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Abstract: As an important unconventional oil and gas resource, the tight gas reservoir faces many
technical challenges due to its low porosity, low permeability, and strong heterogeneity. Among them,
the accurate definition of effective reservoirs and ineffective reservoirs in tight gas reservoirs directly
affects the formulation and adjustment of subsequent development plans. This paper proposes a
reservoir effectiveness identification method based on double factors based on conventional geophys-
ical logging data and core experimental data. The double factors considered are based on the logging
response and physical parameters of the reservoir. The identification factor Fj is obtained by using the
difference in the logging response values of the natural gamma logging curve, compensated density
logging curve, and acoustic time difference logging curve in different reservoirs combined with
mathematical operation, and the identification factor F, is calculated by using porosity parameters
combined with Archie’s formula. The validity of the reservoir can be judged by the intersection of
the above double factors. This method is applied to the Shihezi Formation in the L block, and the
applicability of the double factors is compared and analyzed using the traditional method. The results
show that the method has strong applicability in tight gas reservoirs and that the accuracy rate reaches
96%. Compared with the direct use of the porosity lower limit method, the accuracy of the judgment
is significantly improved, and the calculation is simple, easy to implement, and unaffected by mud
invasion. For study areas with different geological backgrounds, the process of this method can
also be used to determine the effectiveness of the reservoir. The reservoir effectiveness identification
method proposed in this paper has practical engineering significance and lays a solid foundation for
subsequent fluid property identification, production calculation, and development plan formulation
and adjustment.

Keywords: tight gas reservoirs; geophysical logging data; Erdos basin; effective reservoirs;
double-factor method

1. Introduction

Currently, with the continuous development of oil and gas fields, conventional oil and
gas resources reserves are gradually reducing, and the existence of technical bottlenecks
in the development of residual oil, where further breakthroughs are still needed, have
increased the difficulty of oil exploration and development, establishing exploration objects,
and the development of more complex resource storage conditions. Complex oil and
gas reservoirs, such as low- and extra-low-permeability reservoirs, high- and extra-high-
water-bearing reservoirs, and low-resistivity reservoirs, have now become the primary
exploration targets and are likely to continue to be in the future as well. Among them, tight
gas, a kind of coal measure gas, is a significant unconventional oil and gas resource that
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has received a lot of attention internationally [1-5], and many countries have invested a lot
of financial resources into the exploration and development of tight gas.

Tight gas reservoirs have the characteristics of low porosity, low permeability, and
strong heterogeneity [6-9]. Compared with conventional reservoirs, the development of
tight reservoirs faces greater difficulties and challenges; the research methods applied in
conventional reservoirs cannot meet the production requirements in tight reservoirs, and
the poor evaluation of parameters during the exploration period can have various effects
on later production [9]. Among them, the identification of reservoir effectiveness as a
key task in the identification of fluid property, reserve calculation, and the formulation of
development plans [10-14] has always been a research hotspot and a major problem for
scholars in related fields internationally, especially for complex reservoirs such as tight
gas reservoirs.

