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Strength and damage characteristics of tailings filling body with different particle 
size distributions 
 
JIN Ai-bing1, 2,  WANG Jie1, 2,  CHEN Shuai-jun1, 2,  LI Hai1, 2 
1. Key Laboratory of Ministry of Education for Efficient Mining and Safety of Metal Mine, University of Science and Technology Beijing, Beijing 100083, China 

2. School of Civil and Resources Engineering, University of Science and Technology Beijing, Beijing 100083, China 

 
Abstract：To explore the influence of tailings particle size distribution on strength and damage characteristics of filling body, uniaxial 
compression, scanning electron microscopy, and digital image correlation (DIC) tests were carried out on the filling body composed 
of ultrafine tailings (median particle size D50=10.1 m), fine tailings (D50=37.1 m), and coarse tailings (D50=121.31 m), and the 
strength and microstructure characteristics were analyzed. Based on the cusp mutation theory, the damage identification index of the 
filling body was established using wavelet packet technology, and the damage characteristics of the filling body were quantitatively 
analyzed. The results reveal that the strength and elastic modulus of the filling body first increase and then decrease with the increase 
of D50, but the influence of tailings particle diameter on the strength and elastic modulus of the filling body is reduced with the 
increase of slurry concentration. Compared with the ultrafine and coarse tailings filling body, the coarse and fine particles of the fine 
tailings filling body are more closely combined, and its porosity is the lowest and microstructure compactness is the best. The energy 
change rate (ECR) mutation point is defined as the threshold of the backfill specimen damage mutation, which is used to distinguish 
the stable damage stage and the accelerated damage stage of the specimen, and the damage mutations of the ultrafine, fine, and coarse 
tailings filling body occur when their stresses reach 92.83%, 92.31%, and 72.93% of the corresponding peak stresses. With the 
increase of D50, the failure mode of the filling body changes from shear failure to tensile failure, with the ECR increasing from 
20.65% to 28.25%, and the damage degree is gradually aggravated. The research results lay the foundation for improving the particle 
gradation of mine tailings and enhancing the strength of filling body. 
Keywords: particle size of tailings; digital image correlation (DIC); wavelet packet energy spectrum analysis; micro damage 
identification index; cusp mutation theory 
 

1  Introduction 

As the most commonly used filling aggregate in 
metal mines, tailings are usually mixed with 
cementing materials and water to produce filling body 
with certain bearing capacities according to given 
mixture ratios[1–3]. With the advancement of flotation 
process, the tailings with ultrafine particle size are 
becoming the mainstream in filling stopes, and their 
particle sizes have a significant impact on mechanical 
properties of filling body[4]. Therefore, it is of great 
significance to study the influence of tailings particle 
size distribution on the strength and damage process of 
filling body, which helps improve tailings particle size 
distributions in mines. 

Uniaxial compressive strength and damage charac- 
teristics of filling bodies are crucial indicators in 
evaluating their stability, and an amount of relevant 
research has been conducted taking tailings particle 
size distribution into account[5–6]. Fall et al.[7] carried 
out mechanical tests on filling bodies with different 
tailings fineness (proportion of tailings particles with 
particle size less than 20 m) and found that the 
tailings with medium fineness are more conducive to 
enhancing the strength of filling body. Qiu et al.[8] 
prepared artificial silicon tailings with different 
fineness and studied the influence of tailings fineness 
on the uniaxial compressive strength and ultrasonic 

wave velocity of filling body. Ke et al.[9] noticed that a 
certain amount of fine particles help improve the bulk 
density of coarse particles, thereby increasing the 
strength of filling body. Yang et al.[10] explored the 
influence of tailings particle size composition on the 
strength of filling body and concluded that a good 
particle size composition contributes to increasing the 
strength of filling body when the filling ratio and 
concentration are the same. Kesimal et al.[11] found 
that the greatest strength of filling body could be 
obtained when the proportion of tailings particles with 
particle size less than 20 m is 25%–27%. However, 
Xu et al.[12] believed that too many or too few fine 
aggregates are detrimental to enhancing the strength of 
filling body. Cheng et al.[13] determined the tailings 
particle gradation based on Talbol theory and obtained 
the relationship between particle gradation and failure 
characteristics of tailings through uniaxial compression 
tests. Yin et al.[14] clarified the influence of coarse 
aggregate on the failure mode of filling body by 
implementing uniaxial compression tests on the filling 
body with mixed aggregates. Wu et al.[15] believed that 
more coarse aggregates would aggravate early local 
stress concentration effects and block spalling in 
filling bodies. Zhou et al.[16] proposed that the increase 
of coarse aggregate volume ratio would lead to the 
increase of crack extension range and tension crack 
proportion in concrete. Wu et al.[17] found that too 
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coarse aggregate would result in more early failure 
zones and cracks in filling bodies during the loading 
process, and recommended the Talbot gradation index 
of aggregate adopted in mines should not be beyond 
0.6. The above research just analyzes the strength 
characteristics of filling body and the failure mode of 
filling body from the perspective of cracks, but pays 
little attention to the microstructure and damage 
characteristics of filling body  

