation of polymeric
additives [3–5]. Therefore, an optimization of WBDF with

selectively qualified additives is required to overcome such
critical challenges.

To obtain the fluid density required for maintaining the
hydrostatic pressure, different solids known as weighting
agents are used such as barite, hematite, ilmenite, calcite,
magnetite, and Micromax [6–8]. Recently, hematite with a
specific gravity of 4.9–5.3 is intensively applied as a weight-
ing material presenting substantial enhancement in the rate
of penetration (ROP), lower solids content, acid solubility,
and low toxicity [7, 9, 10]. Nevertheless, at a temperature
greater than or equal to 250°F, the solids content in the
WBDF tends to precipitate and separate from fluid, espe-
cially with heavier drilling fluid density (i.e., ≥14 ppg) [11].
Several factors contribute to solids settlement including the
drilling fluid properties, temperature, solid particle size, well
inclination, and drilling parameters such as the pipe annular
velocity [12–14]. This sagging phenomenon causes density
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variation and fluid instability which may result in pressure
control issues in upper sections, elevated equivalent circula-
tion density at the bottom, pipe sticking, and loss of circula-
tion [15, 16].

Different solutions are proposed to mitigate the hematite
sagging at both water- and oil-based drilling fluids and
experimentally investigated. Some of these solutions used
anti-sagging materials such as garamite, laponite, and perlite
[11, 17, 18], while others proposed combining different
weighting materials [19–22]. The research is continued to
develop more feasible solutions for the hematite sagging
issue.

Vermiculite is a hydrous phyllosilicate clay mineral with
a specific gravity of 2.4–2.7 and a neutral pH of 7.0–7.5
[23–25]. This clay exfoliates, curls, and significantly expands
when heated, which increases the water retaining capacity
and makes it lightweight, compressible, incombustible, and
highly absorbent as it can absorb 3–4 times its weight in
water [23, 26]. The unique characteristics and commercial
availability of vermiculite make its wide applicability in con-
struction, agriculture, steel industry, and packaging [26–28].
Vermiculite was studied as a drilling fluid additive and the
rheological and filtration effects on spud drilling fluid were
addressed [29]. Recently, vermiculite was addressed as an
anti-sag agent for mitigating the barite sagging tendency
for WBDF and showed promising results with improved
rheological and filtration performance [30].

According to our best knowledge, no former studies
were performed to address the impact of vermiculite on
the stability of hematite WBDF. Therefore, this work
endeavors to assess the effects of incorporating vermiculite
to hematite WBDF at elevated temperatures in terms of fluid
stability improvement and sagging mitigation. Different
quantities of vermiculite were considered to address the sag-
ging tendency and determine its optimum amount. Also, the
influence on the other drilling fluid properties (i.e., alkalin-
ity, rheology, viscoelasticity, and filtration performance)
was investigated via conducting routine drilling fluid tests.

The novelty of this study is represented by introducing
and evaluating vermiculite as a new applicable anti-sagging
solution for safe, efficient, and cost-effective drilling opera-
tions, since formulating a stable drilling fluid helps in mini-
mizing the non-productive time and mitigating severe
drilling operational and technical problems that are associ-
ated with the solids sagging and inconsistent properties
issues.

2. Materials and Experiments

2.1. Materials. Hamilton Beach mixture was used to prepare
the WBDF samples at ambient conditions. The applied for-
mulation is described in Table 1 listing the practical compo-
nents with the concentrations per one barrel and the order
and function of each additive. Different amounts of the pro-
posed vermiculite (0, 3, 4, 5, and 6 lb/bbl) were added as an
anti-sag agent, and hematite was used to obtain the required
density.

The proposed vermiculite clay was characterized to
address the chemical composition, particle size distribution

(PSD), and appearance. The elemental chemical composi-
tion was recognized using the M4 Tornado X-ray fluores-
cence (XRF). The results defined that the applied
vermiculite contained 35% silicon, 20% magnesium, 14%
aluminum, and 6% iron. The particle size distribution ana-
lyzer (PSD) indicated that 10% of the vermiculite sample
has a particle size (D10) of 2.14μm, 90% has a particle size
(D90) of 124.9μm, and the average particle size (D50) is
23.18μm. The scanning electron microscope (SEM) depicted
the wide surface area and sub-rounded irregular shape of
vermiculite particles that differs in size with a normal distri-
bution (Figure 1).

