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Abstract: Drilling fluids play an essential role in shale gas development. It is not possible to scale up
the use of water-based drilling fluid in shale gas drilling in Yunnan, China, because conventional
inhibitors cannot effectively inhibit the hydration of the illite-rich shale formed. In this study, the
inhibition performance of modified asphalt was evaluated using the plugging test, expansion test,
shale recovery experiment, and rock compressive strength test. The experimental results show that in
a 3% modified asphalt solution, the expansion of shale is reduced by 56.3%, the recovery is as high as
97.8%, water absorption is reduced by 24.3%, and the compression resistance is doubled compared
with those in water. Moreover, the modified asphalt can effectively reduce the fluid loss of the drilling
fluid. Modified asphalt can form a hydrophobic membrane through a large amount of adsorption
on the shale surface, consequently inhibiting shale hydration. Simultaneously, modified asphalt can
reduce the entrance of water into the shale through blocking pores, micro-cracks, and cracks and
further inhibit the hydration expansion of shale. This demonstrates that modified asphalt will be an
ideal choice for drilling shale gas formations in Yunnan through water-based drilling fluids.

Keywords: inhibition; shale gas; modified asphalt; water-based drilling fluids

1. Introduction

The demand for oil and gas is significantly increasing, and the annual output of
conventional oil and gas reservoirs is declining. Therefore, oil engineers are turning their
attention to oil and gas in unconventional resources [1-3]. The unconventional energy
source represented by shale gas is quietly changing the world energy landscape and has
become the focus of global oil companies [4,5]. Shale gas has the advantages of a large
resource potential, wide distribution range, high cleanliness, and high efficiency [6,7].
In 2022, China’s external dependence on crude oil was 71.2% and its dependence on
natural gas was 40.5%. Therefore, the efficient development of shale gas is conducive to
safeguarding China’s energy security.

Drilling fluids play a crucial role in the development of shale gas [8,9]. The main
functions of the drilling fluid are to clean the well bottom, balance the formation pressure,
stabilize the well wall, suspend weighting materials and cuttings, cool and lubricate
the drill bit, and transmit power [10]. Shale gas reservoirs in China are abundant [11].
Oil-based drilling fluids have made outstanding contributions to shale gas drilling in
Yunnan, China [12]. On the one hand, they have the advantages of strong inhibition
and high lubricity, and on the other hand, they have the disadvantages of high cost and
environmental pollution. Water-based drilling fluids have the advantages of low cost and
environmental friendliness and are currently the main research direction [13].
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There are nano micro-pores and micro-cracks in the shale gas formation of Yunnan, and
the formation is rich in organic matter and clay minerals and has strong heterogeneity [14].
The filtrate of the water-based drilling fluid passes through the pores, micro-cracks, or
cracks in the shale formation during drilling, and the clay mineral in the formation hydrates
and swells, resulting in several accidents such as wellbore collapse and a stuck pipe during
the drilling operation. These accidents hinder the large-scale application of water-based
drilling fluids in shale gas drilling [15,16].

The addition of an inhibitor to the drilling fluid is a commonly used effective method
to inhibit the expansion of clay minerals due to hydration [17]. Silicates can inhibit the shale
hydration expansion through blocking the pores of the formation and adsorbing on the
surface of the formation rock to form an adsorption membrane [18,19]. Potassium chloride
(KCI) and sodium chloride (NaCl) inhibit the hydration of clay through compressing the
diffusion double layer of clay minerals produced in water [20,21]. The sources of NaCl
are widespread, its cost is low, and the potassium ion also has a blocking performance.
Potassium formate solution has the characteristics of high salinity, high liquid viscosity,
low water activity, and low surface tension, which enables potassium formate to effectively
reduce the hydration of clay minerals and stabilize wellbore stability [22]. With a unique
molecular structure, polyamines can penetrate into the layers of clay minerals and bind
them together to effectively reduce clay hydration [23]. Aluminium-based polymers can
block the pores of the formation by precipitation with the calcium and magnesium ions in
the formation fluid, preventing the drilling fluid from invading the formation.