It has been proved that the digital image 
correlation (DIC) combined with the wavelet packet 
technology can be used to quantitatively characterize 
the crack damage process of concrete specimens[18–19]. 
Lei et al.[20] employed the DIC technology to observe 
the static three-point bending damage strain field of 
concrete specimens, decomposed DIC images through 
the wavelet packet technology, and obtained the early 
warning indicators of concrete crack initiation, which 
validated that the microcrack initiation location and 
damage degree could be accurately detected by the 
combined method. Zhou et al.[21] adopted the three- 
dimensional DIC technology to conduct the observation 
and calculation of the four-point bending test on concrete 
beams, used the two-dimensional wavelet packet 
technology to analyze the principal strain contour, and 
defined the energy change rate (ECR) and the energy 
change rate standard deviation (ECRSD) as the micro 
damage identification indexes, thereby realizing the 
real-time positioning and observation of the micro 
damage on the specimen surface. Regarding the 
mutation phenomenon in the damage process of filling 
body, the cusp mutation theory can play a great role. 
Xu et al.[22] characterized the region formed by the 
mutation of dissipative energy and elastic strain energy 
as the instability warning region of filling body based 
on the cusp mutation theory, which provides a new 
course for the early instability warning of filling body. 
Wang et al.[23] established a cusp mutation model about 
the acoustic emission ring count to predict the 
instability of layered filling body. Therefore, the signal 
features in the DIC principal strain contour can be 
extracted and decomposed as the damage identification 
index of the specimen by the wavelet packet technology, 
and the damage mutation threshold can be determined 
based on the cusp mutation theory to accurately analyze 
the damage process of filling body. 

In view of the above problems, this paper studies 
the strength characteristics and damage characteristics 
of tailings filling bodies with different particle size 
distributions. The tailings with different particle size 
distributions from Jinding Mine were chose to prepare 
the filling bodies. Uniaxial compression and scanning 
electron microscope (SEM) tests were carried out to 
analyze the influence of tailings particle size distribution 
on the strength characteristics and microscopic 
characteristics of filling body, and the principal strain 
contour of the damaged specimen was obtained through 
the DIC technology. Based on the wavelet packet 
technology and cusp mutation theory, the damage 
identification index of filling body specimen was 

established, the ECR values of the specimen under 
different loading conditions were calculated, and the 
influences of tailings particle size distribution on the 
damage mutation process and failure mode of filling 
body were illustrated, which provides a method to 
quantitatively characterize the damage state of filling 
body with the aid of DIC. The research results can lay 
a foundation for improving the tailings particle size 
distribution and enhancing the strength of filling body. 

2  Experimental design and method 

After drying and particle size reduction of three 
kinds of tailings from Jinding Mine, the tailings, 
cement, and water were mixed to prepare the filling 
slurry according to the set slurry concentration and 
cement-sand ratio, and were then cured into a mold. 
After the curing age of specimens were reached, the 
uniaxial compression, DIC, and SEM tests on the 
specimens were carried out. In order to make the 
analysis results more consistent with the actual working 
conditions in the mine, different tailings used in the 
tests were all from Shandong Jinding Mining Co., Ltd., 
and the specific experimental workflow is shown in 
Fig. 1. 
2.1 Test materials 

After drying and reducing the particle size of three 
types of tailings, their particle size compositions were 
tested by LS-POP(9) laser particle size analyzer, and 
the particle size distribution curves of tailings were 
obtained, as shown in Fig. 2. 

According to the measurement, the median particle 
sizes of the three types of tailings are 10.10 μm, 37.10 μm, 
and 121.31 μm, which corresponds to the ultrafine, 
fine, and coarse tailings, respectively. The cementing 
agent used in the test is P.O #42.5 cement, and the 
water is ordinary tap water. 

