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Numerical Studies on Stratified Rock Failure Based on
Digital Image Processing Technique at Mesoscale
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Abstract: This paper investigates the failure behaviors of stratified rocks under
uniaxial compression using a digital image processing (DIP) based finite difference
method (FDM). The two-dimensional (2D) mesostructure of stratified rocks, rep-
resented as the internal spatial distribution of two main rock materials (marble and
greenschist), is first identified with the DIP technique. And then the binaryzation
image information is used to generate the finite difference grid. Finally, the failure
behaviors of stratified rock samples are simulated by FDM considering the inho-
mogeneity of rock materials. In the DIP, an image segmentation algorithm based on
seeded region growing (SRG) is proposed, instead of the traditional threshold value
method. And with the new proposed image segmentation algorithm, the mesostruc-
ture of stratified rocks can be fully acquired. In the process of simulation, to suffi-
ciently capture the inhomogeneity of stratified rocks, mechanical properties of each
rock material are all characterized by the Weibull statistical manner. Several cases
of stratified rocks with different homogeneity indices of rock materials have been
discussed under two compression loading conditions considering the anisotropy of
stratified rocks to some extent. Results from numerical simulations show that the
inhomogeneity of stratified rocks arising from the presence of different rock mate-
rials has a great influence on the failure behaviors of stratified rocks and that the
numerical failure behaviors of stratified rocks without confining stresses applied
agree quite well with the general observations reported in the literature.
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1 Introduction

As a special jointed rock, containing one preferred orientation of discontinuity, the
stratified rock is often met in underground engineering. It is necessary to fully take
into account the failure behaviors of stratified rocks for evaluating the stability of
underground constructions. Many scholars have devoted visible efforts to the study
of failure behaviors of joint rocks [Bobet and Einstein (1998); Jiao et al. (2011);
Jiao et al. (2014); Li et al. (2012b); Singh et al. (2002); Zhang et al. (2008)].
To stratified rocks, considering the existence of preferred fabric orientation and the
composition of different rock materials, they exhibit strong inherent anisotropy and
inhomogeneity. Over the past decades, the research on stratified rocks has mainly
focused on the macroscopic anisotropy [Attewell and Sandford (1974); Cazacu et
al. (1998); Duveau and Shao (1998); Jaeger (1960); Li et al. (2012a); Niandou et
al. (1997); Salamon (1968); Tien and Kuo (2001); Tien et al. (2006)] In fact, the
macroscopic anisotropy of stratified rocks is strongly related to the inhomogeneity
at mesoscale [Brady and Brown (2004)]. And the failure modes of stratified rocks
are dependent on the internal mesostructure. Consequently, it is significant to con-
sider the inhomogeneity in the study of failure behaviors of stratified rocks. And
the key problem is how to accurately obtain the mesostructure and inhomogeneity.

Attempts have been made by many researchers to examine the influence of inho-
mogeneity on mechanical properties of materials. For example, Fang et al., Leite
et al., Ma et al., Tang et al., Wang et al., Zhu et al. [Fang and Harrison (2002);
Leite et al. (2007); Ma et al. (2011); Tang et al. (2000); Wang et al. (1999); Zhu et
al. (2004)] investigated the failure behaviors of rock-like materials on the basis of
mesostrcture modeling generated by random methods. Dong and Atluri studied on
inhomogeneous materials from micromechanical aspect [Dong and Atluri (2012a),
(2011); Dong and Atluri (2012b), (2013)]. With the development of digital im-
age hardware and software, The DIP technique provides an innovative approach
to acquire the real mesostructure of inhomogeneous materials. The so-called DIP
technique is the term applying various mathematical algorithms by means of com-
puters to extract significant information from digital images. This information may
be characteristics of cracks on a material surface, the mesostructure of inhomoge-
neous soils, rocks, or other man-made geo-materials and so on. Several authors
studied the feasibility of acquiring real mesostructures of rock-like materials by
DIP technique [Kwan et al. (1999); Ammouche et al. (2000); Lawler et al. (2001);
Mora et al. (1998); Obaidat et al. (1998); Yue and Morin (1996)].

