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Abstract: The shale of the lower Cambrian Niutitang formation in northwestern Hunan is an ideal
reservoir for shale gas. There is a close connection between borehole stability and drilling fluid in shale
gas drilling. Ionic stabilizer is a new type of stratum consolidation agent that inhibits the hydration
expansion of clay minerals and improves mechanical strength of the borehole. The traditional idea of
pore wall protection is to use drilling fluid additives to prevent shale from interacting with water.
However, ionic stabilizer can change the hydrophilic of clay minerals in shale, making the particles
become hydrophobic and dense, therefore, the formation stability can be enhanced simultaneously.
The material used in this paper is different from the normal ionic stabilizer, some chemical bonds that
have been changed in the new material called enhanced normality ionic (ENI) stabilizer. This paper
utilized the shale samples those obtained from Niutitang formation to study the connection between
ENI and the mechanical properties of shale. Mechanical tests and microscopic pore tests were
performed on different samples which were soaked in water and the ENI with different concentrations.
It has been found through tests that ENI can inhibit the development of shale pores, and as the
concentration increases, the inhibition increases. In addition, as the ENI concentration increases,
the uniaxial compressive strength and Young’s modulus of the shale increase, and the ratio of stability
coefficients decreases. It can be concluded that the ENI can improve the mechanical strength of
carbon shale, and prevent the development of rock damage. Moreover, it can improve the ability of
rock to resist damage, and enhance borehole stability initiatively.
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1. Introduction

Shale gas is an unconventional energy source with great potential for exploration and development.
The black carbonaceous shale of the lower Cambrian Niutitang formation is one of the key main targets
for the exploration and development of shale gas in the future in China [1-3]. It is widely distributed
in northwestern Hunan. The shale in this area has thick sediment and high abundance of organic
matter, which has abundant shale gas resources [4,5]. The interaction between drilling fluid and shale
leads to wellbore instability, which has been a concern in shale gas development [6-9]. Furthermore,
the productivity of the wells decreases due to this instability, which also increases the drilling cost [10].
In order to improve the stability of the borehole, scholars added some drilling additives to inhibit shale
hydration. For example, some scholars used polymer to reduce water loss and inhibited its hydration
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expansion in shale drilling [11-14]. Some scholars use nano-compounds to maintain drilling stability to
seal small holes in shale [15-17]. Other scholars utilized shale inhibitors such as surfactant, polyether
and ammonium salt to improve the stability of the pore walls [18-20]. These additives improved the
stability of the pore walls by preventing the shale from interacting with water. However, these are
some passive defense modes. In fact, there is a better way to enhance shale strength and improve
borehole wall stability actively, that is, by using ionic stabilizers.

Ionic stabilizer is one kind of environmental engineering materials, which is composed of
inorganic and organic materials [21]. Ionic stabilizer can change the hydrophilic of cations in clay
minerals [22]. In addition, it can reduce the thickness of bound water film and enhance the stratum
overall strength [23-26]. It emerged in the 1970s and has been widely used in various industries,
and currently in civil engineering. However, the application of ionic stabilizer in shale drilling
is still rare. There is a close connection between borehole stability and drilling fluid in shale gas
drilling [27-29]. The traditional borehole stability protection idea is to reduce the drilling fluid pressure
and stratum intrusion [12,30]. However, ionic stabilizer can change the hydrophilic of clay minerals
in shale, making the particles become hydrophobic and dense, therefore, the formation stability can be
enhanced. The material used in this paper is different from the normal ionic stabilizer, some chemical
bonds that have been changed in the new material called enhanced normality ionic (ENI) stabilizer.
This paper utilized the shale that obtained from the Niutitang formation to explore the connection
between ENI and the mechanical properties of shale.

Mechanical tests and microscopic pore tests were selected as two different mechanical methods
in this study [31-33]. Uniaxial compression test and pore characteristics observation were performed on
different samples which were soaked in water and the ENI with different concentrations. The mechanism
of ENI on the carbonaceous shale samples were analyzed based on the test results.