An effective reservoir is one that can store fluid and allow it to flow, has additional
supercritical porosity and permeability, and can produce liquid with an industrial value
under the conditions of existing process technology. Compared with the effective reservoir,
the ineffective reservoir can only store fluid, but the fluid cannot flow within it (or the fluid
cannot flow under the current technological conditions), and it does not have industrial
production value [13,15,16]. Therefore, the effectiveness of accurate reservoir identification
lays a foundation for subsequent reservoir fluid property identification, which can improve
the efficiency of development and production. Considering the abundance of logging
data in actual oil and gas fields and the characteristics of high vertical resolution, high
performance—price ratio, and reliability of logging data, which can lay the data foundation
for parameter calculation, the validity identification of reservoirs in oil and gas reservoirs
is mostly carried out by determining the lower limit of physical parameters, such as the
effective porosity of effective reservoirs, and then combining this with logging data for
parameter calculation. Previously, most scholars used porosity—permeability crossplots to
determine the lower limit of the physical properties of the effective reservoirs [13,17-19],
which is simple, convenient, clear, and intuitive, but due to the coupling of physical param-
eters, especially permeability, the evaluation accuracy of this parameter is limited, and the
practical use effect in the application process is not satisfactory. Wang et al. improved this
type of physical property method by classifying the pore throat structure through piezo-
metric data, establishing the relationship between permeability and porosity separately,
and then evaluating the lower limit of the physical properties of effective reservoirs [16],
and this method improved the accuracy of the porosity—permeability crossplot method.
Harfoushian and Suriyanto suggested the use of advanced formation test apparatuses to
measure in situ permeability [20], which led to a significant improvement in the accuracy
of the lower limit of effective reservoir properties and achieved good results when applied
to the Acme West gas field in the Carnarvon basin. However, the time cost and economic
cost of using such formation test apparatuses are extremely high; therefore, considering the
economics, this is difficult to promote on a large scale in the whole work area. Subsequently,
with the development of mathematical geological methods and machine learning methods,
such as fuzzy classifier fusion, Bayesian theory, and artificial neural networks, etc., these
methods have also been gradually applied to determine the lower limits of the effective
reservoir properties [21-23]. As a powerful classification tool, it is not only suitable for
high-dimensional data but also simple, easy to understand, and capable of processing a
large amount of data in a short time. However, the accuracy and stability of these methods
are difficult to guarantee, as is the effectiveness of such methods, due to the difficulty of
providing physical meaning and the inability to be transparent in the model construction
process. Mehdipour et al. used the water saturation parameters determined by geophysical
logging data to determine the lower physical limit of the effective reservoir, plotted the
frequency distribution of water saturation, found the lower limit of water saturation (the
value with the highest water saturation and the lowest frequency) via its morphological
characteristics, divided the porosity into two categories using this lower limit, plotted the
frequency distribution separately, and used the intersection of the two curves as the lower
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limit of porosity [24]. This method has achieved good results in the Illam Formation of an oil
field in Iran, but it is difficult to determine the lower limit of water saturation. In addition,
NMR technology can directly evaluate the porosity, permeability, pore structure, and other
reservoir information related to reservoir physical properties, so it is feasible to use this
technology to determine the lower limit of effective reservoir physical properties [25-27].
However, this method is based on core experiments and cannot be applied without relevant
experimental data. It is difficult to use directly in development wells with limited core
quantity and no supporting NMR logging data. On the basis of fully considering economic
factors such as the balance of payments, drilling costs, surface infrastructure costs, oil prices,
etc., Yang T et al. developed a complete set of methods and processes for determining the
lower limit of the effective reservoir’s physical properties by using core description, core
analysis, thin sections, and other data. However, in order to obtain an accurate lower limit
of the physical properties, it is necessary to attain accurate oil saturation and sufficient well
test data [11]. Mehdi Qassamipour et al. divided effective reservoirs by establishing oil and
gas rate profiles to determine oil and gas production limits [10]. However, this method
is not suitable for natural gas reservoirs because it is based on Darcy’s flow equation.
Yang Z et al. used the experimental method to establish a new method for calculating the
thickness of the bound water film and determined the lower limit of the pore throat radius
by the thickness of the bound water film to obtain the lower limit of the physical properties
of the effective reservoir [28]. The premise of using this method is to have enough core
experimental samples. In addition, Qin et al. evaluated the effectiveness of reservoirs by
analyzing rock facies [29], but this method requires a large amount of geological data and
rich geological experience in advance to achieve good results.

In summary, most of the previous solutions to the problem of reservoir effectiveness
division involved determining the lower limit of reservoir physical properties by evaluating
the physical parameters of the reservoir (porosity, permeability, and water saturation) or
the minimum pore radius and then evaluating the effectiveness of the reservoir based
on the corresponding parameters. Most of the above methods used a single parameter
for evaluation. Even if the porosity and permeability are evaluated simultaneously, the
permeability is mostly fitted by porosity; there is little difference in nature. Therefore, this
paper uses Block L of the Ordos Basin as a case study and, combined with conventional
geophysical logging data, proposes a method for reservoir validity identification based
on the double-factor method. Logging curves sensitive to effective reservoir response,
namely natural gamma curve, compensated density curve, and acoustic time difference
curve, are used for mathematical calculation to construct identification factor F;. Porosity
and Archie’s formula are used to construct identification factor I, and a more effective
evaluation process is established by intersecting the double factors and providing the
judgment range to identify effective reservoirs. This process has been applied to dozens
of wells in L block and achieved good application results, and the method in this paper
only requires geophysical logging data plus rock electric parameters in the same block
for completion and has low requirements with respect to experimental data types. While
ensuring the effectiveness of the method, it also takes into account the actual cost and lays
the foundation for further fluid identification work and production calculation.

2. Geological Overview

The Ordos Basin is located at the junction of the stable area in eastern China and
the active zone in western China. It is surrounded by orogenic belts and is a rectangular
syncline with a north-south strike and a slow east and steep west. It is composed of six
tectonic units: Yimeng uplift in the north, Weibei uplift in the south, the western margin
thrust belt is in the middle from west to east, the Tianhuan depression belt, the Yishan slope
belt, and the Jinxi flexural fold belt (Figure 1). The faults in the basin are mainly strike-slip
faults under the action of tectonic stress [30,31].
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Figure 1. Geographical location diagram and lithology histogram of the study area.

Block L is located in the Jinxi flexure zone of the Ordos Basin, and its administrative
division is located in the X and L counties of the west of the Shanxi Province. Tight gas layers
are developed in multiple exploration strata in Block L, including the Upper Paleozoic
Permian Shigianfeng Formation, Upper Shihezi Formation, Lower Shihezi Formation,
Taiyuan Formation, and Carboniferous Benxi Formation. The reservoir rock composition in
the L area is complex, mainly developing feldspar lithic sandstone, lithic feldspar sandstone
and lithic sandstone, and a small amount of lithic quartz sandstone and quartz sandstone.
The rock debris composition of the L block is mainly volcanic rock and pyroclastic rock;
the interstitial material is mainly composed of clay, sericite, and calcite; and the content
of conductive minerals is low. The rock structure is mainly dense, the sorting is moderate
and poor, and there are slight differences in different layer groups. Additionally, the
support type is mainly particle support; there is a common, visible quartz secondary
enlargement phenomenon; the degree of weathering alteration is deep; the roundness
is mainly sub-round; and the rock reservoir space is mainly residual intergranular pore
and dissolved intergranular pore, followed by fracture pore. The porosity of the Upper
Paleozoic sandstone in the L area is about 0.3~21.5%, with an average of 7.3%, and the
permeability is about 0.001~89.6 mD, with an average of 0.33 mD. Coal seams and dark
mudstones are developed, mainly type IIl and type 112 kerogen. The tight sandstone
reservoirs in the study area are rich in natural gas resources.

