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Abstract

Geotechnical engineering material is a kind of heterogeneous composite material. The stone, mineral, gravel, hole,
and crack contained in it have different physical and mechanical properties, and their responses to external forces
are very different. For example, stress distribution, crack propagation, and failure mode are closely related to
material heterogeneity and microstructure. This paper presents a finite element model method for processing CT
images of geotechnical materials by using digital image technology. This paper presents a finite element model
method for processing CT images of geotechnical materials by using digital image technology. The theory of digital
image processing is applied to geotechnical CT image processing to realize pseudo-color enhancement of CT
image, and the histograms of different geotechnical CT numbers are obtained. Canny operator is used to detect
the edge of geotechnical CT image, and the binary image of geotechnical microstructure is obtained. According to
the color change of pseudo-color enhanced image and CT histogram, the meso-structure and variation of rock and
soil can be quantitatively analyzed. The finite element model established by this method can fully consider the
heterogeneity of geotechnical materials, especially the effect of void distribution on the mechanical properties of
geotechnical materials.
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1 Introduction
With the in-depth study of geotechnical mechanical prop-
erties, scholars pay more and more attention to the study
of its meso-mechanical properties, resulting in a variety of
meso-structural finite element models, such as lattice
model, beam-particle model, random aggregate model,
and random mechanical properties model [1]. Most of the
above models are based on random sampling method and
statistical knowledge. Although the aggregate distribution
and shape of the model has been more and more close to
the real structure of rock and soil, but inevitably there are
differences with the real meso-structure of rock and soil.
Studying the rupture process of geotechnical materials has
important theoretical significance and practical value for
evaluating the safety state of geotechnical engineering, un-
derstanding the stability of geotechnical engineering struc-
ture, taking reasonable supporting measures, and
improving the design level of geotechnical and under-
ground structural engineering. The nonlinearity of

macroscopic mechanical behavior of geotechnical mate-
rials in the process of fracture is due to the heterogeneity
of their meso-structure [2–4]. Under the same experimen-
tal and loading conditions, the true microstructure and
the mechanical properties of various meso-media play a
decisive role in the stress and deformation responses of
the specimens. Therefore, further research on the effective
methods to measure the spatial distribution of the
meso-media in geotechnical materials determines the con-
stitutive relations and descriptive parameters of each
medium and introduces them into the numerical model,
so as to study and observe the mechanical properties and
failure laws of geotechnical materials more comprehen-
sively and more in accordance with the natural laws [5, 6].
With the development of digital image processing tech-

nology, digital image processing technology is introduced
to study the internal structure of rock and soil. Digital
image processing technology provides convenience for
computer reconstruction, processing, and simulation of
image data. The application of digital image processing
technology to study the damage characteristics of rock
and soil, especially the damage characteristics of rock and
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soil, can be the development of related research fields.
The effective testing technology [7–10] is provided, and
the freeze-thaw rock mass can be described and described
more accurately by means of numerical simulation, which
reflects the actual stress of rock and soil. The finite elem-
ent method based on digital image processing provides a
new way to study the mechanical properties of geotech-
nical materials under freeze-thaw environment. Digital
image processing (DIP) coupled with finite element
method (FEM) is another effective way to correlate the
fine microstructure of geotechnical materials with the
macroscopic mechanical response [11, 12]. Yuezhongqi
proposed the digital image finite element analysis method
(DIP-based FEM) for geotechnical engineering materials.
This method integrates digital image processing theory,
geometric vector conversion technology, and finite elem-
ent mesh automatic generation principle [13–16]. Firstly,
the real meso-structure of material is obtained by digital
image algorithm, and then vectorized. The finite element
mesh of material meso-structure is generated by auto-
matic mesh generation technology. The effect of
meso-structure on stress distribution is studied by finite
element method. But in this method, the digital image
processing technology is only aimed at grayscale image
[17, 18].
Later, Chen Sha improved Yue’s method [19–21], used

