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a b s t r a c t

This study aimed to investigate the crucial geometric distinctions of microfractures as the indispensable
transportation channels in hydrocarbon-rich shale so as to find the new evidence for hydrocarbon
exploration and exploitation.

This study mainly shows that (1) microfracture length and width would show a good positive linear
correlation, but when the length of microfracture reaches a key point, the width of microfracture would
gradually deviate from the linear relationship and gradually diverges. (2) compaction or other tectonic
stress can promote the formation of shale microfractures and promote the occurrence of pressure
solution. (3) Similarly, before a certain key point, the poor orientation degree of microfractures often
coexists with the higher convexity of microfractures, which is positively correlated. When this key
point is crossed, the two begin to show a negative correlation. This may be due to the fact that the
microfractures will open, close, extend or even interlace more frequently when the rock is under
complex stress conditions.

It proved that when describing the heterogeneity characteristics of microfractures, we should
clearly describe them from two aspects of size and geometry so as to ensure the integrity of the
conclusion.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In contemporary world, unconventional oil and gas has be-
ome the major type of energy and fuel (Clarke et al., 2016;
ondash et al., 2017; Middleton et al., 2017; Du et al., 2019a;
u, 2019). Shale has become one of the most important types of
nconventional reservoirs (Khan et al., 2016; Kilian, 2016; Wacht-
eister et al., 2017; Du et al., 2020, 2019b). Large-scale natural

racture and hydraulic fracture have become quite popular topics
n the field of both geology and mechanics (Zhao, 2016, 2018; Zhu
t al., 2018; Huang et al., 2019; Zhang et al., 2019). In addition to
atrix pores, microfractures widely developed in shale are the
ore factors for shale oil and gas to be stored and percolated
Ougier-Simonin et al., 2016; Teixeira et al., 2017; Ukar et al.,
017; Du et al., 2020). To some extent, the microfractures in
hale are the ‘‘double-edged sword’’. On the one hand, they form
he new oil and gas transportation channels, which are helpful
or the flow and effective production of oil and gas (Pluymakers
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2352-4847/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access a
nc-nd/4.0/).
et al., 2017; Madasu and Nguyen, 2017); on the other hand,
if the scale of microfractures reach a certain degree, when the
small microfractures gather, it is possible to form a large range
of macroscopic fractures (Gupta et al., 2017; Panahi et al., 2019).
This is the principle that a quantitative change causes a qualita-
tive change. In this way, it may also lead to the escape of oil and
natural gas, resulting in the decrease of hydrocarbon saturation
and exploitation potential of the original reservoir (Lesniak et al.,
2017; Chauve et al., 2019). Therefore, characteristics of microfrac-
tures are of great significance for the enrichment and exploitation
of oil and gas resources, and are worth further study.

In the aspect of shale microfracture research, scholars at home
and abroad have done a lot of fruitful research in the field
of type division, genetic mechanism and filling characteristics
and achieved important results (Abouelresh, 2017; Elwegaa and
Emadi, 2019; Mohammadmoradi and Kantzas, 2019). However,
what we need to find is that although microfractures are ob-
served by many imaging methods or located by retrieval methods,
their characteristics as shale oil and gas transportation channels
are still not well figured out (Du et al., 2018a,b). For example,
the length, width, geometry and quantitative relationship of

microfracture development.

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

https://doi.org/10.1016/j.egyr.2020.07.004
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2020.07.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dushuheng@imech.ac.cn
https://doi.org/10.1016/j.egyr.2020.07.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Y. Zeng, S. Du, X. Zhang et al. / Energy Reports 6 (2020) 2056–2065 2057
Fig. 1. Technical and theoretical process for the crucial speciality investigation of microfractures in shale (the text color of geometric parameters corresponds to the
line color in the schematic map).
As the geometric parameters of microfractures could indicate
different geological processes from another aspect, we should
continue to dig information from them and try to get a new
understanding. Therefore, the key innovation of this paper is to
continue to promote the exploration of the geometric proper-
ties of microfractures so that more geological significance and
engineering significance can be further revealed through mi-
crofractures. In the text, we have carried out research on this
aspect in close combination with mathematical theory and tools.

2. Technical and theoretical process

Du (2020) have discovered the crucial distinction of the mi-
crofractures in tight sandstone reservoir. In this study, we focus
on the shale reservoir and try to find some new things.