In order to ensure that the chemical composition of 
the specimens have no influence on the test results, 
X-ray fluorescence spectroscopy (XFS) was carried 
out for the three types of tailings and cement, and the 
test results are shown in Table 1. One can see from 
Table 1 that the main chemical components of the 
three types of tailings are MgO, SiO2, Fe2O3, and 
Al2O3, and the main chemical components of the 
cement are CaO, SiO2, and Al2O3, all of which are 
conventional chemical components. The tailings do 
not contain special components (such as sulfide) that 
affect the strength of filling body[24]. 
2.2 Specimen preparation and laboratory test 
2.2.1 Specimen preparation 

The tailings and cement were mixed according to 
the cement–sand ratio of 1:4 and the slurry concentra- 
tion of 68%, 70%, and 72%, respectively. After being 
stirred uniformly, the mixtures were poured into molds 
with a size of 50 mm×50 mm×100 mm to prepare the 
filling body specimens. After 24 hours, the specimens 
were demoulded and placed in a constant temperature 
(20±1 ℃) and humidity (95±1%) curing box for 
curing, and were taken out 60 days later for uniaxial 
compression tests. 
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Fig. 1  Experimental workflow 

 
 

 
Fig. 2  Particle size distribution of tailings 

 
Table 1  Chemical composition of tailings and cement 

Compound 
Mass fraction /% 

Ultrafine tailings Fine tailings Coarse tailings Cement
MgO 20.52 21.68 22.96 3.71 
CaO 17.79 19.54 18.42 51.42 
SiO2 38.02 36.89 39.49 24.99 

Fe2O3 10.87 9.87 10.57 4.03 
Al2O3 8.29 7.41 5.21 8.26 
MnO 0.00 0.19 0.00 0.00 

S 0.00 0.00 0.00 2.51 
K2O 1.86 0.69 0.37 3.31 

Others 2.65 3.73 3.98 5.48 

 
2.2.2 Uniaxial compression and DIC tests 

YAW-600 rock mechanics testing machine was 
employed to conduct uniaxial compression on the 

filling body specimens. The loading mode is displace- 
ment controlled. The specimen deformation is more 
uniform when the loading rate was 0.5–1.0 mm/min[25]. 
Therefore, the loading rate was set as 0.5 mm/min. 
During the loading process, camera was used to capture 
the compression process, and the image acquisition 
frame rate was 60 frames/s. In order to make the 
damage process of specimen strictly correspond to the 
loading process on the specimen, the recording and 
loading were initiated at the same time. After the 
image acquisition was completed, the images were 
imported into the Vic-2D image analysis system for 
quantitative strain processing. 
2.2.3 SEM test 

After the strength tests, Hitachi TM4000Plus SEM 
was used to conduct SEM micro scanning on the 
filling body specimens to observe the influence of 
tailings particle size distribution on the microstructure 
of filling body specimen. 
2.3 Wavelet packet damage index 

Two-dimensional wavelet packet analysis can 
identify and decompose the characteristic signal of the 
image. Therefore, the DIC images are processed with 
the wavelet packet technology, and the damage signals 
of the specimens are extracted, decomposed, and 
reconstructed into energy feature vectors. Therefore, 
the structural damage can be indicated according to 
the energy change. 
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2.3.1 Wavelet packet decomposition principle 
Wavelet packet transform is a linear Fourier 

transform that meets the law of energy conservation. 
At the same time, wavelet packet coefficients have 
energy dimensions and can be used for energy 
analysis[26]. The wavelet packet is a linear combination 
of corresponding wavelet functions, which can be 
expressed as 

 /2
, 2 2j i j i

i k t k                          （1） 

where i, j, and k are integers, representing scale, 
modulation, and translation parameters, respectively; 
and T is the time parameter. 

The selection of wavelet basis function directly 
determines the accuracy of wavelet packet calculation 
results. Therefore, it is necessary to select an 
appropriate type of wavelet function when image 
information is calculated and analyzed using wavelet 
packet transform. Daubechies wavelet, a commonly 
used wavelet transform, is mainly used for discrete 
wavelet transform, and it has the characteristics of 
orthogonality, biorthogonality, and tight support. 
Order N is a key parameter of Daubechies wavelet, 
and neither too large nor too small order N is 
conducive to the local focusing of signals in time 
domain. Therefore, an appropriate order N should be 
selected when Daubechies wavelet is selected for 
wavelet packet analysis. In general, the value of N is 
determined according to the norm energy entropy pl  
(p is a constant, 1≤p≤2)[18], that is, it is determined 
by the following formula: 

4 1

l ,
0

( )
i

p

i i j
j

S E E



                            （2） 

where  l iS E  is the cost function of wavelet function; 

iE  is the total energy covering all frequency bands 
when the reconstructed signal is decomposed to the ith 
layer; and ,i jE  is the energy within the jth frequency 
band when the reconstructed signal is decomposed to 
the ith layer. 