A variety of nanomaterials can inhibit shale hydration by adsorbing on the surface
of the formation, and they can also block the nanopores of the shale, thus preventing the
filtrate of the drilling fluid from entering the formation [24,25]. Asphalt has the potential
to be used as an additive in drilling fluids because it can plug pores, form dense mud
cakes, and reduce filtration loss [26]. To further improve the dispersibility of asphalt,
asphalt shale inhibitors such as sulfonated asphalt and emulsified asphalt have been
developed [27]. Xionghu et al. prepared nano asphalt particles with cationic groups,
improving the adsorption and blocking properties of asphalt powder [28]. However,
owing to the poor matching between the existing conventional inhibitors and Yunnan shale
formations, wellbore instability caused by the hydration expansion of the formation is still
severe. Therefore, water-based drilling fluids are facing huge challenges in Yunnan shale
formation. It is crucial to develop high-efficiency inhibitors that can effectively inhibit the
swelling of shale formations in Yunnan.

2. Materials and Methods
2.1. Materials

Sodium chloride (96%), potassium chloride (99.5%), sodium silicate (98%), and potas-
sium silicate (99%) were provided by Sinopharm Chemical Corporation (Shanghai, China).
The shale samples used for the tests were collected in Yunnan (China). The modified
asphalt was prepared by sulfonation of asphalt powder and styrene modifier with fuming
sulfuric acid.

2.2. Equipment

The experimental equipment used in the tests is shown in Table 1.
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Table 1. Experimental equipment.

Equipment Model Graphic

Pulse attenuation permeameter ULP-713, Beijing Yineng, Beijing, China

LDY 50-180A, Jiangsu Hongbo, Nantong,

re flow meter .
Core flo ete China

High-temperature and high-pressure HTP-C4, Qingdao Tongchun Petroleum
dilatometer Instrument, Qingdao, China

GW300-PLC, Qingdao Tongchun

High-temperature roller heating furnace Petroleum Instrument, Qingdao, China
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Table 1. Cont.

Equipment Model Graphic
D
Molecular fluorescence RF-6000, Shimadzu Corporation, Kyoto,
spectrophotometer Japan

Optical contact angle meter

OCA-25, Dataphysics, Filderstadt,
Germany

Rock triaxial tester

TAW-2000, Chaoyang Testing Instrument,
Changchun, China

2.3. Mineralogical Composition Analysis

An analysis of the constitutive characteristics of the shale is a prerequisite for studying
the shale hydration expansion characteristics and hydration inhibitors. The shale from
the Longmaxi Formation in Yunnan was selected for study and the shale composition was
analysed using X-ray diffraction (SY/T 5163-2010).

2.4. Inhibition Performance Test
2.4.1. Plugging Test

The permeability of the shale samples was measured using the pulse decay method.
First, after setting the confining pressure to 13.79 MPa and the saturation pressure to
6.89 MPa, a core with a diameter of 25 mm and a length of 50 mm was saturated with
nitrogen for 24 h. The initial permeability (Kp) of the shale sample was then determined
through a pulse attenuation permeameter. Second, at the displacement pressure of 3.5 MPa
and confining pressure of 5 MPa, a single end of the shale sample was sealed with a
modified asphalt solution at room temperature using a core flow meter for 3 h. Finally, the
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shale sample was dried at room temperature until constant weight was attained, and the

permeability (K¢) of the sample was measured again using the pulse method:

Ko — K¢
Ko

Blocking = x100% 1

2.4.2. Expansion Test of Shale

The shale expansion test can evaluate the inhibitory properties of various inhibitors
on shale hydration expansion, which is advantageous for inhibitors that are suitable for
different shales. In this study, the shale was pulverized into a powder with a particle size
of less than 100 mesh using a pulverizer. A series of expansion experiments were then
conducted on the shale in inhibitor solutions of different concentrations and temperatures
through a high-temperature and high-pressure dilatometer.

