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Abstract: Existing “evaluation indicators” are selected and combined to build a
model to support the optimization of shale gas horizontal wells. Towards this
end, different “weighting methods”, including AHP and the so-called entropy
method, are combined in the frame of the game theory. Using a relevant test case
for the implementation of the model, it is shown that the horizontal section of the
considered well is in the middle sweet spot area with good physical properties and
fracturing ability. In comparison with the FSI (flow scanner Image) gas produc-
tion profile, the new model seems to display better abilities for the optimization
of horizontal wells.
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1 Introduction

Shale gas is an unconventional natural gas, found in its adsorbed or free state principally in black shale
or high-carbon shale [1]. The shale gas resources in China are huge. After many years of exploration, the
industrial exploitation of marine shale gas in the Sichuan Basin has begun to be realized [2]. However,
when fracturing the target formation and preparing the horizontal shale gas well, it is often assumed that
the shale reservoir is homogeneous. As a result, uniform fracturing processes are typically adopted.
However, a large number of domestic gas production profiling studies have shown that horizontal well
sections basically conform to a limited “three by three by three” principle [3].

The evaluation of how to position the fractured interval in a horizontal well basically involves
determining a “sweet spot” at different levels. A sweet spot can be informed by engineering
considerations and geological considerations.

Drawing upon the characteristics of China’s marine shale reservoirs, the author has examined a large
amount of data regarding block sweet spots, layer sweet spots, and the sweet spots in horizontal well
sections [4—6]. There are often two problems. First of all, the selection of evaluation indicators can be
redundant and unrepresentative, or key indicators may be missing. Secondly, the selection of indicator
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weights can be too subjective. For example, Wang et al. [7] used the four parameters of organic carbon
content, vitrinite reflectance, shear modulus and fracture toughness as the key parameters for horizontal
well section optimization. However, the key indicator of free gas-related porosity is not considered. Lai
et al. [8] use subjective criteria to select the weight given to various parameters in their study, without
allowing for any objective regularity. To sum up, the establishment of a set of reasonable evaluation
indicators and an effective horizontal well section evaluation model is needed to improve the
development of shale gas horizontal wells. In this paper, a sweet spot indicator for horizontal well
sections and an improved system for evaluation will first be established. A combined weight method
based on game theory is then used to calculate the weight of different horizontal well section evaluation
indicators. Standardized horizontal well section evaluation indicator values and horizontal well section
evaluation indicator weights are combined by means of multiplication synthesis and a refined evaluation
model for horizontal well sections is then established. The target layer can be divided by incorporating
the baseline indicator values of good, medium and poor into the evaluation model, making the evaluation
results more directly available. Finally, well Al in the Fuling District of Chongqing is used as an
example to verify the proposed approach.

2 Determination of Sweet Spot Indicators and the Evaluation System

2.1 Sweet Spot Indicator Determination and Screening

Sweet spot indicators from both an engineering and geological perspective form a fundamental part the
evaluation of shale gas horizontal well sections. According to prior research [9] and practical application, the
main engineering sweet spot indicators can be summarized as follows: brittleness indicators; the minimum
horizontal principal stress; brittle minerals (calcium, shale content); fracturing indicators; Young’s modulus;
Poisson’s ratio; fracture pressure; the stress difference coefficient; shale content; toughness indicators;
property indicators; fracture permeability; and the shear modulus. The principal geological sweet spot
indicators are: organic carbon content; organic maturity; gas content; porosity; burial depth; formation
pressure; and target layer thickness. To identify the most effective indicators, the various sweet spot
indicators were screened.

Amongst the engineering sweet spot indicators, the minimum horizontal stress, brittle minerals, Young’s
modulus, Poisson’s ratio, formation fracture pressure, stress difference coefficient, and shear modulus are all
related to the brittleness indicator. Therefore, to limit the high correlation of some indicators caused by
having too many with an overlapping focus, it seemed best to concentrate on engineering sweet spot
indicators that are specifically needed to establish an evaluation model for horizontal well sections. As a
result, the brittleness indicator, toughness indicator and fracturing indicator were retained as the main
factors. With regard to the geological sweet spot indicators, the ones related to the target layer were
retained, while the burial depth, formation pressure, layer thickness, and organic matter maturity are
typically assigned fixed values, so they were not considered. Thus, the chosen geological sweet spot
indicators were: the organic carbon content; permeability; porosity; and gas content. To sum up, the
overall sweet spots indicators used to model horizontal well sections were: the brittleness indicator;
toughness indicator; fracturing indicator; organic carbon content; permeability; porosity; and gas content.

