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a b s t r a c t

“Umbrella Deconstruction” method has already been raised in a set of published papers accomplished by
the author of this study and his collaborators. This method aimed to unlock the “black box” of the
anisotropic pores, elements and minerals of reservoirs from a new perspective. Compared with all the
previous case studies, the purpose of this study is to investigate the profound connotations and special
significance of the geometric parameters describing the pores in the study of “Umbrella Deconstruction”
method furtherly.

This new case study shows the extreme points of reservoir properties could be the turning points of
some complex geological processes. It also shows that there are two possible mechanisms which would
control the geometry of the pore boundary, including “the differential corrosion due to compaction
process” and “the seepage process controlled by dominant channels”. The location of the maximum and
minimum values of eight sections and the angle between the maximum and minimum values had sig-
nificance in the geologic mechanism and development processes.

The conclusions suggest that, when we carry out the study of micro-anisotropy characterization, we
should investigate what relative quantitative enlightenment can be brought to us by the change char-
acteristics and laws of pore geometry parameters from both the geological and engineering perspectives.
This will contribute to the further explanation and improvement of the practicability of “Umbrella
Deconstruction” in pore characterization.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Studies of natural and social sciences on the topic of “energy”
are of great significance. In response to this major problem, scholars
of geology, mechanics and other disciplines have paid great
attention to and made many predictions [1e4]. For example, some
scholars have proposed predictionmodels of oil and gas production
and power consumption respectively by means of trend analysis or
genetic algorithm [5,6]. With the continuous use of fossil energy
and the emission of carbon dioxide, the greenhouse effect on the
earth is gradually prominent. Some scholars even point out that
new energy management can use the greenhouse effect to reverse
the situation and produce renewable energy [7]. Thus, different
scholars have different views on energy use and consumption.
According to “[8]”, global energy demand grew by 2.9% and

carbon emissions grew by 2.0% in 2018, natural gas consumption
and production was up over 5%, Renewables grew by 14.5%, and
coal consumption (þ1.4%) and production (þ4.3%) increased for the
second year in a row in 2018. China accounted for 24% of global
energy consumption and 34% of global energy consumption growth
in 2018. As to the fossil fuel consumption in China, consumption
growth was led by natural gas (þ18%) and oil (þ5.0%), while coal
use rose (þ0.9%), the second consecutive year of growth。In fact, oil
and gas will continue to be the main energy consumption type in
China and the world for a long time.

In essence, the vast majority of fossil energy such as oil and
natural gas could be found in the pores of rocks. In the character-
ization of reservoir pores, predecessors have done a lot of effective
studies, which provides very important evidence for revealing the

mailto:dushuheng@imech.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2020.118630&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2020.118630
https://doi.org/10.1016/j.energy.2020.118630


S. Du / Energy 211 (2020) 1186302
original appearance of reservoir pores. We can divide the previous
studies in this field into two categories. The first kind of research is
about fluid tests, including high-pressure mercury injection, con-
stant velocity mercury injection, nuclear magnetic resonance,
seepage experiment, etc. As we cannot see the real situation of fluid
flowing in the reservoir, we need a lot of theoretical assumptions to
help us infer the size and shape of the reservoir pores. The second
kind of research is imaging tests, including a series of CT scanning,
SEM, small angle scattering technology and so on [28]. The
advantage of an imaging test is that we can see the morphology of
pores more truly. With the popularity of unconventional oil and gas
reservoir research, the direction of scholars’ efforts mostly lies in
how to see the smaller and smaller pores. This will undoubtedly
make us ignore the significance of taking into account both sample
size (Scale) and resolution (Rev) for pore heterogeneity quantifi-
cation in reservoirs [9,10].