When wavelet packets are used to process image 
signals, the choice of decomposition levels has a 
significant impact on the accuracy of the calculation 
results. Three-layer wavelet decomposition is commonly 
used to obtain the energy spectrum characteristics of 
images[21]. 
2.3.2 Signal feature vector extraction 

After the DIC image is denoised and strengthened, 
the three-layer wavelet packet decomposition and 
node information reconstruction are performed. All the 
energy represented by each node is 

2
3, , ,

1 1

n m

j j k l
k l

E x
 

                            （3） 

where , ,j k lx （ j  0, 1, 2，，63；k  1，2，，n；
l  1，2，，m） refers to the amplitude of discrete 
points after signal reconstruction; and both n and m 
are the sizes of the image. 

The energy within each frequency band (node) 

after three-layer decomposition forms a new feature 
vector in frequency order. The new feature vector 
represents the energy information in the signal and 
forms the energy spectrum vector of the signal: 

3 3,0 3,1 3,63, , ,E E E   E                     （4） 

2.3.3 Micro damage identification index determination 
When the structural damage is identified by using 

wavelet packet, the increase of signal decomposition 
scale can reduce noise. Therefore, ECR within each 
frequency band of wavelet packet is taken as the 
damage identification index of specimen[27–28]: 

   
 

63 3, 3,d o

0 3, o

ECR
j j

j j

E E

E


                    （5） 

where 3, o( )jE  and 3, d( )jE  are the energy in each 
frequency band of the image when the filling body 
specimen is in the initial and damaged states, 
respectively. 
2.4 Damage index mutation model 

The damage process of the filling body specimen 
goes from gradual change to sudden change. When the 
load on the specimen reaches a certain level, the 
damage degree will change significantly, which can be 
quantitatively characterized by the cusp mutation 
theory. The damage degrees at different loading stages 
can be expressed by the ECR values of the images, 
which can be used as the criterion of mutation theory 
to provide a method to determine the damage mutation 
threshold of filling body. 

As the loading process is displacement controlled, 
the ECR value of the specimen damage image is taken 
as the research object. A fourth order function 
expressing the relationship between ECR and   is 
fitted with seven consecutive groups of data including 
ECR and   values, and the fitting result is taken as 
the cusp mutation model at the center point[29]: 

 
4 4

0 0
ECR

i
i

ii
i i

f
a

k
 

 


 


                     （6） 

where  ECR   is the fitting function of the energy 
change rate;   is the specimen strain; and ia  is the 
coefficient to be determined. 

Using the Tschirnhaus transform, the cubic terms 
are eliminated, and x   3 4/ (4 )a a  is introduced. 
When the strain is 0 and the fitting data contains 
ECR(0), the ECR value of the specimen is 0, that is, 

0a  0. However, when the fitting data do not include 
ECR(0), 0a  is not 0, so Eq.(6) can be converted into 
a standard potential function[30]: 

4 2ECR( )x x ux vx c                      （7） 

where u and v are mutation parameters; and c is a 
constant. 

The parameters u and v are calculated by the 
following formula: 

2 3
3 2 3 32 1
2 2 3

4 4 4 4 4

3

8 2

a a a aa a
u v

a a a a a
   - ，              （8） 
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By finding the first and second derivatives of 
Eq.(7) and setting them to 0, the bifurcation set 
equation when ECR is used as a criterion can be 
obtained as 

3 28 27u v                               （9） 

where   is the mutation characteristic value, which 
is used to judge whether the mutation of ECR value at 
a certain point exists. 

Therefore, the method to determine the damage 
threshold of filling body using ECR as the mutation 
criterion is described as follows: 

(a)   0, the specimen is not damaged or the 
damage is small; 

(b)   0, the damage of the specimen is 
relatively large, and the damage of the specimen at 
this moment is the damage mutation threshold of the 
filling body. 

3  Strength characteristics analysis 

3.1 Stress–strain curve 
In view of the consistent influence of tailings 

particle size distribution on the stress–strain curve of 
filling body under different concentrations, the 
stress–strain curves of filling bodies with three types 
of tailings particle size distributions were analyzed, 
taking the case with the slurry concentration of 70% as 
an example. At the same time, the elastic moduli of 
filling bodies at different concentrations were analyzed, 
and the results are shown in Figs. 3 and 4. 

 

 
Fig. 3  Stress–strain curves of tailings filling bodies with 

slurry concentration of 70% 

 

It can be observed from Fig. 3 that the pre-peak 
curves of tailings filling bodies with three particle size 
distributions can be roughly divided into three stages: 
micropore compaction stage (OB), elastic stage (BC), 
and plastic yield stage (CD). Comparative analysis 
manifests that the compaction stages of ultrafine, fine, 
and coarse tailings filling bodies end when the strains 
are 0.52%, 0.30%, and 0.71%, respectively, that is, the 
coarse tailings filling body has a longer compaction 
stage (OB3), followed by the ultrafine tailings filling 
body (OB1), and the fine tailings filling body has the 
shortest compaction stage (OB2). 