Presently, the research is mainly focused on the application of DIP technique com-
bined with certain numerical method to investigate the mechanical property of in-
homogeneous materials. Yue et al. [Yue et al. (2003)] developed a DIP based
finite element method by fully considering mesostructure of geo-materials. And
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the new method is applied to the mechanical analysis of Brazilian indirect ten-
sile test in rock mechanics and pavement engineering. Chen et al. [Chen et al.
(2007)] extrapolated 3-D cuboid mesostructure from the 2-D image mesostructure
and utilized finite difference approach to analyze the failure process of rock sam-
ples by taking into account the actual 3-D mesostructure modeling. Zelelew et
al. [Zelelew and Papagiannakis (2010)] employed Volumetric-based Global Min-
ima thresholding algorithm to capture mesostructures from X-Ray CT images and
proposed a methodology for simulating the viscoelastic properties of asphalt con-
cretes by the discrete element method. Du et al. [Du et al. (2012)] reconstructed
the internal structures of concrete composites using the DIP technique followed by
post-processing through MATLAB and adopted finite element method to analyze
the cracks location compared with experimental results. Chen et al. [Chen et al.
(2013)] used a finite difference code to simulate the mechanical responses and fail-
ure patterns of the concrete, based on the generated actual 3-phase mesostructure
modeling obtained by DIP techniques.

It is worth noting that, in the DIP method, the threshold segmentation algorithm is
usually utilized to extract image mesostructure by assuming that all pixels whose
value (gray level, color value, or others) lie within a certain range belong to one
class. This hypothesis neglects all of the spatial information of the image and
does not deal well with noise or blurring at boundaries. Furthermore, in order to
sufficiently capture the inhomogeneity of rock-like materials, it is not appropriate
to consider the mechanical parameters of component materials as constants in most
literature.

In this paper, the DIP based FDM is proposed to analyze the failure behaviors of
stratified rocks. In the method, the 2D mesostructure inhomogeneity of stratified
rocks are identified firstly using the DIP technique, the finite difference grids are
then generated according to the transforming information of binary images, and
finally the failure behaviors of stratified rock samples from Chinese Jinping under-
ground carves under uniaxial compression is simulated with the FDM based on the
mesostructure modeling. In order to fully consider the influence of inhomogeneity
of stratified rocks, an image segmentation algorithm based on SRG is developed to
detect different rock materials and the Weibull statistical approach is employed to
distribute mechanical parameters of rock materials.

2 Mesostructure identification using the DIP technique

In the ensuing, fundamental aspects of digital images are briefly introduced first.
Then, the pre-treatments and segmentation algorithm based on SRG are further
developed to measure and identify different rock materials in stratified rocks.
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2.1 Digital images and discrete functions

Generally, the digital image consists of a rectangular array of image elements
named as pixels. Each pixel is the intersection area of any horizontal scanning
line with the vertical scanning line. All of these lines have an equal width /. At
each pixel, the gray level is assigned with an integer value to reflect the image
brightness. As a result, the digital image can be expressed as a discrete function in
the i and j Cartesian coordinate system below,
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where i changes from 1 to n and j changes from 1 to m.

In the laboratory, digital images of rock sample cross-sections are usually acquired
by a digital camera or an X-ray CT system. Fig. 1 shows the mostly used 256 gray
images of a typical stratified rock cross-section from Jinping underground carves.
Its gray levels have the integer interval from O to 255. And the center of the i and
Jj coordinate system is located at the top left corner of the image. For the original
image in Fig. 1(a), the numbers of the scanning lines along the i-axis and the j-axis
are 100 and 100, respectively. The actual size of the sample is 50mm x50mm. So,
the scanning line is 0.5mm wide and the pixel size is 0.5mmx0.5mm.

