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ARTICLE INFO ABSTRACT

Keywords: This study aims to investigate the characteristics and the formation mechanism of the heterogeneous micro-
Microfracture fractures in the upper Triassic Yanchang Formation tight oil reservoir of Ordos Basin, China with some new
F(‘)rmatihon mechanism perspectives. In this paper, we define two sets of parameters describing the size and geometry of microfractures
g;i};;;l;e by using Feret diameter calculation and Legendre ellipse fitting. Then the unidirectional fracture zone and multi-
Characterization directional fracture zone are also be defined.

Results of the microfractures characterization show that when the lengths of microfractures are less than 600
pm (and the widths are less than 90 pm), the above two set of data show a good linear positive correlation, but
when the lengths of microfractures continue to increase, the widths of microfractures begin to deviate from the
linear relationship and gradually diverge. This indicates that the lengths and widths of microfractures are not
strictly and steadily correlated, but their correlation has a threshold value. If the lengths of microfractures in-
crease due to the change of internal or external stress, when the length value is higher than a certain value, the
opening process of microfractures will begin to lose stability, and the widths will change gradually irregularly.

Once the compaction process reach a certain extent, some of the microfractures opened previously will be
temporarily closed, which will greatly promote the process of pressure-solution, and thus increase the micro-
fracture tortuosity. The length, width, solidity and boundary tortuosity of microfractures could be used to

distinguish two zones include the multi-directional fracture zone from the unidirectional fracture zone.
The conclusion would provide the important scientific basis for the EOR applications of tight oil.

1. Introduction

Tight oil is a type of crucial unconventional resource, and its
enrichment rule and effective exploitation method are the focus and hot
spot of domestic and foreign scholars (Ge et al., 2015; Du et al., 2015,
20165 Zhu et al., 2019; Du et al., 2020). As we all know, as the significant
attributes of unconventional oil and gas reservoirs, microfractures have
been paid more and more attention (Wang et al., 2018; Du et al., 2018a,
2018b; Dai et al., 2019). The formation process of microfractures is
closely related to the state of in-situ stress, mineral composition and
distribution. It has dual effects on oil and gas migration and exploitation.
On the one hand, microfractures provide new effective transport chan-
nels for tight reservoirs, which increase the diversity of fluid trajectories
and facilitate fluid migration. Especially in the process of hydraulic
fracturing, microfractures are easily activated and connected by artifi-
cial fractures, thus providing the extremely important flow space for
fluids. On the other hand, the continuous development of microfractures
is easy to connect the production wells and injection wells which would
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cause water flooding and water channeling. It would prevent the oil and
gas exploitation (Blunt, 2001; Dong and Blunt, 2009; Williamsstroud
et al., 2013; Liang, 2016; Karimpouli et al., 2017). Therefore, fine and
quantitative characterization of microfractures in tight reservoirs is a
vital scientific issue. Liu et al. (2017) indicated that fracture density has
the greatest effect on the effective permeability that the increasing
multiples can reach to 1 order of magnitude when matrix permeability is
at 10~% pm? level while fracture aperture has little effect. Mohsen et al.
(2018) found that there is an abnormal trend of porosity-permeability in
core data which is compatible with microfracture zones. Kumari et al.
(2018) found that fracture propagation paths and apertures are mainly
controlled by the stress state and the heterogeneity of the rock matrix in
deep geothermal reservoirs. Sampath et al. (2019) found that S-CO4
interaction causes new fracture formation and extension/widening of
existing fractures in coal.

The heterogeneity of microfractures refers to the degree of hetero-
geneity in the length, width, geometry and extension direction of
microfractures. It is necessary to study the heterogeneity of
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microfractures, which can reflect the complexity of the geological pro-
cess related to reservoir formation and destruction, and then predict its
impact on oil and gas accumulation, migration and seepage (Padin et al.,
2014; Mokhtari and Azra, 2015; Pluymakers et al., 2017; Panabhi et al.,
2019). Therefore, we must quantify the heterogeneity of microfractures.