One can see from Fig. 4 that with the increase of 
slurry concentration, the elastic moduli of tailings 

filling bodies with three particle size distributions 
gradually increase, but their differences decrease. 
When the slurry concentration is 68%, the elastic 
modulus of fine tailings filling body is 0.57 GPa, 
which is 24.5% and 19.29% higher than those of 
ultrafine and coarse tailings filling bodies, respectively. 
When the slurry concentration is 70%, the elastic 
modulus of fine tailings filling body is 0.86 GPa, 
which is 12.79% and 5.81% higher than those of 
ultrafine and coarse tailings filling bodies, respectively. 
When the slurry concentration is 72%, the fine tailings 
filling body has an elastic modulus of 0.96 GPa, which 
is 5.21% and 2.08% higher than those of ultrafine and 
coarse tailings filling bodies, respectively. The increase 
of slurry concentration reduces the influence of the 
tailings particle size distribution on the elastic modulus 
of filling body. 

 

 
Fig. 4  Elastic moduli of tailings filling bodies with different 

particle size distributions 

 

3.2 Uniaxial compressive strength 
When the slurry concentrations are 68%, 70%, and 

72%, the uniaxial compressive strengths of tailings 
filling bodies with three particle size distributions are 
shown in Fig. 5. The results show that with the 
increase of slurry concentration, the uniaxial compressive 
strengths of the ultrafine, fine, and coarse tailings 
filling bodies increase gradually, but their strength 
differences decrease gradually. When the slurry con- 
centration increases from 68% to 72%, the uniaxial 
compressive strength of fine tailings filling body 
increases from 4.20 MPa to 6.85 MPa, while the 
uniaxial compressive strengths of ultrafine and coarse 
tailings filling body increase from 3.22 MPa and 3.42 MPa 
to 6.00 MPa and 6.30 MPa, respectively. The strength 
differences between the fine and ultrafine tailings 
filling bodies are reduced from 23.33% to 11.76%, and 
those between the fine and coarse tailings filling 
bodies are reduced from 18.57% to 7.35%, indicating 
that the increase of slurry concentration reduces the 
influence of the particle size distribution of tailings  
on the strength of filling body. Therefore, improving 
the slurry concentration may avoid the disadvantages 
of too fine or too coarse tailings when filling the 
mines. 
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Fig. 5  Strengths of tailings filling bodies with different 

particle size distributions 

 
3.3 Microstructure analysis 

The microstructure of filling body includes the 
skeleton structure formed by the intersection of 
tailings aggregate and hydration products, and the pore 
structure composed of micropores and microcracks[31]. 
SEM tests were conducted on the tailings filling body 
specimens with three particle size distributions, and 
the results are shown in Fig. 6. It can be seen from the 
figure that the ultrafine tailings filling body contains a 
lot of pore structures composed of micropores and 
microcracks, and there is an obvious weak boundary 
between pore structures and cement particles. The 
main pore structure in the coarse tailings filling body 
is the large gap between coarse particles, which tends 
to lead to local damage and microcrack growth when  
 

compressed. There are few microcracks and weak 
structural planes in the fine tailings filling body, but 
hydration products (C-S-H gel and acicular ettringite) 
are more distributed and tightly wrap the large tailings 
particles, forming a relatively stable microstructure. In 
order to further characterize the differences in the 
microstructures of the filling bodies and explain the 
formation causes, Fig. 7 shows the schematic diagram 
of the microstructures of the tailings filling bodies 
with three particle size distributions. For the ultrafine 
tailings filling body, the particle sizes of most tailings 
are smaller than the cement fineness, and weak 
structural planes are easily produced. At the beginning 
of hydration, a large number of ultrafine particles are 
wrapped by water film and occupy the space of coarse 
particles, leading to a decrease in the filling density[17]. 
With the extension of curing time, the water film 
gradually fades, and a large number of micropores are 
produced and connected to form microcracks, affecting 
the stability of the microstructure. For the coarse 
tailings filling body, although the tailings with large 
sizes can provide growth space for hydration products 
such as AFt, C-S-H gel, and Ca(OH)2, the particle gap 
cannot be fully filled by hydration products when the 
content of cementing agent is small and the ratio of 
tailings with large sizes is large, resulting in more pore 
distribution and lower strength. The coarse and fine 
particles in the fine tailings filling body are closely 
arranged, and the particle gap is fully filled by hydra- 
tion products, forming a stable skeleton structure. 