Here are some representative research topics and their technical
details. Like Gunde et al. [11] used high resolution micro-computed
tomography (micro-CT) images of Berea sandstone core to obtain
the heterogeneous pore geometry. Klaver [12] and others quanti-
tatively estimated porosity and explored the pore space
morphology of Posidonia shale (sample size 140 mm � 140 mmwith
a resolution of 100 nm) using the broad Ion Beam Polishing and
High Resolution-SEM. Lai et al. [13] used image processing tech-
nology and a nitrogen adsorption test to explore the characteristic
pore size of Berea sandstone, in which the mineral surface area
distribution can be used to quantify its heterogeneity. Alyafei et al.
[14] studied the accuracy differences in porosity and permeability
estimations of limestone by changing the image resolution (REV).
Their results showed that the change of permeability of limestone
data was as low as 25%, and the change of porosity was as high as
50%. Lewis et al. [15] proposed amulti-dimensional NMRmethod to
characterize the heterogeneity of pore structure. Based on the
correlation of magnetic susceptibility in the multi-dimensional
experiment, the heterogeneity of porous network geometry was
inferred. Wang et al. [16] used fractal and multifractal methods to
find that the average fractal dimension and the average width of
different types of pores are different, and the degree of micro-
heterogeneity is, in turn, intergranular pores, intragranular pores,
and organic pores. Huang [17] believes that the fractal dimension of
micro-scale space increases gradually, while the fractal dimension
of nano-scale space decreases. This indicates that as the heteroge-
neity of micro-scale space increases gradually, the nano-scale space
weakens gradually. Jin et al. [18] used the high-pressure mercury
injection tests to show that pore throat radii are less than 10 nm for
most pores in the heterogeneous Bakken shale. Saif et al. [19]
characterized the microstructural heterogeneity of oil shale using
X-ray micro-tomography (mCT), automated ultra-high resolution
scanning electron microscopy (SEM), MAPS Mineralogy (Modular
Automated Processing System) and Focused Ion Beam Scanning
Electron Microscopy (FIB-SEM). Munawar et al. [20] suggested that
the success of the pore network model (PNM) in predicting the
physical properties of rocks depends on three factors: image seg-
mentation, image resolution, and rock homogeneity. They also
indicate belief that the single-scale PNM method cannot solve the
problem of the fine characterization of tight reservoir rocks, so it is
necessary to explore multi-scale characterization methods. Sun
[21] and others used the eigenvalues and eigenvectors of perme-
ability tensors to quantitatively characterize the nanoporous het-
erogeneity of gas shale based on synchrotron radiation nano-CT
technology.

“Umbrella Deconstruction” method mentioned in the title of
this paper has a clear development process. Du et al. [22] firstly
proposed the concept of “Umbrella Deconstruction” to characterize
the pore heterogeneity and anisotropy of unconventional reservoirs
in relative large scale by combining the advanced imaging tech-
niques, which could reduce the contradiction between observation
resolution and scale to a certain extent. It can be seen from Du et al.
[22] that the concept of “Umbrella Deconstruction” was originally
proposed to solve the technical problem of precise description of
pore anisotropy and heterogeneity. This paper also became the
beginning of all the studies on “Umbrella Deconstruction”.

At almost the same time point, based on the research of Du et al.
[22], Du et al. [23] broadened the application scope of “Umbrella
Deconstruction” for the first time. A kind of mineral named
“calcite” with special geological and engineering significance is
identified by combining the point measurement of Energy Disper-
sive Spectrometer (EDS). It’s all because the content and distribu-
tion characteristics of calcite directly affect the brittleness and
fracturing ability of rock. We can capture enough number of calcite
in eight directions for our research through “Umbrella Decon-
struction” slices. By drawing the calcite property curve of reservoir
slices in eight directions, the potential and dominant direction of
formation of pressure fracture can bewell understood. Du et al. [23]
is the first extension of “Umbrella Deconstruction” technology.