the variation of values in the HSI (hue, saturation, inten-
sity) color space to obtain the meso-structure of the ma-
terial, and combined with FDM to analyze the
mechanics of heterogeneous materials; the failure modes
of granite under uniaxial compression and uniaxial dir-
ect tensile loading are simulated. Then, some scholars
apply digital image processing technology to seepage
analysis, Sheng et al. [22]. By processing the digital
image of rock mass, the relationship between the value
and the distribution of permeability coefficients of differ-
ent structures of rock mass is established based on the
different brightness values of the image corresponding
to different structures of rock mass, and the distribution
of physical parameters is input into the developed nu-
merical model of multi-physical hazard of rock mass
based on FEMLAB. The unsteady seepage process in
fractured rock mass is analyzed. Compared with the stat-
istical sampling method, this method has obvious advan-
tages, and the results can better reflect the real physical
phenomena. J. Su and Z. Liu et al. [23, 24] used the
method of digital image processing to characterize the
heterogeneity of rock and soil by using the value in the
color space of the moon sign. The whole process of the
heterogeneous rock and soil rupture under the com-
bined action of external load and seepage disaster was
studied. The strength and overall permeability of the
specimen showed obvious anisotropy in macroscopic.
Niknejad et al. [25] used image processing methods such

as image segmentation and edge detection to process
small-scale crystalline rock images, obtained the trans-
granular and intergranular micro-cracks, characterized
the network of micro-cracks in rock and soil, and solved
the permeability coefficient of samples; the effects of
transgranular crack network and intergranular fracture
network on the permeability of samples were studied. Y.
Liu et al. [26] established the discrete element calcula-
tion model by using the CT image of the subgrade
material. Sanchez-Romero et al. [27] established the con-
cept model of the soil-rock mixture microstructure by
using the digital image processing technology and estab-
lished the numerical model by the vector method. L.
Tan et al. [28] studied the three-dimensional microstruc-
ture of the rock and soil based on the CT image, com-
bined with ANSYS, and a simplified numerical
calculation model is established. L.I. Meng-Yi and J.
Sheng et al [29–31] applied CT images to establish the
finite element plane model of asphalt mixture.
According to past experience, this paper takes self-made

porous rock and soil materials and aggregate rock and soil
materials, for example, obtains its internal structure image
by CT technology, studies the method of image feature in-
formation extraction and bitmap vectorization, and estab-
lishes its numerical calculation model. The theory of
digital image processing is applied to geotechnical CT
image processing to realize pseudo-color enhancement of
CT image, and the histograms of different geotechnical
CT numbers are obtained. Canny operator is used to
detect the edge of geotechnical CT image, and the binary
image of geotechnical microstructure is obtained.
Pseudo-color enhancement of geotechnical CT image can
improve the resolution of CT image and reduce the error
of visual judgment. According to the color change of
pseudo-color enhancement image and CT number histo-
gram, the meso-structure and variation of geotechnical
can be quantitatively analyzed.

2 Proposed method
2.1 Digital image processing
The methods of digital image processing are divided
into two categories: the airspace method and the
transform domain method. Space-domain method is
to treat the image as a set of pixels in the plane and
directly operate the pixels in the space where the
image is located, that is, directly process the
two-dimensional function. There are two kinds of
spatial method. One is point processing based on
pixels. Each processing of the image is carried out on
each pixel. The result of processing is independent of
other pixels. The other one is neighborhood process-
ing method based on the template, in which each
processing of pixels is a small sub-image of the tem-
plate, that is, the adjacent set of pixels to operate.
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The transform domain method is to transform the
image orthogonally. The image is processed indirectly in
the transform domain of the image and then inversely
transformed into the spatial domain. Because the trans-
form domain algorithm has higher requirement for sys-
tem memory, this paper only uses the airspace method.
In the following processes of image enhancement and
image segmentation, spatial filtering is used. Spatial fil-
tering algorithm is essentially a convolution operator for
image processing and is a small area of local image pro-
cessing operations. Convolution operation is a transform
domain method, which modifies the Fourier transform
of the image to realize the image processing. Setting the
original image F, the processed image is H, G is a convo-
lution operator, and m × n is an array; the array G and
digital images F of the convolution processing is defined
as:
H=F*G(* represents convolution)

H i; jð Þ ¼
XX

F m; nð ÞG i−m; j−nð Þ ð1Þ

In order to make the calculation intuitive and simple,
the convolution operation is generally converted from
the operation in the transform domain to the operation
in the spatial domain. The concrete method is to trans-
form the convolution operation into the form of multi-
plication of two matrices. The edge of an operator is
odd, and in G, the elements are symmetrically located in
the center of the operator; in practice, the filter matrix
with smaller order convolution operator G is the tem-
plate used in detection, also known as convolution
kernel.
The characteristics of digital image processing are as

follows:

1. Good reproducibility

As long as the input image and processing method re-
main unchanged, the digital image processing results will
not change, can be well reproduced, and have good re-
peatability. There is no randomness in visual processing.

