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In order to compare and analyze the difference in deformation and damage law of soft and hard porous media materials, the
digital image correlation is used to evaluate the heterogeneous development of strain fields of hard and brittle raw coal
material and soft plastic briquette coal material under uniaxial compression. Through the defined statistical indicator, the
quantitative characterization of deformation localization is realized, and the material damage constitutive model based on the
statistical indicator of strain field is established. The results show that the yield stage of raw coal is not obvious, showing the
characteristics of strain hardening and X-shaped macroscopic shear failure. The yield stage of briquette coal is more obvious,
showing the characteristics of strain softening and a tensile failure mode. The progress of strain localization can well reflect the
damage and destruction process of materials. The progress of strain localization of briquette coal can be divided into uniform
deformation stage, localization stage, and failure stage, while the stage characteristics of localized evolution of raw coal is not
obvious. The theoretical results of the damage constitutive model defined by statistical indicator are in good agreement with
the experimental data and can well reflect the stress and strain characteristics of the two materials.

1. Introduction

Many disasters in geotechnical engineering can be attrib-
uted to the deformation and failure of materials. Mining
engineering, tunnel engineering, hydropower engineering,
etc. mostly realize early warning of engineering disasters
by monitoring and analyzing the deformation process of
coal, rock, and concrete. These are all porous materials,
and their deformation is affected by various factors such
as the initial damage state, strength, and the stress environ-
ment of the material. Studying the evolution process of the
deformation field of porous media materials under the
influence of different factors is of great significance for the
early warning of engineering disasters and the analysis of
instability mechanisms.

The destruction of materials is caused by the damage
evolution process of nucleation, cracking, and expansion of

the internal microstructure. The damage evolution process
of materials has a certain correlation with the progress of
localization of the surface deformation field, and the degree
of damage and the destruction of materials can be reflected
by the progress of material deformation localization [1, 2].

The digital speckle correlation method can obtain the
deformation field by analyzing the speckle image of the spec-
imen surface. Compared with other optical mechanical defor-
mation measurement methods, the advantage of DSCM is
that the required full-field deformation information of the
specimen can be extracted directly from the natural or artifi-
cial speckle on the surface of the measured object without
complex preprocessing. This technology has been widely
used in fields such as material testing, fracture mechanics,
and biomechanics.

Tang et al. used DIC (digital image correlation) technol-
ogy to study the process of deformation and damage under
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different confining pressure conditions, analyzed the influ-
ence of confining pressure on stress threshold, energy evolu-
tion, strain evolution, and crack evolution, and proposed a
method of confirming the stress level of localization initia-
tion by the DIC technique [3]. Shirole et al. used the DIC
method to observe the progress of the nonuniformity of
the strain field on the surface of the rock sample and con-
cluded that the heterogeneity of the strain field is a reflection
of the inherent heterogeneity of the rock sample, and this
heterogeneity is magnified as the stress on the rock sample
increases [4]. Cheng et al. used 3D-DIC method and acous-
tic emission technology to reveal the strain and evolution
characteristics of damage of composite rock specimens dur-
ing uniaxial loading and proposed that the localized devel-
opment of the maximum principal strain field can be used
to predict the location of crack initiation and crack propaga-
tion process [5]. Périé et al. used the digital image correla-
tion technique based on finite element discretization to
extract the plane displacement field of anisotropic materials
and then used the reconditioned equilibrium gap method to
retrieve a damage law that accounts for shear softening [6].
Nguyen et al. used high-resolution digital photos and digital
image correlation (DIC) technology to analyze the evolution
process of inclined fractures in soft rock under compression
and developed an extended DIC method to analyze the tem-
poral and spatial evolution of fractures and provide experi-
mental quantification of fracture patterns [7]. Wu et al.
conducted a study on the deformation damage of rock-like
specimens with different pores and different cracks at hori-
zontal distances and found that the rock-like specimens
exhibit notable progressive failure characteristics in the
strain localization zones [8]. Munoz and Taheri used the
DIC method to study the process of progressive damage evo-
lution and localized evolution of sandstone during postpeak
cyclic loading and concluded that as the number of loading-
unloading cycles of rock samples increases, the accumula-
tion of irreversible deformation and the degradation of the
overall stiffness of the material are the reasons for the loss
of the overall bearing capacity of the material [9].