In previous studies, in order to characterize microfractures and
micro-heterogeneity accurately, scholars have established parameters
such as fracture width and fracture density (Williamsstroud et al., 2013;
Karimpouli et al., 2017). Fracture density includes fracture linear den-
sity, surface density and volume density. The calculation of the width of
microfracture mostly adopts the method of manual measurement. The
casting slice of rock is made first, and then observed under polarizing
microscope. The lengths and widths of microfractures are measured by
drawing lines along the extension directions of the lengths and widths of
microfractures, respectively, as the “lengths” and “widths” of micro-
fractures. At the same time, many scholars have placed the probe slice
under scanning electron microscopy for imaging, and carried out similar
operations mentioned above (Blunt, 2001; Dong and Blunt, 2009; Wil-
liamsstroud et al., 2013; Liang, 2016; Karimpouli et al., 2017). This
really enables us to grasp the development characteristics of micro-
fractures to a certain extent. However, there are still two important
problems left over:

(1) For unconventional reservoirs, there is still no strict mathemat-
ical definition of the lengths and widths of microfractures, and
there is also no strict and clear formula for calculating the lengths
and widths of microfractures.

(2) For unconventional reservoirs, the previous description of
microfracture attributes is mostly confined to the description of
microfracture size (length and width). Most scholars who pay
attention to the geometry of microfractures use them to deter-
mine the formation causes of microfractures qualitatively, and
distinguish them from structural, sedimentary or diagenetic ones.
However, they did not conduct more in-depth quantitative cri-
terion based on the microfracture geometry, nor did they estab-
lish more characterization parameters (Dick et al., 1994; Cardott
et al., 2015; Ougier-Simonin et al., 2016; Panahi et al., 2019). So
the attention of microfracture geometry quantification is slightly
insufficient, and the characterizing parameters of microfracture
geometry are also relatively few, resulting in the geological sig-
nificance of microfracture geometry is not clear. Thus the for-
mation mechanism of microfracture is not clear, too.

As to the deep tight reservoir, it is well known that the generation of
microfractures is closely related to the value and direction of two hori-
zontal principal stresses. When the difference between those two stresses
is large, it is easy to form the unidirectional fracture zone; on the con-
trary, it is easy to form the multidirectional fracture zone (Mokhtari and
Azra, 2015; Cardott et al., 2015; Pluymakers et al., 2017). But there is no
quantitative parameters to carry out the division of the unidirectional
and multidirectional fracture zone until now so as to the fracture
mechanism has not been explored deeply which need to be pay attention
to.

To sum up, there are at least four shortcomings in the study of
microfractures in tight sandstone reservoirs at present which is as
followings.

(1) There is still no accurate method for the quantitative calculation
of the size and shape of microfractures. The previous methods are
mostly confined to artificial and random measurement. So the
accuracy and applicability need to be improved greatly.

(2) The possible mechanism of the formation of microfractures has
not been discussed from the aspect of the fracture geometry,
which is an extremely important factor.
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(3) At present, the heterogeneity and anisotropy of the development
of microfractures also lack quantitative characterization, and
need to be further explored.

(4) There is no quantitative parameters to carry out the division of
the unidirectional and multidirectional fracture zone so as to the
facture mechanism has not been explored deeply.

Based on this, combined with core observation, high-resolution field
emission electron microscopy imaging (FE-SEM) image processing,
precise morphological analysis and new characterization parameters
construction, we carry out the comprehensive quantitative character-
ization of microfractures developed in the tight oil reservoir of Ordos
basin, clarify the possible formation mechanism and differences of
microfractures. It would provide a new perspective and thinking for
microfracture evaluation in unconventional oil and gas reservoirs.

2. Geologic setting

The Ordos Basin is located in the western portion of the North China
landmass and the study area of Xin’anbian district is shown in Fig. 1. Itis
difficult to establish the effective displacement pressure system in the
reservoir of the Upper Triassic Yanchang Formation because of the low
permeability, the high original oil saturation (60%-70%), the complex
reservoir pore connectivity, and the lithologic compactness (Du, 2019,
Du et al., 2019).