2.2 Pre-treatments of digital images

The effect of external environment (e.g., asymmetric illumination, electrical and
mechanical noise) has a great influence on converting actual sample into digital
images. The original image quality is usually not good enough to acquire a well-
defined material mesostructure. Therefore, image pre-treatments such as image
contrast enhancement and image noise elimination methods are applied to obtain
more reasonable mesostructure of inhomogeneous materials.

Owing to the contrast improvement among different rock materials, the image con-
trast enhancement can help to acquire material mesostructure. The commonly used
image enhancement method is known as the histogram equalization transforma-
tion. The histogram is employed to display the distribution of gray values in the
image. It is a discrete function showing the number of pixels for each gray level.
The histogram equalization adopts some transformations shown in Ref. [Gonza-
lez and Woods (2002)] to get a new histogram which ensures all displayed gray
levels are approximately equally represented. Although the histogram will not be
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Figure 1: An example of original digital image and discrete function: (a) Origi-

nal image, (b) Some part of rectangle girds (Local i and j coordinate system), (c)
Matrix of discrete function f (i, j) (Local i and j coordinate system)

uniform as before after histogram equalization, the result of the gray level equal-
ization process can provide an image with increased dynamic range, which tends
to have higher contrast.

For the noise elimination, due to the variety of image noise, elimination methods
are also in many ways. The commonly used noise elimination methods include
neighborhood averaging method, lower pass filtering method, multiple images and
averaging method [Gonzalez and Woods (2002)]. But all these methods may blur
the edges and other sharp details when removing noises to some extent. In order
to protect the sharp details and reduce noise influence, the median filter is adopted
in this study. As an applicable method, the median filter is a non-linear function
that are carried out on pixels of a neighborhood, and whose result constitutes the
response of the operation at the center pixel of the neighborhood. If the pixel
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neighborhood is set to A, then the output of median filtering is as follows

8(i,j) = Med{f(i,j)} = Med{f(i+r,j+s), (rs) €A} 2)

where, g(i, j) is the grey value of pixel in the ith row and the jth column after the
median filter; Med{} denotes the median function; f(i, j) is the original grey value
of pixel in the ith row and the jth column; r and s are the length and width of the
neighborhood A.

In this paper, the median filter for original images has been performed with a de-
fined 3-by-3 square neighborhood by sliding the center point of it through the im-
age. And the pixel value in the image is replaced by median value of its neighboring
pixels. Fig. 2 shows digital images before and after pre-treatments. Comparing to
the original image, the new image enhances contrast among the different rock ma-
terials and preserves more details of mesostrcuture.

(a) (b)
Figure 2: The comparison before and after image pre-treatments: (a) the original
image, (b) the image after pre-treatments

2.3 Image segmentation technique based on SRG

Image segmentation is an important process of image analysis. It consists of sub-
dividing an image into its constituent parts and extracting these parts of interest.
For gray-scale images, segmentation algorithms are based on two basic properties
of image gray value: discontinuity and similarity. In the former, the approach is
to partition an image base on abrupt changes in grey level, such as edge detection
algorithm; in the latter, the principal approach is on the basis of partitioning an
image into regions that are similar according to a set of predefined criteria, such as
SRG and traditional threshold algorithm. However, due to the property of rock ma-
terials, the gray level of each material is not an exact value but an interval. So it is
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common that some overlap of gray level interval among rock materials is presented.
This case may lead to inaccurate segmentation by using traditional threshold algo-
rithm. Because the threshold algorithm assumes that all pixels whose value (gray
level, color value, or others) lie within a certain range belong to one class. Thus,
SRG algorithm which can fully consider the spatial information of rock materials
is adopted in this paper.