The main horizon studied in this paper is the Shihezi Formation in the L block. The
geophysical logging data of each well in the block were collected. At the same time, the
core experimental data of the exploration wells in the study block were collected, and the
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logging data of the layers with DST conclusions and production conclusions in the sample
wells were extracted. In order to expand the number of samples, multiple sets of data
sampling were carried out on the reservoir.

3. Principle of the Method

Considering the abundance of geophysical logging data and the subsequent applica-
tion effect, in this paper, two reservoir effectiveness identification factors are constructed
based on geophysical logging data and the reservoir parameters evaluated based on the
geophysical logging data.

3.1. Reservoir Effectiveness Identification Factor F1

The construction principle of the reservoir effectiveness identification factor F;: Based
on geophysical logging data, the type of logging curve sensitive to the effective reservoir
response is preferred by analyzing the logging response characteristics of the effective
and ineffective reservoirs, and this sensitivity is amplified by using the mathematical
method to highlight the logging response variation in the trend of the effective reservoirs
to distinguish the effective and ineffective reservoirs. The specific expression of F; is shown
in Equation (1):

E _A1><A2><---><An
1™ B x By x --- x By,

M

where A, and B, represent the types of curves with opposite logging response trends in
the effective and ineffective reservoirs, respectively. It should be noted that there is no
explicit requirement for the sequence of logs in the numerator and denominator; only the
logging curves in the numerator and denominator have opposite trends when facing the
effective and ineffective reservoirs. In this paper, the logging curve with an increasing trend
of logging response in the effective reservoir is placed in the numerator of Equation (1), and
the logging curve with a decreasing trend of logging response is placed in the denominator,
which can improve the differentiation between effective and ineffective reservoirs in the
logging response, and then the effectiveness of the reservoir is identified.

The geophysical logging data collected for the study area data include the well diame-
ter logging curve, compensated neutron logging curve, acoustic time difference logging
curve, natural gamma logging curve, array-induced resistivity logging curve, PE logging
curve, natural potential logging curve, and compensated density logging curve. In this
papet, the response characteristics of the above logging curves are analyzed using boxplots
in conjunction with actual gas test findings and production data, and the results are shown
in Figure 2. Each graph in Figure 2 contains two box plots, which are the distribution of
the logging response for effective and ineffective reservoirs and the distribution of the
logging response for reservoirs with different fluid properties in effective reservoirs, i.e.,
the source of the logging response for effective reservoirs. As shown in Figure 2a,b,f-h,
the caliper logging curves, compensated neutron logging curves, M2RX (array induction
logging with a detection depth of 120 inches) curves, PE curves, and natural potential
logging curves do not differ significantly in the response characteristics of the effective and
ineffective reservoirs. Combined with the analysis of Figure 2c—e, it can be seen that the
logging response characteristics of the compensated density logging curve, acoustic time
difference logging curve, and natural gamma logging curve in the effective reservoir and
ineffective reservoir are obviously different, which indicates that the compensated density
logging curve, acoustic time difference logging curve, and natural gamma logging curve
are very sensitive to the division of the effective reservoir [32]. In the effective reservoir
section, the response pattern of the geophysical logging data is as follows: low natural
gamma value, small density logging response value, and large acoustic time difference
logging response value. In the ineffective reservoir section, the logging response pattern
is as follows: high natural gamma value, large compensation density logging response
value, and small acoustic time difference logging response value, which is mainly due
to the fact that the mud content of the ineffective reservoir is usually higher than that of



Processes 2023, 11, 2195

6 of 21

the effective reservoir, resulting in high natural gamma. The ineffective reservoir is often
denser and contains no or very little fluid, resulting in a higher reservoir density in the
ineffective reservoir than in the effective reservoir. Similarly, for the acoustic time difference
logging series, the ineffective reservoir is denser and, combined with the propagation
characteristics of acoustic waves, the acoustic waves in the ineffective reservoir travel faster,
corresponding to a lower acoustic time difference logging response value than the acoustic
time difference logging response value in the effective reservoir.

By substituting the above three logging curves of natural gamma, compensated density,
and acoustic time difference into Formula (1) according to their response characteristics,
the response characteristics of effective reservoirs can be amplified, that is, the reservoir
effectiveness identification factor F; in this paper.
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Figure 2. Boxplot of logging response for effective and ineffective reservoirs: (a) boxplot of well
diameter logging curve response for effective and ineffective reservoirs. (b) Boxplot of compensation
neutron logging curve response for effective and ineffective reservoirs. (c) Boxplot of compensating
density logging curve response for effective and ineffective reservoirs. (d) Boxplot of acoustic time
difference logging curve response for effective and ineffective reservoirs. (e) Boxplot of natural
gamma logging curve response for effective and ineffective reservoirs. (f) Boxplot of M2RX logging
curve response for effective and ineffective reservoirs. (g) Boxplot of PE logging curve response
for effective and ineffective reservoirs. (h) Boxplot of natural potential logging curve response for
effective and ineffective reservoirs.