2.4.3. Shale Recovery Test

Shale recovery experiments can evaluate the inhibitory properties of various inhibitors
on shale hydration dispersion, favouring inhibitors that are suitable for different shales [29].
First, the shale sample is pulverized into particles with a particle size of 6-10 mesh, and
30 g of shale particles are placed in an aging tank containing 300 mL of inhibitor solution in
a high-temperature roller heating furnace for hot rolling at 100 °C for 16 h. Then, particles
having a diameter of more than 40 mesh sieves were selected and washed with water.
Finally, after drying at 80 °C, the weight of the particles was recorded as Mj:

M
Recovery = 3701 %100% 2)

2.4.4. Rock Compressive Strength Test

During the drilling process, after the shale formation meets the water, the clay minerals
in the shale are hydrated to expand or disperse, which reduces the strength of the shale in
the wellbore. The more the shale strength decreases, the higher the risk of collapse of the
wellbore during drilling. Therefore, it is necessary to add an inhibitor to the drilling fluid
to maintain the compressive strength of the shale. In this study, shale cores with a length of
30 mm and a diameter of 25 mm were selected, and the compressive strength was measured
after soaking them for 24 h in different inhibitor solutions at different temperatures using a
TAW-2000 rock triaxial tester with an axial deformation rate of 0.00125 mm/s.

2.5. Mechanism Analysis
2.5.1. Water Absorption Test

The water absorption of the shale can affect its stability. The more water the shale
absorbs, the greater the chance of accidents in the shale wall during drilling, and the more
unsafe the drilling. The water absorption test can help screen out inhibitors that help reduce
the water absorption of shale and stabilize the well wall. A cylindrical core sample, 25 mm
in diameter and 25 mm in height, was prepared. The sample was drilled perpendicular
to the bedding. The shale sample was dried at 70 °C until constant weight was obtained,
and then cooled down in a desiccator under vacuum at room temperature, which was
finally de-watered. After that, the sample was immersed in water by placing it in a glass
jar. The water level in the jar remained constant at approximately 15 mm above the top of
the sample during this experiment. At the end of a certain duration, the mass of the sample
was measured using a balance, and then the amount of absorbed water was calculated and
normalized with respect to the weight of the specimen. The amount of water absorption
was calculated (Equation (3)):

A= (Wsat - Wdry>/wdryr (3)
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where A is the water absorption per gram of shale (g/g), Wsat is the weight of the sample
saturated in water (g), and W,y is the weight of the oven-dried sample (g).

2.5.2. Scanning Electron Microscope (SEM) Analysis

The pores, micro-cracks, and cracks in the shale are the main channels for the water in
the drilling fluid to enter the deep part of the formation. Their shape, size, and distribution
determine the difficulty of the drilling process. In this study, the morphology of pores,
micro-cracks, and cracks in the shale was observed using a JEOL JSE-6510 SEM (Tokyo
Metropolis, Japan). The scanning voltage was 3 kV.

The microscopic morphology of the shale before and after immersion in the modified
asphalt solution can reflect the interaction between the shale and the modified asphalt. In
this study, the shale was immersed in a 3% modified asphalt solution for 24 h, and then
naturally dried in a drying dish for 24 h. Then, the morphology of the shale was observed
with SEM after the gold was sprayed on the shale [30].

2.5.3. Modified Asphalt Adsorption Experiment

The adsorption amount can effectively reflect the interaction between the shale and
the modified asphalt. The larger the adsorption of the modified asphalt on the shale
was, the stronger its inhibition effect on the shale. The shale was placed in a modified
pitch solution at 25 °C, and the adsorption amount of the modified asphalt on the shale
was measured using a molecular fluorescence spectrophotometer [31]. The adsorption
time was 24 h. When the adsorption amount was measured using the instrument, the
concentration of the modified asphalt in the aqueous solution was too high, which made
the colour of the solution too dark, thus affecting the fluorescence inspection and resulting
in inaccurate measurement results. Hence, the experiment can only be carried out with a
low concentration of modified asphalt solution.

2.5.4. Contact Angle Measurement

The change in contact angle of water droplets on the shale before and after immersion
in the modified asphalt solution can reflect the influence of modified asphalt on the wetta-
bility of the shale surface and, thus, affect the hydration performance of the shale. In this
study, the shale was immersed in a 3% modified asphalt solution for 24 h, then naturally
dried in a drying dish for 24 h, and the contact angle of the water droplets of the shale was
observed using an optical contact angle meter.

2.6. Performance of Drilling Fluid

Modified asphalt can be applied to shale gas drilling depending on whether it matches
with other treatment agents in the drilling fluid and does not affect the performance of
these other agents. In this study, modified asphalt was added into a set of drilling fluid
formulations, and their basic properties, such as rheology and fluid loss, were measured
before and after aging at 100 °C using the API recommended procedure for the testing of
drilling fluids [32,33].

