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ABSTRACT

China is rich in shale gas resources, however, wellbores in shale gas reservoirs are frequently unstable.
This has a serious impact on the shale gas drilling cycle. Polyamine, a common additive in water-based
shale drilling fluids, can effectively inhibit shale hydration. However, there is a lack of quantitative
research on the effect of polyamine inhibitors on the microstructure and macromechanical properties of
shale. Therefore, this study investigated those issues via a systematic hydration experiment carried out
on shale from the Longmaxi Formation. The results show that microfractures are created and expand
during shale hydration, that they also connect to form a complex microfracture network, and that 3%
polyamine inhibitors (polyamine solution with volume fraction of 3%) can effectively inhibit their evo-
lution. The ultrasonic velocities and UCS of the Longmaxi shale are significantly anisotropic; the former
first increases and then decreases with the laminae angle, reaching its maximum when the laminae angle
is 30°. The UCS of the shale is highest and lowest, respectively, when the laminae angles are 0° or 90° and
30°. In general, these UCS appear as a “U" pattern, high on two sides with a dip in the center. Polyamines
can effectively inhibit both the expansion of shale and the reduction of P-wave and S-wave velocities, the
UCS, and elastic modulus. The UCS of a shale sample was reduced by 28%—40% after immersion for 96 h
in water, compared to 2%—20% after immersion in a 3% polyamine inhibitor for the same amount of time.

The inhibiting effect of the polyamine was remarkable.
© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

when shale is encountering incompatible foreign liquids [2—4]. The
hydration swelling of expandable clay minerals containing smectite

Shale gas, an unconventional energy source, exists worldwide.
Assessment data from the United States Energy Information
Administration states that there are 187x10'? m? of shale gas re-
sources available globally, of which 36.08x 102 m? are in China and
technically recoverable, making the country the largest source of
shale gas in the world [1]. However, shale is a clay-rich sedimentary
rock with varying degrees of water sensitivity due to its clay
composition, crystal structure, porosity, permeability, wettability,
and fracture development. Water-sensitivity damage usually occurs
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and I/S is the main cause of water sensitivity damage [4—7]. During
the drilling of shale gas horizontal wells, water-based drilling fluids
come into contact with the shale reservoirs for long periods of time.
The hydration of clay minerals in the shale rock leads to changes in
the structure and strength of the rock in the formation, which in
turn causes collapses, falling blocks, and other problems with
wellbore instability that severely affect the development of shale
gas.

Scholars have been researching the effect of inhibitors on the
microstructure and macromechanical properties of shale. Shi et al.
[8,9] and Ma et al. [10,11] studied the microstructural changes in
shale during hydration. The results show that KCl and KPAM can
effectively inhibit the evolution of shale microfractures. The dam-
age to shale is most severe during the early stages of water im-
mersion. Sandra [12], Gomez [13], and Stephens et al. [ 14] evaluated
the change in the microfractures in hard, brittle shale before and
after fluid immersion using delay photography and microscopic
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analysis. Lin et al. [15] used the CT scanning method to evaluate
changes in the microstructure of hard, brittle shale before and after
fluid immersion; they found that immersion in deionized water
produced the greatest and fastest generation of microfractures in
shale, followed by immersion in KCl-polymer solution. In contrast,
immersion in SM-Shale Drill and oil-based drilling fluid produced
no evident changes. Shi et al. [16] showed that KCI had a certain
inhibitory effect on weakening the mechanical properties of shale;
shale soaked in an 8% KCl solution had the lowest expansion rate
and least weakening of compressive strength. Liu et al. [4,17]
showed that hydration of hard brittle shales produces fractures that
lead to changes in the rock's microstructure and an increase in the
ultrasonic time difference, leading to damage to the shale reduces
its strength. In addition, hydration also reduces the cohesion and
internal friction angle of the shale. Shale inhibitors used in water-
based drilling fluid were a high concentration of KCl initially.
However, a large amount of KCl will seriously affect the perfor-
mance of other additives in the water-based drilling fluid. For this
reason, polyamine inhibitors, amine derivatives, and plant-based
surfactants have been developed. According to the chemical
structure, polyamine inhibitors can be classified as chain poly-
amines, branched polyamines, aromatic amines and poly quater-
nary amines [18-20]. Zhong et al. [21-24] compared how
polyamine and KCl inhibit shale hydration; the former produced a
better result than the latter at a low dosage while showing good
temperature resistance and a higher inhibition time, provided a
new choice for building an efficient and environmentally friendly
water-based drilling fluid system. Jin et al. [25]. Synthesized clay
stabilizers with low molecular weight based on trimethylamine
and epoxy chloropropane. Pezhman Barati et al. [26] showed that
some amine functional groups exist in tallow amine ethoxylate
structure which is capable of forming hydrogen bonding with
surfaces of bentonite particles. This phenomenon decreased the
water adsorption on bentonite particles' surfaces which results in a
reduction of swelling. In addition, tallow amine ethoxylate is also
compatible with other common drilling fluid additives. In recent
years, it has been found that plant extracts containing active hy-
droxyl groups can form hydrogen bonds with the surface of
bentonite particles and reduce the water absorption of bentonite,
which can effectively inhibit the swelling and dispersion of shale.
However, they are not widely used due to their high cost [27—29]. It
is generally believed that adding 0.2%—3% polyamine inhibitor to a
hard and brittle shale formation can effectively solve wellbore
instability issues [30—35].