With the help of digital image correlation, scholars all
over the world have carried out a large number of studies
on the deformation and damage process of coal and rock,
which is mainly concentrated on the influence of changes
in stress environment, initial damage, and other conditions
on the evolution of coal and rock deformation fields, while
there are few reports on the effect of softness and hardness
on the progress of material deformation localization. In
addition, the existing research mainly elaborates the rela-
tionship between the progress of strain localization and
damage evolution from a qualitative or quantitative perspec-
tive, but the mechanism of damage evolution and strain
localization is still unclear. The establishment of a constitu-
tive model reflecting the mechanical characteristics of mate-
rials with the help of the evolution law of the deformation
field needs further study.

In this paper, uniaxial compression tests of hard brittle
raw coal and soft plastic briquette coal were carried out.
With the aid of the DIC method, the difference between
the evolution of strain field and the macroscopic failure

mode of the two materials during the entire loading process
was compared and analyzed. Based on the defined statistical
indicator, the localized development processes of the two
materials were quantitatively described, and finally, a dam-
age constitutive model that can reflect the stress and strain
characteristics of the two materials was established.

2. Methods and Equipment

2.1. Digital Image Correlation. Digital image correlation
(DIC) was originally established independently by Professor
Yamaguchi Ichiro of Japan and the research team of South
Carolina University of the United States and was officially
put forward in 1981 and 1982, respectively. The basic prin-
ciple of DIC is to track (or match) the position of the same
pixel in two speckle images before and after surface defor-
mation of an object to obtain the displacement vectors of
the pixels.

Using DIC method to measure displacement and defor-
mation needs three steps: specimen and experimental prep-
aration, image acquisition before and after loading, and
digital image correlation calculation. The digital image cor-
relation method calculates the displacement vector of each
pixel by comparing the digital images of the tested surface
in different states. Generally, the digital speckle image before
deformation is called a reference image, and the digital
speckle image after deformation is called a deformed image.
Firstly, a square subimage with the size of ð2N + 1Þ × ð2N
+ 1Þ pixels is selected from the reference image centered
on the point Pðxi, yiÞ to be measured, which is called refer-
ence subset, denoted by f ðx, yÞ. At the same time, a square
subimage with the size of ð2M + 1Þ × ð2M + 1Þ pixel (and
M > n) is selected from the deformed image with the corre-
sponding pixel as the center, which is called the searching
subset. In the search subset, a subset of the same size as
the reference subset is taken with each pixel as the center,
which is called the deformed subset, denoted by gðx∗, y∗Þ.
Then, the reference subset and each deformed subset in the
searching set are correlated according to the predefined cor-
relation function, and the position of the extreme point of
the maximum or minimum correlation coefficient in the
correlation coefficient distribution map corresponds to the
position of the target subset. The difference between the
coordinates of the center point P′ðxi ′, yi ′Þ of the target sub-
set and the center point of the reference subset is the dis-
placement vector d of the point Pðxi, yiÞ to be measured.
Using the same method, the full-field displacement of the
specimen surface can be obtained by performing the above
operations on each pixel in the speckle image before and
after deformation [10].

In the above correlation calculation process, the prede-
fined correlation function is a function to evaluate the
matching degree of the reference subset f ðx, yÞ and the
deformed subset gðx, yÞ. Different correlation functions
may lead to different calculation accuracy and convergence
speed. In this paper, The calculation method of correlation
coefficient selected in the calculation of digital speckle image
is shown in Formula (1) [11]:
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f ðx, yÞ is the gray value of the reference image at coordi-
nates ðx, yÞ, gðx∗, y∗Þ is the gray value of the target image at
coordinates ðx∗, y∗Þ, �f , �g are the average gray values of
images f ðx, yÞ and gðx∗, y∗Þ, respectively.
2.2. Measurement System. The measurement system used in
this experiment is shown in Figure 1. As can be seen from
Figure 1, the measurement system includes MTS servo press,
CCD camera, LED fill light, image acquisition computer,
and MTS servo press control computer. The press used in
this test is MTS electronic servo testing machine with a
range of 100 kN. Due to the limited range of the press, an
electron-hydraulic servo universal testing machine with a
range of 300 kN is used when loading raw coal. In order to
avoid the influence of the loading rate on the deformation
field of the two types of coal and rock, the displacement
loading mode is adopted, and the loading speed is set to
0.1mm/min. Turn on the LED fill light before loading and
adjust the position of the fill light to ensure uniform illumi-
nation on the sample surface, then adjust the focal length
and position of the CCD camera to ensure that the surface
of the sample captured by the camera is in the right position,
and the image clarity meets the requirements of later calcu-
lations. During the loading process, the image acquisition
computer acquires the image of sample surface in real time
and automatically stores it. In order to reflect the real-time
evolution process of coal and rock strain field, the camera
acquisition rate should be set as high as possible under the
condition of computer performance [12]. In this experiment,
the image acquisition rate is set to 15 frames/s. The resolu-
tion of the CCD camera is 1280 pixel ∗1024 pixel. After
the test, the calculation program compiled by Matlab was
used to obtain the displacement field and strain field of the
surface of sample at different loading times. The digital
speckle calculation adopts the calculation program based
on Matlab software. During calculation, first select “refer-
ence image,” select the size of the calculation area, and then,
select “deformed image.” The program calculates each
“deformed image” and automatically saves the calculation
results. The transverse displacement, vertical displacement,
transverse shear strain, vertical shear strain, and maximum
shear strain of the deformed image can be calculated at the
same time.