3. Results and Discussion
3.1. Mineralogical Composition Analysis

As shown in Figure 1, the non-clay minerals in Yunnan shale were mainly quartz
and calcite, with contents of 37.2% and 8.9%, respectively. The content and type of clay
minerals determined the hydration performance of shale. The content of clay mineral in
Yunnan shale was relatively high, reaching 41.8%, and thus, the hydration performance
of this shale was strong. The clay mineral was illite, with a content of 37.2%, and did not
contain montmorillonite.
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Figure 1. Mineralogical composition analysis of Yunnan shale.

3.2. Inhibition of Shale Hydration by Modified Asphalt
3.2.1. Plugging Test

As presented in Table 2, after treatment of the shale cores with water, the shale
permeability increased from 20.46 x 10~7 um? to 38.52 x 10~7 um?, which may be due to
the dispersion of the hydrated clay minerals or dissolution of the salt component in the
shale. After plugging it with a modified asphalt solution, the permeability of the shale was
significantly reduced. When the concentration of modified asphalt was increased from
0.5% to 4%, the blocking increased from 62.7% to 96.89%, indicating that modified asphalt
can effectively block shale voids, micro-cracks, and cracks, inhibit water from entering the
shale, and stabilize the borehole wall.

Table 2. Permeability of the shale before and after treatment with modified asphalt solution.

Samole Initial Permeability Concentration of Permeability after Blocking K¢ Blockin
P Ko (107 um?) Modified Asphalt (10~7 pm?) &

1 20.46 water 38.52 /

2 53.63 0.5 wt % 20.13 62.47
3 41.37 1wt % 9.97 75.90
4 25.78 2wt % 5.35 79.25
5 31.25 3wt % 2.63 91.58
6 18.67 4wt % 0.58 96.89

3.2.2. Expansion Test of Shale

As shown in Figure 2a, the expansions of shale after 1200 min in water, 5% potassium
chloride, 5% sodium chloride, 5% potassium silicate, and 5% sodium silicate solution
were 24.19%, 22.21%, 23.07%, 20.38%, and 21.15%, respectively. In the potassium chloride,
sodium chloride, potassium silicate, and sodium silicate solutions, the shale expansion
rate decreased slightly, indicating that these commonly used inhibitors had poor inhibition
of shale gas formations in Yunnan. However, in the 3% modified asphalt solution, the
expansion of shale was only 10.57%, which was 13.62% lower than that in water, indicating
that the modified asphalt had a good inhibitory on the hydration expansion of shale. The
expansions of the shale at 60 min in water, 3% modified asphalt, 5% potassium chloride,
5% sodium chloride, 5% potassium silicate, and 5% sodium silicate solutions were 22.61%,
9.97%, 20.75%, 21.56%, 19.04%, and 19.75%, respectively. They were close to the final shale
expansions at 1200 min, indicating that the main hydration expansion process of the shale
occurred before the first 60 min and the shale hydration was a rapid process, which may be
related to the fact that the main clay mineral in the shale was illite. Illite underwent surface
hydration, which was a rapid process.
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Figure 2. (a) Expansion of shale in different inhibitor solutions. (b) Expansion of shale in solutions
of modified asphalt with different concentrations. (c) Expansion of shale in water at different
temperatures. (d) Expansion of shale in a 3% modified asphalt solution at different temperatures.

As shown in Figure 2b, when the concentration of modified asphalt in the solution
increased from 0.5% to 4%, the shale expansion changed from 18.24% to 8.93%, indicating
that the modified asphalt had a strong inhibitory effect on the hydration expansion of
Yunnan shale, and the inhibition was stronger as the concentration increased. From the
perspective of cost and dosage, 3% was selected as the optimum addition amount of
modified asphalt.

During the drilling process, the hydration expansion of the shale was carried out
under specific formation temperature conditions. Therefore, it was more accurate to
evaluate the inhibition performance of modified asphalt on shale expansion under different
temperature conditions. It was determined whether modified asphalt can be used in shale
gas drilling. When the temperature was raised from 40 °C to 100 °C (Figure 2c), the
shale expansion increased from 24.57% to 26.98%, indicating that the elevated temperature
exacerbated the hydration expansion of the shale. In the 3% modified asphalt solution, the
shale swelling changed from 11.43% to 13.78% (Figure 2d), indicating that the modified
asphalt can effectively inhibit the hydration expansion of shale at different temperatures,
which proves that modified asphalt can be used for drilling in shale gas formations under
high temperatures.

