
Page 1/20

Quanti�cation Analysis of Geometric
Characteristics of Micro Crack Network On Fault
Rock Surface
Haitao Yu 

Southeast University
Zhibin Liu  (  seulzb@seu.edu.cn )

Institute of Geotechnical Engineering, School of Transportation, Southeast University
https://orcid.org/0000-0001-6602-1275

Yun Zhang 
Guangxi Beitou Construction and Investment Group Co.  Ltd.

Tingyi Luo 
Guangxi Beitou Construction and Investment Group Co.  Ltd.

Yasen Tang 
Guangxi Beitou Construction and Investment Group Co. Ltd.

Research Article

Keywords: Fault rock, Crack network, Geometry characteristics, Clay

Posted Date: January 3rd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1131339/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1131339/v1
mailto:seulzb@seu.edu.cn
https://orcid.org/0000-0001-6602-1275
https://doi.org/10.21203/rs.3.rs-1131339/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/20

Abstract
Fault is a common water conduit in coal mine, and the cracks of fault rock will greatly affect its
permeability. In this study, three fault samples obtained in the mining area in Southwest Shandong of
China was tested and observed by SEM, XRD and plane-polarized light microscope. The geometric
characteristics, including crack density, fractal dimension and crack connectivity, of the crack network on
the sample surface were calculated. Combined with the mineral content obtained by XRD, the
nonuniformity coe�cient of mineral composition in rock is de�ned. The results show that the crack
geometric characteristics of the three samples are quite different and the above geometric parameters of
crack network on three fault rock samples are correlated. The optical photomicrographs and SEM images
show that the crack network is developed most in the fault rock samples with the least clay content. The
study suggests that the nonuniformity coe�cient of rock samples is positively correlated with the
geometric characteristic of crack network. The difference in the crack network of fault rock samples is
related to the coe�cient of friction of clay. 

1. Introduction
Due to the complex geological environment of the fault zone, the fault rocks have high heterogeneity,
which has an important impact on the macro mechanical properties and permeability properties of the
rocks (Bense et al. 2013; Michie et al. 2021; Walker et al. 2013). The rock mass in the fault zone breaks
under the action of structural stress, and there are a large number of cracks in the fault rock. The
structural plane on the macro scale determines the permeability of the fault to a great extent (Bauer et al.
2016; Bense and Person 2006; Caine et al. 1996; Cooke et al. 2018). In addition, fault rock itself also has
some microcracks (Kim et al. 2004). Although these microcracks have little effect on permeability, these
defects tend to expand (Liang et al. 2012; Liu et al. 2016), especially under the disturbance of manual
excavation, such as coal mine excavation (Donnelly 2006).

As water conduits, the study of microcracks is very important to assess the permeability of fault rock. The
connectivity of crack network is an important parameter in the permeability estimation model of fault
rock. There are many descriptions about the concept of connectivity. Most of these de�nitions are based
on the intersection of cracks (Kushch et al. 2009; Robinson 1983; Zhou et al. 2011). Topology, which also
pays attention to the attributes of network nodes, has also been widely used in the research of crack
networks in recent years, and shows very good advantages (Lahiri 2021; Li et al. 2020; Sanderson and
Nixon 2018; Valera et al. 2018). In addition, fractal characteristics can also be used as an index to
describe the complexity of crack network. Generally speaking, the more complex the crack network of
rocks, the higher the fragmentation degree of rocks, which is bene�cial to seepage (Jafari and Babadagli
2012; Miao et al. 2015).

Many synthetic random crack network models are established, such as continuous medium model,
discrete medium model, percolation model and so on. These models reveal the relationship between the
geometric characteristics of crack network and macro properties of rock from different angles (de Dreuzy
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et al. 2001; Jiao et al. 2018; Mourzenko et al. 2011). Different from synthetic crack networks, natural
crack networks are often more complex and di�cult to predict. In order to accurately detect and describe
rock cracks, new technologies are constantly applied. In addition to conventional acoustic positioning
methods, in order to more intuitively observe the morphological characteristics of cracks, imaging
technologies such as scanning electron microscope and X-ray CT are also widely used in rock crack
observation, which can provide two-dimensional or three-dimensional images in micron level (Litorowicz
2006; Mac et al. 2021).

At present, there are many researches on the crack network of isotropic rock, including natural joints and
prefabricated cracks of rock samples, which is helpful to understand the damage mechanism and failure
behavior of rock. Nevertheless, there are few studies on the failure and damage of crack network of
anisotropic natural rock. In the present study, the geometric characteristics of crack network on fault rock
sample from Shandong, China are studied by sections, and the failure mechanism of fault rock is
discussed.