3.2. Reservoir Effectiveness Identification Factor F2

The logging response of the resistivity series corresponding to the ineffective reservoir
studied in this paper has no obvious discrimination compared with the logging response of
the resistivity series of the effective reservoir, and there is a “low resistance” phenomenon.
In order to further combine the reservoir’s physical properties and resistivity, this paper
forms a new identification factor by reconstructing the resistivity curve.

The porosity calculation model is constructed by core porosity and compensation
density logging curves, and it is assumed that the reservoir in this paper satisfies Archie’s
formula and is full of water, i.e., a theoretical resistivity curve with 100% water saturation
is calculated to amplify the difference in porosity in different reservoirs [33,34].

The basic form of Archie’s formula is shown in Equations (2) and (3) [35]:

_a R
F_<pm_Rw @)
b R
'= %7 "R ®

where F—formation factor, dimensionless; a—cementation constant, dimensionless; m—
cementation index, dimensionless; ¢—porosity, fraction; R,—resistivity of the formation
saturated with brine water, Ohm.m; R,,—formation water resistivity, Ohm.m; [—resistance
increase coefficient, dimensionless; b—saturation constant, dimensionless; S;,—water satu-
ration, fraction; and R;—formation resistivity, Ohm-m.

By a simple transformation of Archie’s formula, Equation (4) can be obtained:

abRy,

Ry = P75 (4)

As can be seen from Equation (4), when the other condition is constant, the physical
properties of the reservoir are worse, the porosity is lower, and the resistivity of the
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corresponding formation is higher when it is full of water. The physical properties of
the ineffective reservoir are much worse than those of the effective reservoir, i.e., the
resistivity of the ineffective reservoir at full water content should be much greater than that
of the effective reservoir at full water content. Therefore, this paper constructs a resistivity
curve of 100% saturated formation water by calculating the porosity curve and combining
Archie’s formula as the reservoir effectiveness identification factor F,. Since F, amplifies
the difference in the porosity of different reservoirs, the F, of the effective reservoir should
be significantly lower than that F, of in the ineffective reservoir, as shown in Equation (5):

B = ©
To summarize, this paper proposes a new process for determining reservoir effective-
ness (Figure 3). Firstly, ineffective and effective reservoirs are classified based on gas test
data, and then the response characteristics of these two types of reservoirs on conventional
logging curves are analyzed, from which three logging curves sensitive to the reservoir
effectiveness response are selected: natural gamma curve, compensated density curve, and
acoustic time difference curve. These three logging curves are used to construct the effec-
tiveness identification factor F; via mathematical operation. Next, a theoretical resistivity
curve is reconstructed as the effectiveness identification factor F, by taking into account the
physical properties of the reservoir and using the porosity and Archie’s formula. Finally, a
new reservoir effectiveness identification chart is constructed based on the double factors.
Through the map, the range of the effective reservoirs and ineffective reservoirs is delimited,
respectively, and then the effectiveness of the reservoir is identified.

Identification of reservoir availability

v

Test date
|
Effective reservoir Ineffective reservoir
1 * 1
Conventional well-logging data
I
Gamma curve Density curve Acoustic curve Porosity curve

| v | v

Reservoir effectiveness Reservoir effectiveness

identification factor F1 identification factor F2
1 |

Reservoir effectiveness identification
method based on two factors

Figure 3. Discrimination process of reservoir effectiveness based on the double-factor method.
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4. Results and Discussion
4.1. Results
4.1.1. Model Building Process

1. The natural gamma logging curve, compensated density logging curve, and acoustic
time difference logging curve are used to establish the reservoir effectiveness identification
factor F;. To eliminate the effect of the different curve scales on the factor amplification, the
response values of these three logging curves are first normalized separately, as shown in
Equation (6).

X — Xmin

Xmax - Xmin

where X* is the normalized logging response, X is the original logging response, Xpn is
the smallest logging response among the collected reservoir response data, and Xmax is the
largest logging response among the collected reservoir response data. The curves processed
in this paper are the natural gamma logging curve, the compensated density logging curve,
and the acoustic time difference logging curve.

The normalized data are then brought into Equation (1) for the effective reservoir
identification factor F;. The response values of natural gamma logging and compensated
density logging in the effective reservoir are lower than the response values of the corre-
sponding curves in the ineffective reservoir, and for the acoustic time difference logging
response values, the effective reservoir is higher than the ineffective reservoir. Therefore,
the normalized acoustic time difference logging response value is placed in the denomina-
tor, and the normalized compensation density logging response value and natural gamma
logging response value are placed in the numerator, as shown in Equation (7):

X" (6)

_ GR* x ZDEN*

F
1 DT*

@)
Considering that the denominator is the single variable of the normalized acoustic time
difference logging response, to further amplify the sensitivity of the natural gamma logging
response, the compensated density logging response, and the acoustic time difference
logging response to the effective reservoir, the normalized acoustic time difference value
in the denominator position is squared to obtain F| and replaced with F;, as shown in
Equation (8):
GR* x ZDEN*
(DT*)*

2. Using the porosity parameter combined with Archie’s formula to construct the
reservoir effectiveness identification factor F,, firstly, the porosity calculation formula is
obtained by fitting the core porosity with the compensated density logging curve (Figure 4),
as shown in Equation (9).

