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A B S T R A C T

The expansibility and mechanical properties of shale are significantly influenced by water-based muds (WBMs);
thus, it is necessary to mitigate this effect to avoid borehole instabilities in drilling operation. Potassium chloride
(KCl) is usually used as inhibitor to reduce hydration of shales. In this study, we investigated the inhibitory
efficiency of KCl on shale through a series of experiments, including dynamic linear swelling (DLS) tests and
uniaxial compressive strength (UCS) tests, to provide reference for the design of WBMs. These tests were con-
ducted on shale samples soaked in KCl solution for 24, 48, 72, and 96 h with saline concentrations of 0%, 2%,
4%, 6%, and 8%. Experimental results show that samples with microcracks and bedding fissures have the highest
swelling increase and the largest strength reduction after immersion in solution. The swelling potential de-
creased with increasing KCl concentration. In addition, KCl exhibited a certain inhibitory effect on the weak-
ening of the mechanical properties of samples. An increase in the KCl concentration increases the compressive
strength and elastic modulus, and decreases the Poisson's ratio. However, in terms of homogeneous samples, the
UCS test results show that exposure to water is weakly related to weakening of the mechanical properties of shale
samples. We found that immersing the shale in KCl solution for a longer time decreases the compressive strength,
increases the Poisson's ratio, and decreases the elastic modulus.

1. Introduction

As one of the most important unconventional oil and gas resources,
shale gas has a significant potential for wide distribution and mining. In
2011, the US Energy Information Administration (EIA) evaluated global
shale gas resources. The result shows that China has the world's largest
recoverable shale gas, which is mainly located in the Sichuan Basin,
Erdos Basin, and Tarim Basin [1]. Although China's shale gas reserves
are abundant, the drilling process of shale reservoir faces a series of
engineering problems, especially shale formation collapse, which have
seriously plagued shale gas exploitation and even the petroleum in-
dustry [2].
To solve wellbore instability problems in the shale reservoir drilling

process, potassium chloride (KCl) has been incorporated into the dril-
ling mud as drilling fluid additive [3–8]. Scholars have carried out
many studies on the effects of potassium ions on the expansibility and
mechanical properties of shale in solution [9–13]. Most studies found
that K+ cations' ability to lower hydration tendency of smectite can
significantly reduce the swelling tendency of shale. Owing to their small
size, the K+ ions can induce inhibition as they fit into the

montmorillonite structure [14,15]. Another inhibition mechanism that
uses heavy brines to increase the water phase ionic concentration was
proposed by Gomez et al. [16]; thus, high ionic concentration reduces
hydration by minimizing the osmotic effect. Yang et al. [17] conducted
an experiment to investigate changes in the mechanical properties of
Longmaxi Formation shale after saturation in different saline solutions
with different concentrations. The results show that potassium chloride
solution with a mass fraction of 20% can effectively reduce pore pres-
sure transfer capability and prevent water from infiltrating the rock.
Similarly, Zhang et al. [18] reported that high concentrations of elec-
trolytes can reduce swelling by destroying the hydration shell that
surrounds smectite particles. Yan et al. [19] found that KCl zwitterionic
polysulfide drilling fluid can inhibit the expansion and reduction of the
compressive strength of rock after performing drilling fluid tests in sand
and mudstone. AI-Bazali [20] investigated the effects of water and ion
intrusion on the compressive strength of shale through biaxial stress
testing. The results show that the adsorption of ions changes the shale's
fabric structure and increases the shale strength. Wang et al. [21]
concluded that fluid immersion leads to the extension of cracks in shale,
which in turn serves to reduce the strength of shale. In addition, results
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of shale immersion experiments by Liang et al. [22] show that KCl
solution has a certain inhibitory effect on shale hydration.
Based on previous studies, it is clear that there is a relationship

between shale swelling, mechanical properties, and KCl concentration.
In other words, KCl can inhibit shale hydration and effectively solve the
problem of wellbore instability during drilling. Therefore, the effect of
KCl concentration on the swelling and mechanical characteristics of
shale after water absorption should be clarified. In this study, the
swelling and mechanical properties of Longmaxi shale in KCl solutions
of different concentrations for different test durations were investigated
using uniaxial compressive strength (UCS) tests together with dynamic
linear swelling (DLS) tests. The findings will provide reference for re-
search on shale wellbore stability, which will enhance shale drilling
efficiency.