2. Materials And Methods

2.1 Fault samples
As shown in Fig. 1, the study area is located in a mining area in the southwest of Shandong Province,
China. The overall geological structure in the area is mainly composed of 70 faults, with a density of
11/km2. The area is dominated by large and medium-sized faults with large drop and long extension. In
order to master the speci�c conditions of large faults in the mining area, geological exploration holes
were designed and the fault zone was exposed at the depth of 673.73m-739.12m. The normal fault with
a drop of 120-140m is located in the upper part of Shanxi formation. The borehole revealed that the fault
length of this section is 65.39m, the core length is 51.30m, and the core recovery is 78.45%. The core
color is mainly grayish black and grayish white. The lithology is mainly sandy mudstone, medium
sandstone and siltstone. Locally, it contains plant debris fossils and calcite veins. The core at the depth
of 689.12m-701.32m (mainly medium sandstone, including a small amount of siltstone and mudstone)
is relatively complete. The core at the depth of 701.32m-712.74m is mudstone containing plant clastic
fossils and a large amount of argillaceous locally, which is close to coal seam. Below the coal seam is
siltstone with cracks. The fault core in this section has the characteristics of “fracture-intact-fracture”. In
addition, there are great differences in the degree of fragmentation and weathering in different layers.
Therefore, the fault core is divided into upper, middle and lower sections according to the sample
characteristics and depth.

2.2 Test methods and geometric characteristic parameters
In this study, the crack morphology of fault samples was observed by plane-polarized light microscope
and scanning electron microscope. Under certain pressure and temperature conditions, the blue epoxy
resin is pressed into the rock. After it is cured, the cast sheet is polished, and then placed under the plane-
polarized light microscope for observation. The microstructure of fault rocks was observed by Scanning
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Electron Microscope - Back-scatter Electron (SEM-BSE) microscopy. The phase composition is detected
by XRD. After the fault samples are tested, the diffraction results are analyzed by using the standard
comparison card in Jade analysis software to obtain the X-ray diffraction analysis patterns of each
sample and conduct semi quantitative analysis (Nikkhah et al. 2017).

In order to analyze the geometric characteristics of cracks in fault rocks, the optical photomicrographs
are imported into the Auto CAD. The cracks that can be distinguished and recognized are identi�ed by
using polylines, and a digital generalized crack network is obtained for geometric characteristics analysis.

The research on the crack characteristics can be divided into single crack and crack network. The
connectivity degree of each crack has a signi�cant impact on the permeability of the fault. The study of
single crack mainly focuses on the length, opening and roughness of crack, while the study of crack
network focuses on its geometric characteristic parameters. The characterization indexes of rock crack
network include crack density, connectivity, fractal characteristics of crack network and so on.

Crack density

In the study of crack density, there are many different de�nitions of crack density. Litorowicz (2006)
de�ned the crack density as the ratio of the total length of cracks in each image to the image area when
studying cracks in concrete structures. Leung and Zimmerman (2012) de�ned crack density as the total
number of cracks per unit area in the study of estimating hydraulic conductivity by statistical parameters
of random crack network. In the effective medium theory, cracks are usually regarded as inclusions in
porous materials. The crack density is usually expressed as dimensionless area density (Bristow 1960).
In this paper, the crack density is calculated by this dimensionless method:

ρ =
1
A

n

∑
i=1

li
2

2

1
Where A is the area of the digitized image, which is 10.63 mm2, n is the total number of cracks in image
area, li is the length of cracks.

Fractal dimension

Fractal dimension is an important parameter to describe crack distribution. At present, the main method
to calculate the fractal dimension is the grid covering method (Mandelbrot 1982). The natural cracks in
rocks have certain self-similarity. F is a set of bounded points on the plane, which is contained in a
rectangular region. The rectangular region is divided into smaller grid that side length is ε according to a
certain proportion r. If the number of non-null grid is N(r), the capacity dimension Dc is de�ned:

Dc = − lim
r→ 0

lnN(r)
lnr

( )
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2
Crack connectivity

The topological property of crack network means that the connection structure of each crack will not
change due to the change of crack length and node position. This research method for crack connectivity
can avoid the in�uence of scale effect, because topology pays more attention to the inherent properties
of crack network (Valentini et al. 2007).