2. High accuracy

Current technology can transform a digital image into
a two-dimensional array of arbitrary size. For a com-
puter, no matter the size of the array or the number of
bits of pixels, its processing program is the same. That is
to say, as long as the array parameters in the program
are changed, the processing of any number of
high-precision images can be realized in principle.

3. Quantification

Digital image processing is easy to obtain quantitative
results, which is an incomparable advantage of other
processing methods.

4. Flexibility

Digital image processing can not only complete linear
operations but also complete nonlinear operations. All
operations that can be expressed by mathematical for-
mulas or logical expressions can be implemented by
digital processing.

2.2 CT scanning principle
CT recognition technology is an advanced nondestructive
testing technology to reconstruct CT images by transmit-
ting X-rays to rotate around objects and collecting attenu-
ation information of X-rays. The working principle of CT
identification technology can be expressed as fixing X-ray
source and detection receiver on the same rack, synchron-
ously scanning them with the detected object, and scan-
ning the scanner rack at each angle of rotation; after each
scan, the scanner rack rotates to the next angle for the
next scan, so repeating the process repeatedly, you can
collect many sets of scan data. If the scanner frame is
shifted every time and scanned once, 256 data can be
obtained. Then, the scanner frame is scanned once for
every rotation of 1°. If the scanner frame is rotated 180°,
256 × 180 = 46,080 data can be obtained. Finally, the scan-
ner information is processed, and a real digital image of a
scanned object can be obtained.
The mathematical basis and principle of CT nonde-

structive identification technology can be described as
CT scanning equipment mainly consists of radioactive
sources and detectors. The X-ray emitted by the source
can penetrate any non-metallic material, and the pene-
tration ability of the X-ray is different when the wave-
length of the X-ray is different. The absorptive capacity
of different non-metallic materials to X-ray wavelength
at the same wavelength is also different. Generally, the
higher the density of matter, the higher the atomic num-
ber of matter, the stronger the absorption of X-ray.
When the X-ray emitted by the radiation source in the
CT machine penetrates the detected object, the intensity
of the X-ray attenuates because it is absorbed by the ob-
ject. The attenuation follows the equation:

I ¼ I0e
−μx ¼ I0e

−μmρx ¼
Z Emax

0
I0 Eð Þe−

R d

0
μ Eð ÞdsdE ð2Þ

In the form: I0 is X radiation which penetrates the light
intensity of the detected substance (ev/m2·s), I is X
which is the intensity of light passing through the de-
tected substance (ev/m2·s), μm is the unit mass absorp-
tion coefficient for detected objects (cm2/g), and ρ is the
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density of measured substances (g/cm3); x is the X ray
penetration length (cm).
Generally speaking, the absorption coefficient per unit

mass of the object to be detected is related to the wave-
length of the radiation emitted by the source. If the radi-
ation X is constant, the wavelength is also fixed.
Therefore, the absorption coefficient per unit mass and
the density of the substance to be measured can be com-
bined together, that is, the absorption coefficient per
unit volume:

μ ¼ μmρ ð3Þ

Formula: for the measured object to X-ray absorption
coefficient per unit volume; for water 0.1, its absorption
coefficient is M. During the scanning process, projection
value P is used to record and express X radial initial ray
intensity I0 and X, the relationship between the attenu-
ation I value of the rays passing through the measured
object. The computer Xattenuation information of the
ray projection value P follows the pattern:

P ¼ 1n
I0
I
¼ μmρX ¼

Xn
i¼1

μiρiXi ð4Þ

In the form: Xi is the X of every interval of the ray
path. μi is the local attenuation coefficient, and the total
attenuation of the X rays depends on the local attenu-
ation coefficient. μ is the line integral for scanning path.
When the interval of the scanning path is accumulated,
the small thickness Xi should be taken into account. CT
scanning is essentially a process of accurately measuring
many line integrals. Therefore, in order to obtain satis-
factory scanning image quality, it is necessary to record
enough projection values and measure them within 180°.