2.1.1 Brittleness Indicator

The rock brittleness indicator is the ratio between its compressive strength and tensile strength. It is used
to indicate how susceptible a rock is to cracking. Results here suggest that the brittleness indicator changes
when artificial fractures take different forms. So, reconstruction of the reservoir accessed by fracturing is
directly affected by the brittleness indicator.
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The most commonly-used calculation equation for the brittleness indicator is:

Bm _ < Et —Etmin + ’yt - ytmax )/2 (1)

Etmax - Etmin Vtmin — V¢max

where: B, is the brittleness indicator; £, is Young’s modulus of elasticity relating to shale formations; E; pax
and F;yax are the maximum and minimum value of Young’s modulus, respectively; v, is Poisson’s ratio for
shale formations; y, .. and y, i, are the maximum and minimum values for Poisson’s ratio, respectively. The
mechanical parameters used in the above equation can be calculated from well completion data.

2.1.2 Toughness Indicator
The toughness indicator of rock is a product of type I and type II fracture toughness, i.e.:

K= K]C L4 K[]C. (2)

This equation expresses the effect of the toughness on reservoir compressibility. The critical value is the
rock stress intensity factor. This determines the force needed in the fracturing process. Its particular physical
importance is that attention to this is required to prevent over-extension of the fracture. The smaller the
fracture toughness value, the easier it is for the fracture to be extended and the greater the rock’s
compressibility. Shale gas volume fracturing typically uses Type I (open) and Type II (staggered)
fractures. Jin et al. [10] have conducted a number of practical experiments and have established the
equations for calculating Type I and Type II fracture toughness:

Kic = 0.2176P,, + 0.0059S,> + 0.0923S,* 4 0.517S, — 0.3322. 3)
Kpc = 0.0956p,, + 0.1383S, — 0.082. )

K is the toughness indicator; K;c and K¢ are the type I and type II fracture toughness, respectively; P,, is the
confining pressure; and S; is the rock tensile strength. p,, and S; can be calculated by combining well log data
and empirical equations [11].

2.1.3 Fracturing Indicator
The fracturing indicator [12], which combines the brittleness indicator and toughness indicator, indicates
the difficulty of fracturing the reservoir:
2B

. 5)
KicKpe

fre =

Fj. is the brittleness indicator; and K;cKjc represents the multiplied average values for the Type I and Type
II fracture toughness.

2.1.4 Total Organic Carbon Content (TOC)

The TOC is an important indicator that evaluates the grade of the source rock. It changes with the
quantity of adsorbed gas in the shale and ultimately indicates the gas production rate for a shale gas
reservoir. The TOC is difficult to obtain experimentally. In this paper, we use well log and completion
data as a reference [13] and perform a TOC regression calculation, according to the following:

TOC = —0.16129p + 0.44147. (6)
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2.1.5 Permeability

Shale permeability refers to the ability of the rock to allow gas to pass, given a particular pressure
difference. When it comes to the physical properties of a shale gas reservoir, shale permeability plays as
an essential part in the evaluation of the horizontal well section. The value for this can be obtained from
well completion data.

2.1.6 Porosity

Porosity relates to the main shale gas reservoir space. It is an important indicator because its size often
controls the free shale gas content, which has a positive correlation with the total shale gas content. The larger
the porosity, the greater the gas storage capacity. The value for this can again be obtained from well
completion data.

2.1.7 Gas Content

Gas content is a key indicator for evaluating whether the shale gas is abundant enough for economic
exploitation or at least possessed of sufficient potential. The gas content of shale gas refers to both the
free gas and adsorbed gas. The higher the gas content, the better the gas content of the reservoir. Its value
can be calculated by combining the TOC content with an existing empirical equation [14].