Most previous studies were focused on understanding the
qualitative effect of inhibitor use and its effect on rock micro-
structures. Thus, there has been a lack of quantitative research on
the influence of inhibitors on the macromechanical properties of
shale. Therefore, this study investigated the effect of a 3% poly-
amine inhibitor on microstructure and macromechanical proper-
ties of shale as quantitatively as possible, thereby providing a more
accurate reference on the instability of shale gas well walls.

2. Materials and methods
2.1. Shale samples and polyamine inhibitors

Rock samples were taken from an outcrop of the Longmaxi
formation in the southern Sichuan Shale Block, China. The sampling
direction of these samples and the angle of the shale laminae were
0°, 15°, 30°, 45°, 60°, 75° and 90°, and the laminae angle error was
less than 5%. The diameter and length of the samples were
25 + 0.5 mm and 46—53 mm, respectively, and their end surfaces
were polished and ground. The laminae angles of the samples are
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shown in Fig. 1(a). Three samples were taken from each of the seven
angles producing a total of 21 samples. The samples obtained after
drilling are shown in Fig. 1(b). Their mineral composition, which is
that of a typically hard and brittle shale, is shown in Table 1.

Polyamine inhibitors are strongly cationic electrolytes, linear
homopolymers, non-toxic, odorless, light yellow in color (see Fig. 2
(a)), and stable; they have good water solubility and can be mixed
with water at any ratio.The chemical name of the polyamine in-
hibitor is epichlorohydrin-dimethylamine copolymer. Its molecular
structure is shown in Fig. 2 (b). Furthermore, indoor performance
evaluations of clay stabilizers show that polyamines perform well
to inhibit the hydration and swelling of clay [36].

2.2. Mechanical tests and microscope observation

Four thin shale samples—3 mm thick and 25 mm
diameter—were fabricated at perpendicular cross-sections to the
laminae. Two of which were soaked in water and the other two in a
3% polyamine inhibitor; the former were termed as W7 and W5, and
the latter as P1 and P,. The microstructure of the shale was observed
every 24 h using a microscope; the microscope and thin shale
samples are shown in Fig. 3 (a). P-wave and S-wave velocities of the
shale samples were carried out using a TH204 multifunctional ul-
trasonic wave parameter tester. The testing parameters included P-
wave and S-wave velocities, an experimental temperature of 25°C,
a P-wave and S-wave transducer frequency of 50 kHz, and a data
collection interval of 1 ps. To maintain a good fit between the
transducer and the samples, the axial pressure was uniformly set to
5 MPa, and butter was used as the coupling material. An unloaded
expansion test was performed on the sample using a ZNP-01
apparatus with a measurement accuracy of 0.01 mm and a range
of 10 mm, as shown in Fig. 3 (b). To truly reflect the expansion of the
sample under the original rock-forming structure and to facilitate
the rock mechanics experiments after the expansion test, water and
3% polyamine inhibitor were placed in a fluid-holding cup while
the expanding shale pushed a piston. The expansion was recorded
over time. Uniaxial compression tests were carried out using a
GCTs—1000 rock mechanics machine with displacement control
and a loading rate of 0.001 mm/s, as shown in Fig. 3 (c).