2.3 Gray histogram
Gray histogram is the probability density distribution
function (PDF) of gray level, and its integral function (or
area function) is the cumulative distribution function
(CDF), which reflects the relationship between gray level
and frequency of gray level in an image. In the gray
histogram, the abscissa is the gray level, and the ordinate
is the frequency (pixel number) of the gray level appear-
ing in the image.
The mathematical expression of grayscale histogram

can be written as:

P Skð Þ ¼ nk
n
k ¼ 0; 1;⋯L−1 ð5Þ

The upper level Sk is the k gray level of the image f(x,
y), and the number of pixels nk in the middle of f(x, y)
gray value k. n is the total number of pixels in the image.
From the definition, an estimate of the frequency of Sk

occurrence is given by P(Sk), so the histogram shows the
distribution of the gray value in the image.
CT scanning image is a gray image composed of a

large number of projection data to solve the density dis-
tribution function f(x, y) of the detected material. Essen-
tially, it is a gray image composed of CT numbers
reflecting the change of the density inside the rock mass.
The distribution of different materials inside the rock
mass can be reproduced in the image through the
change of the gray value of the image. The evolution of
meso-damage of rock and soil during loading process
will cause the change of internal structure of rock and
soil, and the change of gray value appears on CT image.
Therefore, we can study the evolution process of rock
and soil damage based on the gray histogram of image.
The gray scale of the image, the average brightness,

and contrast of the whole image are the important basis
for further processing. At the initial stage of loading, the
gray distribution of CT images is relatively narrow, caus-
ing the details of the image to be unclear. Gray histo-
gram correction technology can make the gray distance
of the image open or make the gray distribution uni-
form, thereby increasing the contrast and achieving the
purpose of image enhancement. The principle is to
normalize the histogram first and normalize the original
gray scale [Z1, Zk]; it is [0, 1]. Set any one of the grayscale
Z normalization to r, any gray level Z' of the transformed
image is normalized to S. r, s satisfy 0 ≤ r ≤ 1, 0 ≤ s ≤ 1.
Histogram correction is the calculation of the follow-

ing formula:

ð6Þ

Formula: T(r) is a transformation function; the follow-
ing conditions must be satisfied:

1. T(r) is in the interval of 0 ≤ r ≤ 1; T(r) is a single
valued function and monotonically increases.

2. T(r) in 0 ≤ r ≤ 1 satisfies 0 ≤ T(r) ≤ 1.

The first condition guarantees that the order of the
gray level of the image from white to black remains un-
changed. The second condition guarantees that the gray
value of the pixel after mapping is within the allowable
range.
Gray level equalization is the abbreviation of gray level

histogram equalization. It is a kind of histogram correc-
tion method. By calculating every pixel in the image, the
input image is transformed into the output image with
the same number of pixels at each gray level, that is, the
histogram of the original image is transformed into the
form of uniform distribution. This enlarges the dynamic
range of pixel gray value, highlights the details that are
not clearly seen in the original image, and thus achieves
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the effect of enhancing the overall contrast of the image.
Probability theory has proved that any cumulative distri-
bution function (CDF) obeys normalized uniform distri-
bution. This conclusion makes the gray equalization
algorithm evolve into integral form.

T rð Þ ¼ L
A

Z r

0
h xð Þdx ð7Þ

Formula: h(x) is the gray frequency function A for the
image area, that is, the total pixel L is the maximum gray
level, generally take 255. For discrete images, the upper
form evolves into the following summation form:

T rð Þ ¼ L
A

Xr

i¼0

hi ð8Þ

The general steps of grayscale equalization are:

1. The gray level Sk(k = 0, 1, … , L − 1) of the original
image is counted, and the number of pixels nk of
each gray level is calculated.

2. The gray histogram of the original image is
calculated by PðSkÞ ¼ nk

n k ¼ 0; 1;⋯L−1
3. Calculate the cumulative histogram of the original

image.