Obviously, the indicative significance of individual mineral is
limited and suitable for solving a specific problem. In order to get a
complete picture of the reservoir, we can start with the distribution
of the overall elements of the reservoir. Based on this, Du et al. [24]
and Du et al. [25] continue to broaden the testing field of EDS on the
basis of [23]. Using the surface measurement of EDS, the element
content distribution of “Chang 800 reservoir samples in Jiyuan area
of Ordos Basin and “Chang 700 reservoir in HJS area of China are
obtained. The micro evidence of the existence of the dominant
fracture area is inferred. It is worth mentioning that in the study of
Du et al. [25]; the author first collected multiple synchronous
samples in the same full diameter sample. By calculating the mean
value of the experimental data in the same direction of the syn-
chronous sample, the reliability of the experimental results was
greatly enhanced. At the same time, Du et al. [25] also selects
samples from adjacent areas for supplementary verification. This is
undoubtedly a special progress compared with [9] and Du et al.
[23].

In fact, since [22] first proposed the concept of “umbrella type
deconstruction”, this method should be widely used in the char-
acterization of reservoir pores. Only in this way, we can continu-
ously prove the vitality of the new method and make it
continuously tested in the practice of different reservoirs. Based on
this, Du et al. [26] selected the tight sandstone oil reservoir samples
from Western China to carry out a preliminary case study on the
characterization of pore and mineral anisotropy and heterogeneity.
Compared with Du et al. [22] and Du et al. [23]; it selects the
geometric parameters to describe the pores and mineral bands
comprehensively, proves that there is indeed a very significant
anisotropy in the pores and minerals of the reservoir in this area,
and gives some obvious conclusions without further discussion.
However, when the geometric parameters of each pore are applied
to the characterization of micro-anisotropy, the quantitative and
profound connotation of these parameters (including geological
and engineering significance) still needs further consideration and
excavation. In fact, the author has mentioned the practical appli-
cation of the relevant fracture or pore geometric parameters in
some other occasions, but this does not mean that the special sig-
nificance of these geometric parameters in the study of “Umbrella
Deconstruction” has been solved thoroughly. Therefore, we still
need to explore furtherly [27].

In general, the purpose of this paper is to carry out a new
detailed case study based on all the previous research results and
the “Umbrella Deconstruction” method. This study is mainly to
analyze an important issue. That is whenwe carry out the research
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of micro-anisotropy characterization, we need to figure out what
relative quantitative enlightenment can be brought to us by the
change characteristics and laws of pore geometry parameters from
both the geological and engineering perspectives. This will
contribute to the further explanation and improvement of the
practicability of “Umbrella Deconstruction” in the characterization
of reservoir spaces. This will also help readers to grasp the practical
significance of “Umbrella Deconstruction” for micro reservoir
characterization more clearly. Therefore, this research is timely and
necessary.

2. Methodology

According to the technical process of “Umbrella Deconstruction”
technique [22], the reservoir rock with low porosity and perme-
ability was processed (Fig.1). High resolution imaging of slices from
eight directions was carried out with a field electronic scanning
electron microscope and fine characterization was performed
effectively and flexibly.

To comprehensively characterize the heterogeneity and anisot-
ropy of reservoirs within 360� (represented by eight directions of
slices), several properties to quantify the pore characteristics
include the average solidity, the average tortuosity, the average
shape factor, the mean variance of the extension angle, and the
fractal dimension. In the following text, definitions of the five
properties are all explained respectively. Geological and develop-
ment characteristics represented by the above properties are clar-
ified, and the properties change curves with the change of angle
were also drawn. The heterogeneous and anisotropic characteris-
tics of pores in tight reservoirs are studied in detail.

3. Profound connotations analysis on pore geometry
anisotropy

In classical petroleum geology, physical properties (including
porosity and permeability) are the most widely used evaluation
parameters. Since umbrella sections are surfaces in two-
dimensional space, the concepts of porosity and permeability
used here are surface porosity and surface permeability.

It should be noted that the surface porosity is mainly obtained
by image denoising, gray level recognition, pore extraction, and
quantitative image processing. The surface permeability is calcu-
lated by combining the Darcy law and the Poiseuille equation based
on the capillary bundle model. The approximate calculation for-
mula is:
Fig. 1. Reservoir rock slices with low porosity and permeab
K ¼fr2

8
(1)

In formula (1), “f” indicates the porosity and “r” indicates the
average pore-throat radius.

