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Compared with water-based drilling fluids (WBDF), oil-based drilling fluids (OBDF) are
more prone to borehole leakage loss. Once borehole leakage occurs, it’s difficult to handle
the leakage site and it will inevitably cause great economic losses. To cope with the major
difficulties in OBDF leakage-proof and crack plugging, this paper conducted experiments
on an enhanced crack-plugging and pressure-bearing OBDF system starting from the
borehole leakage prevention measures. Then, by selecting and optimizing the materials
of leakage-proof agent and crack-plugging agent for OBDF, this study prepared a new-
type OBDF drilling leakage-proof agent and a new-type OBDF still crack-plugging agent
and discussed their action mechanisms. Laboratory experiment and mechanism analysis
results showed that, a well-proportioned combination of different type OBDF leakage-
proof and crack-plugging materials such as rigid bridging particles, elastic filling
particles, and fiber materials had a synergistic plugging effect and quickly formed a dense
crack-plugging and pressure-bearing layer with a stable network structure (the "strong-
force chain network™ model), which had significantly improved the crack-plugging and
pressure-bearing performance of the OBDF, and further optimized the enhanced crack-
plugging and pressure-bearing OBDF system; before and after the heated rolling aging,
the rheological properties and filtration loss performance of the system were good, and
the filtration loss of the sand filter cake of the Permeability Plugging Apparatus (PPA)
was only 11.4mL, therefore, the proposed agents exhibited good performance in drilling
leakage-proof, crack-plugging, and pressure-bearing, and they were helpful to improve

the pressure bearing ability of the earth stratums.

1. INTRODUCTION

With the continuous exploration of oil and gas resources,
conventional oil and gas resources are on the decrease and the
drilling exploration scope has extended to deep and ultra-deep
earth stratums, deep sea and ocean, and pressure-depleted
reservoir stratums. The geological conditions of these stratums
are very complicated, which have proposed higher
requirements for the drilling fluid systems. Under such harsh
environment, oil-based drilling fluids (OBDF) have become
the most preferred drilling fluid system, but it has very serious
leakage loss problem, and often there are other complex
drilling situations such as circulation loss, leakage-overflow
co-existence, and borehole wall collapse, etc., which have
greatly limited the large-scale application of OBDF [1, 2].

Aiming at the OBDF leakage loss problem, scholars have
conducted various theoretical and experimental research
works. For example, Onyia [3] found that, regardless of
WBDF or OBDF, the initial cracking pressure of the earth
stratum is basically the same, but in case of OBDF, the crack
extension pressure and the crack reopening pressure are much
lower than those in case of WBDF (Figure 1), and this is
because the OBDF mud cake cannot achieve crack tip pressure
isolation. Dupriest [4] and Benaissa et al. [5] further pointed
out that about 90% of the drilling fluid leakage loss problems
are caused by the extension and expansion of natural or
induced cracks, and the low crack extension pressure is the
root cause of the serious OBDF leakage loss problem.
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Aderibigbe and Lane [6] carried out a series of mechanical
tests and evaluation experiments, and the research results
showed that, once the OBDF infiltrates into the stratums along
the micro-cracks or through the connected pores, its surfactant
components such as emulsifying agent or wetting agent would
contact the surface of the rock in the stratums and change the
properties of the rock surface, resulting in decrease in the
tensile and shear strength of the rock, and it can easily induce
rock cracks and lead to large-scale drilling fluid leakage loss.
For this reason, various OBDF crack plugging materials such
as thermosetting rubber, oil-absorbing swelling resin, oil-
based gel, and composite plugging agent have been developed
[7-9], and related field tests have been carried out; however,
for now, there isn’t a set of efficient OBDF leakage-proof and
plugging techniques or complete supporting measures.

Above research results show that, compared with WBDF,
OBDF is more prone to wellbore leakage loss, and it’s very
difficult to cope with the leakage site. Now, passive plugging
technique is still the main measure for dealing with such
leakage, and once borehole leakage occurs, it will inevitably
cause great economic losses. Starting from an analysis on the
mechanism of OBDF leakage and the leakage prevention
techniques and measures, this paper conducted experiments on
the techniques of borehole wall strengthening and crack
plugging for OBDF; by selecting and optimizing the materials
of leakage-proof agent and crack plugging agent for OBDF,
this study prepared a new-type OBDF drilling leakage-proof
agent and a new-type OBDF still crack plugging agent and
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discussed their action mechanisms. Finally, this paper
proposed an enhanced crack-plugging and pressure-bearing
OBDF system.