According to the topological graph theory, any crack network is composed of nodes and segments. Nodes
are the points where two crack intersect or pinch out, and segments are the crack connecting two nodes.
As shown in Fig. 2, nodes can be divided into X-type nodes (cross), Y-type nodes (adjacent) and I-type
nodes(isolated) (Sanderson and Nixon 2018). The connectivity f of crack network can be calculated from
the number of nodes of the above three types.

Saevik and Nixon (2017) compared �ve topological graphs used to describe the connectivity of crack
network and obtained the expression of connectivity after �tting most suitable for predicting the hydraulic
connectivity of variable topological crack mode:

η =
4nX+2nY

4nX+2nY +nI

f = max(0,2.94η − 2.13)

3
where η is the equivalent average connection number of each crack, f is the connectivity of crack
network, nX,nY an, nI are the number of X-type nodes, Y-type nodes and I-type nodes.

Nonuniformity coe�cient

(Ke et al. 2011) established a virtual internal bond model based on meso damage and simulated the
dynamic process of crack generation and propagation in anisotropic rocks. The results show that the
higher the uniformity coe�cient is, the higher the macro mechanical strength is. Xia et al. (2021) de�ned
the quantitative calculation method of nonuniformity coe�cient based on normal distribution, which is
the ratio of standard deviation of Young's modulus of rock to expectation. Because the fault rock also
has nonuniformity of strength distribution and randomness of mineral distribution, the concept of
nonuniformity coe�cient is also applicable. However, the proportion of main minerals in rocks also has a
great impact on the properties of rocks. Based on the research of Xia et al. (2021), the mineral content is
increased and Equation 4 is proposed to describe the nonuniformity coe�cient:

c =
max Eiωi − min Eiωi

∑n
i=1Eiωi

n

{

( ) ( )
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4
Where c is the nonuniformity coe�cient; Ei is the Young's modulus of mineral, GPa; ωi is the content of
minerals in rock.

3. Results
According to the optical photomicrographs, the quartz particles in the upper sample are generally small,
and there are large particles locally. Kaolinite is �lled in the quartz, which is enriched locally. The cracks
have similar strike (Fig. 3a). The clay mineral content of the middle section sample is low, partially �lled
with mineral veins, with a high degree of fragmentation, and the maximum width of the crack is about
0.06mm (Fig. 3b). The main mineral in the lower section of the sample is kaolinite. Because it is close to
the coal seam, there is more black organic matter in the quartz (Fig. 3c).

The crack statistics on the surface of fault rock samples are shown in Fig. 3. There are 19 cracks on the
surface selected on the fault sample with the depth of 681.1m-681.7m. The crack length ranges from
0.08mm-2.60mm, and the crack with the length less than 0.5mm accounts for 36.84% (Fig. 3a). The
crack network on the surface of fault samples with depth of 701.6m-702.8m is developed, with a total of
121 cracks. The crack length ranges from 0.06mm-2.73mm. The cracks with a length less than 0.5mm
account for 67.77%, accounting for the highest proportion, and the cracks greater than 1mm account for
only 9.92%. There are only 7 cracks on the surface of fault samples with depth of 735.7m-737.3m, of
which one through crack is 4.27mm long, and the rest are cracks less than 1mm. Generally, it is
dominated by short and small cracks.

The calculated geometric parameters of crack network are shown in Table 1. The crack density of the
middle section is 1.25, about three times that of the other two sections. The fractal results of three
samples show that the average value of fractal dimension of crack in the middle section is 1.27 that is
also the highest of the three samples. The fractal results show that the crack development degree of the
fault sample in the middle section is the highest, the second is the upper sample and the lower sample is
the lowest (Fig. 4).

Table 1
Geometric parameters of crack network of three segment fault

rocks
Depth nX nY nI η ρ Dc

681.1m-681.7m 0 7 26 1.03 0.47 0.48-1.29

701.6m-702.8m 14 143 50 2.57 1.25 0.90-1.52

735.7m-737.3m 0 1 13 0.39 0.44 0.40-1.14

According to the results of scanning electron microscope (Fig. 5), many cracks and micro pores are
developed on the surface of the fault rock. The crack length can reach hundreds of microns, and some
cracks have been connected, and mineral particles can be seen in crack. There are many striae and a long
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crack on the surface of the upper sample, the crack structural planes on both sides are uneven, and some
cracks contain �ne or coarse mineral particles. There are large black patches and small white mineral
particles on the surface of the middle section sample. In addition, there are three connected cracks, which
result in more microcracks. After 5000 times magni�cation, it is found that the crack structure is complex
and the crack surface is rough. Only one crack is developed on the selected surface of the lower section
of the sample. Most of other cracks are closed and the width of some cracks is about 5µm.