2.2 Characteristics of the Sweet Spot Indicator System

The evaluation indicator system is divided into three evaluation levels: good; medium; and poor. “Good”
implies a “high quality” horizontal well section and is indicative of the prospective site being a priority area
for fracturing. “Medium” can defined as a “normal” horizontal well section, which has less productive
capability than “Good”, but that is still worth fracturing. “Poor” indicates that an area should be
abandoned, even if it is considered to have development potential. By way of an example, according to
previous studies [9,15,16], the shale gas horizontal well sections in the Fuling area can be evaluated as
indicated in Tab. 1.

Table 1: Shale gas horizontal well section evaluation system

Evaluation Brittleness Toughness  Fracturing TOC (%) Permeability Porosity Gas content

indicator  indicator (%) indicator - indicator - (10° mD) (%) m>th
Good >45 <1.9 >0.4 >3 >100 >5 >4
Medium  40-45 1.9-3.5 03504  2-3 10-100 2-5 2-4
Poor <40 >35 <0.35 <2 <10 <2 <2

3 Evaluation Model for Horizontal Well Sections

Establishing an evaluation model for horizontal well sections can be divided into three steps: 1)
calculating the value of each evaluation indicator and normalizing it; 2) calculating the weight to be
given to each evaluation indicator; 3) comparison of the corresponding indicator weights with the
standard indicator weights. The various values are multiplied and summed (see Eq. (20) for further
detail). The process for evaluating the indicator values was set out in Section 2.1. There are three
methods for determining the weights: subjective methods; objective methods; and a combination of
subjective and objective weighting methods. Subjective weighting methods include expert surveys,
analytical hierarchy processes (AHP), the use of binomial coefficients, chain ratio scoring, least square
methods, etc. Objective methods include principal component analysis, entropy calculations, dispersion,
mean square deviation, and multi-objective planning. Combined methods necessitate using a certain
proportion of subjective and objective weighting methods. To establish the evaluation model for
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horizontal well sections, the weights need to take into account not only the opinions of field experts, but also
the objective regularity of the indicators themselves. So, a combined weighting method is more in line with
actual practice. However, it is difficult to determine the right proportion of subjective and objective weights
in combined weighting methods, because decisions of relative importance are themselves subjective. So, to
minimize the deviation between subjective and objective weights as much as possible, this paper advocates
using a combined weighting method based on game theory. For the subjective weights, AHP is adopted. For
the objective weights, entropy is used. The specific steps followed are given below.

3.1 Determining the Subjective Weight
The specific steps to determine the subjective weight by using AHP [17-19] and consulting experts are
as follows:

3.1.1 Build a Hierarchical Model, as Shown in Fig. |

Evaluation indicator
of fracturing section

[Brittleness [Toughness] [Fractun'ng] [ TOC ] [permeability] [porosity] [ Gas ]

indicator indicator indicator content

Figure 1: Hierarchical model

3.1.2 Construct a Judgment Matrix

A judgment matrix is constructed to compare pairs of indicator values so as to minimize the difficulty of
comparing different factors with different properties. This produces a more accurate outcome. In general, the
constraints given in Tab. 2 need to be met [20].

Table 2: Judgment conditions

Scale Meaning

1 The two indicators are equally important

3 Compared with two indicators, one is slightly important than the other

5 Compared with two indicators, one is Obviously important than the other
7 Compared with two indicators, one is Strongly important than the other

9 Compared with two indicators, one is Extremely important than the other
2,4,6,8 The median value of the above two adjacent judgments

Reciprocal If the judgment of factor i compared with ; is a;;, then the judgment of factor j compared with
iis aji

3.1.3 Conduct a Consistency Test
(1) The consistency indicator, CI, can be calculated as follows:

Amax — 1

n is the order of the judgment matrix; and A, is the judgment matrix’s maximum eigenvalue.
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(2) To calculate the consistency indicator, R/, a random method is adopted that involves constructing 500
sample matrixes so as to randomly select numbers and reciprocal numbers from 1 to 9 that can be used to
construct a positive reciprocal matrix. The average maximum eigenvalue can be obtained as follows:

R[:)\max_n

8
n—1 ®
For the RI value, n = 1-9 (see Tab. 3).
Table 3: Corresponding R/ values for a matrix of order n
n 1 2 3 4 5 6 7 8 9 10 11

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.52

(3) With regard to the consistency ratio, CR, when CR < 0.10, the consistency of the judgment matrix is
acceptable. Otherwise, the judgment matrix needs to be modified.
CI

By using the above methods, (1)—(3), and Eqgs. (7)—(9), the weight of the AHP can be calculated. The
results are shown in Tab. 4, with the relative weights from the brittleness indicator to the gas content
being as follows:

wi = (0.09,0.05,0.28,0.10,0.04,0.11,0.32)

Table 4: Indicator matrix and weight vector

Indicator Brittleness Toughness Fracturing TOC Permeability Porosity Gas Weight
indicator  indicator  indicator content
Brittleness indicator 1 1 1/3 1 3 1 1/5 0.0878
Toughness indicator 1 1 1/5 173 1 1/3 1/5 0.0510
Fracturing indicator 3 5 1 3 5 3 1 0.2802
TOC 1 3 1/3 1 3 1 1/5 0.1027
Permeability 1/3 1 1/5 /73 1 1/3 /5 0.0436
Porosity 1 3 1/3 1 3 1 1/3 0.1105
Gas content 5 5 | 5 5 3 1 0.3243
Consistency test Maximum eigenvalue = 7.2267 Consistency ratio = 0.0277 CI = 0.03778 < 0.1

3.2 Determining the Objective Weight

Entropy [21-24] was first put forward as an evaluation method by the German scholar, Klaus, in 1850. It
can objectively reflect the impact of various factors used for evaluation on an evaluated object. The entropy is
evaluated by selecting m objects and N indexes. By calculating the evaluation indexes of the different
evaluation objects, we can compare their importance. The weight of the index is determined by the
relative change in the degree of the index. When using entropy, the weight is positively related to the
relative degree of change in the index. The entropy data matrix, A, is as follows:
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Xll XIZ PO Xln
X1 Xon ... X

A4 = . . . . (10)
-Xml Xm2 T an

In Eq. (10), Xj is the value of the index, j, of an object, 7, in the selected evaluation data. The specific
steps for calculating entropy are as follow:

3.2.1 Calculate the Proportion of Scheme i Covered by Index j in the Evaluation Data
Lij

Pi= 1)
3.2.2 Calculate the Total Contribution of Index j to the Attribute X in All Schemes
Ej=—KY_ P;In(Py). (12)
=1
K= ! (13)
~ In(m)

3.2.3 Calculate the Weight

It can be seen from Eq. (12) that, when the relative contribution of an attribute to each scheme is more or
less the same, E; will tend towards 1. As the contribution becomes equal, the effect exerted by the attribute
upon making a decision can be set aside. Thus, the weight of the attribute will be treated as zero. This also
implies that the difference in size of an attribute’s values across all schemes will determine its weight
coefficient. The degree of the weight coefficient, d;, can be therefore defined as relating to the
consistency of the contribution made by the j-th attribute to each scheme [19]:

d=1-E;. (14)
The weight, W, of each attribute can then be described as:

W, =4 (15)

On the basis of this, the logging and completion data for four wells, A1, A2, A3 and A4, in the Fuling
area, were used to calculate the average value of the relevant parameters according to Eqs. (1)—(6). The
decision matrix was then established using Eq. (10), as shown in Tab. 5.

Then, the matrix, p, was then calculated by using Eq. (11), as shown in Tab. 6.