Regarding porosity findings in Fig. 2, the maximum value of the
curve appeared at 0� (180�/360�) and the minimumvalue appeared
at 135� (315�). With the change of angle from 0� (180�/360�) to
157.5� (337.5�), the overall change trend of porosity gradually
decreased, with a range (ratio of maximum to minimum) of 1.62.
The angle of the reservoir slice where the extreme value was
located was 135�.

With respect to permeability, the maximum occurred at 45�

(225�) while the minimum occurred at 22.5� (202.5�). The angle of
the reservoir slice where the extreme value was located was 22.5�.
This shows that this kind of reservoir has the potential to form high
permeability channels, and that the maximum permeability and
minimum permeability are adjacent (Fig. 2).

After the highest point, the permeability decreased linearly with
the change of angle. This indicates that for the reservoir sample, the
permeability will change abruptly at some angle, but not in a
strictly linear or stable fashion. This also provides evidence for the
occurrence of remaining oil and gas in the development process,
indicating that the development of compact oil and gas should still
involve the study of high permeability channels.

At the same time, it can also be seen that the change trends of
porosity and permeability are not consistent, and that permeability
is affected by multiple factors. This also shows the complexity of
tight reservoirs.

3.1. The average pore-throat solidity

From the perspective of sedimentary geology, a sandstone
reservoir is formed by the process of accumulation, compaction,
and diagenesis of mineral particles. Therefore, it is reasonable to
assume that the overall concavity of the pore should be high in the
reservoir with strong compaction. The average degrees of concave
and convex pores can be used as indicative parameters of reservoir
compaction [27,29].

Quantification of these parameters is helpful in determining the
degrees of reservoir compaction. However, sedimentary geology
still lacks the use of micro-parameters in describing the degrees of
concave and convex pores in a reservoir, which requires construc-
tion of the new parameter. The concept of “particle solidity” for the
shape of particles is as followings:
ility obtained by “Umbrella Deconstruction” method.



Fig. 2. The average “porosity” & “theoretical permeability” in eight thin sections with different angles.
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Solidity¼ S
Sc

(2)

In equation (2), S is the particle area and Sc is the area of the
convex hull of the particle boundary.

Analogous to “particle solidity,” the parameter of “pore-throat
solidity” has been introduced which could be used to characterize
the concave and convex degrees of pores. With respect to the new
parameter, the “S” and “Sc” in equation (2) would be the pore area
and the area of the convex hull of the pore boundary, respectively.
Therefore, the smaller the pore-throat solidity, the higher the de-
gree of compaction [27,29].

Fig. 3 shows that the maximum value of pore-throat solidity
curve appeared at 67.5� (247.5�) and the minimum value appeared
at 22.5� (202.5�). This shows that the compaction degree in the
direction of 22.5� (202.5�) was the highest, while that in the di-
rection of 67.5� (247.5�) was the lowest. The sharp angle of the
reservoir slices where the two extreme values were located was
45�.

Fig. 3 also shows that the maximum value of sorting degree
curve of pore-throat solidity appeared at 112.5� (292.5�), and the
minimum value appeared at 90� (270�). The sharp angle of the
reservoir slices where the two extreme values were located was
22.5�.

However, there is a question that deserves consideration. The
sample size of rock slices used in this study was small. If we put it in
the reservoir perspective, all the slices would bear the same
compaction process, so the difference of compaction degree mainly
originates from the mechanical properties of rock reservoirs rep-
resented by each slice. Specifically, different mineral particle con-
tent and pore development degrees in different directions lead to
different mechanical properties in different directions. This in turn
results in different deformations in different directions when the
same reservoir accepts the same stress. Ultimately, it depends on
the anisotropy and heterogeneity of tight reservoirs.
3.2. The average pore-throat shape factor

The shape factor of a pore indicates the approximate degree
between the geometric shape of the individual pore and the regular
circle. The higher the shape factor, the closer the geometric shape of
the individual pore to the standard circle.