The results of XRD diffraction pattern interpret that all three samples contain quartz and kaolinite.
Besides, the middle section samples also have muscovite, microcline and albite The difference is that the
kaolinite content of the lower sample is the highest. Since the young's modulus of mineral particles is not
tested in this study, in order to calculate the nonuniformity coe�cient, the young's modulus of quartz,
kaolinite, muscovite, microcline, albite tested in other studies are referred (Benazzouz and Zaoui 2012;
Luu et al. 2021; Zhang et al. 2009). The young's modulus values used in this study are 105.6 GPa, 40.7
GPa and 74.4 GPa, 73.6 GPa, 86.0 GPa respectively. Then the nonuniformity coe�cient can be calculated,
as shown in Table 2.

Table 2 Mineral content and nonuniformity coe�cient in each segment fault rock

Depth
(m)

Mineral content nonuniformity
coe�cient

Quartz
(%)

Kaolinite
(%)

Muscovite
(%)

Microcline
(%)

Albite
(%)

681.1-
681.7

85.9 14.1 - - - 1.76

701.6-
702.8

40.8 7.5 28.5 14.3 8.8 2.34

735.7-
737.3

38 62 - - - 0.47

4. Discussion

4.1 Correlation of geometric parameters of crack network
The optical photomicrographs and SEM images show the difference of crack development of the three
fault rock samples. Taking crack density, connectivity and fractal dimension as quantitative indicators to
describe the development degree, they all show as middle segment > upper segment > lower segment.
The three parameters are dimensionless and have different research starting points. The calculation of
crack density is based on the crack length. The connectivity is based on the topological properties of the
network, and the type and number of crack intersections are concerned. The fractal dimension studies the
self-similarity of crack network. Through comparison, it is found that the evaluation results of these three
indicators are similar and have consistency (Fig. 7). Comparing the nonuniformity coe�cient with the
geometric characteristics of crack network, it is found that there is an obvious positive correlation
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between them (Fig. 7). It indicates that the anisotropy of mineral composition has a great in�uence on the
development of rock crack network.

The clay content and the geometric parameters of crack network are compared and analyzed. It indicates
that the content of kaolinite in fault rocks is negatively correlated with the quantitative values of
geometric parameters, as shown in Fig. 8. The SEM image shows that the crack width and connectivity of
the upper and middle samples with higher content minerals such as quartz are higher than those of the
lower fault samples with higher kaolinite content (Fig. 5). The analysis shows that kaolinite is easy to
form �lling, blocking and even closing at the pores and cracks due to its �ne particle size. Kaolinite is a
hydrophilic mineral with certain plasticity in case of water. It is easy to smear and �ll the primary cracks,
increasing the sealing of the fault rocks (Bense et al. 2013; Gui 2017).

4.2 In�uence of clay content on crack network of fault rock
A large number of studies have con�rmed the in�uence of clay minerals on fault weakening and sliding,
because clay minerals have different coe�cient of friction compared with other minerals. Similar to the
geometric parameters of crack network, the coe�cient of friction of fault rock and fault gouge often
decreases with the increase of clay content (Fig. 9). The fracture form of the three samples in this paper
accord with the three deformation mechanisms proposed by Lupini et al. (1981): (1) “turbulent mode”-
when the clay content of is less than 25%, the sample is mainly brittle deformation of clastic particles in
the shear deformation. (2) “sliding mode”-when the clay content is higher than 70%, the sample is mainly
composed of clay with low friction strength, and the fracture is mainly due to the rotational arrangement
of low friction clay particles along the shear surface (3) “transitional mode”- includes the above both
turbulent and sliding shear. It can be seen from Table 2 that the upper and middle samples are “turbulent
shear”, especially the middle samples. The whole is minerals with high friction strength such as quartz,
and its stress support frame is debris support. The form of crack network indicates the brittle failure of
this debris support under shear (Fig. 3b). The lower sample belongs to “transitional shear” but close to
sliding shear, because the content of kaolinite is close to 70%. The relationship between coe�cient of
friction of and crack network still needs to be further studied.