2.2. Experiments. It is important to measure the sag tendency
for any proposed solution to evaluate its effectiveness which
can be studied experimentally by observing the density var-
iation using sag cell and viscometer [31, 32]. The sag tests
were conducted under static and dynamic conditions and
since the solids sagging was practically observed in both ver-
tical and deviated wells [33], the static sag measurements
were performed at vertical and 45°-inclination positions. In
the static test, the fluid samples were aged in autoclave cells
for 24 hours under 250°F and 300psi, then the weights of
10 cm3-fluid pulled from the top and bottom sections of
the cell were measured. The static sag factors were quantified
by determining the ratio of the top section weight to the sum
of both upper and lower section weights. It is recommended
to maintain the value of the sag factor below 0.53 [34].

The sag tendency under dynamic conditions was evalu-
ated using a viscometer to apply 100 rpm rotation for 30
minutes at 120°F and placing the sag shoe at the cup’s bot-
tom (see Figure 2). The value of the viscometer sag shoe test
(VSST) was defined by measuring the weights of 10 cm3

fluid
pulled from the sag shoe groove before and after rotation
and using the below equation [35]:

VSST = 0:834 × W2 −W1ð Þ, ð1Þ

where W1 and W2 are the fluid weights pulled before and
after rotation, respectively. A value of 1.0 ppg or less of VSST
implies a drilling fluid with a safe minimum sag tendency

Table 1: The WBDF formulation.

Component Function Quantity (lb/bbl)

Water Base fluid 245

Defoamer Antifoam 0.08

Sodium carbonate Calcium ions controller 0.5

Potassium hydroxide pH controller 0.5

Xanthan gum Viscosifier 1.5

Bentonite Viscosifier 4

Vermiculite Anti-sagging As required

Starch Fluid loss controller 6

PAC-R Fluid loss controller 1

Potassium chloride Shale swelling controller 20

Calcium carbonate Bridging 5

Hematite Densifier 350
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[35]. After evaluating the sagging performance with different
amounts of vermiculite following the aforementioned sag
tests, the optimal quantity was determined.

For a better understanding of the sagging tendency, the
stability of colloidal dispersions for hematite and vermiculite
was evaluated by measuring the Zeta potential of particles in
a suspension state. In which, suspensions of 0.5wt% of
hematite with and without vermiculite were prepared using
distilled water at a pH of 9.7. The samples were then placed
in a multi-wrist shaker at ambient temperature for 24 hours
to guarantee the charges’ equilibrium. Then, the solutions
were centrifuged to settle the large particles. After that, the
magnitude of Zeta potential for these suspensions was eval-
uated using the Zeta potential analyzer with electrophoretic
light scattering.

The evaluation of drilling fluid rheology and viscoelastic-
ity can also give a good indication of sagging behavior [3, 34,
36, 37]. Accordingly, the viscoelastic performance and rheo-
logical properties involving plastic viscosity (PV), yield point
(YP), and gel strengths were studied at 250°F and 300psi, by
adhering to the American Petroleum Institute (API) stan-
dard procedures, to address the impact of adding the deter-
mined vermiculite quantity compared to the base drilling
fluid.

The time-dependent viscoelastic properties (storage
modulus, G′, and loss modulus, G″) and internal gel struc-
ture were evaluated to study the elastic and viscous behavior
of the drilling fluids. The oscillatory amplitude and fre-
quency sweep tests were conducted for this purpose using
Anton Paar MCR-302 rheometer. The oscillation amplitude
test was firstly applied by fixing the frequency with free
amplitude increase with time. Then, the sweep frequency
test was performed by fixing the shear strain value from
the linear viscoelastic range (LVE) and letting frequency
free. From plotting the G′ and G″ versus shear strain on a
logarithmic scale, the LVE was determined where the G′
and G″ curves displayed plateau values and did not change
with increasing the shear strain before breaking the inner
structure of the fluid sample [38]. Also, the crossing point
where G′ is equivalent to G″ was determined to identify
the flow point.

Since the filtration characteristics are highly affected by
the solid particles’ size and drilling fluid rheology [39–41],
the filtration test was performed at 250°F and differential
pressure of 300 psi to evaluate the behavior and analyze the
composed filter cake characteristics for both base and
vermiculite-containing drilling fluid. A 20-μm saturated
porous ceramic disc, that has a diameter of 2.5 inches and
thickness of 0.25 inches, was used as filtration media. The
collected filtrated volume was monitored for 30 minutes.
Then, the thickness and weight of the composed filter cake
were determined.

Also, the drilling fluids’ weight and pH value were mea-
sured at ambient conditions using mud balance and pH
meter to address the effect of vermiculite addition.

The followed methodology for performing the afore-
explained study experiments was summarized as a flowchart
in Figure 3.