Fig. 4 shows that the maximum value of the shape factor
appeared at 67.5� (247.5�) and the minimum value appeared at
22.5� (202.5�). This shows that the geometric shape of pores with
the degree of 67.5� (247.5�) were the closest to the standard circle,
while that of the pores with 22.5� (202.5�) deviated the most from
the standard circle. The sharp angle of the reservoir slices where
the two extreme values were located was 45�.

Fig. 4 also shows that the maximum uniformity (sorting degree)
of the shape factor occurred at 0� (180�) and theminimumoccurred
at 135� (315�). The sharp angle between the two extremes was
135�.

3.3. Mean variances of the extension angles

Petroleum reservoir rocks undergo weathering, erosion, trans-
portation, and deposition. In this process, due to directional flow,
minerals can easily spread along a certain fixed direction. The
directional distribution of minerals results in the directional dis-
tribution of pores.

Statistically speaking, the standard deviation (mean square de-
viation) of a data set can well reflect the discrete degree of a data
set. The larger the standard deviation, the greater the discrete de-
gree of the data set and the more unstable the data change. On the
contrary, the smaller the discrete degree of the data set, the more
stable the data value. When this parameter was applied to our
research, we found that if we could get the standard deviation of all
extension angles of the pores, we could measure the degrees of
pore orientation by taking single direction reservoir slices as the
research object. The smaller the standard deviation of extension
angle, the better the orientation of reservoir slices in this direction.
Finally, we could evaluate the problem of dominant seepage
channels by comparing the degree of directionality in different
directions.

Therefore, we took the slice in a single direction as the research
object, and did so for slices in all directions. The Legendre ellipse
fitting was carried out for all pores in a single slice. With the Car-
tesian coordinate system as the standard, the extension angle of the



Fig. 3. The average and standard deviation of “solidity” in eight thin sections with different angles.

Fig. 4. The average “shape factor” in eight thin sections with different angles.
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long axis of the ellipse was calculated and used as the extension
angle of the pores. Then, we calculated the standard deviation
(mean square deviation) of all extension angles. Eight reservoir
slices were calculated and eight standard deviations were plotted.

Here we referred to the standard deviation of the extended
angle of the pore as the pore dispersion. The greater the dispersion,
the less probability the formation of high permeability zones and
the lower the recovery degree of remaining oil and gas. Conversely,
the smaller the dispersion, the easier the formation of the domi-
nant seepage zone and the higher the recovery degree of remaining
oil and gas.

Fig. 5 shows that the maximum pore dispersion occurred at
112.5� (292.5�) and the minimum occurred at 22.5� (202.5�). This
shows that the direction of 112.5� (292.5�) had the worst direc-
tionality and that it is not easy to form high permeability zones, and
that it had the lowest the recovery degree of remaining oil and gas.
The direction of 22.5� (202.5�) had the best directionality, which is
easy to form high permeability zones, resulting in lower sweep
degree in other directions, making the remaining oil and gas
recoverable. The sharp angle of the reservoir slices where the two
extreme values were located was 90�.
Fig. 5. The standard deviation of the average “extended
3.4. The average pore-throat tortuosity

Pore-throat tortuosity is the ratio of the actual length of the
seepage channels and the apparent length the fluids flow through
the seepage medium (the macro distance). Fluid particles flow
through the medium in unit distancedthe actual length of the
motion trajectory of the particle. This is an important parameter for
evaluation of the complexity of the seepage channel, and also one
of the most important in the prediction of reservoir permeability
[27].

Importantly, calculation of tortuosity should be based on its
original definition. The perimeter of a single pore boundary should
be calculated as the actual flow distance. Then, the Legendre ellipse
fitting of a single pore should be carried out to obtain its equivalent
long axis as its theoretical flow length. The tortuosity of a single
pore can then be obtained by dividing the perimeter by the long
axis. After calculating the pore-throat tortuosity of all single pores
in a slice, the average value is calculated and the average value of
the Pore-throat tortuosity of each slice is obtained.

Pore-throat tortuosity can directly indicate the curvature of the
pore boundary. According to the principle of sedimentology, after
weathering, denudation, transportation, and deposition, roughness
of the pore boundary of the mineral particles that make up the
angle” in eight thin sections with different angles.
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shale oil reservoir in the study area should be low in theory,
because they have undergone a long period of transportation,
separation, and rounding. The boundary should be relatively
smooth and it should have a smoother curve.