2. Experimental materials and methods

2.1. Materials

2.1.1. Samples preparation
We tested shale samples collected from two different areas in the

southwestern edge of Sichuan Basin, namely Shizhu and Pengshui in
Chongqing Municipality. The blocks were cored perpendicular to the
bedding and cut into 25-mm diameter cylinders. The length of each
sample was selected as 50mm to ensure a height-to-diameter ratio of
2:1. Two round surfaces were carefully ground to make smooth faces.
Then, rock samples with no significant difference in physical properties
were selected and heated at 105 °C in an electrothermal constant tem-
perature drying box until the weight of the sample remained constant.
Before the experiments, all shale samples were double sealed and stored
in a dry room. The mineralogical composition of shale obtained from
one sample cored in the same block was tested using a Dutch X'Pert Pro
X-ray diffractometer. The results are listed in Table 1, indicating that
the Longmaxi Formation shale is predominately composed of quartz,
clay minerals, calcite, and dolomite. In general, the samples' black si-
liceous (quartz) and calcareous (calcite) contents are high, whereas the
clay mineral content is low. In particular, the clay mineral contents of
Shizhu and Pengshui shale are 10.65% and 30.12%, respectively, and
the predominant clay mineral is illite.

2.1.2. Experimental devices
The swelling tests were primarily carried out using ZNP-01 shale

dilatometers with an accuracy and range of 0.01mm and 10mm, re-
spectively to directly record the expansion of the rock samples. The
triaxial stress–strain curve for rock was mainly derived based on the
results of the rock triaxial mechanical test system of the State Key
Laboratory of Oil and Gas Reservoir Geology and Exploitation of China.

2.2. Experimental methods

Twenty samples from Shizhu were divided into five groups, similar
to the samples from Pengshui. One sample without fluid saturation was
used for the control test (see Table 2).
First, the dial gauge was adjusted to zero after placing the samples

in measuring cylinders. Before the soaking process, the states of the
samples were recorded using a camera. The measuring cylinders were

then placed in containers with solution of KCl. The concentrations of
KCl solution were 2%, 4%, 6%, and 8% by weight, and the immersion
periods were 24, 48, 72, and 96 h. The amounts of swelling of the
samples were recorded every 1 h within 24 h, and every 6 h for more
than 24 h. When the experimental periods have been satisfied, the
samples were removed and sealed with polyethylene bags for UCS tests.
The UCS tests were conducted using a rock triaxial mechanical test
system. The loading rate was 0.1mm/min for all the tested shale
samples. The experimental process is shown in Fig. 1.

3. Results and discussions

The results obtained from the experiments provide some important
conclusions on the effect of different concentration of solutions for
different test durations on the amount of swelling and mechanical
properties of shale samples. The results are discussed under two
headings: (1) swelling variation and (2) mechanical properties.

3.1. Swelling variation

The axial expansion of each sample was tested at normal atmo-
spheric temperature and pressure while absorbing fluids. When the
difference in the last two recordings was within 0.01mm, the next test
can be conducted. The amount of swelling of the shale sample was
obtained by reading the dial indicator.
Fig. 2 shows the variation of shale swelling in different

Table 1
Mineral composition of Longmaxi Formation shale in Sichuan Basin (unit: %).

Sampling location Clay rock Brittle rock Other ore

I I/S C Quart Orthodox Plagioclase Calcite Dolomite Pyrite

Shizhu County 8.47 1.14 1.04 52.59 0.59 1.48 26.72 6.37 1.6
Pengshui County 14.63 7.44 8.05 36.96 2.07 8.49 4.86 15.47 2.03

I—illite; I/S—illite/smectite; C—chlorite.

Table 2
Arrangement of sample saturation.

Soaking condition Number of samples

KCl Concentration (% weight) Time (h)

Dry sample – 1
0 24/48/72/96 4
2 24/48/72/96 4
4 24/48/72/96 4
6 24/48/72/96 4
8 24/48/72/96 4

Fig. 1. Experimental flow chart.
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concentrations of KCl solutions. The samples collectively show a small
amount of swelling for a low clay content. Water immersion caused the
largest expansion in all the fluid-absorbed samples. Moreover, in-
creasing KCl concentration in the solution leads to a reduction in the
amount of swelling, indicating that KCl plays a role in inhibiting shale
expansion. In the first 48 h, the expansion of the Pengshui samples
stabilized, whereas the Shizhu shale samples continued to expand
throughout the test period. Typical macroscopic changes of shale
samples after the swelling tests are shown in Fig. 3. It can be observed
that the development of bedding fissures within the Shizhu shale is
more significant than that within the Pengshui shale. This phenomenon
is related to the larger final expansion of the Shizhu shale, which has a
lower clay content. The result indicates that the effects of micro-cracks
on the expansion of shale are significant.