®)

/
1

¢ = —55.4 x DEN + 150.19 ©)

The results calculated by Equation (9) are substituted into Equation (5); at this time,
the value of formation water resistivity Ry, in Equation (5) is determined by the formation
water analysis data of the study block, taken as Ry, = 0.083Q2 - m. The values of a, b,
and m are determined according to the petrographic experimental data and fitted to the
formation factor F and porosity ¢ (Figure 5a) to obtain a = 3.8136 and m = 1.383 and
fitted to the resistivity increase factor I and water saturation S;, (Figure 5b) to obtain
b =1.0403 and n = 1.525. It should be noted that, at this point, the parameters obtained by
petrographic experiments, especially the cementation index m, combined with the porosity,
play an amplifying role and can be used if there is a slight non-Archie phenomenon in
the petrographic data. The reservoir effectiveness identification factor F, can be found by
substituting the obtained petrophysical parameters into Equation (5).
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Figure 5. Determination of rock and electricity parameters in the study area: (a) intersection of
formation factors with porosity to calculate a and the cementation index; (b) intersection of resistance
increase coefficient with water saturation to calculate b and saturation index.

4.1.2. Application Effect

The double-factor-based reservoir effectiveness identification method was applied to
26 test layers in 16 wells in block L. Then, the reservoir effectiveness identification factor F;
was used as the X-axis, and the reservoir effectiveness identification factor F, was used as

the Y-axis to make the crossplot; and the scale was chosen as the logarithmic scale, and the
results are shown in Figure 6.
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Figure 6. Reservoir effectiveness identification chart based on the double-factor method. The vertical
blue dashed line is the cutoff value for F1, and the horizontal blue dashed line is the cutoff value
for F2.

Figure 6 shows that the calculated value of F; for the ineffective reservoir is sig-
nificantly higher than that of F; for the effective reservoir. The value of the reservoir
effectiveness identification factor F; is also higher than that of the effective reservoir, i.e.,
the data points of the ineffective reservoir are located at the upper right of the crossplot,
and those of the effective reservoir are located at the lower left of the crossplot. The com-
pensated density logging response and natural gamma logging response of the ineffective
reservoir are higher, and the acoustic time difference logging value is smaller than that
of the effective reservoir. The reservoir effectiveness identification factor F; is a fractional
equation, the denominator of which is the value of the logging curve with an upward trend
in the effective reservoir, and the numerator is the logging curve with a downward trend
in the effective reservoir, plus the square of the numerator, so the value of the reservoir
effectiveness identification factor F; of the ineffective reservoir is obviously greater than that
of the effective reservoir. The physical properties of the ineffective reservoir are worse than
that of the effective reservoir, so the resistivity response value of 100% saturated formation
water calculated in the ineffective reservoir is larger, i.e., the results of practical application
are consistent with the theory. By analyzing the location of the effective and ineffective
reservoir samples in the plate, the range was divided by combining the perception of
actual production, as shown in Table 1. The effectiveness of the reservoir can be effectively
determined by the chart, and the application effect in the new well is shown in Figure 7; the
confusion matrix when the method is applied in the new well is given, as shown in Table 2,
and a graph of the effect of a new well is shown (Figure 8). Ten tracks are shown in Figure 8.
The first track is a stratigraphic track containing formation information; the second track is
a lithology logging track containing the curves of the lithology logging series, including
the natural gamma logging curve, natural potential logging curve, photoelectric absorption
cross-section index curve, and well diameter curve. The third track is a depth track; the
fourth track is a porosity logging track, which contains the curves of the porosity logging
series, with compensated density logging curves, compensated neutron logging curves,
and acoustic time difference logging curves. The fifth track is the resistivity logging track,
which contains the resistivity series logging curves, showing the three resistivity curves for
the deepest and shallowest longitudinal probing depths and M2R3, with M2RX probing the
deepest and M2R1 the shallowest. The sixth and seventh tracks are the reservoir effective-
ness identification factors calculated by the method of this paper (F; and F,, respectively),
and the values are provided with blue filling for effective reservoirs and yellow filling for
ineffective reservoirs. The eighth track is the overlap track of the double-factor calculation
results; both are on a logarithmic scale, and both are on opposite scales, and the same fill is
given; blue fill shows the effective reservoir while no fill shows the ineffective reservoir.
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Finally, the ninth track is the interpretation conclusion track, and the tenth track is the test
conclusion track, which contains the production conclusion and DST results.

Table 1. Range of values of F; and F, in the effective reservoir.

Reservoir Effectiveness Identification Factor Effective Reservoir
Fl 0< Fl <10
F2 0< F2 <13

Table 2. Confusion matrix of the double-factor method in reservoir applications.

Accuracy (96%)
Test Results Effective Reservoir Ineffective Reservoir
Effective reservoir 21 (100%) 0 (0%)
Ineffective reservoir 1 (20%) 4 (80%)
100 ES
]| * Effective reservoirs X
*  Ineffective reservoirs % Yok
% Effective reservoir for new Wells ¥ x
% Ineffective reservoir for new Wells x % g v
WK X
*
* X &
£ 10+
1 R | L | R | R | R | LR L
0.01 0.1 1 10 100 1000 10,000

Fl

Figure 7. Effect of applying the double-factor reservoir effectiveness identification method to
new wells.