The study of classical petroleum geology may be used to frame
discussions of what causes the pore boundary to become rough.We
know that when corrosion occurs, the boundary will be changed
irregularly and the pore boundary will become rough. Theremay be
two possible mechanisms, including the compaction differential
corrosion mechanism and the dominant channel transport mech-
anism, which together control the geometry of pore boundary.
Therefore, the geometric shape of the pore boundary is the result of
competition between these two mechanisms.

3.4.1. The first possible mechanism: the differential corrosion due to
compaction process

Pressure solution, also known as corrosion creep, is a plastic
deformation process involving fluid in sedimentary rocks. Due to
the action of pressure, some grains (usually calcite or quartz) in
sedimentary rocks dissolve in the high-pressure stress zone,
migrate through fluid, and precipitate in the low-pressure stress
zone, resulting in plastic deformation.

The processes of vertical compaction and stress extrusion or
stress tension are varied in different angles, resulting in the dif-
ferences in degree of compaction and pressure corrosion in
different angles, which is related to the mineral type, content, and
primary pore development degree in each direction. When the
pressure solution is strong, it is easy to transform the original
smooth pore boundary into a curved pore boundary, thus
increasing the tortuosity of the pore.

3.4.2. The second possible mechanism: the seepage process
controlled by dominant channels

Geological fluid transport also has orientability, which is easy to
cause varied corrosion in different directions. For example, the flow
of acidic fluids along some directions will result in stronger
corrosion in these directions, resulting in curved pore boundary
and large pore-throat tortuosity, causing low corrosion in other
directions and small pore-throat tortuosity.

Fig. 6 shows that the maximum value of the pore-throat solidity
curve appeared at 112.5� (292.5�), and was much larger than the
Fig. 6. The average and the standard deviation of “pore-throa
other values. The minimum value appeared at 45� (225�). This
shows that the highest degree of corrosion was in the direction of
122.5� (202.5�), while the lowest was in the direction of 45� (225�).
The sharp angle between the two extreme values was 67.5�.

Fig. 6 also shows that the maximum uniformity (sorting degree)
of pore-throat tortuosity was 112.5� (292.5�) while the minimum
was 157.5� (337.5�). This shows that the highest degree of corrosion
would often make the distribution of corrosion uneven. The sharp
angle between the two extremes was 45�.

Apparently, discussions regarding the level of significance that
the first and second possible mechanism play on the corrosion
degree of pores need to be performed respectively. We explored
this problem by plotting the mean values of pore-throat solidity,
the mean square deviations of pore-throat solidity, and the mean
square deviations of pore extension angles with the tortuosities of
pores.

Fig. 7 shows that the degree of corrosion decreased logarith-
mically with the decrease of compaction degree (pore-throat so-
lidity increases gradually), and increased logarithmically with the
decrease of compaction homogeneity degree (pore-throat solidity
standard deviation increases). This shows that the external force
(including three-dimensional stress) compaction has a significant
role in promoting corrosion.

Meanwhile, themore heterogeneous the compaction, the higher
the corrosion degree. This is explained by the principles of sedi-
mentology and diagenesis. It also shows that the differential
corrosion mechanism of compaction is important in controlling the
degree of corrosion for tight reservoirs in the study area.

Similarly, Fig. 8 shows that the relationship between pore
orientation (dominant seepage channel development) and corro-
sion is not obvious, which indicates that the relationship between
them is not clear and needs further study. It shows that there is a
linear relationship between the degree of compaction uniformity
and the degree of corrosion uniformity. The more uniform the
degree of compaction, the more uniform the degree of corrosion.
This also provides evidence for the dominance of the corrosion
mechanism of compaction difference.

3.5. Pore-throat fractal dimension

According to fractal theory, fractal dimension can be used as a
t tortuosity” in eight thin sections with different angles.



Fig. 7. The correlation between the degree of corrosion and the degree of absolute compaction, compaction uniformity.