3.2. Mechanical properties

3.2.1. Stress–strain curve analysis
Fig. 4 shows the stress–strain curves of the Longmaxi Formation

shale samples in different concentrations (0, 2%, 6%, and 8%) of KCl
solutions for 96 h. The result shows that for all shale samples, the axial
strain is higher than the lateral strain for the same test conditions.
Moreover, water-absorbed samples have higher axial and lateral strains
than other samples, whereas the axial and lateral strains for dry shale
samples are the lowest, except for the Shizhu sample in KCl con-
centration of 2% by weight and the Pengshui sample in KCl con-
centration of 8% by weight. It is clear that a higher KCl concentration
results in a lower strain variation. This is in accordance with swelling
results showing that samples absorbed in higher KCl concentrations
have lower amount of swelling.
According to Fig. 4, hydration expansion occurred in Shizhu

samples in KCl solution, and the stress–strain curves of the solution-
absorbed samples show a long compaction stage and a slow transition
into the elastic deformation stage. Various degrees of bedding were
observed after the swelling tests due to the anisotropy of the Shizhu
shale, which causes irregularity at the beginning of the stress–strain
curves. However, unlike the Shizhu samples, the curves of the Pengshui
samples show a shorter compaction stage and a rapid transition into the
elastic stage. Because the samples were not affected by the anisotropy
of the Pengshui shale, the stress–strain curves are more regular.

3.2.2. Feature parameter
3.2.2.1. Uniaxial compressive strength. The intact samples' UCS of
Shizhu and Pengshui are 172.44MPa and 111.29MPa, respectively.
Fig. 5 shows results of UCS for the solution-soaked condition. It is clear
that the UCS values of the Shizhu and Pengshui samples are mostly
distributed between 100MPa and 140MPa, and 80MPa and 120MPa,
respectively. We can conclude that the average UCS values of Shizhu
and Pengshui samples are approximately 35% and 9% lower than that
of the intact samples, respectively. The formation of bedding and
fracture has a greater impact on the shale strength than hydration of
clay minerals.
In terms of the solution-soaked samples, the UCS of the shale

slightly increased with increasing KCl concentration, except for the
heterogeneous sample. During the imbibition experiments, the flow of
water and ions into the shale produces more micro cracks, which causes
bedding fissures and significantly decreases the average UCS value of
the Shizhu samples. This is mainly due to different degrees of bedding
fissures of the Shizhu samples, which results in dispersed distribution of
their UCS values in the samples. By contrast, the overall UCS values of
Pengshui samples were not significantly reduced after water immersion.
Bedding fractures were only observed in the Pengshui samples soaked

Fig. 2. Swelling of shale samples with water and KCl imbibition.

Fig. 3. State of representative samples after immersion.
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Fig. 4. Stress–strain curves for samples in KCl solutions.

Fig. 5. Effects of KCl concentration on shale samples' UCS values.

Fig. 6. Effects of KCl concentration on shale samples' Poisson's ratio.

Fig. 7. Effects of KCl concentration on the elastic modulus of shale samples.
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in 8 wt% and 2wt% KCl solution for 96 h, which is presumed to have
contributed to data irregularity. In addition, the UCS of shale slightly
increases as the KCl concentration of the immersion solution increases.
In summary, increasing bedding fissures and micro fractures strength-
ened hydration effect. Moreover, even with the inhibitory effects of KCl,
the UCS of shale tends to decrease with increasing micro-cracks and
bedding fissures.