         
(a) Pltrafine tailings                          (b) Fine tailings                            (c) Carse tailings 

Fig. 6  Microstructure images of tailings filling bodies with different particle size distributions 

 

         
(a) Ultrafine tailings                          (b) Fine tailings                           (c) Coarse tailings 

Fig. 7  Microstructure sketches of tailings filling bodies with different particle size distributions 

 

In order to quantitatively characterize the difference 
of filling body microstructure, the SEM image is 
binarized and the porosity[32] is calculated. The results 
are shown in Table 2. It can be seen from the table that 
the micro porosities of the ultrafine, fine, and coarse 
tailings filling bodies are 0.248, 0.183, and 0.200, 
respectively. The fine tailings filling body has the 
lowest porosity, fewer pore structures, and the densest 

microstructure. 
Based on the above analysis, the strength and 

microstructure characteristics of tailings filling bodies 
with different particle size distributions are obviously 
different. With the increase of 50D , the uniaxial 
compressive strength and elastic modulus of the filling 
body increase first and then decrease. The microscopic 
interpretation of this phenomenon is that the micro 
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porosity of the fine tailings filling body is smaller than 
that of the ultrafine and coarse tailings filling bodies, 
and the coarse and fine tailings particles are closely 
combined with the hydration products, forming a 
stable skeleton structure. 

 
Table 2  Microscopic porosities of tailings filling bodies 

Tailings 
Number of 
black pixels 

/107 

Number of 
white pixels 

/107 

Number of  
whole pixels 

/107 
Porosity

Ultrafine 1.221 3.694 4.921 0.248 
Fine 0.902 4.014 4.915 0.183 

Coarse 0.987 3.931 4.918 0.200 

4  Damage characteristics analysis 

The damage characteristic of filling body is a key 
index to evaluate its mechanical properties. In this 
section, the DIC technology, wavelet packet technology, 
and cusp mutation theory were combined to conduct 
quantitative analysis on the damage characteristics of 
filling body, providing a basis for predicting the 
instabilities of tailings filling bodies with different 
particle size distributions. 
4.1 Strain contour acquisition 

The DIC technology can directly reflect the strain 
of specimen in the loading process through the color 
difference in the contour. The larger strain value 
means the more serious the damage. Figure 8 shows 
the distributions of DIC principal strain of fine tailings 
filling body under four axial strains when the slurry 
concentration is 70%. In the figure, 1  is the first 
principal strain. 
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Fig. 8  Principal strain nephograms of damaged filling body 
specimen 

 
Figure 8 illustrates that in the process of the axial 

strain of the specimen gradually developing from 0 to 
1.4%, the strain concentration area first appears on the 

right side of the specimen and continues to expand, 
and the damage degree continues to deepen, finally 
causing macro cracks. Therefore, after the DIC image 
is decomposed by wavelet packet, the energy signal 
within each frequency band will change with the 
change of the damage process, which can be used as 
the basis for identifying the surface damage of the 
specimen. 
4.2 Wavelet function order determination 

Two-dimensional wavelet packet analysis software 
is used to denoise the image. The image information in 
Fig. 8(a) is extracted, and the Daubechies wavelet is 
used for three-layer decomposition. An appropriate 
order N is determined according to Eq.(2) with p of 
1.5, and the calculation results are shown in Table 3. It 
can be seen from the table that when the wavelet order 
is 10, the value of the cost function is the minimum. 
Therefore, db10 wavelet is selected to decompose the 
image. 

 
Table 3  Cost functions of db wavelet with decomposition 
level of 3 

Wavelet order N
( )l iS E  

/1010 
Wavelet order N 

( )l iS E  
/1010 

 7 1.919 14 1.981 
 8 1.982 15 1.938 
 9 1.917 16 1.957 
10 1.916 17 1.996 
11 1.975 18 1.957 
12 1.924 19 1.986 
13 1.931 20 2.006 

 
4.3 Effect of particle size distribution on damage 
mutation 

In the process of compression, the filling body 
successively experienced micropore compaction stage, 
elastic stage, plastic yield stage, and failure develop- 
ment stage. Among them, the plastic yield stage is 
considered as the key stage of crack initiation and 
development[13]. The research shows that during the 
process of crack initiation, propagation, and extensive 
development, there is a damage mutation process in 
which the crack propagation speed increases rapidly[14]. 
The process can be quantitatively characterized by a 
mutation point, which is defined as the damage 
mutation threshold. The DIC image is decomposed by 
wavelet packet to three layers, and the energy vector is 
reconstructed. The threshold value is determined by 
the mutation of the damage identification index. The 
relationship between the threshold value and the 
particle size distribution of tailings is summarized, 
which provides data support for determining the 
instabilities of tailings filling bodies with different 
particle size distributions. 