Fig. 8. The correlation between orientability of pores and degrees of corrosion.
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comprehensive parameter to describe the complexity of geometric
form. The larger the fractal dimension, the higher the complexity of
representative form. The fractal dimension of pores in eight di-
rections of reservoir slices was calculated and the change curvewas
drawn. The fractal dimension was calculated by the box counting
method.

Fig. 9 shows that the maximum fractal dimension appeared at
0� (180�/360�) and the minimum appeared at 90� (270�). This
shows that the development complexity of pores in 0� (180�/360�)
directionwas the highest, while that in the 90� (270�) directionwas
the lowest. The sharp angle between the two extreme values was
90�.

We studied all the parameters and their extended parameters
separately and obtained a series of conclusions. Next, we used
statistics on the extremes (including maximum and minimum) of
all parameters and parameters standard deviations as well as their
angles (that is, the angle between the direction of reservoir slice
where the maximum of each parameter was located and the di-
rection of the reservoir slicewhere theminimumof each parameter
was located), so as to find the characteristics and rules of their
mutual responses.

As shown in Table 1, for some parameters or their standard
deviations, when their maximum or minimum values appeared on
reservoir slices in the same direction, we believed that there was
“affinity” between these parameters, and the main geological fac-
tors which controlled those parameters were closely related or
even the same. Therefore, we arrived at the following conclusions:

(1) Themaximumvalues of porosity, pore fractal dimension, and
standard deviation of pore shape factor were all distributed
at 0� (180�/360�). This shows that for reservoirs in the study
area, the highest total development degree of pore often
occurs simultaneously with the highest complexity of pore
development, and the most uneven distribution of pore
roundness, which has good affinity.

(2) The minimum values of permeability, pore-throat solidity,
and pore shape factor are all distributed at 22.5� (202.5�).
This shows that for the reservoirs in the study area, the



Fig. 9. The average “fractal dimension” in eight thin sections with different angles.

Table 1
Statistics of the maximum and minimum of all parameters.

Parameters\Values Maximum Maximum(standard
deviation)

Minimum Minimum(standard
deviation)

Minimum of
Intersection angle/
�

Minimum of Intersection
angle(standard deviation)/�

Porosity 0�(180�/360�) 135�(315�) 135
Permeability 45�(225�) 22.5�(202.5�) 22.5
Pore-throat

solidity
Standard deviation of pore-
throat solidity

67.5�(247.5�) 112.5�(292.5�) 22.5�(202.5�) 90�(270�) 45 22.5

Pore-throat
shape
factor

Standard deviation of pore-
throat shape factor

67.5�(247.5�) 0�(180�/360�) 22.5�(202.5�) 135�(315�) 45 45

Standard deviation of pore-throat
extended angle

112.5�(292.5�) 22.5�(202.5�) 90

Pore-throat
tortuosity

Standard deviation of pore-
throat tortuosity

112.5�(292.5�) 112.5�(292.5�) 45�(225�) 157.5�(337.5�) 67.5 45

Fractal dimension of pore-throat 0�(180�/360�) 90�(270�) 90
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weakest seepage capacity is often associated with the lowest
compaction degree and the lowest pore roundness. In addi-
tion, the relationship between pore-throat orientation and
reservoir permeability needs further exploration and
discussion.
(3) The maximum permeability and the minimum pore-throat
tortuosity are all distributed at 45� (225�). This shows that
for the reservoirs in the study area, the weakest seepage
ability often occurs at the same time with the lowest degree
of corrosion, and has a good affinity.
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(4) The maximum values of pore-throat solidity and pore shape
factor were 67.5� (247.5�). This shows that for reservoirs in
the study area, the lowest degree of compaction often occurs
at the same time as the highest pore roundness, which has a
good affinity.

(5) The minimum of standard deviation of pore-throat solidity,
and the minimum of fractal dimension are all distributed at
90� (270�). This shows that for reservoirs in the study area,
the lowest uniform extent of compaction degree is closely
related to the lowest pore complexity.