In fact, the basic approach of SRG is to start with a number of seed points which
have been classified into n sets, say, A1,A,---,A, and form these growing regions
by appending to each those neighboring pixels that have predefined properties sim-
ilar to the seed point. And the choice of similarity criteria is critical for even mod-
erate success in region growing [Adams and Bischof (1994); Pavlidis and Liow
(1990)]. Generally, three types of expression are given: criterion based on gray
value difference, criterion based on gray value distribution and criterion based on
region shape.

Taking the above stratified rock image pre-treated (Fig. 2(b)) as an example, the
purpose of segmentation is partitioning the image into two regions that is green-
schist region (growing region) and marble region (ungrowing region). Firstly, in
order to acquire better segmentation results, nine seed points, namely the initial
state of the sets A1,A,,---,A9g, consisting of single points respectively, are manu-
ally chosen from the image. Their coordinates are shown in Table 1. Then, the
indicator matrix employed to record the growing process is formed. It has the same
size with the rectangle array of the image and all its initial elements are filled by
label “1”. Afterward, the corresponding elements in the indicator matrix to seed
points are changed to the label “0”. Setting T as growing pixels which border
ungrowing region, the state of after m steps will be considered as follow,

T = {x € 'EnJl AiIN(x) N Cg ,Lle A; # ‘P} 3)

where N(x) is the immediate neighbors of the pixel x and R represents entire region
of the digital image. In fact, T is a data structure (an array) termed queue of border
pixels (QBP). When considering a new pixel, at the beginning of each step of SRG,
we take that one at the beginning of the array. For the segmentation process to
be presented, the immediate neighbors which are 8-connected to the pixel x are
used. &[N;(x)] is defined to be a measure of how different the pixel N;(x) is from

the growing region it adjoins. Where, i belongs to {1, 2, ---, 8}. The simplest
definition for 6[N;(x)] is
S[Ni(x)] = [fINi(x)] = F ()] @

where f[N;(x)] and f(y) are the gray value of the pixel N;(x) and seed point y which
belongs to the growing region, respectively.
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The similarity criterion based on gray value difference is given as follow,

TRUE &[Ni(x)] <A,

P(R;) :{ FALSE otherwise )

where R; represents the subregion of entire image region R and has the property
that Lnj R; =R; P is a predicate.

j=1
Eq. (5) notes that for the pixel N;(x), if the gray value difference to the growing
region it adjoins is in the predefined range of A, the pixel N;(x) will belong to the
region. That is, the corresponding label in the indicator matrix to the pixel N;(x)
will be changed to the label of the pixel x. Meanwhile, the pixel N;(x) is put in
the end of data structure 7. And the pixel x is deleted in the data structure 7. This
completes step m+1. The process is repeated until no pixels are in the data structure
T. The flow chart of the algorithm is shown in Fig. 3. For threshold A, a trial-and-
error method can be used to adjust it so that the best results are obtained. And the
thresholds correspond to the nine individual seeds are shown in Table 1.
After segmentation, some holes and gaps may still exist in images. The morpho-
logical closing and filling method shown in Ref. [Gonzalez et al. (2004)] are used
to get rid of them. Fig. 4 reflects the whole process of segmentation of the stratified
rock image.

Table 1: The coordinates and response thresholds of individual seeds.

Number of pixel point | Coordinates of pixel point | Threshold of pixel point
1 (92,8) 37
2 (89,36) 25
3 (53,38) 4
4 (42,44) 7
5 (34,37) 10
6 (7,39) 10
7 54,71 20
8 (28,87) 22
9 (37,59) 15

3 The Finite difference grid Generation

The Finite difference grid is a prerequisite for carrying out the numerical analysis.
In order to represent the mesostructure of inhomogeneous rocks, the rock material
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Figure 3: The flow chart of the SRG algorithm for individual seed.
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Figure 4: The whole process of segmentation of the stratified rock image: (a) the
outline formed by SRG, (b) the binary image after segmentation, (c) the binary
image after morphological mend.