2.3. Preparation of Soft and Hard Porous Media Materials.
This paper uses hard and brittle raw coal samples and soft
plastic briquette coal samples to reflect the deformation of
soft and hard porous media materials. The raw coal samples
were made according to the test method recommended by
the International Society of Rock Mechanics. A large coal
sample was taken on site and transported to the laboratory
after being sealed. The wet processing method was used to
obtain standard test pieces through core drilling, cutting,

and smoothing. The size of prepared raw coal sample is 70
mm × 70mm × 70mm cubic specimen [13]. According to
the research of literature [14], cement is used as binder in
this test. Based on the obtained proportioning experience,
considering that the initial ultrasonic wave velocity of bri-
quette coal and raw coal is approximately equal, it is deter-
mined that the material mass ratio for briquette coal
production is mpulverized coal : mcement : mwater = 10:0 : 2:4 :

1:6. The obtained raw coal is crushed into pulverized coal
by crusher, and the pulverized coal with particle size less
than 1mm is selected for standby. The pulverized coal,
cement, and water are evenly mixed according to the above
proportion, put into the mold of the independently devel-
oped briquette preparation device, apply 20MPa pressure,
and keep it constant for 20min, and then, demould. Put
the demoulded briquette coal sample into the curing box
for 28 d, and the briquette samples are prepared. The pre-
pared samples are shown in Figure 2. The speckle field was
produced by manual spray painting on the surface of coal
sample. In order to avoid the influence of primary crystal
on the coal sample surface, the black spray paint was used
to spray the coal sample surface evenly into black. After
the spray paint was dry, the white spray paint was sprayed
upward at a certain distance from the coal sample surface.
After the white paint spots fell, they were scattered and
attached to the coal sample surface to form the speckle field.
The surface speckle field of coal sample produced by manual
spray painting method is shown in Figure 2. Before the test,
the speckle fields of 8 coal samples were made, including 4
raw coal samples and 4 briquette samples. After the speckle
field was made, the loading test can be started.

3. Test Results and Analysis

3.1. Analysis of Stress-Strain Curve. By the displacement sen-
sor of the testing machine, we obtained the stress and strain
data of coal and rocks. Figure 3 shows the stress-strain
curves of raw coal and briquette coal samples during indoor
uniaxial compression. It can be seen from Figure 3 that the
peak strength of raw coal is 42.69MPa, the peak strength
of briquette coal is 7.87MPa, and the peak strength of raw
coal is about 5 times that of briquette coal samples. The elas-
tic modulus of raw coal is 1.4GPa, the elastic modulus of
briquette coal is 0.57GPa, and the elastic modulus of raw
coal is about 2.5 times that of briquette coal samples. The
peak strain of raw coal is 4.2%, the peak strain of briquette
coal is 1.9%, and the peak strain of raw coal is about 2.2
times that of briquette coal.