3. Results and Discussion

The prepared WBDF sample without vermiculite content is
considered the base drilling fluid and its resulted key proper-
ties are listed in Table 2.

The effects of incorporating different concentrations of
vermiculite (3, 4, 5, and 6 lb/bbl) on WBDF were thoroughly
investigated and the obtained results were explained
hereunder.

3.1. Sagging Tendency. The obtained sag factors of the base
drilling fluid under static conditions at vertical and deviated
positions, which were 0.58 and 0.59, confirmed the occur-
rence of solids sagging at elevated temperature (250°F) and
drilling fluid weight of 16.7 ppg, besides the fact of the more
accelerated sagging tendency in deviated wells than vertical
ones [42]. The sag factor was successfully lowered when add-
ing vermiculite, and as the added quantity was increased, the
sag tendency was minimized, as depicted in Figure 4(a).
Similarly, the base drilling fluid showed an elevated sag ten-
dency under dynamic conditions with VSST of 2.3 ppg,
where it was decreased with increasing the vermiculite con-
tent (Figure 4(b)). Since vermiculite clay has a wide surface

10 𝜇mSEI 20kV ×2,500

Figure 1: Vermiculite particles shape from SEM image.

Figure 2: Setup of dynamic sag test.
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area and is highly water-absorbent, it has a high surface col-
loidal activity. These characteristics might be attributed to
this resulting enhancement in fluid stability that corre-
sponded to the reduction of sagging tendency.

Based on the abovementioned results in Figure 4, adding
5 lb/bbl of vermiculite was sufficient to mitigate the solids
sagging by reducing the sag tendency to the safe recom-
mended values under both vertical and deviated static posi-
tions and dynamic conditions, where the values were 0.51,
0.52, and 0.85, respectively.

Zeta potential is a key technique for justifying the stabil-
ity of the colloidal dispersion. The magnitude of Zeta poten-
tial measures the degree of electrostatic repulsion between
similarly charged and adjacent particles in solution. The
small Zeta potential means the attractive forces exceed the
repulsion forces between the particles leading to aggregation,

while the high Zeta potential (positive or negative) indicates
better stability with higher aggregation resistance [43]. The
zeta potential evaluation further demonstrated that adding
vermiculite improves the suspension stability, as the magni-
tude was improved to -42.2mV with vermiculite compared
to -37.9mV of blank hematite solution.

The influence of adding 5 lb/bbl of vermiculite on dril-
ling fluid properties (i.e., rheology, viscoelasticity, filtration,
density, and alkalinity) was thoroughly investigated.

3.2. Rheology Measurements. The rheology tests indicated
that using 5 lb/bbl vermiculite reduced the PV favorably by
24%, from 37 to 28 cP and raised the YP by 9%, from 34
to 37 lb/100 ft2 (Figure 5(a)). The recommended PV value
of WBDF should be as low as possible and below 25 cP
[44, 45] with higher YP but not to exceed 50 lb/100 ft2 [46];
therefore, incorporating vermiculite resulted in much better
performance with the PV and YP values approaching the
recommended limits. The high colloidal dispersion of ver-
miculite, as indicated by zeta potential values, is mainly
attributed to this improvement in rheological performance.
Also, the improvement in these properties enhanced the
YP/PV ratio from 0.92 to 1.32 with 44%, which improved
the drilling fluid stability, wellbore hydraulics, and hole
cleaning efficiency without causing flocculation [47, 48].
Moreover, the recommended vermiculite content resulted
in a more robust gel structure as the 10-minute gel strength
value was raised without exceeding the ceil of 35 lb/100 ft2, as

Start

Vermiculite
characterization
using PSD, XRF,

and SEM tests

Preparing drilling
fluids with different
vermiculite amounts
(0, 3, 4, 5, and 6 lb/

bbl)

Static and
dynamic

sagging tests

Has the solids
sagging been

mitigated

Rheology tests

Oscillatory
amplitude and
frequency tests

Filtration test

End

YesNo

Density and pH
measurements

Figure 3: Experiments methodology.

Table 2: The resulted key properties of the base drilling fluid
sample.

Property Value Unit

Density 16.7 ppg

pH value 11 —

Plastic viscosity 37 cP

Yield point 34 lb/100 ft2

10-sec/10-min gel strength 18/29 lb/100 ft2
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illustrated in Figure 5(b), which means vermiculite helped in
suspending the hematite particles and cuttings while no
circulation.