3.2.2.2. Poisson's ratio. The Poisson's ratio is an elastic constant defined
as the ratio of the lateral contraction to elongation in an infinitesimal
uniaxial extension of a homogeneous isotropic body. In other words, it
reflects the transverse deformation of materials. Fig. 6 shows the
Poisson's ratios of Shizhu and Pengshui samples soaked in different
concentrations of KCl solutions with different test durations.
In general, the Poisson's ratio of shale samples decreases with in-

crease in KCl concentration. The Poisson's ratios of the Shizhu samples
treated with KCl were in the range of 0.18–0.28, whereas those of the
Pengshui shale samples were in the range of 0.25–0.35. The Pengshui
shale exhibited higher average Poisson's ratio after soaking owing to its
higher expansible clay content. It is clear that the Shizhu shale soaked
in aqueous solution have higher Poisson's ratio than dry samples.
However, the regularity of the Poisson's ratio of the soaked Shizhu
samples is not uniform owing to its anisotropy. The Poisson's ratios of
the Pengshui samples have obvious regularity, decreasing with in-
creasing KCl concentration. Furthermore, the Poisson's ratio slightly
increased as the soaking time increased. These results demonstrate that
the effects of KCl dissolved in an aqueous solution on the Poisson's ratio
of shale are significantly influenced by bedding fissures and clay mi-
neral contents.

3.2.2.3. Elastic modulus. Elastic modulus is another important
characteristic of shale mechanics, which represents the stiffness of
rock. Fig. 7 shows the elastic modulus of shale samples in KCl solutions.
The influence of KCl dissolved in an aqueous solution on the elastic

modulus of shale is the same as that on the Poisson's ratio, as shown in
Fig. 7. The elastic moduli of the soaked Shizhu samples were mostly
within the range of 13–17.5 GPa, whereas those of the soaked Pengshui
samples were mostly within the range of 12–15 GPa. Thus, the average
elastic modulus of the Shizhu shale is slightly higher than that of the
Pengshui shale. However, it was observed that the elastic modulus of
the Pengshui shale is less influenced by the KCl concentration compared
to that of the Shizhu shale. The average elastic modulus of the Shizhu
solution-soaked samples decreased by 33.3% compared to that of the
dry sample. Furthermore, the elastic modulus of soaked samples in-
creases with increasing KCl concentration because the development of
bedding fissures in the Shizhu shale may have strengthened the in-
hibitory effects of KCl. On the other hand, the average elastic modulus
of the Pengshui solution-soaked samples decreased by 16.7% compared
to that of the dry sample. Although the elastic modulus exhibited
minimal dependence on the KCl concentration, it generally decreased
with increase in the soaking time.

4. Conclusions

(1) The clay mineral content of the Longmaxi Formation Shizhu and
Pengshui shales is relatively low, and mostly includes illite, a small
amount of expansive clay mineral such as montmorillonite and a
small amount of illite-smectite mixed-layer minerals. This compo-
sition ensures that the shales of the Longmaxi Formation exhibits
strong brittle characteristics.

(2) Although the amount of swelling of the Longmaxi Formation shale
slightly decreased with increase in the KCl concentration in solu-
tion, the relative expansions of samples were small due to low clay
content. In addition, the amount of swelling is also significantly
affected by bedding fissures.

(3) Under uniaxial compression, the compaction stage of the

stress–strain curve of the Longmaxi Formation shale samples is
short, and the curve shows a rapid transition into the elastic de-
formation stage. In addition, rock has high UCS and strong elastic
deformation characteristics such that it quickly loses its pressure-
bearing capability after failure, which makes it susceptible to
elastic–brittle failure.

(4) The UCS of shale increases slightly with increasing KCl concentra-
tion. However, when shale is soaked, more cracks will appear,
which further weakens the compressive strength of the rock.
Similarly, although the Poisson's ratio of shale decreases with in-
creasing KCl concentration, it is significantly affected by the de-
velopment of rock bedding. Moreover, for the Shizhu shale with
significantly developed bedding fissures, the elastic modulus of the
rock showed a slight tendency to increase with increase in the KCl
concentration, whereas the more homogeneous Pengshui shale was
not affected by the concentration of KCl.

(5) Overall, the clay content of shale in the research area is low; thus,
the effect of hydration is limited, and the effect of KCl is not ob-
vious. The clay content of the Pengshui shale was higher, but the
inhibitory effect of KCl on hydration was not significant. By con-
trast, more micro-cracks and bedding fissures occurred in the
Shizhu shale after soaking in solution, which obviously weakens the
mechanical characteristics of shale. Therefore, we believe that the
drilling fluid used in this type of shale formation should improve
the plugging performance of the drilling fluid and prevent sec-
ondary damage caused by invading fluid, which is key to the design
of the drilling fluid.
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