tk ¼
Pk

i¼0
ni
n ¼ Pk

i¼0 PsðSiÞ 0 ≤ Sk ≤ 1 k = 0, 1,… , L − 1

4. Rounding calculation: tk ¼ int½ðL−1Þtk þ k
L�

5. Mapping relations: Sk→ tk
6. Count the number of pixels nk of the new

histogram gray level and calculate the new
histogram PðtkÞ ¼ nk

n

2.4 Image edge processing
The edge of an image is the reflection of discontinuous
gray change and texture structure change of local charac-
teristics. It marks the end of one region and the beginning
of another region. It is the collection of pixels with step
change or roof change in the gray level of surrounding
pixels. Edge is the place where the gray level changes most
dramatically. Traditional edge detection is to use this fea-
ture to differentiate or calculate the second-order differen-
tial of each pixel to determine the edge pixels. The peak
value of the first-order differential image corresponds to
the edge point of the image, and the zero-crossing point
of the second-order differential image corresponds to the
edge point of the image. For simple first-order derivative
operation of image, it can only detect edges in specific di-
rections because of its fixed orientation, so it is not univer-
sal. In order to overcome the disadvantage of first
derivative, image gradient operator is used to calculate the
image. The gradient corresponds to the information of the

first derivative, and the gradient operator is the first de-
rivative operator. For a continuous image f(x, y), the gradi-
ent at the point (x, y) can be expressed as a vector.
Suppose Gx, Gy, it is used to represent f(x, y), along the dir-
ection x and direction y gradient, and the gradient vector
can be expressed as:

∇ f x; yð Þ ¼ Gx

Gy

� �
¼

∂ f x; yð Þ
∂x

∂ f x; yð Þ
∂y

2
664

3
775 ð9Þ

The gradient direction is the fastest change direction
of the image gray value. θg indicates gradient direction:

θg ¼ tan−1
f y
f x

� �
ð10Þ

The rate of change in direction θg (the magnitude of
the gradient) is:

g x; yð Þ ¼ ∇ f x; yð Þj j

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂ f x; yð Þ

∂x

� �2

þ ∂ f x; yð Þ
∂y

� �2
s

ð11Þ

g is a gradient operator, and the amplitude calculation
is modular to 2 (corresponding to Euclidean distance).
The equivalent norm can also be used.

g x; yð Þ ¼ ∂ f x; yð Þ
∂x

����
����þ ∂ f x; yð Þ

∂y

����
���� ð12Þ

Or the infinite norm is used:

g x; yð Þ ¼ max
∂ f x; yð Þ

∂x

����
����; ∂ f x; yð Þ

∂y

����
����

� �
ð13Þ

According to the actual situation in the field of digital
image processing to use discrete form, the above differ-
ential difference is used instead of:

f x x; yð Þ ¼ f x; yð Þ− f x−1; yð Þ ð14Þ
f y x; yð Þ ¼ f x; yð Þ− f x−y−1ð Þ ð15Þ

The second derivative information is a sign of the
change of the first derivative. In some cases, if the gray
level changes uniformly, the boundary may not be found
by using the first derivative only, then the second deriva-
tive can provide useful information. The two derivative
information is generally based on formulas in the field of
digital image processing.

∇2 f ¼ ∂2 f
∂x2

þ ∂2 f
∂y2

ð16Þ

Based on the first derivative operator, this kind of op-
erator mainly detects the change of the edge gray level
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feature. There are several operators which use the first
derivative extremum detection as follows:
(a) Roberts operator: A template as shown in Fig. 1.

Edge detection based on this operator is generally very
sensitive to noise.
(b) Sobel operator: A template as shown in Fig. 2 is

convoluted vertically and horizontally to obtain lumi-
nance difference. Different pixel positions are weighted.
Generally, edge detection based on this operator is not
accurate.
(c) Prewitt operator: Two templates, as shown in Fig. 3,

are used to convolute the two templates, the upper and
lower neighbors in the vertical direction and the left and
right neighbors in the horizontal direction.
Canny algorithm is used in many operations in this

paper. Canny operator is a multi-scale spatial edge de-
tection operator. It determines the image edge by finding
the local maximum of the image gradient. The Canny
operator can suppress noise, and there will not be many
isolated edge pixels. The specific steps are as follows:

1. First, two dimensional Gauss filter templates are
used to filter the image to eliminate noise.

2. Find the sum of the partial derivatives Gx and Gy

along the two directions of the image gray level by
using the differential operator and get the direction
of the gradient.

3. The gradient direction of the edge is roughly
divided into four kinds (horizontal, vertical, 45°, and
135° directions). Each direction is compared with
different neighboring pixels to determine local
maxima. If the gray value of a pixel is not the
largest compared with the gray value of the two
pixels before and after the gradient direction, then
the pixel value is set to 0, that is, not the edge.