2. EXPERIMENTS ON OBDF DRILLING LEAKAGE
PREVENTION TECHNIQUES

2.1 A new-type OBDF drilling leakage-proof agent

In recent years, the sand filter cake Permeability Plugging
Test (PPT) has become an important method to evaluate the
leakage-proof and plugging performance of drilling fluids.
This method measures the filtration (leakage) loss of a drilling
fluid to evaluate its leakage-proof and plugging performance
by simulating the downhole high-temperature and high-
pressure environment, and taking sand filter cakes with
different permeability values (such as 20pum?, 10pum?, 2um?) as
infiltration medium [10, 11].

After comprehensively considering the current plugging
theories and the particle size distribution of leak-proof and
plugging materials, a sand filter cake with a permeability of
10um? was taken as the infiltration medium in the PPT, and
various materials such as rigid bridging particles, elastic filling
particles, high-strength microfibers, and softened particles
were selected as drilling fluid leakage-proof and plugging
materials. Based on the ideal filling theory, the total amount of
all materials was kept at 5%, then the addition amount of each
material was adjusted to determine the optimal formula
combination of the materials for the new-type OBDF drilling
leakage-proof agent [12].

Through single-agent optimization, a set of OBDF base-
mud formula was selected as: 5# white oil + 2% emulsifying
agent + 3% wetting agent + 0.5% thickening agent + 4%
organic soil + 1% calcium oxide (barite weighted to 1.2g/cm?3).
Experimental formula 1#~6# shown in Table 1 was
respectively added into the OBDF base-mud, after heated
rolling at 120°C for 16h, the optimal experimental formula was
determined by PPT. According to Figure 1, after the drilling
leakage-proof agents with different formulas were added, the
PPA sand filter cake filtration loss of the OBDF had been
significantly reduced; that is, the drilling leakage-proof
performance of OBDF had been improved. Moreover, the 1#
experimental formula had the optimal effect, the PPA sand
filter cake filtration loss was only 12.1mL.

Figure 2 is the curve of the cumulative percentage of the
particle diameter -DY? of the leakage-proof and plugging
materials in the above experiment. According to the figure, the
curve of 1# experimental formula had the highest overlap with
the baseline, so its plugging effect was the best. The curves of
other experimental formulas all showed significant deviations
from the baseline. Therefore, 1# experimental formula was
selected as the optimal formula of the new-type OBDF drilling
leakage-proof agent.

The new-type OBDF drilling leakage-proof agent is
composed of rigid bridging particles, elastic filling particles,
microfibers, and softening particles according to a certain
particle size gradation. Different materials act their respective
roles in the OBDF drilling leakage-proof agent and they have
a synergistic plugging effect. The particles squeeze each other
and are tightly combined to form a steady "strong-force chain
network" plugging layer in the micro cracks and pores, thereby
improving the plugging and pressure-bearing ability.
According to the evaluation of PPT and the action mechanism
analysis we can see that, the rigid bridging particles, elastic
filling particles, microfibers, and softening particles quickly
formed a dense plugging layer with a stable network structure
(Figure 3), which had greatly reduced the PPA sand filter cake
filtration loss from 58 mL to 12.1 mL, and the drilling leakage-
proof performance of the OBDF had been significantly
improved.
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Table 1. Experimental formula of the new-type OBDF drilling leakage-proof agent

Rigid particles addition

Elastic particles addition

Microfibers addition Softened particles addition

Formula amount /% amount /% amount /% amount /%
1# 1.0 0.5 2.5 1.0
2# 1.0 0.5 3.0 0.5
3t 1.0 1.0 2.0 1.0
4% 15 0.5 2.0 1.0
5# 15 1.0 2.0 0.5
6# 2.0 0.5 15 1.0
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Figure 3. Scanning electron micrographs of the sand filter
cake before and after the experiment (left-before, right-after)