According to the confusion matrix, it can be found that the accuracy of the method
in this paper can reach 96%. By analyzing the actual well application effect in Figure 8,
the gas layer (effective reservoir) and dry layer (ineffective reservoir) can be effectively
distinguished. For the three producing formations above 1725 m, the judgment results
match with the production results, and for the two DST results below 1775 m, the judgment
results match with the test results, which also shows the effectiveness of the method
outlined in this paper.
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Figure 8. Effect of applying the method outlined in this paper in the L1 well.

4.2. Discussion

4.2.1. Method Comparison

In order to further demonstrate the effectiveness of the proposed method, in this
section of the paper, the proposed method is compared with methods that have been

widely used in the past.
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Porosity(%)

The porosity and permeability intersection plot method is a method used to determine
the lower limit of reservoir properties to identify effective reservoirs by constructing a
relationship between the two parameters based on core porosity and permeability analysis
data. Firstly, the core analysis porosity and permeability are overburden corrected to
process, and the core analysis porosity and permeability measured under surface conditions
are corrected to formation porosity and permeability; then, the overburden corrected
core permeability is used as the X-axis, and the overburden corrected core porosity is
used as the Y-axis to draw the porosity—permeability crossplot, as shown in Figure 9a.
Figure 9a shows that the porosity—permeability curve can be divided into three sections:
the first section has a rapid increase in porosity but a small increase in permeability,
the second section has a relatively obvious increase in permeability with the increase
in porosity, and the third section has a smaller increase in porosity but a sharp increase
in permeability. These three sections correspond to pores with three different seepage
capacities: the first section corresponds to pores with almost no seepage capacity, the
second section corresponds to pores with a relatively stronger percolation capacity, and
the third section corresponds to pores with strong percolation capacity. The turning point
between the first and the second section is usually taken as the lower physical limit of the
effective reservoir, so 7% can be determined as the lower limit of the effective reservoir.
In addition, an attempt to discriminate the effectiveness of the reservoir is also made by
using the mercury injection capillary pressure (MICP) data, which is an important tool for
studying the pore structure. The median pressure (the value of capillary pressure when the
mercury saturation reaches 50%) can characterize the macroscopic pore structure. Through
the repetition and comparison of reference [36], it is considered that the lower limit of
porosity of the effective reservoir can be determined via a mathematical calculation of
the two parameters, median pressure, and porosity; then, the effective reservoir can be
classified. A power function relationship was established between the core porosity data
and the median pressure of mercury saturation as follows:

b1

Y1 =a1x (10)
100
_ q
- °
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- ° i
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Figure 9. The traditional method determines the lower limit of porosity of the target block: (a) the
lower limit of porosity is determined by the porosity—permeability crossplot method, the dot is the
intersection of core porosity and core permeability, and the red dashed line is the fitting trend line of
both, and the blue line is used to indicate the lower porosity limit; (b) the lower limit of porosity is
determined by the mercury injection curve method, the dot is the intersection of the median mercury
saturation pressure and the core porosity, and the red dashed line is the fitting trend line of both, and
the blue line is used to indicate the lower porosity limit.
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In Equation (10), x; is the core porosity, y; is the median mercury saturation pressure,
and the remaining parameters are the fitting coefficients.

Based on the power function relationship, the curvature equation is obtained, and
the curvature equation is calculated in the first order and finally simplified to the form of
Equation (11):

@b-2) b1 —2
T 2 - 2)ar (1)

The coefficient of x; in Equation (11) is calculated by fitting the coefficients to obtain
the porosity value corresponding to the sudden change in the median pressure of mercury
saturation in the process of the mercury pressure experiment in oil and gas fields. Theoreti-
cally, as the core porosity increases, the median pressure gradually decreases and a more
obvious inflection point appears. When the core porosity is lower than the inflection point
value, the median pressure decreases rapidly with the increase in porosity, and when the
core porosity is higher than the inflection point value, the median pressure does not change
much. In this paper, this method is implemented, and the effect is shown in Figure 9b.
Figure 9b shows that this method is not applicable to the study block. The tight gas
reservoir is highly heterogeneous, the power function goodness of fit between the median
pressure and the corrected core porosity is low, and the lower limit of the calculated porosity
is 8.74%.

Based on the application and statistics of the data of 24 test layers from 16 wells,
the lower porosity limits of effective reservoirs obtained by using the crossplot method
of porosity and permeability and the mercury injection curve method are 7% and 8.74%,
respectively. The accuracy of the above three reservoir effectiveness identification methods
is obtained by comparing the consistency of the calculated results with the conclusions of
DST. The judgment accuracy rates of the proposed method and the above two methods
are shown in Table 3. The accuracy of this method is the highest, and the accuracy of the
other two methods for effective reservoir identification is 78.2% and 70.3%, respectively.
The results show that the method proposed in this paper has the strongest applicability
and the highest accuracy. The lower limits of effective reservoir porosity determined by the
other two methods are not consistent with the production or test results. In addition, there
are errors in the calculation of porosity itself. Although such errors are within the range
required by production, considering the low porosity of tight gas reservoirs, it is risky to
use only a single porosity for judgment. In addition to the porosity calculation error, the
determination of the lower limit value will also cause errors.