3.2.3. Shale Recovery Test

The recovery test can evaluate the probability of a fall of the shale wall during drilling
in a shale gas formation. As shown in Figure 3a, in water, 5% sodium chloride, 5% potas-
sium chloride, 5% sodium silicate, and 5% potassium silicate solutions, the recovery rates
of the shale were 84.56%, 86.78%, 87.45%, 88.21%, and 88.54%, respectively. The increase
in shale recovery was small, indicating that these commonly used inhibitors had a poor
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inhibitory effect on shale gas formation dispersion. As shown in Figure 3b, when the
concentration of modified asphalt increased from 1% to 4%, the shale recovery increased
from 93.56% to 98.20%, indicating that modified asphalt had a good inhibitory effect on
shale dispersion, and with increasing concentration, the inhibition became stronger.
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Figure 3. (a) Shale recovery tests for shale with different 5% inhibitor solutions after 100 °C hot
rolling. (b) Shale recovery tests for shale in solutions with different concentrations of modified asphalt
after 100 °C hot rolling.

3.2.4. Rock Compressive Strength Test

As shown in Figure 4a, after the shale was immersed in water, the compressive
strength of the shale was reduced from 54.26 to 19.25 MPa. This was due to the hydration
of clay in the shale, which considerably reduced its compressive strength. When the
concentration of modified asphalt in water increased from 0.5% to 4%, the compressive
strength of the shale increased from 28.44 to 40.03 MPa, indicating that the modified asphalt
effectively maintained the compressive strength of the shale. This was because a large
amount of modified asphalt can be adsorbed on the surface, making the shale surface
more hydrophobic.

As shown in Figure 4b, after the shale was immersed in sodium chloride, potassium
chloride, sodium silicate, and potassium silicate solutions at a concentration of 5% for
24 h, the compressive strengths were 21.46, 22.75, 23.54, and 23.98 MPa, respectively. The
increase in compressive strength was not effective, indicating that conventional inhibitors
cannot effectively maintain the compressive strength of the shale because they cannot
effectively inhibit the Yunnan shale hydration.

As shown in Figure 4c, after immersion in water at a temperature range of 40-100 °C,
the shale compressive strength was reduced from 18.78 to 16.88 MPa, indicating that
the elevated temperature reduced the compressive strength. Thus, a high temperature
was more detrimental to the stability of the borehole wall, which may be related to the
promotion of hydration of clay minerals in shale at high temperatures.

As shown in Figure 4d, after immersion in a 3% modified asphalt solution at a tem-
perature range of 40-100 °C, the shale compressive strength was reduced from 38.23 to
34.78 MPa. Although the compressive strength of the shale in the modified asphalt solution
decreased with increasing temperature, the reduction was not large, and the modified
asphalt still effectively maintained the compressive strength of the shale, which was con-
ducive to the stability of the well wall.
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Figure 4. (a) Shale strength after immersion in different concentrations of modified asphalt solutions.
(b) Shale strength after immersion in commonly used inhibitor solutions with 5% concentration.
(c) Shale strength after immersion in water at different temperatures. (d) Shale strength after immer-
sion in a 3% modified asphalt solution at different temperatures.

3.3. Mechanism Analysis
3.3.1. Water Absorption Test

When the temperature was raised from 25 °C to 95 °C, the water absorption of the
shale in water increased from 0.0362 to 0.0388 g/g. The higher the temperature, the greater
the water absorption of the shale, indicating that an elevated temperature promoted water
absorption of the shale (Figure 5a), which was assumed to be related to the promotion
effect of a high temperature on the hydration expansion of the shale. In a 5% potassium
silicate solution, the water absorption was 0.0375 g/g, which is higher than the absorption
in water at 25 °C. Potassium silicate did not inhibit water absorption of the shale, but
promoted it, possibly because potassium silicate was heavily adsorbed on the surface of
the shale, increasing its weight. However, in the modified asphalt solution, the water
absorption of the shale was significantly reduced. When the concentration of modified
asphalt increased from 1% to 4%, the water absorption of the shale decreased from 0.0325
to 0.0267 g/g, indicating that the modified asphalt inhibited water absorption, and the
higher the concentration was, the stronger the inhibition (Figure 5b). In a 3% modified
asphalt solution, the water absorption of the shale in water varied from 0.0289 to 0.0312 g/g
when the temperature was raised from 30 °C to 95 °C, indicating that modified asphalt can
effectively control the water absorption of the shale at different temperatures (Figure 5c).
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Figure 5. (a) Water absorption of the shale at different temperatures. (b) Water absorption of the
shale in sulfonated asphalt solutions with different concentrations at 25 °C. (c) Water absorption of
the shale in a 3% sulfonated asphalt solution at different temperatures.