3. Results and discussion
3.1. Effect of a 3% polyamine inhibitor on the microstructure of shale

No obvious microfractures were observed before soaking the
four thin shale samples, but shale from the Longmaxi Formation is
characterized by relatively well-developed horizontal laminae.
Water enters the shale through micropores and shale laminae via
self-absorption. Water molecules continuously penetrate and
advance along with the mineral-particle interface via inter-particle
micropores of different sizes, forming an interconnected network.
The water molecules surround the mineral particles and are
adsorbed between them, hydration expansion occurs, the struc-
tural strength of shale laminaes weaken and the new micro-
fractures generate, and the width of shale laminaes and
microfractures increases. The fluid pressure also increases the
stress at the tip of the microfractures, thereby subjecting the par-
ticles to tensile stress and promoting the development of new
microfractures and the continued expansion of the original frac-
tures. This leads to the separation and disintegration of the mineral
particles and the gradual enlargement of the intergranular micro-
pore joints into secondary microfractures, which are further
widened, extended, and interconnected with the result that a
complex microfracture network forms, eventually creating
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Table 1
Mineral composition of shale examined in this study.
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Fig. 1. The laminae angle of shale and shale samples. (a) Laminae angle of shale; (b) Shale samples.

Number Mineral content (%) Clay content (%)

Quartz PF Plagioclase Dolomite Calcite Pyrite Clay I 1/S C
1 35.0 0.4 0.7 135 17.4 0.6 324 66.0 34 30.6
2 413 0.8 1.4 9.6 15.5 0.7 30.7 68.5 5.8 25.7

CH,
e
+I|\I—CH:—CH—CH1 .
CH, OH
(a) (b)

Fig. 2. Polyamine inhibitor and molecular structure. (a) Polyamine inhibitor; (b) Mo-
lecular structure.

macrofractures(see Fig. 4 and 5).
Each sample had an area of ~8 mm? under the microscope. The
microfractures produced in each thin shale section were quantified

!
 Objccive lens

. “ l.

(a)Sample W, after 24 h (b)Sample W, after 96 h

(c)Sample W, after 24 h (d)Sample W, after 96 h

Fig. 4. Evolution of microfractures in samples immersed in water.

using numerical techniques to determine their widths, total
lengths, and surface densities, as shown in Fig. 6.

Steel pipe

Inlet hole

(b) (0)

Fig. 3. Experimental devices. (a) Microscope and thin samples; (b) ZNP-01 expansion tester; (c) GCTs testing systems.
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(a)Sample P, after 24 h (b)Sample P, after 96 h

(c)Sample P, after 24 h

(d)Sample P, after 96 h

Fig. 5. Evolution of microfractures in samples immersed in 3% polyamine inhibitor.

(1) Microfracture width

Once the microfractures were created in the shale hydration
process, the widths no longer changed significantly over time (Fig. 6
(a)). A comparison of the widths of the newly generated micro-
fractures caused by hydration with the two different fluids used in

—=— W, ~water
—— P,-3% polyamine solution
—— W,-water
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this study showed that in water, they ranged mainly from 60 to
90 pm, while in 3% polyamine inhibitor, they ranged primarily from
30 to 40 pm. These observations can be primarily attributed to the
polyamine inhibitor inhibiting the expansion of the clay minerals in
the shale, thereby reducing the expansion stress and expansion
that ultimately led to a significant reduction in the width of the new
microfractures.

(2) Total microfracture length

The total length of the microfractures in the 8 mm? areas of
water-soaked shale under the microscope increased over time,
remaining at 7,000—10,000 pum after 96 h. In contrast, the total
lengths of the microfractures created in the shale hydrated with 3%
polyamine inhibitor did not increase significantly with time after
they were formed. The total length of the microfractures in the
8 mm? areas remained within 2,000 pm, as shown in Fig. 6 (b).
Thus, the polyamine inhibitor was effective at inhibiting the
extension of the shale microfractures.