It can be seen from Figure 3 that the stress and strain
curves of raw coal and briquette coal have gone through four
stages, the initial compaction stage, the elastic deformation
stage, the yield failure stage, and the postfailure stage. In
the initial compaction stage, the stress-strain curves of the
raw coal and briquette coal samples are both concave
upwards, indicating that they both have initial microcracks
and the compaction of micropore structure [15]. However,
the strain value of the raw coal sample in the initial stage
is obviously greater than that of the briquette coal sample;
it is mainly because the raw coal has a structure rich in pores
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and fissures, and the briquette coal sample is formed by
pressing, and the internal pore structure has been basically
compacted. In the elastic deformation stage, the stress and
strain of raw coal and briquette coal samples both show a
linear increase pattern. At this stage, the primary fractures
of the raw coal sample are further closed, and the deforma-
tion can be recovered after unloading, which is manifested
as elastic deformation. The briquette coal sample is mainly

the extrusion of internal particles, and the deformation can-
not be recovered after unloading, which is a linear deforma-
tion stage. In the stage of yield failure, the particle ejection
phenomenon is shown during the loading process of the
raw coal sample, accompanied by sound. Each particle ejec-
tion will cause fluctuations in the stress curve, and the stress-
strain curve shows the characteristics of strain hardening.
The stress of the briquette coal sample increases slowly with

LED light

CCD camera

Image acquisition computer

MTS servo press 

Figure 1: Actual picture of testing system.

70 mm70 mm

70 mm

(a) Raw coal (b) Briquette coal

(c) Speckle field

Figure 2: Coal samples in testing.
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the increase of the strain value and does not show the char-
acteristics of particle ejection or sound during the loading
process. The stress-strain curve is relatively smooth, with
obvious plastic yield stage. In the postdestructive stage, when
the stress reaches the peak strength, the raw coal is instanta-
neously destroyed, bursting into pieces with loud noises. The
stress-strain curve shows a vertical drop, the briquette coal
sample shows a slow failure state, and the stress-strain curve
drops slowly, showing a characteristic of strain softening.

To compare and analyze the difference between the mac-
roscopic failure modes of raw coal and briquette coal sam-
ples, Figure 4 shows the residual block after the raw coal is
destroyed, and it also shows the coal image and the full-
field map of maximum shear strain field after the briquette
coal is destroyed. It can be seen from Figure 4 that the distri-
bution of strain localization zone on the surface of the sam-
ple obtained by the digital image correlation method is
basically consistent with the crack distribution on the sur-
face of the sample, which can reflect the damage process of
the coal sample to a certain extent [8]. Figure 4(a) shows
the cone-shaped block remaining after the destruction of
the raw coal. According to the shape of residual block, the
failure mode of raw coal can be determined as macroshear
failure. Figure 4(b) shows the cracks distribution on the sur-
face of the briquette coal after its failure, and the main con-
trol cracks of the briquette coal are located in the middle of
the coal sample. The propagation direction is approximately
parallel to the loading direction, and the briquette coal
mainly undergoes tensile failure. Figure 4(c) shows the full-
field map of the maximum shear strain field of briquette
coal, and an intermittent shear strain localization zone
appears at the location of the main control crack. The com-
bination of the above two can determine that the briquette
coal mainly undergo tensile failure.

3.2. Analysis of the Evolution Law of Deformation Field. In
order to analyze the evolution of the deformation field of

soft and hard porous media with the increase of loading
stress and the difference between the two, the characteristic
points of different loading stages are selected, and the full-
field map of strain field is obtained by Matlab program.
The information of the selected feature points at different
loading stages are shown in Figure 5, and the full-field maps
of the maximum shear strain field at each feature point are
shown in Figure 6.