Finally, by applying Eqs. (12)—(15), the weight of each indicator was obtained in sequence, as
follows:

wy = (0.12,0.08,0.22,0.11,0.27,0.15,0.06)
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Table 5: Decision matrix parameters

Indicator  Brittleness Toughness  Fracturing TOC  Permeability Porosity Gas content
indicator (%) indicator - indicator - (%) (1072 mD) (%) (m>t "

Al 52 0.62 1.74 34 0.21 4.8 4.8

A2 61 0.83 1.34 2.9 0.23 4.2 52

A3 51 0.77 1.82 32 0.27 53 5.5

A4 62 0.92 2.1 3.5 0.28 4.7 4.9

Table 6: P Matrix parameter

Indicator Brittleness Toughness Fracturing TOC Permeability Porosity Gas

indicator  indicator  indicator content
Al 0.23 0.20 0.25 0.26 0.21 0.25 0.24
A2 0.27 0.26 0.19 0.22 0.23 0.22 0.25
A3 0.23 0.25 0.26 0.25 0.27 0.28 0.27
A4 0.27 0.29 0.30 0.27 0.28 0.25 0.24

3.3 Combined Weighting Method Based on Game Theory

Game theory [25] analyzes the rational behavior and equilibrium decision of multiple decision-makers
when they interact with each other. In game theory, it is assumed that every scheme is the result of rational
decision-making, which is based upon a decision-maker’s desire to maximize their own gains or minimize
their own losses. This kind of competitive result is not controlled by one decision maker, but rather realized
by all decision makers. In the decision-making process, when all parties of the game coordinate to find their
maximum common interest, there will be a compromise. Establishing the Nash equilibrium involves finding
the consistency and compromise between different weights, i.e., finding the minimum deviation between the
combined weight and each individual weight. This enables the sum of the deviations to be minimized, so that
the maximum common interest can be achieved. The steps required to arrive at a combined weighting based
on game theory are as follows:

3.3.1 Devising the Composite Weight Set
For a basic set of weight vectors, U| = {uy,uy, - - - ,u,}, n vectors are arbitrarily linearly combined into a

possible weight set:

U = ocku,{,ock >0 (16)

n
k=1

where: u—A is the possible weight vector of the set of possible weight vectors; and oy is the weight
coefficient.

3.3.2 Finding the Most Satisfactory Weight Vector

Using game theory, we can find the most satisfactory vector, u#*, in the possible vector set. The basic idea
is to find consistency or compromise between different weights. Finding the most satisfactory weight vector
can be transformed into optimizing the linear combined weight coefficient, o;. The objective of this
optimization is to minimize the difference between u and each u;. Namely:
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n
min || Y x| —uf ||,(i=1,2,--,n). (17)
j=1

According to the differential properties of the matrix, the first optimization condition in Eq. (17) can be
obtained as follows:

Zocjxuixujr:u,-xuir(i:1,2,---,n). (18)
=1

Eq. (18) corresponds to the following linear equations:

T T T T

l/l]l/llT Lt]l/l%w ulu? o u1u%

Uy [25X25% s UUuy, o [25X25)
=1 . | 19)

unulT unuzT oo u,,u,{ Ol unu,{

After the solution for @; in Eq. (19) has been normalized and substituted into Eq. (16), the comprehensive
weight vector, u, can be obtained.

By using the above method, the subjective and objective weights, w; and w,, can be introduced into
Eq. (18) to get the weight coefficients o = 0.702 and f = 0.478, with their normalized values being
o = 0.0.595 and f = 0.405. The combined weighting method based on game theory can then be used to
obtain the comprehensive weight, u, from Eq. (16) for each indicator:

u = (0.1022,0.0622,0.2557,0.1041,0.1332,0.1262, 0.2146)

Thus, the relative importance of the different sweet spot indicators in order is: the fracturing indicator;
the gas content; the porosity; the TOC; the brittleness indicator; the permeability and the toughness indicator.

3.4 Establishing the Model

By using the combined weight, the weight of each indicator can be obtained so as to establish a model
for calculating the section evaluation indicator (FI):

FI =0.1022B, 4 0.0622B, + 0.2557B3 + 0.1041B4 4 0.1332B5 + 0.126284 4 0.2146B5. (20)

The normalized brittleness indicator and the normalized toughness indicator are B; and B,
respectively; Bj represents the normalized fracturing indicator; while By is the normalized TOC. Bs is
the normalized permeability and By is the normalized porosity, with B; being the normalized gas content.