(3) Microfracture number

The variation over time in the number of the microfractures in
samples under the microscope was obtained statistically, as shown
in Fig. 6 (c). There were 9—15 and 2—4 microfractures in the thin
samples immersed in water and 3% polyamine inhibitor,

—=— W ~water
—*— P,=3% polyamine solution
—— W,~water

100 —v— P,=3% polyamine solution —v— P,~3% polyamine solution
a -
= 80 r g 10000
= g
= £ 8000 |
= 60 s
° s
E & 6000
s 40 g
< S 4000 |
S =
;2 | )
= 2 5 2000 |
E]
0 . L . ) = 0 . L . )
0 24 48 72 96 0 24 48 72 96
Time/h Time/h
(a)Width (b)Total length
—=— W —~water
—e— W,~water
—4— P ,=3% polyamine solution
18 ¢ —v— P,~3% polyamine solution
= 16
o
314 r
S 12t
%. 1
gy
=]
< 87
(=]
5 6T
-]
E 47
=
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Fig. 6. Variations in microfracture parameters over time.
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macrofractures
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A}; microfractures

[
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E 004 |
E —=— 6=0°-3% Polyamine inhibitor
‘Z 003 | —e— 0=45°-3% Polyamine inhibitor
g —4—0=90°-3% Polyamine inhibitor
& —v— 0=0°-Water

0.02 —+— 0=45°-Water

—<— 0=90°-Water
0.01
0.00 A . .

0 24 48 72
Time/h

(a)Variations in the swelling over time of shale immersed

in water and 3% polyamine inhibitor

96

.,

(b)Sample of 6=0° after immersion in water for 96h

Fig. 7. Swelling curve of shale and its macroscopic morphology after immersion in water for 96 h.

respectively, after 96 h. Thus, it was clear that the latter largely
inhibited the production of new microfractures in the shale.

3.2. Effect of a 3% polyamine inhibitor on the macromechanical
properties of shale

3.2.1. Swelling
The results of the expansion of the shale immersed in water and
3% polyamine inhibitor were plotted against time, as shown in

5100 r
5050
5000
4950
4900
4850
4800
4750

4700 b —
0 15 30 45 60 75 90

Laminae angle/®

—=— After immersion
—e—Fresh samples

-1

P-wave velocity/m-s

P-wave velocity/m-s '

(a)P-wave velocity before and after immersion in water

5100
4950 —e—Fresh samples

S-wave velocity/m-s
S
(=)
N
(=}

0 15 30 45 60 75 90
Laminae angle/°

(c)S-wave velocity before and after immersion in water

Fig. 7(a). After immersion in water for 96h, macrofractures and
microfractures appear in the shale along the bedding direction, as
shown in Fig. 7(b).The samples soaked in water swelled by up to
0.06 mm, while those soaked in 3% polyamine inhibitor swelled by
only 0.01 mm. This indicated that the 3% polyamine had a good
inhibitory effect on shale swelling.

3.2.2. Ultrasonics
The shale's P-wave and S-wave velocity curves before and after

5100 p -
—=— After immersion
—e—Fresh samples

5000
4900

4800

B
0 15 30 45 60 75 90

Laminae angle/°

(b)P-wave velocity before and after immersion in
3% polyamine inhibitor

5100 —=— After immersion
—e—Fresh samples
T 4950

4800

S-wave velocity/m-s
N
N
Wi
(=1

0 15 30 45 60 75 90
Laminae angle/°

(d)S-wave velocity before and after immersion in
3% polyamine inhibitor

Fig. 8. Variation in P-wave and S-wave velocities of shale samples immersed in water and 3% polyamine inhibitor as a function of different laminae angles.
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Samples immersed in
3% polyamine inhibitor
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Fig. 9. Damaged shale samples.

96 h of immersion in water and 3% polyamine inhibitor are plotted
against the shale laminae angle, as shown in Fig. 8. The P-wave
velocity of the shale immersed in water and 3% polyamine inhibitor
decreased by 2% and 1%, respectively, while their S-wave velocities
decreased by 7% and 1.4%, respectively. Overall, both the P-wave
velocity and S-wave velocities seem first to have increased and then
decreased with an increase in the shale laminae angle, attaining a
maximum at 30°. The P-wave and S-wave velocities of shale were
significantly anisotropic [37,38].

3.2.3. Stress-strain curves and strength

The damaged shale samples are shown in Fig. 9. As a brittle rock
with a laminated structure, the damage patterns in the shale
showed evident anisotropy given different laminae angles, and
there was no evident pattern in the effect of 3% polyamine inhibitor
on the damage to shale with the same laminae angles.

The stress-strain curves of the shale samples after 96 h of im-
mersion in water and 3% polyamine are shown in Fig. 10. All sam-
ples showed evident brittle damage characteristics. The modulus of
elasticity of the shale sample at the same laminae angle was as
follows: fresh sample > sample immersed in 3% polyamine inhib-
itor > sample immersed in water. The shale's UCS followed the
order: fresh sample > sample immersed in 3% polyamine inhibitor
> sample immersed in water.