4. Use histogram to calculate the two thresholds. If
the detection result is larger than the low
threshold but smaller than the high threshold, it
is necessary to see if there are edge pixels in the
neighborhood pixels of this pixel that exceed the
high threshold: if there is, it is the edge;
otherwise, it is not the edge.

Comparing the edge detection results of several exist-
ing operators, Roberts operator can only roughly detect
the outline, because this operator is very sensitive to gra-
dient, so it produces some isolated points, which make
the edge connection discontinuous and more discon-
tinuous; Sobel operator and Prewitt operator do not
detect the edge in some directions, and there is a con-
siderable length of the break. This is because the two
operators are not isotropic; Laplacian operator is a lin-
ear, isotropic second-order differential operator; the
detection effect is relatively clear, but the detection re-
sults of the boundary are too wide, and the positioning
accuracy of the edge is not high. Canny operator sup-
presses noise, and there are no isolated edge pixels. The
location is accurate and the detection effect is the best.
Therefore, the Canny operator is used to realize the edge
detection of frozen soil CT images.

3 Experimental results and discussion
Due to the limitation of the experimental conditions, the
size of the specimen is 2550 mm. During the processing,
some large aggregate will be cut off. In order to under-
stand the actual size distribution of the rock and soil in-
side the specimen, the rock and soil in the CT image of
the specimen in the initial state are identified and ana-
lyzed statistically. The purpose of determining the basic
dimensions of research objects is to understand the na-
ture of the research questions. Fracture of geotechnical
materials is an evolutionary problem, and its mechanism
cannot be understood thoroughly only by macroscopic
phenomenological method. At the same time, the

Fig. 1 Roberts operator template

Fig. 2 Sobel operator template

Fig. 3 Prewitt operator template
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microscopic or microscopic mechanisms of many com-
plex phenomena are much simpler, and their combin-
ation and interaction can show complex behavior.
Through the CT scanning experiment, the CT scanning
images (two-dimensional images) of a certain scanning
plane of rock and soil can be obtained. A set of parallel
two-dimensional scanning CT images can be obtained by
multiple parallel scanning, and the cross-sectional images
of meso-structure of frozen rock and soil in different posi-
tions can be obtained. These two-dimensional scanning
CT images can be observed. Three-dimensional recon-
struction of fault sequence images is realized by
MATLAB. MATLAB software provides a variety of matrix
operations, image manipulation, image display functions,
and image processing tools and has been widely used in
image processing. MATLAB has many functions that can
be used for image processing. MATLAB’s powerful image
processing function makes image processing more con-
venient. This paper uses the regionprops function in
MATLAB to obtain the pore structure parameters, such
as equal area circle radius, shape center coordinates, equal
area ellipse long and short axis, and long axis angle. Be-
cause the maximum value of the pore shape coefficient is
0.87, the minimum value is 0.64, the average value is 0.72,
and the pore shape is more regular, using equal area circle
respectively. The two models were meshed with the same
accuracy, and the number of grids was 1207 and 1202
respectively.
Heterogeneous distribution of aggregates, cement

slurry, and pores in rock and soil forms different speckle
structures. The non-linearity of macroscopic mechanical
behavior of rock and soil under load is due to the het-
erogeneity of its meso-structure. In the process of
non-linear evolution, the disorder of the internal struc-
ture of rock and soil may be strongly amplified and ul-
timately show significant macroscopic differences. Under
basically the same experimental and loading conditions,
the real meso-structure of rock samples and the mech-
anical properties of various meso-media play a decisive

role in the stress and deformation response of the speci-
men. The CT image of porous materials in Fig. 4 has a
typical structural diagram, which can be directly set
threshold value for segmentation and extraction of
pores, the original gray scale image is transformed into
binary image, and the image is scanned by CT. Different
geotechnical materials are shown in Fig. 4, and the CT
scanning image is obtained.
The size of each voxel in the CT image is 40 × 40 ×

40 μm3, and there are still micro-pores in the voxel. The
gray value of each voxel reflects its internal structure.
When the fracture or pore size is smaller than the spatial
resolution, that is, the micro-crack or pore exists in the
voxel, this part of the pore cannot be distinguished on
the pixel scale, but these micro-cracks or pore changes
will lead to the change of voxel density.
It can be seen that there is a large number of micro-

pores smaller than CT resolution in voxels. In the above
statistical analysis of gray value, before the appearance of
cracks larger than CT resolution scale, the change of
gray value is mainly caused by micro-cracks or pores in
voxels. It can be seen that the interface between aggre-
gate and matrix is easy to be destroyed with the increase
of load when there is a large stress value at the interface
between aggregate and matrix. For the above porous ma-
terials, vectorization method can also be used to model,
but if the extracted pore edge is not smoothed, it will
lead to excessive number of elements and increase the
amount of calculation.
The edge image is vectorized by software. As shown in