When the slurry concentration is 70%, the relationships 
between the ECR–strain curve and the stress–strain 
curve of ultrafine, fine, and coarse tailings filling 
bodies are shown in Fig. 9. Meanwhile, in order to 
quantitatively express the mutation of ECR value, the 
characteristic ECR values at different strain stages are 
calculated by using the cusp mutation theory, and the 
calculation results are shown in Table 4. 
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(a) Ultrafine tailings filling body                                  (b) Fine tailings filling body 

 

 
(c) Coarse tailings filling body 

Fig. 9  Energy change rate curves with mutation segments of tailings filling bodies 

 

      Table 4  Characteristic mutation values of ECR index 

Tailings Strain /% Fitting function Characteristic value   Mutation or not 

Ultrafine 

tailings 

0.8 4 3 2ECR( ) 611.6 1 843 2 041.9 978.4 174.4          4×10–4 No 

0.9 4 3 2ECR( ) 140.4 643.8 987.7 633.5 141.7           0.195 5 No 

1.0 4 3 2ECR( ) 967.3 3 822.7 5 522 3 472.1 799.5           –0.009 9 Yes 

1.1 4 3 2ECR( ) 144.84 801.25 1 605.5 1 354.8 412.4          0.084 8 No 

Fine tailings 

0.7 4 3 2ECR( ) 267.15 906.16 1 064.6 530.26 87.37           0.009 1 No 

0.8 4 3 2ECR( ) 632.27 2 033.7 2 345.6 1 163.7 202.2           –0.008 2 Yes 

0.9 4 3 2ECR( ) 661.31 2 156.3 2 526 1 277.5 228.25           0.001 1 No 

1.0 4 3 2ECR( ) 947.7 3 940.2 6 026.2 3 987.9 971.85          0.004 8 No 

Coarse 

tailings 

0.7 4 3 2ECR( ) 1 768.5 4 501.6 4 186.1 1 666.4 247.83          9.22×10–5 No 

0.8 4 3 2ECR( ) 2 424.7 7 856.9 9 112.1 4 551.6 829.9          1.36×10–4 No 

0.9 4 3 2ECR( ) 1 668.9 5 572.3 6 745.9 3 531.8 668.76          –0.009 3 Yes 

1.0 4 3 2ECR( ) 1 988.5 8 317.3 12 808 8 550.9 2 095.2         9.16×10–4 No 

 

Figure 9 shows that ECR value increases with the 
gradual increase of filling body strain, indicating that 
the damage of the specimen is increased, and there are 
two stages of stable damage and accelerated damage 
in the process: 

(a) In the stable damage stage, the ECR value of 
the filling body increases steadily and the value is 
small, which indicates that there is no obvious damage 
and stress concentration area in the specimen, and 
only the strain in the local area changes slightly, 
mainly in the micropore compaction stage and the 
early elastic stage. 

(b) In the accelerated damage stage, the ECR value 
of the filling body increases rapidly and the value is 
large, which indicates that the strain concentration 

area of the specimen gradually develops and the 
damage continues to increase. 

The calculation results of the characteristic values 
in Table 4 show that the ECR values of ultrafine, fine, 
and coarse tailings filling bodies suddenly change 
when the strains are 1.0%, 0.8%, and 0.9%, 
respectively, that is, the damage mutation thresholds 
are 92.83%, 92.31%, and 72.93% of the peak stress, 
respectively. According to the stress–strain curves, 
there is a deviation between the mutation point and the 
starting point of plastic yield stage. The ECR value 
mutation points of ultrafine and fine tailings filling 
bodies lag behind the starting point of plastic yield 
stage, while the ECR value mutation point of coarse 
tailings filling body approximately coincides with the 
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starting point of plastic yield stage. The reason is that 
the ultrafine and fine tailings filling bodies are of high 
plasticity and poor brittleness, and it takes a long time 
for microcracks to develop extensively, leading to the 
damage mutation lagging behind the plastic yield 
stage. However, the coarse tailings filling body has 
poor plasticity and strong brittleness, and the stress 
concentration is easy to occur at the corners of coarse 
particles when compressed, which leads to the local 
damage mutation and plastic yield of the specimen 
almost synchronous. 