The Shanbei slope has long maintained platform facies deposition,
less structural activity, gentle stratigraphic occurrence, and undevel-
oped faults and folds. However, both core observation and field outcrop
investigation show that fractures are widely developed in this area (Zeng
et al., 2008; Lu et al., 2018).

The occurrence of fractures in this area is mostly vertical to the
surface, and there is no obvious dislocation of fracture surface. Core
observation shows that high angle fractures are widely developed, with
a small number of oblique fractures. Generally speaking, the fractures of
Chang-7 tight sandstone reservoir are mainly regional structural frac-
tures, highangle fractures, with large area development, stable occur-
rence, and more developed ne fractures, which are characterized by high
length, flat interface and nearly parallel distribution, which are the main
fractures in the study area (Zeng et al., 2008; Lei et al., 2015). The results
of tracer monitoring and interpretation show that there is a phenomenon
of microfracture penetration in Yanchang reservoir, and water is easy to
be seen in oil wells (Ding et al., 2016; Lu et al., 2018).

To sum up, characteristics and the formation mechanism of hetero-
geneous micro fracture need be furtherly discovered.

3. Methods and results
3.1. Technical process

Firstly, indoor observation of tight sandstone reservoir cores is car-
ried out to identify the material base of microfracture development at
core scale, so as to qualitatively understand the formation of
microfracture.

Secondly, rock probe slices are made, the development degree and
characteristics of microfractures are observed under the microscope
with high-resolution field emission scanning electron microscopy (FE-
SEM), so as to further understand the significance of microfractures as
an important part of reservoir space.

Thirdly, a new characterization parameter of microfractures is con-
structed, which is endowed with clear geological significance. Attribute
correlation analysis is carried out. Quantitative morphological charac-
teristics and formation mechanism of microfractures are explored from a
new perspective.

Finally, by synthetically evaluating the characteristics of micro-
fracture development in a single view, new parameters are constructed,
multi-directional fracture zone and unidirectional fracture zone are
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Fig. 1. The location of study area in Ordos Basin, China (Du, 2019, Du et al., 2019).
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defined, and their judgment rule is given. Quantitative differences in
average length and width of microfracture between the two micro-
fracture development zones are calculated quantitatively.

3.2. Core observation results

By observing the core of the tight oil reservoir of Yanchang member
in Ordos Basin (Fig. 2), it is found that the lithology is mainly grey-
white, grey-green medium-slender feldspar sandstone, which contains
lithic feldspar sandstone and feldspathic lithic sandstone with low
component maturity.

Among them, the development of bedding fracture is common. Re-
sidual oil is enriched along the fracture development location. In
reservoir hydraulic fracturing, it is easy to connect with the artificial
fracture to form more complex seepage channels.

3.3. High resolution field emission-scanning electron microscope imaging

High-resolution FE-SEM images of reservoirs show that micro-
fractures are widely developed (Fig. 3). The development of micro-
fractures presents two characteristics: singularity and diversity. The
development of microfractures not only follows the dominant direction
of pores, but also cuts through minerals. Therefore, how to describe the
characteristics of these microfractures perfectly and quantitatively

4cm

Journal of Petroleum Science and Engineering 191 (2020) 107176

requires us to innovate our thinking.

Most of the microfractures are located in brittle minerals (feldspar,
quartz, calcite, etc.). In Fig. 4, it can be seen that some minerals did not
have straight fracture trajectories and large curvatures (Fig. 4-a, b and
e), and some minerals have relatively straight extension patterns of
microfractures, which belong to the fracture along the direction of
cleavage fracture (Fig. 4-c, d and f), reflecting the heterogeneity of
microfracture development in single minerals. It is the fracture hetero-
geneity of single mineral that results in the overall heterogeneity of
microfractures.