The samples used in this study are representative
hydrocarbon-rich shale reservoirs from a basin in Western China,
with high brittleness (the average content of brittle minerals
could reach 70%) and developed foliation. The porosity of all
samples ranged from 4.8% to 12.6%, with an average of 9.5%. The
permeability ranged from 0.1×10−3 µm2 to 0.3×10−3 µm2, with
an average of 0.2×10−3 µm2.

The maximum horizontal principal stress direction of the sam-
ples in the study area is mainly north-east (the average value
is 75 degrees). As the difference of two horizontal stresses at
the sampling site is small, which can form a complex fracture
network in theory.

The technical and theoretical scheme of this paper could be
seen in Fig. 1 and would be divided into three parts.

As to part A, firstly, rock slices are made. Secondly, high-
resolution images are got under the field emission scanning elec-
tron microscope. Thirdly, all microfractures are identified and

extracted. Fracture extraction is mainly based on the method of
morphological recognition. Through the image processing pro-
gram to calculate the ratio of its longitudinal length and trans-
verse length, set the lower limit value of different ratio, compare
the extraction effect respectively. Finally, the lowest value corre-
sponding to the best extraction result is selected. Therefore, this
is a process of parameter optimization. Finally, we could do the
following research on it.

As for the technical details involved in microfracture identifi-
cation and extraction process, a detailed description can be pro-
vided here. All microfractures are extracted from high-resolution
backscatter images captured by field emission scanning electron
microscope (FE-SEM). The extraction process is handled by com-
bining the authors’ own program for the quantitative geometric
description on rocks. Meanwhile, we also compare the results
with which get by some commercial software include ‘‘ImageJ’’
and ‘‘Avizo’’ to make sure the data precision.

The threshold values of the SEM images have also been deter-
mined carefully. First of all, we need to carry out the technology
processing of image enhancement and noise removal. Secondly,
we use the watershed algorithm to get the initial threshold and
initial surface porosity of each sample. Of course, both the ini-
tial threshold and the initial face rate need to be optimized
furtherly. About the optimization process, we first analyze the
correlation degree between the initial surface porosity of each
sample’s image and the actual measured porosity of each sample.
By automatically adjusting the threshold value, we can select
the threshold value of each image when the correlation degree
reaches the maximum value. That is the threshold we need in
the end. Finally, we also check the results of image recognition
to ensure that all microfractures are extracted. Through the above
methods, we can make sure that the image processing can stand
the test.

Identification method of microfractures is a very important
technical issue, which can greatly increase the convenience of
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Fig. 2. The microfracture characteristics of shale based on field emission scanning electron microscopy (a, b, c, d are SEM images of typical microfractures of four
samples respectively, and the small yellow arrow in the figure indicates the location of microfractures).
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Fig. 3. Relationship between microfractures and microfractures widths in shale
reservoir.

research. We calculate the ratio between the longitudinal length
and the transverse length of each group of connected pixels (in-
cluding both real and fake microfractures) extracted from all the
sample images. The cumulative frequency distribution curve of
this ratio is drawn, and the key segmentation points are identified
by analogy with sedimentary geology. When the aspect ratio is
higher than the relative value, the individual pixel will be identi-
fied as microfractures. This process depends on the properties of
the samples. We have examined the microfractures identified by
this method, and the recognition accuracy can reach more than
98%.

As to part B, in order to dig out the crucial speciality of
microfractures to the greatest extent, three sets of parameters
characterizing the size of microfractures from the perspective of
computational geometry, combined with Legendre ellipse fitting,
Feret diameter calculation and shape factors calculation (Eqs.
(1)–(4)).

G1 = 4π
S
P2 (1)

G2 =
Ll
Ls

(2)

G3 = 4
S

π ∗ L2l
(3)

G4 =
S
Sc

(4)

In Eqs. (1)–(4), ‘‘G1’’, ‘‘G2’’, ‘‘G3’’, and ‘‘G4’’ indicates the four
geometric parameters to describe the microfractures. ‘‘S’’, ‘‘P ’’,
‘Ll’’, ‘‘Ls’’, ‘‘Sc’’ indicates the area, the perimeter, the major axis of
llipse, the minor axis of ellipse, and the convex area of the mi-
rofracture, respectively. As to ‘‘G1’’ or ‘‘G3’’, the lower the value,
he narrower the microfracture. As to ‘‘G2’’, the higher the value,
the narrower and longer the microfracture. As to ‘‘G4’’, the lower
the value, the more concave the microfracture. Measurements of
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ll the parameters could be carried out by the imaging processing
rogram effectively.
The maximum and minimum of Feret diameter of microfrac-

ures, indicate the length and width of microfractures, respec-
ively. Similarly, the major and minor axis of ellipse could also
ndicate the length and width in another aspect. In addition, as
o microfractures, the average degrees of concave and convex
solidity) in could be used as indicative parameters of reservoir
ompaction. The lower the solidity of microfracture, the higher
he degree of compaction (Du, 2020).