It can be seen from Figure 6 that the maximum shear
strain values of the raw coal sample and the briquette coal
sample both gradually increase with the increase of the load-
ing stress value. In the initial compaction stage, the maxi-
mum shear deformation value of the hard-brittle coal
sample at point A is greater than that of the soft plastic bri-
quette coal sample, and it is consistent with the law of the
axial strain values of the two in the initial compaction stage.
At the peak point D, the maximum shear strain value of the
hard-brittle coal sample is smaller than that of the soft plas-
tic briquette coal sample. This is mainly because the hard
and brittle raw coal sample is close to the macroscopic fail-
ure point at point D, and the shear strain is stored inside
the specimen in the form of energy. The damage is sudden
and violent, and the digital speckle pattern collector does
not capture the instantaneous damage process. However,
there are obvious macroscopic failure cracks on the surface
of the briquette coal sample at time D, the shear strain con-
centration area is obvious, and the shear strain value is
greater than that of the hard and brittle briquette coal sam-
ple. In Figure 6, point A is at the initial compaction stage of
the two samples. The maximum shear deformation value of
the raw coal sample has an obvious localized zone of lateral
deformation, because the raw coal sample has an initial
crack at this position, and the cracks close first, resulting in
obvious strain localization zone after the specimen is loaded.
The numerical distribution of the maximum shear strain
field on the surface of the briquette coal sample is relatively
uniform, and no obvious strain localization zone is formed.
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Figure 3: Stress-strain curves of raw coal and briquette coal.
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Figure 4: Failure modes of raw coal and briquette coal.
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The briquette coal sample is a compressed sample, with rel-
atively uniform pore distribution inside it and no developed
local cracks. The strain field does not show the strain con-
centration in the initial compaction stage. In Figure 6, point
B is in the elastic deformation stage. Because the original
pores and cracks in the sample have been basically closed
in the initial compaction stage, the maximum shear defor-
mation values of the two types of samples are uniformly
increased. The difference of the maximum shear strain value
in different areas of the sample surface gradually decreases,
and the strain value tends to be uniform. Point C in
Figure 6 is in the plastic yield stage. The maximum shear
strain field on the surface of the hard and brittle raw coal
sample shows several parallel distributed strain concentra-
tion zones, and the distribution of the maximum shear strain
value is still relatively uniform. However, a vertical strain
band has appeared in the lower part of the soft plastic bri-
quette coal sample, and strain localization has begun to
form, indicating that macroscopic cracks have formed at
this stage. According to the expansion process of the strain
localization zone, the cracks start from the end of the sam-
ple and expand in a direction parallel to the loading direc-
tion. In Figure 6, when point D is at the peak point, the
full-field map of the maximum shear strain field of the
raw coal sample does not change too much compared with
that at point C, but only shows an increase in value. The
full-field map of the maximum shear strain field of the bri-
quette coal sample forms three obvious strain localization
zones, which are mainly distributed in the upper left corner
and the middle and lower positions of the sample and cor-
respond to the macroscopic crack positions on the surface
of the sample.

3.3. Localization of Starting Stress. The formation and evolu-
tion of the localized zone correspond to the formation and

propagation of macroscopic cracks in the specimen [16].
Determining the formation time of the localized zone has
important application value for the instability prediction
and early warning of engineering rock mass. Literature
quantitatively reflects the evolution law of material deforma-
tion field by introducing statistical indicator [16]. The statis-
tical indicator is defined as

Sw =ws ∗ S′, ð2Þ

where S′ is the variance of deformation field at a certain time
and ws is a weighting of “spatial features” of deformation
localization.

S′ = S′ Xkð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n − 1〠
n

k=1
Xk − �X
� �2s

, ð3Þ

where Xk is the strain value of each point (n points in total)
in the deformation field; �X is the average value of Xk, that is

�X = 1
n〠

n

k=1
Xk, ð4Þ

ws = S′ X∗
kð Þ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n − 1〠
n

k=1
X∗
k − �X∗� �2s

, ð5Þ

where X∗ is the deformation field after “spatial processing”
and the convolution of a matrix of strain values at each point
of the deformation field and a matrix B (convolution kernel)
of size m ∗m with all elements 1, that is

X∗ = X ⊗ B: ð6Þ
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Figure 6: Strain fields at different loading stages.
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The statistical indicator Sw can characterize the uneven
degree of spatial distribution of deformation field values.
When the deformation concentration of rock specimen
occurs, the uneven degree of specimen surface deformation
increases, and the slope of Sw curve will have a large turning
point. The turning point of Sw curve can be used to judge the
localization of rock deformation.

The full-field maps of maximum shear strain field at
different loading moments were calculated by Matlab pro-
gram, and the maximum shear strain values of different
pixels on full-field map of maximum shear strain field
was obtained with the help of Python language. According
to the method provided by Wang et al., the statistical indi-
cator values of the two materials during the process of
uniaxial compression were calculated [16]. After normaliz-
ing the statistical indicator values, draw the relationship
curves between statistical indicator and strain (as shown
in Figure 7).

It can be seen from Figure 7 that the calculated statis-
tical indicator values of the raw coal and briquette coal
samples gradually increase with the increase of the axial
strain value, and there is a certain difference between the
increase methods of the two. With the increase of the
strain value, the slope of the tangent line of the raw coal
statistical indicator curve increases gradually, and the sta-
tistical indicator value increases slowly. However, the
increase of the statistical indicator value of briquette coal
can be divided into three stages, the linear increase stage,
the steady increase stage, and the rapid increase stage.
According to the evolution law of the statistical indicator
curve, the position of the starting point of deformation
localization can be calibrated according to the method in
Sun et al. [17], and the localized starting stress of the
material can be obtained accordingly. The starting stress
of the raw coal sample is about 40.3MPa, which is
94.4% of the peak stress. The starting stress of the bri-
quette sample is about 6.7MPa, which is about 85.1% of
the peak stress. The soft plastic briquette sample is more
prone to strain localization than the hard and brittle raw
coal sample.