Cracks mostly emerge and grow along the gap between quartz particles or clay �lled between quartz
particles. As shown in Fig. 10a, the distribution of quartz and other mineral particles in the fault rock
samples has a relatively obvious boundary with the �lling clay. The slender cracks mainly emerge in the
clay, and the strike is along the �lling clay. In Fig. 10b, there is no obvious boundary between the
distribution of quartz particles and clay. Some short but unconnected �ne cracks are distributed around
the main cracks, which mainly develop in the parts of clay. If these short cracks are disturbed, they will
have the trend of expansion and increase the fracture degree of rock. From the mechanical point of view,
compared with mineral particles such as quartz and feldspar, clay such as kaolinite are the weak parts in
fault rock. When subjected to shear action, the clay parts in fault rock are damaged �rst and further
damaged with the increase of load. When the load reaches the failure strength of the developed quartz
part, rock will produce brittle failure (Lan et al. 2010).
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4.3 Prediction of equivalent permeability on crack networks
In previous studies, there have been a variety of prediction models for the equivalent permeability of crack
networks (Lahiri 2021; Leung and Zimmerman 2012). However, due to the complexity of natural crack
network, the available crack data are limited. The models in these studies have veri�ed the accuracy of
permeability estimation. It can be known that whether it is natural crack network or synthetic random
crack network, the equivalent permeability in these estimation models is mainly composed of two parts.
One is the attribute of a single crack in the crack network, which mainly focuses on the parameters such
as crack length, crack width, crack surface roughness and crack dip angle. The other is the characteristics
of crack network, such as connectivity, fractal dimension and so on. Based on this, this paper selects the
equivalent permeability estimation model proposed by Sævik and Nixon, which considers the
characteristics of crack network and each crack (Saevik and Nixon 2017):

  (5)
Where Keff is the equivalent permeability. f is the crack connectivity. Ti, Li and ti is the transmittance,
crack length and tangential vector of the crack respectively. Ti, Li and ti  was not obtained in this study,
only the contribution of crack connectivity to equivalent permeability is discussed here.

According to the prediction model (Eq. 3), the connectivity of the upper and lower fault samples is 0, and
only the connectivity of the middle section is positive, which is 0.435. In other words, only the equivalent
permeability of the middle section sample is positive, while the upper and lower section samples do not
have permeability.

5. Conclusions
In this paper, the fault rock core exposed by geological exploration holes is divided into three sections,
and the crack network characteristics of rock samples are studied. The main conclusions are given as
follows.

(1) It is found that although the de�nitions of geometric parameters are different, these parameters are
correlative in describing crack network on three fault rock samples. This result has reference signi�cance
for the parameter selection of equivalent permeability estimation model. Besides, according to the
calculation results of the prediction model, only the middle section rock sample has equivalent
permeability.

(2) The results indicate that the higher the nonuniformity coe�cient of rock samples is, the higher the
geometric characteristic parameters of crack network become. In addition, there is a negative correlation
between the kaolinite content and the geometric parameters of the rock crack network. The tendency is
similar to the coe�cient of friction of fault rock. The discussion put up the view that the difference in the
crack network of fault rock samples is related to the coe�cient of friction of clay.
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(3) The crack network is the most developed in the fault samples with the least clay content. The analysis
shows that clay content is an important factor affecting the development of crack network on fault rock
samples. Under the external force load, the clay mineral part in the rock probably �rst breaks and
produces cracks.
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Figures

Figure 1

The location of the study area, the distribution of faults in the area, the borehole log and the core of fault
rock
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Figure 2

Topology node types

Figure 3

Optical photomicrographs (taken under plane-polarized light (PPL)) of three segments fault rock, the
binary images obtained by the CAD and statistical diagram of crack length: (a) Sample depth 681.1m-
681.7m, (b) Sample depth 701.6m-702.8m, (a) Sample depth 735.7m-737.3m
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Figure 4

Fractal dimension and average value of crack network of three segment fault rocks
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Figure 5

SEM images of three segment fault rock samples at different magni�cations
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Figure 6

XRD diffraction patterns of three segment fault rocks
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Figure 7

Nonuniformity coe�cient and geometric parameters of three segment fault rock samples
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Figure 8

Variation of crack network geometric parameters of fault rock samples with kaolinite content: (a)
equivalent average connection number, (b) crack density and (c) fractal dimension
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Figure 9

Coe�cient of friction plotted against clay content with data from Lupini et al. (1981), Crawford et al.
(2008) and Verberne et al. (2010)

Figure 10
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Optical photomicrographs of fault samples: (a) one main crack (b) micro cracks which are circled in red