Fig. 5, the thresholds are selected to segment the aggre-
gate and pore regions. Fracture or pore size extracted
from CT images should be larger than the spatial reso-
lution of CT, so the extraction of fracture or pore is
more limited by the spatial resolution of the system.
Because the gray value between the crack or pore and

the matrix has a certain transition, it is not a sharp
boundary, and the boundary is not just right for the
whole pixel, as well as part of the volume effect; when

Fig. 4 Different geotechnical materials and CT scanning images
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the threshold is selected for image segmentation,
there will always be some voxels, their porosity is
high, resulting in the gray value to reach the thresh-
old value. It is divided into pores larger than CT
resolution scale. If a single threshold is chosen, some
crack details may be lost. In order to extract cracks
more accurately, the segmentation of images with dif-
ferent sizes or in different regions can be carried out
by using multi-threshold method. However, extracting

cracks from a series of three-dimensional CT images
will be a time-consuming task. The larger the fracture
size, the easier it is to extract. Based on this, the
method of fracture extraction is more suitable for
analysis of cracks larger than CT resolution scale. In
addition, it should be noted that the porosity calcu-
lated from CT images is less than that measured by
mercury injection and helium gas injection due to the
limitation of the resolution of CT images.

Fig. 5 Image processing of different geotechnical images
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At this time, the numerical model can be established
by vectorization of the feature area edge. The grayscale
histogram is shown in Fig. 5.
According to Fig. 6, the meso-structure image of rock

and soil is a binary image, and the closed interface

between cracks, cavities, and rock and soil is formed by
the pixels of gray degree. Since there is no finite element
software to accept the image as input data, if the data of
geotechnical micro-structure image is input by a pixel,
according to the principle of finite element mesh

Fig. 6 Histogram
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generation, each pixel will become a node of finite elem-
ent, so that the generated mesh will be too dense and
the finite element model will be generated. This is very
difficult and will lead to the failure of further finite elem-
ent numerical analysis. Therefore, mesoscopic structure
images can not directly generate finite element meshes.
In order to realize the next step of mechanical analysis,
the discrete pixel data of mesoscopic structure images
must be transformed into geometric vector information
to realize the generation of finite element meshes.

4 Conclusions
Taking rock and soil as the research object, combining
with micromechanics, experimental mechanics, statis-
tical theory, industrial CT technology, and finite element
numerical simulation method, the evolution process of
internal damage of rock and soil under uniaxial com-
pression is studied. The generation and development
process of strain localization before failure is analyzed by
strain field. The main work and understanding are as
follows:
1. The damage variable and damage constitutive model

of concrete are further studied. Based on the meso-test
of damage evolution characteristics of concrete, different
damage variables of concrete materials are defined by
different methods, and corresponding damage evolution
equations are established. The damage constitutive rela-
tion is established on the basis of the piecewise damage
evolution equation established by the number change.
The damage evolution equation and damage constitutive
relation established by the change of density damage
number are related to the deterioration of macroscopic
mechanical properties.
2. The difference of gray mean and mean square de-

viation of CT images of different layers under differ-
ent stress states reflects the inhomogeneity of the
specimen. With the increase of load, the change of
specimen volume causes the change of gray value.
The gray mean value of the whole image goes
through a process of increasing first and then de-
creasing, while the gray variance decreases first and
then increases correspondingly. Both of them change
nonlinearly with the deformation of specimen. The
percentage distribution of cracks in the specimen
under different stress states was obtained, and the
change of micro-cracks in voxels at the interface be-
tween aggregate and cement slurry was obvious.
3. The larger the fracture size, the easier it is to ex-

tract. Based on this, the method of fracture extraction is
more suitable for analysis of cracks larger than CT reso-
lution scale. In addition, it should be noted that the por-
osity calculated from CT images is less than that
measured by mercury injection and helium gas injection
due to the limitation of the resolution of CT images.
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