2.2 The enhanced crack plugging OBDF system

Through the single-agent optimization experiment, key
agents such as emulsifying agent, wetting agent, thickening
agent and filtration loss reducing agent were selected and
optimized to form a basic experimental formula of OBDF.
Then, by adding the proposed new-type OBDF drilling
leakage-proof agent, finally, the enhanced crack plugging
OBDF formula was formed, and its rheological properties,
filtration loss, and plugging performance were evaluated. The
specific formula is: 5# white 0il+2.0% emulsify agent +3.0%
wetting agent + 0.5% thickening agent + 1.5% shear strength
improving agent + 4.0% organic soil + 3.0% filtration loss
reducing agent + 1.0% calcium oxide + 5.0% new-type OBDF
drilling leakage-proof agent (barite weighted to 1.2g/cm?).

The test results of rheological properties and filtration loss
of the OBDF before and after heated rolling at 120°C for 16h
are shown in Table 2. The rheological properties and filtration
loss performance of the enhanced crack plugging OBDF
system were relatively ideal. The emulsion stability before and
after heated rolling was good, and completely satisfied the
field requirements; the adding of the proposed new-type
drilling leakage-proof agent will not significantly affect the
rheology properties and filtration loss performance of the
OBDF.

Sand filter cakes with a permeability of 10pm? were taken
as the filtration medium, and the PPT was conducted to
evaluate the leakage-proof and plugging performance of the
basic experimental formula of OBDF and the proposed
enhanced crack plugging OBDF formula. According to
Figures 4 and 5, the filtration loss of the PPA sand filter cake
is linearly related to the square root of time, the intercept of
the straight line on the y-axis is the instantaneous filtration loss,
and the slope of the straight line is the static filtration loss rate.

Compared with the basic experimental formula, due to the
adding of the proposed new-type drilling leakage-proof agent,
the enhanced crack plugging OBDF system has good crack
plugging and pressure-bearing ability. The PPA sand filter
cake filtration loss was decreased from 30 mL to 11.4 mL; the
instantaneous filtration loss and the static filtration loss rate
was only 2.61mL and 0.54mL/min¥?, respectively.
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Table 2. Rheological properties and filtration loss performance of the enhanced crack plugging OBDF system

Formula Condition AV/mPas PV/mPas YP/Pa Gel/Pa/Pa ES/V FLurne/mL
Basic formula Before heated rolling 46.0 37.0 9.0 8.5/11.5 1980 6.1
After heated rolling 48.0 39.0 9.0 9.5/11.0 1530 )
. Before heated rolling 49.0 38.0 11.0 9.5/13.0 1810
Enhanced crack plugging OBDF formula g heated rolling ~ 48.0 380 100 100/L15 1568 6.0

Note: The rheological properties of OBDF were tested at 50°C.

3. EXPERIMENTS ON OBDF STILL CRACK
PLUGGING TECHNIQUES

During the drilling process, due to the changes in the in-situ
stress in the area near the borehole wall, the stratum crack
opening often extends from the micron level to the millimeter
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level, and the crack opening changes dynamically under stress
disturbance, which can easily cause serious drilling fluid
leakage loss problem [13]. At this time, due to the large
leakage channel and fast leakage rate, it is difficult to form a
dense plugging layer with a stable structure near the cracks.
The on-site drilling fluid plugging operation is quite difficult,



and it usually causes great economic losses. Therefore, for the
millimeter-level cracks OBDF leakage loss problem, it is
necessary to further optimize the composition and structure of
the plugging and pressure-bearing layer, and conduct
experiments on OBDF still crack plugging techniques.

3.1 The new-type OBDF still crack plugging agent

With cracks with an opening of 1mm and rigid bridging
particles, elastic filling particles, and fiber materials as OBDF
leakage-proof and plugging materials, this study developed a
new-type OBDF still crack plugging agent and conducted
experiments on it, also, an ideal crack plugging and pressure-
bearing layer model was constructed and its action mechanism
was discussed.
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Figure 6. Experimental results of crack plugging with rigid
particles