3.4. Construction of morphological characterization parameters of
microfractures

In order to better clarify the development characteristics and for-
mation mechanism of microfractures, this paper defines two sets of
parameters describing the size of microfractures from the perspective of
computational geometry, combined with Feret diameter calculation and
Legendre ellipse fitting, we calculates the maximum Feret diameter of
microfracture, defines it as the length of microfracture, then calculates
the minimum Feret diameter of microfracture and defines it as the width
of microfracture. At the same time, as the shape of microfractures is
irregular, in order to characterize the size of microfractures more
objectively, we define the lengths of major axis and minor axis of

Fig. 2. Observation of microfractures in oil-bearing tight sandstone cores of Yanchang Formation (The red arrows in the figure indicate microfractures. a: with poor
oil content and microfractures; b: with good oil content, and crude oil develops along microfractures; c: with poor oil content and microfractures; d: with poor oil
content and microfracture development). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. High resolution field emission electron microscopy imaging of microfractures in tight sandstone reservoirs in large horizon (The red arrows in the figure
indicate microfractures. a, b, c: well “B”, Yanchang formation; d, e, f: well “A”, Yanchang formation). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. High resolution field emission electron microscopy imaging of microfractures in tight sandstone reservoirs at mineral scale (The red arrows in the figure
indicate microfractures. a, b: well “B”,; c: well “C”,; d, e, f: well “A™). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

microfractures ellipse, which can help us describe the size characteris- fractures is as follows (Mikli et al., 2001; Pirard, 2004): firstly, the shape
tics of microfractures more comprehensively and avoid making too ab- coordinates of microfractures are obtained by image processing, and the
solute judgments. true inertia moment of microfractures and their surrounding areas is

The calculation method of Legendre elliptic equation of micro- obtained. Then, ellipses with the same inertial characteristics are
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deduced by using these data through mathematical method. The main
calculation principle is as follows:

a) Measure the inertia moment of the shape coordinates (Equations (1)-

(3)).

ou=1 3 (5~ )
1

Oy :;Z i =) (2)
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In order to calculate the length of major axis and minor axis of
Legendre ellipse, we have made the following provisions:

1
a=; (6 +0yy) “4)

P=1/0* — 6,0y + 0y (5)

b) Substitute formulas (4) and (5) into (6) and (7) to calculate the
length of the major and minor axes of Legendre ellipse.

Anajor = 4y/a+ ﬂ (6)

a—p )

Ainor =4

It should be pointed out that, the maximum and minimum of Feret’s
diameter indicates the longest and shortest distance between any two
points along the fracture boundary. Legendre’s inertial ellipse is ob-
tained by fitting the shape of the microfracture. The center of the ellipse
is located at the center of the microfracture, and it has the same geo-
metric moment, even the second moment, as the original area of the
microfracture.

When we talk about the geometry characterization of microfracture,
it is reasonable to assume that the overall concavity of the pores should
be high in the reservoir with strong compaction. As to pores, the average
degrees of concave and convex can be used as indicative parameters of
reservoir compaction. Analogous to “particle solidity,” the new param-
eter of “solidity of microfracture” is introduced in this paper (Fig. 5).
“Solidity of microfracture” could be used to characterize the concave
and convex degrees of microfractures.

In addition, we also define a new parameter to describe the degree of
microfracture boundary tortuosity, which is calculated by dividing the
actual circumference of microfracture boundary by the elliptical
circumference of microfracture. We call it “new tortuosity” in order to

l/’Maximum of Feret diamater
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distinguish it from the traditional concept of tortuosity (Fig. 5). It can be
seen that the greater the new tortuosity, the more uneven the boundary
of microfractures.

In order to illustrate the relationship between the solidity and the
compaction degree of microfractures in tight sandstone reservoirs more
directly, the sketch map was given (Fig. 6). Obviously, the smaller the
solidity of microfracture, the higher the degree of compaction. Of
course, the rationality of this parameter still needs to be tested and
improved in practice.This will be a potential scientific issue.