(6) The maximum of standard deviation of pore-throat solidity,
the maximum of standard deviation of pore extension angle,
the maximum of standard deviation of pore-throat tortuos-
ity, and the maximum of pore-throat tortuosity are all
distributed at 112.5� (292.5�). This shows that for reservoirs
in the study area, the most heterogeneous degree of
compaction often occurs simultaneously with the worst
orientation of pore, the highest degree of corrosion, and the
most non-homogeneous degree of corrosion, and has a good
affinity.

(7) The minimum of porosity and the minimum of standard
deviation of pore shape factor are all distributed at 135�

(315�). This shows that for reservoirs in the study area, the
lowest total development of pores often occurs at the same
time as the most uniform distribution of pore roundness,
which has a good affinity. (8) The minimum standard devi-
ation of the pore-throat tortuosity is 157.5� (337.5�). It is
known that for each characterization parameter, its
maximum and minimum must be distributed on reservoir
slices in two directions, so the angle between the two di-
rections (acute angle) is of interest.

It is believed that the magnitude of this angle can indicate the
probability of mutation of each kind of parameter value. This is
because the smaller the angle, the smaller the slice spacing be-
tween the maximum and minimum values. This means if the
probability of mutation of the parameter is small, and the factor
controlling the value of the parameter would be single. That is to
say, when one of the factors changes, the parameter can also
change. On the contrary, if the angle is (the interval between the
maximum and minimum) is large, and the probability of sudden
change of the parameter is small, the dominant factors of the
parameter value are not single. That is to say, when one of the
factors changes, there will be no obvious change in the parameter.
Only when all the factors change at the same time, will the
parameter change at the same time.

From Table 1, the following implications are noted:

(1) For the standard deviation of permeability and pore-throat
solidity, the angle between the extreme values was 22.5�.

(2) For the standard deviation of porosity, pore-throat solidity,
pore shape factor, pore shape factor, pore shape factor, and
pore-throat tortuosity, the angle between the extreme values
was 45�.

(3) For the standard deviation of pore-throat tortuosity, the
angle between the extreme values was 67.5�.

(4) For fractal dimension and standard deviation of the pore
extension angle, the angle between the extreme values was
90�.

4. Conclusion

As the various properties of reservoirs are the results of the
coupling of multiple geological processes, characteristics of the
single geological process would vary in different directions, such as
compaction, fluid filling, corrosion, diagenesis, etc. Therefore, when
there are extreme points of reservoir properties, that also means
the trend of the property change reverses after some points.

It can be concluded that there is an obvious intensity conversion
zone of the geological process at the extreme points. The greater
the curvature of the changing curve composed of the extreme point
and its front and back points, the higher and faster the intensive
conversion of the geological process.

Additionally, since standard deviation is the most commonly
used quantitative form to reflect the degree of discreteness of a
group of data, its numerical value holds significant geological in-
dicators; that is, it can reflect the degree of sorting degrees of a
reservoir property. Therefore, we calculated the standard deviation
of each property in each slice and plotted the curve of the standard
deviation of each property in each slice changing with the angle.
These curves characterized the heterogeneity of reservoirs from
different angles.

Since 2018, the author of this paper and his colleagues have
published a series of research results on the basic principle, tech-
nical details, case analysis and application scope of “Umbrella
Deconstruction” method. However, we need to be clear that there
are still many questions that remain ambiguous on “Umbrella
Deconstruction” method. The existing operation process is suitable
for solving most of the scientific problems in reservoir rocks, but it
cannot solve all of them. With the diversity of research objects and
the increasing complexity of their reservoir space, elements and
minerals, many technical details of “Umbrella Deconstruction”
method need to be further improved. For example, there are still
many problems in the study of the accurate characterization of pore
heterogeneity. Further research is needed to solve the contradiction
between observation resolution and sample scale. In addition, with
the development of research objectives, “Umbrella Deconstruction”
method can be combined with a variety of new technologies to
form the new combination technology to achieve our research
objectives. This is a crucial area of research and focus of future ef-
forts, which reserves care attention.
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