3.4. Establishment of Damage Constitutive Model Based on
Statistical Indicator. According to the above research, the
full-field map of the maximum shear strain field can reflect
the failure process of the material to a certain extent. In this
section, we intend to establish a damage constitutive model
that reflects the damage and failure process of the material
with the help of statistical indicator. Based on the concept
of “continuity factor,” Rabotnov defines the damage variable
as [18]

D = 1 −
~A
A
: ð7Þ

In the formula, A is the cross-sectional area of the non-
destructive material, and ~A is the effective bearing area of
the damaged material.

Note that σi is the nominal stress of the material, and ~σi
is the effective stress. Assuming that only the undamaged

part inside the material can bear the load, the external force
F acting on the material can be expressed as

F = σiA = ~σi
~A: ð8Þ

Combining formulas (3) and (4), it can be concluded that

σi = ~σi 1 −Dð Þ: ð9Þ

The effective stress cannot be directly determined by lab-
oratory tests, but can only be obtained by establishing the
relationship between the effective stress and other mechanical
parameters measured in laboratory tests. Assuming that the
part of the material that carries effective stress is an
isotropic material, its deformation law satisfies Hooke’s law,
namely,

~σi = ~E~εi + ~μ ~σj + ~σk
� �

: ð10Þ

In the formula, ~E is the elastic modulus of the undam-

aged part, ~μ is Poisson’s ratio of the undamaged part, and

~εi is the strain in the ~σi direction, i = 1,2,3, j = 3,1,2, and
k = 2,3,1.

From formulas (5) and (6), it can be seen that

σi

1 −D
= ~E~εi + ~μ

σj

1 −D
+ σk
1 −D

� �
: ð11Þ

The value of the elastic modulus E can usually be
expressed by the tangent modulus of the linear part of the
stress-strain curve of the rock. When the damage model is
established, the initial damage inside the material is not con-
sidered, so the initial compaction stage of the material stress-
strain curve is ignored, and the material can be regarded as a
nondestructive material. After being loaded, the material
first exhibits elastic properties, then

~E = E: ð12Þ

Lemaitre puts forward the equivalent strain hypothesis
that the strain caused by stress acting on damaged materials
is equivalent to the strain caused by effective stress acting on
nondestructive materials [19], which is

~εi = ε: ð13Þ

From the definition of Poisson’s ratio, it can be seen that

~μ = ~ε3
~ε1

				
				 = ε3

ε1

				
				 = μ: ð14Þ

Combining formulas (11)~(14), it can be concluded that

σi = Eεi 1 −Dð Þ + μ σj + σk
� �

: ð15Þ

Formula (15) is the damage constitutive model under
three-dimensional conditions.
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It can be seen from formula (15) that the key to applying
damage constitutive model is the determination of damage
variable D. With the help of the idea of defining damage var-
iable based on acoustic emission ringing count of Tang et al.
[3], the damage variable is defined as follows:

D = λ
Sn
SN

: ð16Þ

In the formula, Sn is the cumulative value of the statisti-
cal indicator at a certain moment, SN is the cumulative value
of the statistical indicator in the entire compression process,
and λ is the correction coefficient, which can be obtained by
fitting.

Substituting formula (16) into (15), the damage constitu-
tive model defined by statistical indicator can be obtained:

σi = Eεi 1 − λ
Sn
SN

� �
+ μ σ j + σk

� �
: ð17Þ

In particular, let i = 1, j = k = 0, the damage constitutive
model can be defined based on statistical indicator under
uniaxial compression:

σ1 = Eε1 1 − λ
Sn
SN

� �
: ð18Þ

Formula (18) is based on the assumption that the mate-
rial does not contain initial damage and does not consider
the initial compaction stage in the actual process of the
material. This paper considers the constitutive model of
the material in compaction stage separately and gives a con-
stitutive model reflecting the whole process of the material
under load through a piece-wise function. Based on the
effective medium theory, Peng et al. divided the axial strain
into the axial strain of the material matrix and the axial
strain of the crack and analyzed a large number of experi-
mental data that the axial strain has a negative exponential
function model with the axial stress of the material [20].
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Therefore, the constitutive model of the axial compaction
stage under uniaxial compression can be expressed as

ε1 =
σ1
E

+ Vm 1 − e−σ1/n
� �

: ð19Þ

In the formula, Vm is the model parameter, which repre-
sents the maximum axial closing strain of the crack, and n is
the model parameter, the unit is MPa.