However, the smoothness of the boundary of microfractures mainly
depends on the intensity of dissolution, which may be caused by the
invasion and dissolution of geological fluids, or by the compaction again
after the formation of microfractures, resulting in pressure dissolution.
The microfractures formed by pure tectonism are mainly based on brittle
minerals. Their fracture edges are generally flat. If they are transformed
by sedimentary diagenesis (mainly dissolution), the edges of micro-
fractures will become curved. The stronger the dissolution, the higher
the bending degree. The new tortuosity can well reflect this kind of
tortuosity, so it can be used as one of the important parameters of
reflecting the dissolution. But frankly, the mechanism still deserves
further discussion.
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Fig. 6. Relationship between the solidity and the compaction degree of
microfractures in tight sandstone reservoirs.
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4. Discussion
4.1. Properties relationships in microfractures

4.1.1. Relationship between the maximum Feret diameter (length) and the
minimum Feret diameter (width) of microfractures

In order to analyze the relationship between the maximum Feret
diameter (length) and the minimum Feret diameter (width) of micro-
fractures, 459 microfractures were chosen from 70 samples. We extract
459 microfractures from 70 samples of tight oil reservoir by fine image
processing. According to the calculation principle of Feret diameter, we
write the relative program for the calculation of the length and width of
microfractures, and calculate the maximum and minimum Feret diam-
eter of 459 microfractures. At the same time, we calculated the standard
deviation of the length and width of microfractures in 70 samples. At
last, we draw the cross-plot which can be seen in Figs. 7 and 8.

In Fig. 7, it can be seen that the length and width of microfractures
are positively correlated as a whole, but the distribution of data presents
an interesting phenomenon, showing a significant phenomenon of
zoning. When the lengths of microfractures are less than 600 pm (cor-
responding to the widths of microfractures are less than 90 pm), they
show a good linear positive correlation, but when the lengths of
microfractures continue to increase, the widths of microfractures begin
to deviate from the linear relationship and gradually diverges.

Each data point in Fig. 7 represents the average of the length and
width of the microfractures. Therefore, in order to study the fluctuation
characteristics (data standard deviation) of the length and width values
of all microfractures and their relationships, we have calculated the
standard deviation of the length and width values of all microfractures
and made their cross-plot diagrams (Fig. 8).

From Fig. 8, we can also see that, in general, the greater the fluctu-
ation degree of microfracture length value, the greater the fluctuation
degree of width value. However, with the increasing fluctuation of the
length of microfractures, the data are also constantly divergent, which is
related to the instability of the formation of microfractures mentioned
above.

4.1.2. Relationship between Legendre ellipse length and width of
microfractures

Similarly, In order to analyze the relationship between Legendre
ellipse length and width of microfractures, 459 microfractures were
chosen from 70 samples. We extract 459 microfractures from 70 samples
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Fig. 7. Cross-plot of microfracture length and microfracture width in tight
sandstone reservoir.
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Fig. 8. Standard deviation cross-plot of microfracture length value and
microfracture width value in tight sandstone reservoir.

of tight oil reservoir by fine image processing. According to the calcu-
lation principle of Legendre ellipse, we write the relative program for the
calculation of Legendre ellipse length and width of microfractures, and
calculate the Legendre ellipse length and width of 459 microfractures.
At the same time, we calculated the standard deviation of the Legendre
ellipse length and width of microfractures in 70 samples. At last, we
draw the cross-plot which can be seen in Figs. 9 and 10.

The Legendre ellipse of each microfracture is fitted, and the lengths
of the long axis and the minor axis of each microfracture are calculated
respectively. These two length values are used as supplementary pa-
rameters to describe the size characteristics of microfractures
(Figs. 9-10).

It can be seen that when the major axis value of the ellipse is less than
400 pm (corresponding to the minor axis value of the ellipse is less than
44 ym), they show a good linear positive correlation, but when the long
axis value of the ellipse continues to increase, the width of the micro-
fracture gradually deviates from the linear relationship and gradually
diverges.