distribution and geometry shown in the binary above should be taken into account.
However, the finite difference grid cannot be generated directly from the binary im-
ages. The binaryzation information is required to be transformed. As mentioned in
section 2.3, binary images are special discrete rectangular arrays and their gray val-
ues of pixels are either O or 1. Therefore, the image can be considered as equivalent
finite difference grid. Using the Fig. 1(b) as an example, basic grids are gener-
ated by dealing with pixels in the image as grids and pixel angular points as nodes
shown in Fig. 5(a). And the scale distance / can be calculated as follow,

length of rock cross-srction in vertical or horizontal direction

~ total number of pixels on the cross-section image along the selected direction

(6)

Meanwhile, the corresponding discrete rectangular arrays of binary image trans-
forming from Fig. 1(b) can provide exact distribution of the two rock materials,
as shown in Fig. 5(b). Subsequently, combining the basic grids with distribution
information of different rock materials, the finite difference grid considering ac-
tual mesostructure is generated in Fig. 5(c). And the finite difference grid cor-
responding to the numerical image of stratified rock cross-section is displayed
in Fig. 6. The size of grids is 50mmx50mm and the scale of rectangle grid is
0.5mmx0.5mm. In fact, the precision of finite difference grid generated is decided
by the scale of pixels.

As a practical approach, the grids generation method is not complicated to imple-
ment. And in this method, the actual mesostructure preserved in pixels of image
are represented by the transforming information of binaryzation image. Thus, the
finite difference grid generated keep highly consistent with the stratified rock cross-
section in appearance.



Numerical Studies on Stratified Rock Failure 27

Fo) v=32-37 mm ‘-" _j
o olifololololoololo] ™
ofofofofoloTeloTe]o
I,’ olofofofofoofoo]o
B ofofolololol 1 Te]o
£ ofoiToe [T T
o
g olofr]ifr]i]e]o]o]o
5 | |
L >—p—.mm ool [T [ [T[ofo|1
o
lofolofo [ i1 ]o
ofo i Tolol T o
—
iy ! grid ‘y

(a)

U

y=32-37 mm

Figure 5: An example of finite difference grids generation: (a) Basic grids; (b) Ma-
trix of discrete function f(i, j); (c) Finite difference grids (Local i and j coordinate
system).
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Figure 6: The Finite difference grid.
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4 Numerical simulation of failure behaviors

In this section, an explicit finite difference scheme, the commercial software FLAC
(Fast Lagrangian Analysis of Continua), is employed to simulate failure behaviors
of stratified rock specimens with different inhomogeneity indices under uniaxial
compression loading. In order to consider the property of anisotropy, loading di-
rections parallel and vertical with preferred orientation of greenschist layers are
adopted.

4.1 FDM modeling and loading procedure

In the numerical analysis, the finite difference grid based on the actual mesostruc-
ture of stratified rocks is utilized at mesoscale; the Mohr-Coulomb failure criterion
envelope with a tensile cut-off, which is incorporated into the elastic-brittle-plastic
constitutive model [Lee et al. (1997)], is used so that the failure of the grids may be
either in shear or in tension state. In the elastic-brittle-plastic model, the degrada-
tion index of elastic modulus and cohesive is 30%. In order to capture the material
inhomogeneity of stratified rocks, the Weibull random manner is taken into ac-
count to distribute the mechanical properties (elastic modulus Ec and cohesion Cc
of different rock materials. The adaptable Weibull distribution function is given as
follow,

m E.

(p(Ec) = (EO

m— EC m
AT Lexp[—(£5)"] (N

Ey

where E. and Ej is the elastic modulus and mean elastic modulus of grids, re-
spectively. For the cohesive Cc, the same distribution is used; m is defined as the
homogeneity index of the rock materials. According to the definition, a larger m
implies a more inhomogeneous material and vice versa. In this study, on the ba-
sis of mesostructure model, four specimens with different homogeneity indices, m
=2.0, 4.0, 6.0, 8.0, and a homogenous specimen are generated, representing rock
materials from relative inhomogeneity to completely homogeneity. The mechani-
cal properties for all the specimens are listed in Table 2 referring to Ref. [Deng and
Zhang (2001); Huang (2008)]. The homogeneous elastic modulus and cohesion
are assumed equally with mean elastic modulus and cohesion. Fig. 7 displays the
elastic modulus distribution of marble with different homogeneity indices.