The previously explained results of sagging tests were
emphasized by the resulting improvement in yield point
and gel strengths, which provided enough solids suspension
capability at both dynamic and static conditions while main-
taining the plastic viscosity as low as possible reduced both
the pressure losses and velocity of solids settlement.

3.3. Viscoelasticity Behavior. It is necessary for drilling fluids
to have a viscoelastic performance (viscous and elastic

behavior) and the enhancement in its viscoelasticity can
contribute to fluid stability improvement.

The acquired results from amplitude and frequency tests
are shown in Figure 6. Adding 5 lb/bbl vermiculite extended
the plateau values of G′ and G″ with prolonged LVE, as
shown in the amplitude test, which indicated more elasticity
and solid-like conduct before breaking the inner gel struc-
ture. Also, the flow point (marked in the amplitude test fig-
ure) was postponed delaying the liquid-like behavior and
confirming the better elasticity.

The frequency test confirmed the improvement in the
stability of inner gel structure when adding 5 lb/bbl
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vermiculite as it resulted in higher storage and loss modulus.
The fulfilled enhancement of viscoelastic properties indi-
cated better suspension ability and fluid stability which sup-
ported the conclusions of sag and rheology tests.

3.4. Filtration Test. The high-temperature high-pressure fil-
tration test showed a preferred filtration performance when
adding 5 lb/bbl vermiculite compared to the base drilling
fluid. The filtration volume was quickly stabilized and
dropped by 19% from 6.2 to 5 cm3 (Figure 7(a)), which indi-
cated the fast plugging and contributed to reducing the
solids invasion; hence reducing the formation damage. The
characteristics of the composed filter cake (Figure 7(b))
showed a 12 and 5% reduction in weight and thickness that
could help in minimizing the sticking potentiality and ease
the removal process. The improved filtration performance

with vermiculite is mainly caused by the characteristics of
vermiculite particles and mud rheology enhancement.

3.5. Density and pH Measurements. The drilling fluid density
did not change when adding 5 lb/bbl vermiculite because of
its small quantity and low specific gravity of 2.4–2.7 g/cm3.
On the other hand, the pH was reduced from 11 to 9.7 with
5 lb/bbl vermiculite due to its low pH value (7.0–7.5) com-
pared to the base drilling fluid. However, this resulted reduc-
tion was insignificant because the practical recommended
pH range of drilling fluid is 9.0–11.0 and can be easily recov-
ered by adding an alkalinity controller [34].

Comparing the attained results of this work with the pre-
viously provided solutions for the hematite sagging issue in
the WBDF indicated the technical feasibility of the proposed
vermiculite. In the literature, combined ilmenite/hematite
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and Micromax/hematite with ratios of 25/75 and 20/80%,
respectively, were proposed for solving hematite settlement
showing enhanced filtration characteristics and YP values,
but with nonpreferred increment in PV values [20, 21]. Also,
laponite was introduced as an anti-sag agent with similar
behavior [11]. The increased PV value raises the equivalent
circulating density (ECD), reduces the rate of penetration,
increases friction, and requires additional pumping pressure
[49]. This study showed that vermiculite was successfully
added as an anti-sagging agent for effectively mitigating the
hematite sag tendency for WBDF presenting enhanced dril-
ling fluid stability and properties, as adding vermiculite
increased the YP and significantly reduced the PV reflecting
better hole cleaning and cutting suspension with improved
filtration performance. Likewise, perlite, as an anti-sag agent
provided competent mud performance [18].

In the end, further research is still required prior to field
application trials to consider any change in drilling fluid for-
mulation and to identify the corresponding optimum ver-
miculite content.

4. Conclusions

In this study, different amounts of vermiculite clay (3–6 lb/
bbl) were examined to enhance the stability of hematite
WBDF, and the influence on sagging tendency and drilling
fluid properties were studied with the following outcomes:

(i) The high sagging tendency of hematite was miti-
gated when using 5 lb/bbl vermiculite as the sag fac-
tors under static and dynamic conditions were
driven to the safe values

(ii) Adding 5 lb/bbl vermiculite resulted in better visco-
elastic properties, lower PV by 24%, and higher YP
by 9%, hence improved YP/PV ratio from 0.92 to
1.32. These improvements in rheology and visco-
elasticity indicated better fluid stability

(iii) The recommended vermiculite content contributed
to reducing the filtrated volume from 6.2 to 5 cm3

and resulted in improved filter cake characteristics
with less weight and thickness

(iv) The 5 lb/bbl vermiculite showed a trivial effect on
drilling fluid density and alkalinity as the density
did not change and the pH was slightly dropped to
9.7 but within the recommended alkalinity range
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