Table 3. The accuracy rate of the practical application of each method.

Method Accuracy Rate
Double-factor method 96%
Porosity—permeability crossplot method 78.2%
Mercury injection curve method 70.3%

4.2.2. Analysis of Resistivity Response Value

The porosity of the effective reservoir is relatively higher, and the combination of
Formula (5) shows that the reconstructed resistivity response should be relatively lower. In
fact, due to the existence of fluid in the effective reservoir, the actual resistivity response
is usually higher than the result of the reconstructed curve. For ineffective reservoirs,
the resistivity of the reconstructed original formation is significantly higher than that
of the actual measured deep lateral resistivity, that is, the actual measured deep lateral
resistivity is low, which is also the reason why the resistivity box diagram corresponding
to Figure 2f cannot distinguish between effective and ineffective reservoirs. This paper
discusses this and analyzes and numerically simulates the reason for the phenomenon
of “low resistivity”. Firstly, the analysis combined with the clay mineral measurement
results found that the clay content of the L block reservoir is low and that smectite and



Processes 2023, 11, 2195

16 of 21

mixed-layer illite is not developed, so it is not easy to form a low-resistance gas layer caused
by clay additional conductivity, and the X-ray whole rock mineral diffraction results also
showed that the Shigianfeng Group and Shihezi Group do not contain pyrite, i.e., it is not
caused by conductive minerals. By checking the site construction logs, it was found that
the logging time was separated from the drilling time by a large margin, with most wells
exceeding 20 days. Considering that the drilling fluid will intrude upon the formation,
i.e., due to the intrusion of the drilling fluid, the saturation of the formation fluid around
the wellbore, the salinity of the water, and the corresponding resistivity profile will be
changed so that the electric logging cannot accurately reflect the true resistivity of the
formation due to its influence. In this paper, the process of mud filtrate intrusion into the
formation can be approximated by the two-phase seepage equation. However, there are
three important differences compared with the preconditions of the Beckley—-Levelt oil
drive theory in seepage mechanics: (1) For low-porosity and low-permeability reservoirs,
the influence of gravity and capillary pressure on the intrusion is relatively enhanced
during the intrusion of mud filtrate because the intrusion rate is small. (2) The intrusion
rate decreases continuously with time, which is unstable Darcy seepage. (3) Since intrusion
is a process that continuously advances radially from the borehole to the formation, the
intrusion rate per unit area will become smaller as the depth of intrusion continues to
increase. Therefore, the two-phase seepage equation is only an approximate description of
the intrusion.

19, pgKKyg 9P, 3(®pgSy)
e A e T -
10 KK 0P, o(PpyS
P DTS 13

In Equations (12) and (13), r is the borehole radius, pg and p;, are the gas and water
densities, respectively, K is the permeability, u is the viscosity factor, P is the pressure, S
corresponds to the saturation, ¢ is the intrusion time, and P, = P — Py,Sq + Sw = 1.

Mud filtrate replaces the original fluid in the reservoir under a positive pressure
difference between the formation and the borehole. When it is an immiscible fluid (e.g.,
water-driven oil), the replacement process dominates; when it is a compatible fluid, such
as a highly mineralized mud filtrate replacing the low-mineralized formation water, there
is not only a replacement process but also ion diffusion and convective transport. The
mineralization of the formation water can be transformed by the following equation, and
then the radial distribution of the resistivity of the formation water in the intrusion zone
can be obtained:

(14)

Ry = (0.0123 - 36475) 52

C%95 ) 39 +1.8T

In Equation (14), Ry, is the formation water resistivity, Cy, is the mineralization, and T
is the temperature.

The radial distribution variation in the formation water resistivity under mud fil-
trate intrusion and the characteristics of radial distribution variation in water-bearing
saturation can be obtained by numerical simulation and determined by the Archie model
(Equation (4)). When the radial distribution of the formation resistivity R; is derived and
when the formation resistivity R; varies radially, the instrument receives the formation

resistivity R, as
1 © g(r)
i d 15
R, /0 R (15)

In Equation (15), g(r) is the radial differential geometry factor of the coil system.

Figure 10 shows the numerical simulation results of drilling fluid intrusion in section
1467-1473 m of the L3 well with the following simulated parameters: porosity is 12%,
permeability is 1.5 x 10~3 um?, formation water mineralization is 49,500 ppm, mud filtrate
mineralization is 3400 ppm, formation temperature is 42.98 °C, borehole pressure is 20 MPa,
and formation pressure is 14.5 MPa. Figure 10a shows the variation in the pattern of
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intrusion depth with soaking time; with increasing soaking time, the intrusion depth
also increases gradually, and when the soaking time reaches a certain time, i.e., after
30 days of soaking, the intrusion depth no longer changes. Figure 10b shows the response
characteristics of the induction resistivity during drilling fluid intrusion, where M2RX
represents the deepest detected induced resistivity. It can be seen that the deep lateral
resistivity decreases sharply in the first 5 days of drilling fluid immersion and continues to
decrease when the drilling fluid is immersed for more than 5 days, and the change in the
deep resistivity decreases gradually and stabilizes after 14 days of immersion.