Similarly, the greater the fluctuation degree of the long axis value of
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Fig. 9. Cross-plot of standard deviation of the major and minor axis value of
microfracture in tight sandstone reservoir.
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Fig. 10. Intersection diagram of standard deviation and minor axis value of
microfracture in tight sandstone reservoir.

an ellipse, the greater the fluctuation degree of the minor axis value of
an ellipse. However, as the fluctuation of elliptical long axis value in-
creases, the data begin to diverge. This also proves the conclusion of
4.1.1 very well.

4.1.3. Relationship between the solidity and the new tortuosity of
microfractures

Similarly, in order to analyze the relationship between the solidity
and the new tortuosity of microfractures.

In order to explore the relationship between the degree of compac-
tion and the degree of dissolution of microfractures, the correlation
regression between the solidity of microfractures and the new tortuosity
of microfractures is made (Fig. 11).

The results are also interesting. With the power exponential increase
of compression degree (i.e. the solidity value of microfractures gradually
decreases), the new tortuosity value of microfractures gradually in-
creases, and the rate of increase gradually increases (Fig. 11).
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Fig. 11. Cross-plot of microfracture solidity and new tortuosity of micro-
fracture in tight sandstone reservoir.
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4.2. Characteristics and significance of multidirectional fracture zone and
unidirectional fracture zone

From the electron microscopic observation of microfractures, we can
find that in some horizons, the development of microfractures presents
unidirectional distribution, that is, all microfractures rupture and extend
in the same direction. We define them as unidirectional fracture zone
(Fig. 12). However, in some horizons, microfractures are fractured along
different directions, and there is no significant extension direction. We
define it as multi-directional fracture zone (Fig. 13). It is difficult for us
to scientifically distinguish these two types of zones by naked eyes alone.
Therefore, we try to solve this problem from the angle of microfracture
extension.

The length, width, geometry shape, extension angle of micro-
fractures in the two regions are calculated and compared to distinguish
the multi-directional fracture zone from the unidirectional fracture
zone. Table 1 shows that the average length of microfractures in uni-
directional fracture zone is higher than which in multidirectional frac-
ture zone, which is also in line with common sense. Unidirectional
fractures can extend unidirectionally, but multidirectional fractures are
mutually controlled, and it is impossible to form too long fractures.

As far as the homogeneity coefficient is concerned, we divide the
maximum value by the average value to get this parameter. The larger
the homogeneity coefficient is, the more homogeneous the distribution
pattern of data is. We can see that the homogeneity of unidirectional
fracture zone is higher than which of multidirectional fracture zone,
which is easy to understand.

As far as the ratio of maximum value to minimum value is concerned,
unidirectional fracture zone is higher than multidirectional fracture
zone. This is also related to the mineral type content of reservoir.

4.3. Summary of the formation mechanism

As to microfractures, length and width, the major and minor axis of
fitted ellipses, the solidity and the new tortuosity are all the properties of
microfractures. We study the formation mechanism of micro fractures
mainly through the quantitative characterization and correlation anal-
ysis of these characteristic attributes to explore the possible mechanism
of the formation of micro fractures, which is in line with the basic view
of “discussing the present and the ancient” in geological research. The
in-depth analysis and discussion of the correlation of the micro fracture
attribute parameters, including the relationship between length and
width of microfractures, Legendre ellipse length and width of micro-
fractures, solidity and the new tortuosity of microfractures were all
carried out.