Meanwhile, the greater the tortuosity, the more uneven the
oundary of microfractures. The smaller the circularity, the higher
he ellipticity and the more uneven the boundary of microfrac-
ures, too. It should be pointed out that above four parameters are
ll described from the perspective of geometry. In practical ap-
lication, they should be combined to indicate deeper geological
r engineering significance. Of course, the rationalities of above
hose parameters still need to be tested and improved in practice
nd more parameters with clear physical meaning will gradually
ppear.
In part C, we calculated and counted each attribute’s maxi-

um, minimum, standard deviation (one value per sample), aver-
ge value and sum of 4410 microfractures in 42 samples, hoping
o make a final summary of the development of microfractures in
hale.

. Results

Field emission scanning electron microscopy (FE-SEM) is one
f the most advanced means to observe microfractures. In or-
er to show the development characteristics of microfractures
n shale reservoirs in the study area intuitively, we used FE-
EM to get and select typical images of microfractures in shale
nder high-resolution mode (Fig. 2). These pictures show the
act that there are a lot of microfractures develop in shale. Their
haracteristics are worthy to be further explored.

.1. Feret (length) and MinFeret (width)

In Fig. 3, it can be seen that the length and width of microfrac-
ures are positively correlated as a whole, when the microfracture
ength is less than about 300 µm (corresponding to the width of
icrofracture is less than about 65 µm), they show a good linear

positive correlation, but when the length of microfracture con-
tinues to increase, the width of microfracture gradually deviates
from the linear relationship and gradually diverges.

It is proved that there is a critical threshold value for the
length (or width) of microfractures. When the threshold value is
not reached, the rock structure does not change substantially, and
the fracture process tends to be stable. When the threshold value
of length (or width) is reached, the microfractures formed in the
rock have caused some essential changes in the rock structure,
and then the fracture process tends to be ‘‘Unsteady’’.

Meanwhile, standard deviation of the length and width values
of all microfractures and their cross-plot diagrams are made
(Fig. 4). It shows the greater the fluctuation degree of microfrac-
ture length value, the greater the fluctuation degree of width
value which is the good responses to the instability of the for-
mation of microfractures referred above.

3.2. Major and minor axis in ellipse of microfractures

Similarly, in Fig. 5, it can be seen that the major and minor
axis values of microfractures are positively correlated as a whole,
when the microfracture length is less than about 250 µm (corre-
sponding to the width of microfracture is less than about 30 µm),
Fig. 4. Standard deviation relationship between microfractures lengths and
microfractures widths in shale reservoir.

Fig. 5. Relationship between standard deviation of the major and minor axis
value of microfractures in shale reservoir.

Fig. 6. Standard deviation relationship between microfracture lengths and
widths of microfracture in shale reservoir.
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t

Fig. 7. Relationship between microfracture solidity values and the new
ortuosity values in shale reservoir.

Fig. 8. Standard deviation relationship between microfracture solidity values
and the new tortuosity values in shale reservoir.

they show a good linear positive correlation, but when the major
axis length of microfracture continues to increase, the minor axis
of microfracture gradually deviates from the linear relationship
and gradually diverges.

Meanwhile, standard deviation Relationship between the two
type of values of all microfractures shows the greater the fluctua-
tion degree of microfractures’ major axis lengths, the greater the
fluctuation degree of minor axis lengths which is also the good
responses to the instability of the formation of microfractures
referred above (Fig. 6).

3.3. Solidity and tortuosity in microfractures

Microfracture, as a key type of seepage channel, the tortuosity
of it refers to the ratio of the actual length of the fluid passing
through it to the apparent length (macro distance) of the fluid
passing through it (Du, 2020).