3.3.2. Scanning Electron Microscope (SEM) Analysis

Figure 6 shows four different pores in the shale in Yunnan. The width of these pores
ranged from 1 to 4.5 um, and their shapes were different, with the laminate structure of
clay minerals near the pore edges. When drilling with water-based drilling fluids, these
pores provided access for water to enter the shale.

The shape of a set of intersecting micro-cracks in the shale is shown in Figure 7a, and
their width varied from 5.5 to 10 um. Figure 7b shows a micro-crack along the interface of
the layer system with a width from 25 to 30 pm. These micro-cracks provided access for
water to enter the shale when drilling. Owing to the existence of these pores, micro-cracks,
and cracks, it was difficult to stabilize the borehole wall during the drilling.

Figure 8a shows that the original shale had many pores in the surface and was accom-
panied by several layered stacked structures. After immersing it in a 3% modified asphalt
solution, as shown in Figure 8b, the flaky modified bitumen particles underwent a large
amount of adsorption on the surface of the shale, and a protective layer was formed. This
could block the pores, micro-cracks, and cracks in the shale with the effect of changing
the wettability of the shale surface, which is beneficial to stabilize the shale formation in
the wellbore.
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Figure 6. SEM images of pores in the shale: (a) The width of pores rang from 1 to 4 um. (b) Presence
of quartz in the hole. (¢) Laminate clay minerals near the pore edges. (d) Dissolution pore.

Figure 7. SEM images of micro-cracks in the shale: (a) Intersecting micro-cracks. (b) Micro-crack
along the interface of the layer system.

3.3.3. Modified Asphalt Adsorption Experiment

The adsorption amount of modified asphalt on the shale increased rapidly within 0 to
6 h and increased slowly after 6 h. It reached 0.0173 mg/g after 24 h in a modified asphalt
solution with a concentration of 0.05 mg/mL, as shown in Figure 9. When the concentration
of modified asphalt changed from 0.01 to 0.06 mg/mL, the amount of modified asphalt
adsorbed on the shale increased from 0.0095 to 0.0246 mg/g, indicating that the increase in
concentration would promote the adsorption of modified asphalt. Therefore, the increase
in concentration will enhance the shale inhibition by the modified asphalt.
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Figure 8. (a) SEM image of the original shale. (b) SEM image of the shale after immersing in 3%
modified asphalt solution. (c) Magnification of the boxed area in (a). (d) Magnification of the boxed
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Figure 9. (a) Adsorption amount as a function of time (25 °C). (b) The adsorption amount varies with
the concentration of modified asphalt (25 °C).

3.3.4. Contact Angle Measurement

Figure 10 shows that the contact angles of the shale before and after immersion in
a 3 wt% modified asphalt solution were 15.7° and 66.1°, respectively, indicating that
the modified asphalt enhanced the hydrophobicity of the shale. It reduced the surface
free energy of the shale, thus weakening the ability of the shale surface to adsorb water
molecules, inhibiting hydration of the shale surface, and stabilizing the shale.
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(@) (b)

) 66.1°
15.7

Figure 10. (a) Water droplet contact angle of shale. (b) Water droplet contact angle of shale after
immersion in 3% modified asphalt solution.

As shown in Figure 11, the modified asphalt was adsorbed on the surface of the shale
to form a hydrophobic membrane, which is the driving force of water adsorption on the
shale surface. Simultaneously, the modified asphalt can block the shale pores, micro-cracks,
and cracks in the shale formation, preventing the filtrate in the drilling fluid from entering
the shale, thereby further inhibiting shale hydration and stabilizing the well wall.