2.5 25+
2.0 20
£ :
E 15 E 15
g S
_q:T s
s 2
'g 1.0 s 10
>
=
0.5 5
0~0 T T T T T 1 0 T T T 1
0 10 20 30 40 50 0 10 20 30 40
Time(day) Time(day)

(a) (b)

Figure 10. Numerical simulation results of drilling fluid invasion in 1467-1473 m section of L3 well:
(a) the variation of intrusion depth with soaking time; (b) the response characteristics of the induction
resistivity during drilling fluid intrusion.

In addition, in this paper, the effect of porosity on drilling fluid intrusion is analyzed.
Figure 11 shows the effect of porosity on the response of deep lateral resistivity logging
under drilling fluid intrusion conditions (simulation of the variation in the response of
M2RX with intrusion time for the porosity of 0.08, 0.12, and 0.16, and the mineralization of
drilling fluid is selected as 3400 mg/L, water saturation is 0.3, and permeability is 5 mD). As
can be seen from Figure 11, the larger the porosity, the smaller the M2RX logging response
at the same time of intrusion when all conditions are consistent, indicating that the larger
the pore space, the more mud filtrate is needed to replace the fluid in the original reservoir
pore space during the replacement process, which reduces the mud filtrate intrusion
rate, leading to a smaller decrease in the M2RX logging response. This explains why the
resistivity cannot be distinguished between ineffective and effective reservoirs because
the resistivity of the aquifer and the ineffective reservoir affected by the intrusion have
overlapping responses. In contrast, the resistivity curves reconstructed via porosity and
Archie’s formula using the method outlined in this paper can be effectively characterized.
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Figure 11. The influence of porosity on deep induction resistivity.

4.2.3. Error Analysis

The method outlined in this paper also produces some errors in practical application.
Taking well L2 as an example (Figure 12), the production conclusion is consistent with the
judgment of the method in this paper. For the 1550-1575 m reservoir, the interpretation
concluded that the gas and poor gas layers are interspersed with dry layers. The method
proposed in this paper can identify the effectiveness of the reservoir for the gas and poor
gas layers, but there are errors in the identification of thin layers and mutual layers, which
are caused by the logging response being in the “half amplitude point” or the lack of
longitudinal resolution of the logging curve. Such errors are usually unavoidable and can
be determined by the field experience of the interpreter. In addition, the main sources of
error in this paper are the acquisition error of the log response, which is affected by the
borehole environment and field construction and usually cannot be avoided; errors in the
calculation of porosity are often difficult to avoid. In this paper, the logging response and
physical property parameters have been comprehensively considered. Even with the above
errors, the validity of the reservoir can be accurately judged.

4.2.4. Limitations

In this section of the paper, the advantages and error sources of reservoir effectiveness
identification based on the double-factor method are discussed, and the limitations of
this method are also mentioned. (1) This method cannot avoid the influence of reservoir-
surrounding rock. At the layer interface, when the effective reservoir and the ineffective
reservoir are interbedded, logging curve response distortion or drastic change often occurs,
which leads to the inaccurate calculation of the double factors and the occurrence of
misjudgment. (2) The selection of logging curves also needs to be determined according
to the actual logging response; the research object of this paper is the tight gas reservoir,
meaning that, theoretically, the selected natural gamma curve, compensated density curve,
and acoustic time difference curve are sensitive to the response of the effective reservoir,
taking into account the obvious influence of intrusion on the reservoir; the resistivity
logging series is not taken into account in the target block. If the applied block is free
of intrusion, and also the response of resistivity logging shows a changing trend in the
identification of reservoir effectiveness, then this series can be included in the identification
factor Fy, i.e., the construction of the identification factor F; should be decided according to
the logging response of the actual work area. (3) The construction process outlined in this
paper is effective for different geological backgrounds, but the actual values of effective
reservoir determination are not universal and need to be calculated according to the actual
data of actual workings and actual layers.
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Figure 12. The application effect of this method in the L2 well.

5. Conclusions

In this paper, based on conventional geophysical logging data combined with physi-
cal parameters, a reservoir effectiveness identification method based on a double-factor
method is proposed. Considering the logging response and calculation parameters of the
reservoir, the identification factor F; can be constructed by using the natural gamma curve,
compensation density curve, and acoustic time difference curve, and the identification
factor F, can be constructed by using porosity and Archie’s formula. The effective reser-
voir can be identified by intersecting the double factors and providing the determination
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range. The reservoir effectiveness identification factors F; and F, achieved good results in
the identification of effective reservoirs in the study area. The coincidence rate between
the discriminant results and the production or test results reached 96%, which is higher
than the accuracy of the porosity and permeability crossplot method and the maximum
curvature method of the mercury injection curve in the traditional method. Compared
with the direct use of the lower limit of porosity for judgment, the application risk of this
method is low, and the calculation is simple and easy to implement. For work areas with
different geological backgrounds, the model construction process of this paper can be
used to redetermine the scope of determination. In summary, the reservoir effectiveness
identification method proposed in this paper lays a solid foundation for subsequent fluid
property identification and production calculation.
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