Combining Equations (18) and (19), the damage consti-
tutive model of the entire failure process under uniaxial
compression can be obtained, namely,

ε1 =
σ1
E

+ Vm 1 − e−σ1/n
� �

, ε ≤ ε0,

σ1 = E ε1 − εccð Þ 1 − λ
Sn
SN

� �
, ε > ε0:

8>><
>>: ð20Þ

In the formula, ε0 is the strain value corresponding to the
crack closure stress point; εcc is the axial strain of the original
crack of the material, which is the abscissa of the intersection
point of the reverse extension line and the strain axis of the
stress-strain curve in the elastic phase. The calculation for-
mula is as follows:

εcc = ε0 −
σcc
E

: ð21Þ

In order to verify the correctness of the damage constitu-
tive model defined based on statistical indicator, the estab-
lished damage constitutive model was used to fit the stress-
strain curves of hard brittle raw coal material and soft plastic
briquette material, respectively. The fitting results are shown
in Figure 8, and the parameters in the model are shown in
Table 1.

It can be seen from Figure 8 that the damage model
under uniaxial compression based on statistical indicator
can well characterize the stress and strain characteristics of
hard brittle coal materials and soft plastic coal materials. It
can be seen from Figure 8(a) that the theoretical curve peak
stress of the hard and brittle raw coal material is slightly
lower than the peak strength of the material obtained in
the test, which may be due to the sudden failure of the
hard-brittle material when it reaches the peak. The CCD
camera used in the experiment did not capture the instanta-
neous process of damage, which caused the calculation error
of statistical indicator, thus affecting the fitting effect of the
theoretical model.

4. Conclusions

In this work, the deformation-damage processes of hard and
brittle coal samples and soft plastic briquette coal materials
are studied with the help of digital image correlation mea-
surement method; it can be concluded that:

(1) The uniaxial compression stress-strain curves of raw
coal and briquette coal have typical four-stage char-
acteristics. The hard and brittle raw coal material is
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Figure 8: Comparison between experimental and theoretical stress-strain curves of raw coal and briquette coal.

Table 1: Fitting parameters of theoretical model.

Material
type

Coordinate of
stress point of
crack closure
(%, MPa)

Elastic
modulus
(MPa)

λ
Vm
(%)

n
(MPa)

R2

Raw coal (1.27, 8.45) 1321 0.25 0.68 2.679 0.996

Briquette
coal

(0.79,2.23) 567 0.9 0.38 0.179 0.985
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not obvious in the later stage of loading, showing the
characteristics of strain hardening, and the destruc-
tion is accompanied by loud noises, disintegrating
into pieces and showing X-shaped macroscopic
shear failure. The yield stage of the soft plastic coal
sample is obvious, showing the characteristics of
strain softening, the main control crack is approxi-
mately parallel to the loading direction, and the fail-
ure mode is tensile failure

(2) The localization progress can reflect the damage pro-
cess of materials. Soft plastic briquette coal materials
are more likely to be localized than hard and brittle
coal materials. The localization progress of briquette
materials has typical phase characteristics, which can
be divided into uniform deformation stage, localiza-
tion stage, and destruction stage

(3) The statistical indicator curve of soft plastic briquette
coal materials can be divided into linear increase
stage, stable stage, and rapid increase stage. However,
the statistical indicator of hard and brittle raw coal
materials gradually increase with the increase of strain
value, and they do not show stage characteristics. The
localization starting point of briquette material is
about 94.4% of the peak stress, and that of raw coal
material is about 85.1% of the peak stress. Soft plastic
materials are more prone to deformation localization

(4) Based on the statistical indicator, a damage constitu-
tive model of materials under uniaxial compression
is established. Through comparison and analysis
with experimental data, the established model can
simultaneously reflect the stress and strain character-
istics of hard and brittle materials and soft plastic
materials, which is more suitable for soft plastic
materials than hard and brittle materials
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