In order to explore the relationship between the degree of
compaction and the degree of dissolution of microfractures, the
Fig. 9. Relationship between standard deviation of Feret angle and average
tortuosity in shale reservoir.

correlation regression between the solidity and tortuosity is made
(Fig. 7).

With the power exponential increase of compression degree
(i.e. the solidity value of microfractures gradually decreases), the
tortuosity value of microfractures gradually increases, and the
rate of increase gradually increases (Fig. 7).

However, the cross-plot results of standard deviation show
that the relationship between compaction heterogeneity and
pressure solution heterogeneity is not obvious. This means that
compaction or other tectonic stress can promote the formation of
shale microfractures and promote the occurrence of pressure so-
lution. However, actually, there are many control factors leading
to pressure solution, not only compaction, but also the influence
of acid fluid properties, thermodynamics and other factors, which
deserve our further attention (Fig. 8).

4. Geological significance of microfracture description

In order to figure out the formation mechanism of microfrac-
ture from the geometric aspect, cross-plots related to each at-
tribute’s maximum, minimum, standard deviation (one value per
sample), average value and sum of 4410 microfractures in 42
samples are drawn.

4.1. Microfracture orientation degree and other attributes

By plotting the cross-plot between the standard deviation
of microfracture extension angle (the reciprocal of orientation
degree) and the average solidity, it is easy to find that there
is a quadratic relationship between them. The convexity of mi-
crofractures (solidity) decreases first and then increases with
the improvement of orientation (the standard deviation of angle
decreases gradually). This indicates that before a certain key
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Fig. 10. Relationship between standard deviation of Feret angle and average
circularity in shale reservoir.

Fig. 11. Relationship between standard deviation of Feret angle and average
roundness in shale reservoir.
Fig. 12. Relationship between standard deviation of Feret angle and standard
deviation of solidity in shale reservoir.

point, the poor orientation degree of microfractures often coexists
with the higher convexity of microfractures, which is positively
correlated. When this key point is crossed, the two begin to
show a negative correlation. This may be due to the fact that the
microfractures will open, close, extend or even interlace more
frequently when the rock is under complex stress conditions
(Fig. 9).

Similarly, by plotting the cross-plot between the orientation
degree and the average circularity, it is easy to find that before
a certain key point, the poor orientation degree of microfrac-
tures often coexists with the higher circularity of microfractures,
which is positively correlated. When this key point is crossed, the
two begin to show a negative correlation. This could also prove
the complex mechanics behavior of microfractures rock under
complex stress conditions (Fig. 10).

By plotting the cross-plot between the Feret angle and the
average roundness, it is easy to find that there is a linear relation-
ship between them. This means that the better the orientation
degree, the lower the roundness of the microfractures (Fig. 11).
At the same time, it is proved that the change of the roundness
and directionality of microfractures is consistent in general.

Fig. 12 shows that as the orientation of microfracture in each
sample becomes better (the extension angles of microfracture
become more homogeneous), the heterogeneity of the solidity of
microfracture becomes more obvious. This shows that with the
increasing of the heterogeneity of compaction, the orientation
degree will be worse and worse. This proves that good orien-
tation degree is generally closely related to the homogeneity of
compaction.

Similarly, Fig. 13 shows that as the orientation of microfrac-
ture in each sample becomes better (the extension angles of
microfracture become more homogeneous), the heterogeneity of
the circularity of microfracture becomes more obvious, which is
certainly realistic.
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Fig. 13. Relationship between standard deviation of Feret angle and standard
deviation of circularity in shale reservoir.

Relationship between standard deviation of Feret angle and
aximum of aspect ratio (AR) shows that the better the orienta-

ion degree, the larger the maximum of aspect ratio (Fig. 14). At
he same time, from the initial stage, the decrease of orientation
egree will be accompanied by the rapid decrease of the maxi-
um aspect ratio. Then, as the orientation degree becomes worse,

he absolute value of the maximum aspect ratio is still decreasing,
ut its decreasing rate (curve slope) is gradually decreasing. This
s an interesting phenomenon (Fig. 14).

Sum of the fitted ellipse perimeter could represent the actual
treamline length approximately. Relationship between standard
eviation of Feret angle and sum of the fitted ellipse perimeter
ay convey some other crucial meanings. It shows that the better

he orientation degree, the larger the sum of the fitted ellipse
erimeter (Fig. 15). In other words, the longer the boundary of
icrofracture is, the better the orientation degree of microfrac-

ure is.