2. Materials and Methods

2.1. Materials

ENI used in this study was light yellow, mainly composed of a petroleum sulfonated agent,
modified sodium silicate, and a modified polymer surface active agent. It can decompose the clay
mineral and nonclay particles in the stratum. Moreover, it can recrystallize the clay mineral particles
and reduce the invasion of filtrate relying on making use of bonding and winding between polymer
compounds and leaving the particles hydrophobic and dense [34,35].

The black carbonaceous shale samples utilized in this paper were obtained from the lower
Cambrian Niutitang formation in northwestern Hunan. Most shale gas can be explored in this stratum.
Reservoir samples with diameter 50 mm ($50) and length 100 mm were obtained by the small modified
portable drilling rig in the field (Figure 1). Other samples were cut into 15 X 10 X 5 mm in the lab.
However, in order to eliminate the influence of man-made disturbance on rock samples, the intact
samples were selected to perform in all experiments. Mineral composition of the shale was obtained
by X-ray diffraction (XRD) analysis of rock sample fragments, and the results are indicated in Table 1.
The results showed that clay minerals were mainly strong-expanded smectite. There was more than
25% smectite in the samples which indicates that these rocks were prone to changes in strength due to
the hydration expansion.
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Figure 1. Small modified portable drilling rig in the jobsite.

Table 1. X-ray diffraction (XRD) analysis results of mineral composition of carbonaceous shale.

Mass Percentage

Rock
Quartz Mica Feldspar Smectite  Anatase = Amorphous Substance

Carbonaceous shale 16.57 13.64 10.82 25.58 5.26 28.13

2.2. Uniaxial Compression Test

Uniaxial compression tests were performed after immersing the samples in different concentrations
of ENI. The ENI concentrations in the experiment were 0%, 1%, 2%, 3%, and 4%. The uniaxial
compression deformation tests were carried out by a rock tensile splitting machine, and the dynamic
static strain gauge was used for deformation monitoring at the same time. The shale samples
in the experiment were immersed in different concentrations of ENI for 24 hours at constant
temperature (25 + 2 °C). Continuous loading was added by the rate of 0.5MPa/s. The data was
recorded automatically until the samples were destroyed. The stress-strain curve was measured by
the machine, and the uniaxial compressive strength (UCS) and Young’s modulus of the shale were
calculated based on the curve.

2.3. Microscopic Pore Test

Microscopic pore tests were performed after immersing the samples in different concentrations
of ENI. The ENI concentrations in the test were 0%, 1%, 2%, 3%, and 4%. Pore characteristics were
analyzed by scanning electron microscope (SEM). SEM image information was processed by Photoshop
and Image]2x image processing software. The ratio of fractal dimension and stability coefficient of
shale were obtained by analysis and fitting.

2.3.1. Fractal Dimension

Fractal dimension is a measure of the irregularity of complex shapes. It can identify the quantitative
description of the complexity and heterogeneity on pore structure [36]. The larger the fractal dimension,
the higher the spatial geometric complexity of the pore shape and the rougher the sample surface.
Therefore, the stability of shale can be evaluated by fractal dimension. Basic shape characteristic
parameters such as area, perimeter of the shale sample can be obtained by processing the SEM image.
Based on the definition of damage mechanics, fractal dimension can be calculated by perimeter and
pore area as follows:

1g(C) = 5 X1g(A) +, 0

where C is the pore perimeter, the unit is mm, A is the pore area, the unit is mm?, I is the pore system
fractal dimension, and b is a constant.
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2.3.2. Ratio of Stability Coefficients

The relative damage variable can be defined as damage value according to the damage theory.
Damage value is a "deterioration coefficient" that affects the rock mechanical properties seriously [37-39].
Pores and fractures in the shale reservoir will weaken the overall strength and reduce the stability.
The smaller damage value is, the better physical and mechanical properties of rock are, and the better
borehole stability is. Damage value can be calculated by the total micropores area and the bearing area
of the shale sample as follows:

S;
D=— 2
5 @
where: D is the damage value; S; is the sum of the area occupied by the micropores on the bearing surface of

the rock sample, the unit is mm?; Sy—the apparent bearing area of the rock sample, the unit is mm?.