For the loading procedure, an external displacement at a constant rate of 107>
mm/step is set in the axial direction and the stress as well as the deformation in
each grid is also computed. The external displacement in the axial direction is then
increased step by step. And this is equivalent to displacement control in the analo-
gous servo-controlled laboratory experiment. At each step, the stress states in some
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Table 2: Material parameters.

Type of | Mean elastic | Poisson| Mean Friction Tensile | Homo-
material modulus ratio | cohesion | Angle | strength| geneity
(GPa) (MPa) @) (MPa) index
Marble 50 0.22 45 50 2 2.0, 4.0,
Greenschist 11 0.25 10 37 1 6.0, 8.0
0.06 -
—m=2.0
S 0.5 Sy WY
© ——m=6.0
S - ——m=8.0
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s=n)
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Figure 7: Elastic modulus distribution with different homogeneity indices.

grids may satisfy the failure criterion. Such grids are damaged and weakened ac-
cording to the rules specified by the soften function of strength parameters in the
next step. And the stress and deformation distribution throughout the specimen are
then inclined to reach the equilibrium state by adjusting instantaneously. At loca-
tions with increased stresses due to stress redistribution, the stress state may reach
the critical value and further ruptures are caused, the process is repeated until the
macroscopic fractures are formed.

4.2 Analyses of Numerical failure behaviors
4.2.1 Influence of rock material inhomogeneity

Fig. 8 reveals the stress-strain characteristics of five stratified rock specimens with
different homogeneity indices under parallel loading condition. As the axial strain
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is increased, each stress-strain curve is nearly linear at the initial stage. When the
applied load reaches approximately 50% of the peak load, the strain-softening be-
havior is demonstrated. And due to the fact that the rock begins to nucleate obvious
mesofractures, the tangent stiffness of the specimen decreases and it reaches zero
at the compressive strength. Above that stress, the brittle feature is displayed by
large stress drop rapidly. Until macrofractures occur, the state similar with perfect
plastic is shown in the end. Comparing the five stress-strain curves, it is evident
that the stress-strain relation and the strength characterization depend strongly on
the heterogeneity of the specimen. From Fig. 8, the maximal strength values of
the specimens are 67, 72, 80, 85 and 95 MPa for the inhomogeneous specimens,
m= 2.0, 4.0, 6.0, 8.0 and the homogeneous specimen. It can be seen that the higher
the degree of the homogeneity, the higher the strength of the specimen. The elastic
modulus value in linear stage is smaller, and the strength loss is also gentler as the
increase of inhomogeneity level. These results agree fairly well with the experi-
mental observations and numerical simulations [Hudson et al. (1972); Liu et al.
(2004); Tang et al. (2000); Wawersik and Brace (1971)].
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Figure 8: Influence of rock material inhomogeneity on the stress-strain curves for
five specimens with different homogeneity indices (loading in the parallel condi-
tion).
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4.2.2  Influence of loading conditions

Fig. 9 shows the stress-strain characteristics of the stratified rock specimen with
homogeneity index, m=6, in vertical loading condition. The elastic-brittle-plastic
property of specimen can also be displayed. But due to the influence of different
loading conditions, it has a great difference for the shape of the two stress-strain
curves of specimens with the same homogeneity index m=6 shown in Fig. 8 and
Fig. 9. Compared to the vertical loading condition, it is found that the elastic
modulus value in linear stage as well as the strength loss is much larger under the
parallel loading condition.

100
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Figure 9: The stress-strain curve for the specimen with homogeneity index m=6
(loading in the vertical condition).