«= = > Drilling fluid

W

.UT -
\ -
\ s
'0.' ' '
: '
Formation !i ',
”' v - l'
" o
-
:' - —> Modified asphalt
.\ '\ -

= Adsorption film
Figure 11. Mechanism of modified asphalt inhibiting shale hydration.

3.4. Application of Modified Asphalt-Containing Drilling Fluid

The drilling fluids composition is shown in Table 3. The drilling fluids were weighted
with barite to a density of 2.0 g/cm?.

Table 3. Drilling fluids composition.

Additive Formula 1 Formula 2
Water 1000 kg 1000 kg

Bentonite 20 kg 20 kg
NayCO3 2kg 2kg
Polyanionic cellulose 5kg 5kg
Polyethylene fluid loss additive 10 kg 10 kg
Modified asphalt 0 30 kg
Sulfonated brown coal resin 30 kg 30 kg
Lubricant 20 kg 20 kg

As presented in Table 4, after adding modified asphalt, the plastic viscosity (PV), yield
point (YP), and gel strength of the drilling fluid did not change much, indicating that
the modified asphalt did not damage the rheology of the drilling fluid. After adding 3%
modified asphalt, the API fluid loss as well as the high-temperature and high-pressure
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fluid loss of the drilling fluid were significantly reduced, from 0.6 mL and 5.4 mL to 0.2 mL
and 4.0 mL, respectively, indicating that the addition of modified asphalt reduces the fluid
loss of the drilling fluid. This was because the modified asphalt can effectively block the
mud cake formed by the fluid loss of the drilling fluid, making the mud cake dense, and
thus, the fluid loss was considerably reduced. Modified asphalt can effectively cooperate
with the treatment agent in the drilling fluid, so that the performance of the drilling fluid
was better, and that it can be fully applied to the drilling of the shale gas formation.

Table 4. Performance of drilling fluids.

Formula Hot Rolling I(Dg(;?;lstg’ (mll)"a/-s) (zz) G?Il,f/;l;f);") I:II;&P)I FLyrup (mL)
before 2.0 42 19 3.5/4 0.8 /
! after 2.0 41 20 3/3.5 0.6 5.4
before 2.0 43 20 4/4.5 0.4 /
2 after 2.0 41 21 4/4.5 0.2 4.0

People’s Republic of China’ )
OS] R

Field test location

Modified asphalt, 3% (w/w), was added to the drilling fluid and successfully applied
to drill shale gas in Yunnan (Figure 12a) in a well depth of 2200-3980 m. The density of
the drilling fluid was 2.0 g/cm?, and the temperature in the bottom hole was 102 °C. The
stratigraphic lithology was as follows: grey-black mudstone, grey-black sandy limestone-
bearing limestone, grey-black shale, argillaceous siltstone, and black carbonaceous shale.

130
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Figure 12. (a) Schematic map of the field test location. (b) The curve of the diameter of a drilled well
in Yunnan, China.

As shown in Figure 12b, the average diameter expansion rate was 5.8%, and the
diameter of the well was normal. No accidents occurred during the drilling of the well, the
electrical test was successful, the operations of lifting and lowering the casing were smooth,
and the cementing quality in the horizontal section reached 100%.

4. Conclusions

In this study, we have explored the potential application of modified asphalt as a
shale inhibitor for water-based drilling fluid. The inhibition performance test showed
that conventional inhibitors such as sodium chloride, potassium chloride, and potassium
formate cannot effectively inhibit the hydration expansion of the shale formation with
illite as the main clay mineral in Yunnan. After the shale was impressed in a modified
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asphalt solution, the hydration expansion of Yunnan shale was significantly reduced, the
shale recovery was effectively improved, the amount of water absorption was reduced,
and the compressive strength of the shale was effectively maintained. Modified asphalt
formed a hydrophobic membrane through a large amount of adsorption on the surface
of shale, inhibiting shale hydration. At the same time, modified asphalt can reduce the
entry of water into the shale through blocking the pores, micro-cracks, and cracks in the
formation, and thus, further inhibit shale hydration expansion. After being added to
the drilling fluid, modified asphalt can effectively reduce the API fluid loss and also the
high-temperature and high-pressure fluid loss, which are reduced from 0.6 mL and 5.4
mL to 0.2 mL and 4.0 mL, respectively. The field test showed that modified asphalt had
practical application value. This present study provided inspiration for the development of
novel asphalt inhibitors.
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