.2. Maximum and minimum of microfracture attributes

For all the 42 samples, there are nearly 105 microfractures
n each sample. Among these microfractures of a single sample,
here must be a microfracture with the maximum perimeter
alue and a microfracture with the maximum length value. Some-
imes, the same fracture has both the maximum perimeter value
nd the maximum length value. It is known from Fig. 16 that the
inimum circularity of microfracture decreases with the increase
f the maximum length and perimeter of microfracture. In fact,
or the same sample, the microfracture with the largest perimeter
nd length value may also be the microfracture with the smallest
ircularity. This is not contradictory (Fig. 16).
Fig. 14. Relationship between standard deviation of Feret angle and average
aspect ratio (AR) in shale reservoir.

Fig. 15. Relationship between standard deviation of Feret angle and sum of
ellipse perimeter in shale reservoir.



Y. Zeng, S. Du, X. Zhang et al. / Energy Reports 6 (2020) 2056–2065 2063

m
e
c

Fig. 16. Relationship between maximum and minimum of microfracture attributes.
Table 1
Statistics of maximum, minimum, standard deviation, average value and sum of 4410 microfractures size.
Value\Properties Perimeter

(µm)
Ellipse
perimeter (µm)

Major
(µm)

Minor
(µm)

Feret
(µm)

MinFeret
(µm)

Maximum 6778.00 3287.56 1624.00 92.82 2626.00 166.50
Minimum 10.31 10.53 4.87 0.70 5.15 0.73
Average 218.61 133.22 62.89 6.53 83.74 11.90
Homogeneity coefficient 0.03 0.04 0.04 0.07 0.03 0.07
4.3. Statistics of microfracture properties

As can be seen in Tables 1 and 2, each attribute’s maxi-
um, minimum, standard deviation (one value per sample), av-
rage value and sum of 4410 microfractures in 42 samples are
alculated and counted.
As to microfractures size (Table 1), we could see that although
the absolute value of the maximum, minimum and average of
the six size attributes varied, the homogeneity coefficients of
these parameters are nearly the same. It is well proved that the
heterogeneities of multiple size parameters of microfractures are
basically the same. However, we should also be aware that for a
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Table 2
Statistics of maximum, minimum, standard deviation, average value and sum of
4410 microfractures geometry.
Value\Properties AR Tortuosity Circularity Solidity

Maximum 59.73 10.61 0.43 1.00
Minimum 6.24 1.78 0.01 0.13
Average 8.61 2.73 0.20 0.55
Homogeneity coefficient 0.14 0.26 0.46 0.55

single size parameter, the value of its homogeneity coefficient is
very low.

Similarly, as to microfractures geometry (Table 2), the absolute
alues of the maximum, minimum and average of the six ge-
metry attributes are varied, but the homogeneity coefficients of
hese parameters are also varied. It proved that geological process
s complex, leading to the main control factors of each geometric
arameter are different, so the heterogeneity of each geometric
arameter of microfractures is different, too.
In a word, the geometric properties of microfractures has great

otential to reveal the heterogeneity of microfractures develop-
ent. Special attention should be paid in practical application.

. Conclusions

As to microfractures in shale, Feret (length) and MinFeret
width), major and minor axis of ellipse, solidity and tortuosity
ould be the key factors reflecting the formation mechanism.
s to the above parameters, it is proved that there are criti-
al threshold values for the microfractures growth. When the
hreshold value is not reached, the rock structure does not change
ubstantially, and the geological process of fracturing tends to be
table. When the threshold value of length (or width) is reached,
he microfractures formed in the rock have caused some essential
hanges in the rock structure, and then the fracture process
ends to be ‘‘unsteady’’. This could also be applicable to other
nconventional reservoirs which need to be paid more attention
o.

However, we also need to realize that, compared with a single
ize parameter, for a single geometric parameter, the value of
ts homogeneity coefficient is generally one order of magnitude
arger than that of a single size parameter. In other words, the
ize and geometric parameters of microfractures would represent
he heterogeneity at different aspects. This could also gives us a
nlightenment, that is, when describing the heterogeneity charac-
eristics of microfractures, we should clearly describe them from
wo aspects of size and geometry, so as to ensure the integrity of
he conclusion.

We hope that through this research, scholars can clarify the
ritical specificity of microfractures in shale as the independent
ransportation channels. Then the other researchers can follow
his path and get more and better scientific understanding with
ractical significance.
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