B1B3B4BsBsB7 are the 6 positive indicators, which can be standardized as follows:

B— Bmin
§ = ~mn 1)
Bmax - Bmin

B, is a negative indicator, which can be standardized as:

Bmax - B

§=_mx 2
Bmax - Bmin

(22)



1002 FDMP, 2020, vol.16, no.5

4 Model Verification and Application

As mentioned above, Well Al in the Fuling District of Chongqing was used as a test example by
applying the evaluation model to its horizontal well section. The completion depth of Well A1 was 4015
m and the test section was 2540-3980 m. The original data was gathered by carrying out conventional
acoustic and element capture logging. The results from the logs were used to calculate the evaluation
indicators for the relevant horizontal well sections by applying Eqs. (1)—(6). The results were then
standardized by using Eqgs. (21)—(22). On the basis of the evaluation system presented in Tab. 1, two sets
of baseline data were obtained, i.e., the brittleness indicator, toughness indicator, fracturing ability
indicator, organic carbon content, permeability, porosity and gas content. The values for these were: 45;
1.9; 0.4; 3100; 5; 4 & 40; 3.5; 0.3; 2; 10; 2; and 2. These values were used as the baseline data for
Eq. (20), enabling the two baseline values of 0.61 and 0.25 to be obtained. Finally, by combining the
combined weight and standardized section evaluation indicators using Eq. (20), evaluation indicators for
the Well Al section were obtained, with their values ranging between 0.18 and 0.81, with an average
value of 0.48.

The results of using the section evaluation model to evaluate the test section of Well Al are shown in
Fig. 2. It can be seen that there is a positive correlation between the evaluation indicators for the horizontal
well section and the brittleness indicator, fracturing indicator, organic carbon content, permeability, porosity
and gas content. In other words, the higher the evaluation indicator for the horizontal well section, the higher
the brittleness indicator and fracturing indicator, the higher the content of brittle minerals, and the better the
horizontal well section’s fracturing ability. Alongside of this, the higher the content of organic carbon, the
permeability, porosity and gas content, the better the physical properties of the target layer and the more
valuable the development. However, there was a negative correlation between the evaluation indicators
for the horizontal well section and the toughness indicator. So, the greater the toughness of the rock, the
less likely it is to fracture effectively and the lower the evaluation indicator for the horizontal well
section. It can also be seen from the figure that the two baselines divide the section evaluation indicator
into three evaluation intervals: good, medium and poor. The areas with a value above 0.61 are the best
positions for finding a sweet spot. The areas with a value below 0.25 are best abandoned. Apart from
that, the horizontal section for Well Al as a whole, largely has a value in the middle range, which means
that is has good physical properties and is suitable for fracturing.

When compared with the FSI gas production profile of the well, there is a good positive correlation
between the profile and the section evaluation indicators (see Fig. 3). All of the sections were seen to
have production capability except the first, fourth, sixth and 15th sections, with the proportion of
effective sections being 73%. Were the section evaluation model to be adopted, the invalidity of the 4th
and 6th sections would be evident. By focusing on an increased proportion of effective sections as a
result of adopting this approach, costs could be reduced and the efficiency increased in the development
of the gas field.
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(1) Existing indicators of engineering and geological sweet spots were derived from previous studies to
form the basis of selecting appropriate sweet spot evaluation indicators for the development of a
more effective evaluation model. These indicators were the rock’s brittleness, toughness,
fracturing capability, organic carbon content, porosity and permeability. Both subjective and
objective factors were taken into account and an approach to combined weighting based on game
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theory was used to calculate the indicator weights. A horizontal well section evaluation model was
then established by multiplying the standardized indicator values and combined weights.

(2) The approach was applied to Well Al in the Fuling District of Chongqing and the relevant section
evaluation indicators were obtained, which ranged from 0.18 to 0.81 with an average value of 0.48.
The horizontal section of Well A1 was found to have a medium rating, which implies that it has good
physical properties and is suitable for fracturing. The obtained evaluation indicators were compared
with the FSI gas production profile and they were found to have a good positive correlation. If the
section evaluation model is adopted, exploitation of the poor quality 4th and 6th sections could be
avoided and the proportion of effort devoted to effective sections increased, thereby reducing cost
and increasing efficiency in the development of the gas field.
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