Fig. 10 and Fig. 11 indicate the progressive failure processes corresponding to the
five points of the stress-strain curves such as points (a) to (e) under parallel and
vertical loading conditions when homogeneous index m=6, respectively. From Fig.
10, it is observed that: (1) at point (a) of the stress-strain curve, tension failure first
occurs, and most failure domains locate the right thin and left major greenschist
layers, few failure domains are from the middle major greenschist layer; (2) in-
creasing the applied load to point (b), the tension failure domains slowly increase,
and the shear failure appears at right thin and left major greenschist layers; (3) as
the fractures grow and coalescence, a large amount of shear failure domains are
formed along the long-axial direction of middle major greenschist layer. And at
last the sample is completely destroyed because most shear failure domains links
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Figure 10: Simulated fracture process of the sample under parallel loading condi-
tion (white: elastic state; red: tension failure state; blue: shear failure state): (a) the
failure domains corresponding to point (a) of stress-strain curve; (b) the failure do-
mains corresponding to point (b) of stress-strain curve; (c) the failure domains cor-
responding to point (c) of stress-strain curve; (d) the failure domains corresponding
to point (d) of stress-strain curve; (e) the failure domains corresponding to point (e)
of stress-strain curve.

up a few tension failure domains; (4) the final failure mode is quite different from
the traditional failure mode of homogenous materials under uniaxial compression
loading.

For Fig. 11, It presents from the results that: (1) at point (a) of the stress-strain
curve, tension failure first occurs the same as that under parallel loading condition,
and most failure domains locate the middle major greenschist layer; (2) with the
increased load, at point (b), the shear failure mainly appears at the middle major
greenschist layer and the failure domain has some angle with short-axial direction
of middle major greenschist layer. In addition, a few shear failure domains appear at
right thin and left major greenschist layers; (3) due to the further increase in applied
load, a large amount of shear failure domains as well as tension failure domains
are formed the specimen failure mode, and the expansion of failure domains are
inclined to the loading direction; (4) the final failure mode is quite different from
that under parallel loading condition. In particular, the shear failure domains are
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Figure 11: Simulated fracture process of the sample under vertical loading condi-
tion (white: elastic state; red: tension failure state; blue: shear failure state): (a) the
failure domains corresponding to point (a) of stress-strain curve; (b) the failure do-
mains corresponding to point (b) of stress-strain curve; (c) the failure domains cor-
responding to point (c) of stress-strain curve; (d) the failure domains corresponding
to point (d) of stress-strain curve; (e) the failure domains corresponding to point (e)
of stress-strain curve.

along the long-axial direction for the vertical loading condition and approximately
along the short-axial direction of major greenschist layer for the horizontal loading
condition.

5 Conclusions

In this study, the DIP based FDM is developed for prediction of inhomogeneous
rock failure behavior under loadings. In the method, the 2D mesostructure of strat-
ified rocks is identified with the DIP technique, the binaryzation image information
is then used to generate the numerical grids, and considering the inhomogeneity of
rock materials, the failure behaviors of stratified rock specimens are simulated by
the FDM under different uniaxial compression conditions. The macroscopic me-
chanical properties performed in numerical simulations are in a good agreement
with the presentation in the literature. Several key points may be drawn from the
present discussion as follows:
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1. The inhomogeneity of stratified rocks can be well obtained by the developed
DIP based FDM from aspects of mesostructure and rock materials. And the
problem of overlapping between gray level intervals of rock materials can be
solved with image segmentation algorithm based on SRG.

2. The inhomogeneity and the loading conditions have significant effects on
the failure behaviors of stratified rocks. Particularly, as the increase of ho-
mogeneity degree, mechanical properties of stratified rocks display regular
changes.

3. The DIP based FDM is suitable for the failure analysis of stratified rocks be-
cause it can fully take into account the rock inhomogeneity, and the macro-
scopic anisotropy of stratified rocks can also be shown by the inhomogeneous
modeling to some extent.
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