The stability coefficient is an important indicator for evaluating borehole stability and rock
strength. The smaller stability coefficient is, the better physical and mechanical properties of rock
are, and the more borehole stability is. According to the deification of damage tolerance, the stability
coefficient “F” can be calculated as follows:

5

D= —,
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®)
The ratio of rock stability coefficients can be derived based on Equations (2) and (3), which is
the ratio under the effect of different concentrations of ENI. The ratio of the stability coefficient K, is

calculated as follows:
— Sw"

4
S wo
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where Sy, is the sum of the area occupied by micro—pores on the surface of the sample soaked in water,
the unit is um?; Sy, is the sum of the area occupied by micro—pores on the surface of the rock soaked
by n%EN], the unit is um?; K,, is the ratio of water to n%ENI stability coefficient.

In order to determine the strength and stability of the shale sample under the influence of water
and different concentrations of ENI, the ratio of the stability coefficient is an intuitive expression that
can reflect pore, strength and stability properties. The smaller the value, the larger the difference
between the two shale samples and the higher the intensity of the shale sample.

3. Results and Discussions

3.1. Uniaxial Compression Test

The relationship curves between axial compression stress—strain and radial strain are indicated
in Figure 2. It was derived from the experimental data.

Strain / MPa
}
&}

— 0% ENI
— 1%ENI
—— 2%ENI
—— 3% ENI
4% ENI

4000

Stress /10°

Figure 2. Uniaxial compression stress—strain curve of carbonaceous shale.
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The UCS and Young’'s modulus values (shown in Figure 3) of samples under the different
concentrations of ENI were obtained through analysis and calculation. These results were based on the
linear part of curve in Figure 2.
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Figure 3. Shale uniaxial compression test results.

The results indicate that UCS was positively correlated with the concentration of ENI. When the
ENI concentration was 0%, UCS reached the minimum, equal to 4.045MPa. However, when the ENI
concentration was 4%, the UCS reached the maximum, equal to 10.583MPa, which was 2.61 times
the minimum value. Simultaneously, the Young’s modulus was also positively correlated with
ENI concentration. When the ENI concentration was 0%, Young’s modulus reached the minimum,
equal to 1.361GPa. When the ENI concentration was 4%, its value reached the maximum, equal to
4.897GPa, which was 3.59 times the minimum value. The higher the ENI concentration is, the better
the mechanical properties of the shale sample are. In addition, for these two parameters, the growth
rate of Young’s modulus was greater than UCS when the ENI concentration increments were the same.
This indicates that the inhibitory effect of ENI on shale hydration expansion is more effective than
the increase of overall strength. This shows that ENI can enhance the borehole stability of shale gas
drilling. As concentration of ENI increases, the curve gradually slows down, but no vertices appear.
The curve indicates that as ENI concentration increases, UCS and Young’s modulus increase rate of
the shale decreases. As one of the concerns, ENI suitable concentration problem needs to be solved
in a future study.

3.2. Pore Characteristics

Other square samples (length 15 X wide 10 X height 5mm) were immersed in different concentrations of
ENI for 24 hours. Then the surface morphology of samples was analyzed by SEM images. SEM images are
first chosen to address scaling issues when choosing samples for 2D and 3D volumetric analysis. The images’
microstructural information is indicated in Figure 4.

In order to obtain the quantitative information of shale pores and fissures, 500x magnification
SEM images were processed by Photoshop and Image]2x. After smoothing, the resultant images,
which appeared similar to the original photomicrograph but with a minimal background, were then
converted to binary images by setting a threshold. In order to unify data, pore characteristics data of the
rock samples were summarized. The average values of the pore area and perimeter of the shale sample
under different concentrations of ENI were calculated from the summarized data (shown in Table 2).
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Figure 4. Microstructural diagram of shale pores. (a) 1%ENI; (b) 1%ENI; (c) 2%ENI; (d) 3%ENIL
(e) 4%ENL.