Based on the above analysis, the particle size 
distribution of tailings has a significant impact on the 
damage process of the filling body specimen. Excessive 
coarse tailings particles will cause premature damage 
mutation of the specimen and lead to instability of the 
filling body. Therefore, the strength and damage 
characteristics of filling body should be comprehensively 
considered when filling the goaf, and the tailings size 

distribution should be reasonably selected. 
4.4 Effect of particle size distribution on fracture 
mode 

As seen from Fig. 9, the development trends of 
ECR values of tailings filling bodies with different 
particle size distributions are basically the same, but 
the degrees are different, especially at the failure stage. 
The ECR value of coarse tailings filling body is 
obviously large. Here, the case with the slurry 
concentration of 70% is given. According to the 
loading ending condition (60% of the peak stress), the 
ECR values of the post-peak failure nodes (corresponding 
to 59.43%, 61.81%, and 62.71% of the respective peak 
stress) of the tailings filling bodies with three particle 
size distributions are selected for comparison combined 
with the actual failure characteristics of the specimen, 
the impact of the tailings particle size distribution on 
the fracture mode of filling body is analyzed. The 
results are shown in Table 5. 

 

           Table 5  ECR indices and DIC nephograms of filling bodies at failure point 

Tailings DIC contour at failure Failure pattern ERC value at failure /% 

Ultrafine tailings 

   

20.65 

Fine tailings 

  

23.8 

Coarse tailings 

  

28.25 

 
It can be seen from Table 5 that with the increase 

of 50D , the ECR value and damage degree of filling 
body at failure gradually increase. Combined with the 
DIC principal strain nephogram of the specimen and 
the actual failure pattern, the following conclusions 
can be drawn: for the ultrafine tailings filling body, the 
failure pattern is mainly semi-penetration shear failure, 

the relative displacement on both sides of the crack is 
small, the damage degree is relatively small, and the 
ECR value is only 20.65%; for the fine tailings filling 
body, the failure pattern presents penetration shear 
failure accompanied by relatively large block spalling, 
the relative displacement on both sides of the crack is 
large, the damage degree is large, and the ECR value 
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increases to 23.8%; for the coarse tailings filling body, 
the failure pattern is dominated by penetration tensile 
failure accompanied by large-scale block spalling, the 
specimen is seriously damaged, and the ECR value 
reaches 28.25%. 

Due to the non-uniformity of the tailings particle 
size distribution, the crack growth of the specimen 
shows no obvious regularity. Therefore, this section 
focuses on the damage characteristics of the tailings 
filling bodies with different particle size distributions 
according to the change of ECR value. It is found that 
with the increase of the 50D , the local damage 
mutation of the filling body gradually advances, the 
damage degree continues to increase, and the failure 
pattern gradually changes from shear failure to tension 
failure, accompanied by local spalling. The dynamic 
damage process can be quantitatively revealed by this 
method for the specimen specimen with obvious crack 
growth rules, and the failure mechanism of filling 
body can be further analyzed. Additionally, how to 
further optimize the tailings particle size used in mines 
according to the results of this study will be the focus 
of the next study. 

5  Conclusions 

(1) With the increase of 50D , the uniaxial 
compressive strength and elastic modulus of filling 
body increase first and then decrease. With the 
increase of slurry concentration, the influence of tailings 
particle size on the strength and elastic modulus of 
filling body decreases. 

(2) From the microscopic point of view, the 
difference in tailings particle size distributions will 
cause the difference in filling body microstructures. 
The coarse and fine particles of the fine tailings filling 
body are closely combined and tightly wrapped by 
hydration products, which leads to the lowest porosity 
and form a stable skeleton structure, and the micro- 
structure compactness of the fine tailings filling body 
is the best. 

(3) According to the variation trend of ECR value 
of filling body, the damage process is divided into 
stable damage stage and accelerated damage stage. By 
calculating the mutation characteristic value of ECR 
value, it is found that the ECR values of the ultrafine, 
fine, and coarse tailings filling bodies change abruptly 
at 92.83%, 92.31%, and 72.93% of their peak stresses, 
respectively. The mutation point is not completely 
consistent with the starting point of the plastic yield 
stage. The larger the 50D  is, the more forward the 
mutation point is, and the earlier the filling body 
failure occurs. 

(4) According to DIC principal strain nephogram, 
failure pattern, and ECR value of filling body at 
failure, with the increase of 50D , the ECR value of 
filling body gradually increases from 20.65% to 
28.25%, and the corresponding failure pattern converts 
from shear failure to tensile failure accompanied by 
large block spalling, indicating that the filling body 
failure will be more severe if the tailings particle size 

is too large. 
The research results show that it is feasible to 

judge the damage state and failure pattern of filling 
body through the ECR value, which effectively avoids 
the subjective and random shortcomings of the visual 
measurement of the specimen damage, and provides a 
new idea for the quantitative characterization of the 
filling body damage state. 
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