In the experiment, calcium carbonate particles (with a
particle size of 0.6~1.0mm) were taken as the rigid bridging
particles, then rigid bridging particles of different
concentrations were added into the OBDF base mud to carry
out the crack plugging experiment, and the experimental
results are shown in Figure 6. First, with the increase of the
bridging particle concentration, the crack plugging and
pressure-bearing ability increased as well; when the particle
concentration was 5%, the crack plugging and pressure-
bearing ability reached a maximum value of only 3.5MPa, and
the crack leakage loss was as high as 125mL. Then, based on
the “4% bridging particle concentration”, elastic filling
particles of different concentrations were added; according to
Figure 7, as the concentration of elastic particles increased, the
crack plugging and pressure-bearing ability increased rapidly,
when the elastic particle concentration was 2%, the crack
plugging and pressure-bearing ability reached 6.5MPa, but the
crack leakage loss was still relatively large (75mL). At last,
based on the “4% bridging particle concentration and 2%
elastic particle concentration”, fiber materials were added to
further optimize the composition and structure of the crack
plugging and pressure-bearing layer; according to Figure 8,
adding 1% fiber material can significantly increase the crack
plugging ability to 10MPa (the maximum experimental
pressure of the device) and greatly reduce the leakage loss.
Through the above-mentioned experiment, the new-type
OBDF still crack plugging agent was developed, and its
formula is: 4% rigid bridging particles + 2% elastic filling
particles + 1% fiber material.
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Figure 7. Experimental results of crack plugging with rigid
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11.0

100
{05 1 —®&— Pressure-bearing Ability
- A —A— Leakage Loss

10.0 4 -

80
9.5
9.0 4 - 60

8.54 o

/ |

: . . 0
1.5

40

Leakage Loss(mL)

8.0+

7.54

Pressure-bearing Ability(MPa)

7.0+ 20

6.5+

6.0

0.0 0.5 1.0

Fiber concentration(%)
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3.2 Action mechanism of the new-type OBDF still crack
plugging agent

According to the basic mechanic principles of particulate
materials, the crack-plugging pressure-bearing layer is a
typical particulate material system composed of different types
of drilling fluid leak-proof and plugging materials. It has the
characteristics of multi-scale structures such as the single
particle micro scale, the “force chain network” meso scale, and
the plugging layer macro scale; wherein the “force chain
network™ constituted based on the micro scale contact forces
controls the macro mechanical properties of the particulate
matter system.
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Figure 9. Model of the ideal crack-plugging pressure-bearing
layer



The new-type OBDF still crack-plugging agent is composed
of rigid bridging particles, elastic filling particles, fiber
materials and other drilling fluid leakage-proof and plugging
materials. First, the rigid bridging particles build stable bridges
at the positions of pore throat or narrow cracks and form the
skeleton of the plugging layer; then the fiber materials and
rigid particles act synergistically, which is helpful to form a
dense network frame structure and improve the overall
structural stability of the crack-plugging and pressure-bearing
layer; after that, under the dual effects of squeeze deformation
and elastic expansion, the elastic filling particles further fill in
the pore spaces between the rigid bridging particles, and
meanwhile they can adaptively plug the cracks. With the
formation of the crack-plugging and pressure-bearing layer,
the drilling fluid leakage loss gradually changes to filtration
loss, and the asphalt-type and resin-type filtration loss
reducing agents can further fill in the crack-plugging and
pressure-bearing layer, and finally, a dense crack-plugging and
pressure-bearing layer with a “strong-force chain network™ is
formed (Figure 9), which can significantly improve the
plugging and pressure-bearing performance of the OBDF
borehole wall, and it is helpful to improve the pressure-bearing
ability of the earth stratums as well.

4. CONCLUSIONS

(1) Compared with WBDF, OBDF has the characteristics of
"easy-to-leak and difficult-to-treat", therefore, it’s necessary
to further research the enhanced crack-plugging and pressure-
bearing OBDF system, and form a set of OBDF leakage-proof
and plugging techniques and on-site supporting measures.

(2) In this study, a new-type OBDF drilling leakage-proof
agent and a new-type OBDF still crack plugging agent were
developed in laboratory; the proposed agents can significantly
improve the crack-plugging and pressure-bearing performance
of the OBDF borehole wall, and they are also helpful to
improve the pressure-bearing ability of the easy-leaking earth
stratums.

(3) Different types of drilling fluid leakage-proof and
plugging materials such as rigid bridging particles, elastic
filling particles, and fiber materials have a synergistic
plugging effect, they can quickly form a dense crack-plugging
layer with a "strong-force chain network", thus achieving the
effect of borehole wall strengthening and plugging.
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