Table 2. Statistical table of information on shale pore characteristics.

Pore Area/um? Pore Perimeter/um
0%ENI  1%ENI 2%ENI 3%ENI 4%ENI 0%ENI 1%ENI 2%ENI 3%ENI 4%ENI

Summary 84.716  50.656  47.454  38.875  36.278 1955.551 589.734 656.714 204.437 166.272
Average 0.589 0.418 0.418 0.368 0.359 5.477 2.657 2433 1.573 1.543

The pore variation on shale sample surface under different conditions is clear when the qualitative
observation of shale microscopic morphology is obtained in Figure 3. When water was immersed
into the sample, its structure became very loose due to the extension of pores and cracks. Otherwise,
with the increasing of ENI concentration, the pores and fractures in the same samples decrease and the
rock surface becomes smooth gradually. For example, only a few pores can be seen on the surface of
the sample after 4% ENI added from Figure 4e. At the same time, according to Table 2, as the ENI
concentration increases, the pore area and perimeter in the sample decrease. This trend was similar
to the SEM results, indicating that ENI can discourage the development of shale pore. In order to
further study the relationship between ENI and the mechanical properties of shale, the ratio of fractal
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dimension to stability coefficient is obtained from the pore characteristic data. The ratio of the stability
coefficients derived from the stability coefficients is affected by different concentration water and ENI.

3.2.1. Fractal Dimension

In this paper, the experimental results of the microscopic pore characteristics in the samples are
fitted by Equation (1) (shown in Figure 5). In the figure, the logarithm of area was set as the abscissa
and the logarithm of the perimeter is set as the ordinate. If the experimental results were linearly
correlated, the fitting results were good. Then, the value of fractal dimension is equal to twice the

line slope.
2 r 9 o
y =0.6746x + 1.0748 s y=0.6561x + 1.0158
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Figure 5. Shale sample fractal curve fitting result chart. (a) 1%ENTI; (b) 1%ENTI; (c) 2%ENI; (d) 3%ENI;
(e) 4%ENI.

It can be observed from Figure 5 that Ig (A) and 1g (C) were positively correlated, and the linear
correlation between parameters is good. The judgment coefficient R belongs to 0.9686~0.9817, so the
fitting goodness is very high. Therefore, the fractal dimension can be derived from the calculation of
the fitted curve. The fractal dimension of the sample could be obtained in Table 3.
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Table 3. Fractal dimension with different enhanced normality ionic (ENI) concentrations.

Concentration Fractal Dimension

0% ENI 1.35
1% ENI 1.31
2% ENI 1.30
3% ENI 1.28
4% ENI 1.23

Fractal dimension can represent the spatial geometric complexity of pore shape. The larger the
fractal dimension, the higher the spatial geometric complexity of the pore shape, the rougher the sample
surface, and the worse the mechanical properties of the sample [40]. There is a certain correlation
between UCS and pores. In the same rock sample, the more the rock pores, the smaller the UCS.
The effect of the pores on the uniaxial compressive strength is greater than the Young’s modulus [41,42].
According to Table 3, when the ENI concentration was 0%, the fractal dimension was 1.35. While the
concentration increases by 1%, the fractal dimension decreases to 1.31, which is 3% lower than the former
one. ENI can inhibit shale pore development. However, the inhibitory effect was not significant when
the ENI concentration was 1%. With the increase of ENI concentration, the fractal dimension decreases
gradually. It indicates that drilling fluid inhibition increases gradually. Meanwhile, other parameters
like pore extension and rock damage are inhibited, and the sample surface becomes smooth. The most
important is that the shale sample strength increases. This fractal dimension is opposite to the trend of
UCS, indicating that ENI enhances shale strength by inhibiting pore growth. It also shows that the
shale strength is negatively correlated with the pores. Under the influence of 4% of ENI, the fractal
dimension reached the minimum value of 1.23, which is 9.19% lower than 0% of ENI. It indicates that
4% of ENI had the strongest inhibitory effect on shale. When the ENI was in contact with the shale,
it changed the hydrophilicity of the shale surface and made the shale pores smaller. At the same time,
ENI made the shale particles dense and the sample strength will increase. As the increases of ENI
concentration, the rock integrity was better. More importantly, the mechanical properties of the shale
were improved.