The above study indicates that the length (major axis value) and
width (minor axis value) of microfractures are not strictly and steadily
correlated, but have a certain threshold value. If the lengths of micro-
fractures increase due to the change of internal or external stress, when
the length (major axis value) value is higher than a certain value, the
opening process of microfractures will begin to lose stability, and the
width (minor axis value)will change gradually irregularly (Figs. 7 and
9). This could also be proved by the standard deviation cross-plot of
microfracture length value (major axis value) and microfracture width
value (minor axis value) in tight sandstone reservoir ( Figs. 8 and 10).
This fully shows that the formation process of microfractures is a tran-
sition from steady state to unsteady state. The microfractures are in the
stage of steady-state propagation from initiation to opening. In the
steady-state stage, the length and width of microfractures show a good
positive linear correlation, which indicates that the microfractures are
expanding in a positive steady-state state. However, when the micro-
fractures expand to a certain extent, due to the limitations of internal
factors (including mineral, pore distribution, fluid and other factors) and
external factors (in-situ stress changes), the regularity of the length and
width of microfractures is destroyed, the microfractures are unstable
and microfractures are broken. It is an important mechanism for the
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Fig. 13. Identification of multidirectional fracture zones in tight sandstone reservoirs.

Table 1
Comparison of average length and width of microfractures between multi-
directional and unidirectional fracture zones in tight sandstone reservoirs.

Data properties Fracture Micro fracture ~ Micro fracture
prop characteristics length/um width/um
Multidirectional
Average fracture zone
9 Unidirectional
fracture zone
Multidirectional
Homogeneity fracture zone
coefficient Unidirectional
fracture zone
Ratio between Multidirectional
. fracture zone
maximum and e
- Unidirectional
minimum

fracture zone

formation of microfractures.

The Cross-plot of microfracture solidity and new tortuosity of
microfracture in tight sandstone reservoir also proves that compaction
will have a more important impact on dissolution. It is reasonable to
infer that once the compaction reach a certain extent. Some of the
previously opened microfractures will be temporarily closed, which will
greatly promote the process of pressure dissolution, and thus increase
the microfracture tortuosity.

In addition, as the microfracture distribution, in order to figure out
the formation mechanism of the unidirectional fracture zone to multi-
directional fracture zone, we should find the transformation criterion.
Actually, if we can calculate the extension angle of all microfractures in
a certain area, and then calculate the standard deviation of all angle
values in the field of view, we call it multidirectional fracture index,
which can quantitatively characterize the fluctuation degree of micro-
fracture angle in a field of view (Fig. 14).

It is easy to know that if the angle fluctuation of microfracture is
small, it is considered that the fracture in this area extends in the same
direction; on the contrary, it is considered that the fracture extends in
many directions. So is there a key point for segmentation? We make a
statistical histogram of the standard deviation of the angle values of all
the microfractures. We can clearly see that there is a very special data
point (multi-directional fracture index value is 15.042). When it is lower
than this point, the index of multidirectional fracture increases slowly.
When it is higher than this point, the index increases in a steep-slope
hurricane. We could easily judge that this point is the turning point
from unidirectional fracture zone to multidirectional fracture zone.

5. Conclusions

As to the micro-facture in the tight oil sandstone reservoir, when the
lengths of microfractures are less than 600 pm (corresponding to the
widths of microfractures are less than 90 pm), they show a good linear
positive correlation, but when the lengths of microfractures continue to



Multidirectional fracture index

100

40 60
Sample label of micro fracture

Fig. 14. Statistical histogram of multidirectional fracture index for tight
sandstone reservoirs (All data are all from Yanchang formation).

increase, the widths of microfractures begin toy deviate from the linear
relationship and gradually diverges. This indicates that the lengths and
widths of microfractures are not strictly and steadily correlated, but
have a certain threshold value. If the lengths of microfractures increase
due to the change of internal or external stress, when the length value is
higher than a certain value, the opening process of microfractures will
begin to lose stability, and the widths will change gradually irregularly.
Relationship between Legendre ellipse lengths and widths of micro-
fractures, relationship between the solidity and the new tortuosity of
microfractures could both be the important evidences to prove the above
conclusion.

It should be noted that the heterogeneity and anisotropy of the
development of microfractures in tight oil reservoirs lack the quantita-
tive characterization, and the formation of the microfracture need to be
furtherly explored in other aspects in the coming days.
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