The variation in the UCS of shale samples after immersion in
different fluids was plotted against different shale laminae angles,
as shown in Fig. 11. The UCS of the shale sample from the Longmaxi
Formation is highest at # = 0° or 90° and lowest at # = 30°, showing
a “U"-shaped pattern (high on two sides with a dip in the center)
[39]. The UCS of the shale sample shows significant anisotropy that
is influenced by the angle of the laminae and ultimately makes a
difference in the damage pattern of the rock. At angles of § = 0° or
90°, the tension is the main cause of sample damage; however, the
tension fractures parallel to the laminae do not completely desta-
bilize the samples in the loading direction, indicating that they can
continue to bear stress. At angles of § = 15°, 30°, and 45°, the
samples are mainly damaged in terms of shear; therefore, once
damaged, the samples slip along the laminae and cannot withstand
as much pressure as they could previously. Samples at 60° and 75°
also show some shear damage; these samples do not slip along the
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laminae but produce tensile damage through the laminae; hence,
their UCS lies between those depicted by the samples under the
other two conditions [40].

Water severely reduces the UCS of the shale sample by 28%—
40%, as shown in Fig. 12. This is closely related to the evolution of
microfractures in the shale sample during the process of hydration.
The UCS is reduced significantly, by more than 40%, at a laminar
angle of § = 75°; this is related to the presence of several laminar
decomposition-calcite veins in the sample. Calcite veins have very
low cohesion, which decreases or disappears entirely during the
process of hydration. The rocks along the veins were damaged
during the uniaxial compression experiment, as shown in Fig. 9.

The 3% polyamine inhibitor reduced the UCS of the shale by 2%—
20%, as shown in Fig. 12, indicating that it inhibits the evolution of
microfractures to a large extent during hydration by preventing
significant changes from occurring in the microstructure of the
shale sample. This, in turn, increases the macromechanical stability
of the shale sample.

4. Conclusions

(1) The hydration of shale can produce microfractures and also
result in the gradual evolution of unconnected intergranular
pores and fissures into new microfractures that then widen,
extend, bifurcate, and become interconnected to form a
complex network of microfractures. The 3% polyamine in-
hibitor can effectively inhibit the generation and evolution of
new microfractures in shale.

(2) The P-wave and S-wave velocities of the shale sample first
increased and then decreased with an increase in the
laminae angle, attaining a maximum at 30°. Hydration
reduced the P-wave and S-wave velocities of shale, and 3%
polyamine inhibitor inhibited this reduction to a certain
extent, resulting in an extremely weak expansion of shale.
The average extent to which shale expanded after 96 h of
immersion in water was 0.05 mm, while it was only 0.01 mm
after immersion in 3% polyamine inhibitor for the same
period of time. This indicated that a 3% polyamine inhibitor
could effectively inhibit the hydration-based expansion of
shale.
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Fig. 10. Stress-strain curves for fresh samples and after 96 h of immersion in different

fluids.

(3) The UCS of shale was highest at # = 0° or 90° and lowest at
6 = 30°, exhibiting a “U"-shaped pattern. Water severely
weakened the UCS of the shale sample by up to 28%—40%;
compared to water, 3% polyamine inhibitor weakened the
UCS of the shale sample only by 2%—20%. This suggests that a
3% polyamine inhibitor can effectively inhibit the weakening

of shale strength.

544

140

UCS/MPa

40

—=— Fresh Sample
—e— Water
—a— 3% Polyamine solution

Petroleum 8 (2022) 538—545

L L s

30 45
Laminae angle/®

60 75 90

Fig. 11. Variation of UCS of shale immersed in different fluids as a function of laminar

angle.

60

50

40

30

20

Percentage reduction of UCS/%

[Jwater

L |:| 3% Polyamine solution

.

30 45

Laminae angle/°

60 75 90

Fig. 12. Percentage reduction in UCS of shale immersed in different fluids as a function

of laminar angle.
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Nomenclature

ucs Uniaxial compressive strength
KPAM Macromolecular polymer

CT Computed tomography

PF Potash feldspar

I Mlite

I/S [llite/smectite;

C Chlorite
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P
S

wave Compressional wave
wave Shear wave
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