3.2.2. Ratio of Stability Coefficients

The ratio of stability coefficients K, can be obtained by Equation 4 at different concentrations of
ENIL. The statistical range was calculated according to the 50 mm diameter core samples. The K}, values
(n=1,2,3,4) are shown in Table 4.

Table 4. Ratio of shale stability.

Number K; K; K3 Ky
Ratio of Shale Stability 0.598 0.560 0.459 0.428

K, represents the difference in shale strength between ENI and without ENIL. Under the action of
water, the shale strength decreases. ENI can change the hydrophilicity of shale, reduce the impact of
water on shale and increase sample’s strength. The larger Kj,, the different concentrations” ENI affection
on shale strength is greater. It also means that the shale strength is higher under the action of ENI.
According to Table 4, for the four different ENI concentrations, the ratio of stability coefficients was less
than 0.6, much less than 1. The stability of the sample under ENI was higher than that of the sample
without ENI, and the shale pore extension was inhibited. It indicates that ENI can not only improve
the stability of the borehole wall, but also enhance the strength of shale. The ratio of stability coefficient
was negatively correlated with ENI concentration. It indicates that the higher the ENI concentration,
the better the sample integrity. Meanwhile, the sample strength was also higher and the pore walls are
more stable. K4 was only 0.428, which was 28% smaller than K;, and K; was 0.598. ENI of 4% had
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a better effect on shale strength than 1% ENI. These results indicate that the shale sample surface is
further inhibited and its strength increases as ENI concentration increases. In addition, the difference
between K3 and K; was the largest, which indicates that the shale strength changes most when the ENI
concentration was 3%. The reason for this change cannot be explained detail based on available data,
which may require more trials to verify.

By comparison, it was found that the results of the uniaxial compression test and the pore
microscopic characteristics test were consistent. As the concentration of ENI increases, the pores
decrease and the surface of the shale becomes smooth. It shows that ENI enhances shale strength and
improves pore wall stability by inhibiting shale pore development. It was further verified that ENI
could improve the mechanical strength of shale and effectively improve the stability of the borehole.

4. Conclusions

(1) The UCS and Young’s modulus are positively correlated with the ENI concentration. As the
ENI concentration increases, shale hydration expansion is inhibited and the overall strength of the shale
increases. Due to the inhibitory effect on clay minerals with ENI, the effect of ENI on Young’s modulus
is greater than that of UCS. As the concentration of ENI increases, the UCS and Young’'s modulus
increase rates of shale decrease, but no apex appears. One issue is to determine the appropriate
concentration of ENI in future studies.

(2) When the ENI is in contact with the shale, it changes the hydrophilicity of the shale surface
and makes the shale pores smaller. At the same time, ENI will make the shale particles become dense
and the sample strength will increase. With the increase of ENI concentration, the fractal dimension
decreases gradually. It indicates that drilling fluid inhibition increases gradually. Meanwhile,
other parameters like pore extension and rock damage are inhibited, and the sample surface becomes
smooth. What matters most is that the shale sample strength increases. This fractal dimension is
opposite to the trend of UCS, indicating that ENI enhances shale strength by inhibiting pore growth.

(3) The ratio of stability coefficient is an intuitive expression which can reflect pore, strength and
stability properties. The ratio of the stability coefficient is inversely related to the ENI concentration.
This means that the higher the ENI concentration, the better the sample integrity. At the same time,
the sample strength is also higher and the borehole is more stable. The stability of the sample under
ENI is higher than the sample without ENI, and the shale pore extension is inhibited. It indicates that
ENI can not only improve the stability of the borehole wall, but also enhance the strength of shale.
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