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Abstract: It has been proven that it is a feasible treatment method to prepare paste filling material 

from coal-based solid waste to fill underground goaf. Based on the complexity of the goaf environ-

ment, especially the influence of humidity on paste filling materials, this paper prepared paste fill-

ing materials with a mass concentration of 80% by using coal gangue and fly ash, and carried out a 

uniaxial compression test of coal-based solid waste paste filling materials under four different wa-

ter-bearing states. The experimental results show that: (1) The binary primary equation fits well the 

variation trend of paste filling strength with water content. With the increase of moisture content, 

the compressive strength of paste filling material gradually decreases, and the higher the moisture 

content, the more obvious the influence on the strength of paste filling. (2) The damage evolution 

equation and constitutive equation of paste filling materials with different moisture content were 

established. With the increase of strain, the influence of moisture content on the damage of paste 

filling material decreases gradually, and the moisture content can promote the damage develop-

ment of paste filling material to a certain extent. (3) The influence mechanism of moisture content 

on coal based-solid waste paste filling material is discussed from the three aspects of physical effect, 

structural effect and chemical effect, which provides a direction for further research on the influence 

mechanism of moisture content on filling strength. The research on the failure mechanism of coal-

based solid waste paste filling and the safety production of the mine can be used as a theoretical 

support. 

Keywords: coal-based solid waste; paste filling; moisture content; stress-strain curve;  

characteristics of damage; mechanism of failure 

 

1. Introduction 

The accumulation of solid wastes such as coal gangue and fly ash generated by coal 

mining on the ground not only occupies a large amount of land surface but also seriously 

pollutes the ecological environment [1,2]. It is a feasible method to backfill underground 

under the premise of ensuring no pollution of solid waste [3]. Since the 21st century, with 

the increasing problem of “three under” coal pressure and the continuous proposal of 

national environmental protection policies, solid filling [4,5], paste filling [6,7], separation 

grouting [8,9] and other technologies have become the trend of green mining in coal 

mines. Using coal-based solid wastes to prepare paste filling materials for paste filling 

mining has become an important development direction of “green mine” construction 

[10–12]. However, due to the depletion of shallow coal resources, coal mining began to 

move deeper. The complex geological conditions of deep coal mining and the great 

changes in goaf humidity and temperature have become the restricting factors for paste 
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filling mining [13]. There have been many studies on multi-field coupling such as rock 

mass [14,15], and paste filling materials are also subject to multi-field interaction in goaf. 

Therefore, the effect of humidity on the strength and damage of the paste filling in goaf 

was of great significance to study. 

Under laboratory conditions, the transportation and emergency stop of backfill mix-

ture prepared based on water soluble ore-concentrated waste under different water solid 

ratios were simulated [16]. References [17–19] carried out uniaxial compression tests of 

cemented tailings filling under different curing ages, loading rates and mixed aggregates, 

analyzed pre-peak and post-peak damage and energy consumption characteristics of ce-

mented tailings filling under different curing ages, loading rates and mixed aggregates, 

and expounded its evolution process. References [20–22] carried out uniaxial compression 

tests for gangue cemented filling with different sizes, early load and width-to-height ratio, 

analyzed the impact of size effect, early load and width-to-height ratio on filling strength, 

acoustic emission characteristics, resistivity and damage, and characterized the damage 

evolution process of filling based on the changes of acoustic emission ringing number and 

resistivity. Reference [23] used five kinds of coal-based solid wastes, such as coal gangue, 

fly ash, desulfurized gypsum, furnace bottom slag and gasification slag to prepare filling 

materials, carried out research on the strength and acoustic emission characteristics of fill-

ing specimens in different phases, and revealed the evolution law of filling strength based 

on the microstructure of specimens. Reference [24], based on acoustic emission, studied 

the damage mechanical characteristics and cooperative deformation mechanism of tail-

ings cemented filling and different lime sand ratio combinations under uniaxial compres-

sion. Based on the statistical damage theory, strain equivalent hypothesis and maximum 

tensile stress criterion, reference [25] introduced the damage constitutive model of ce-

mented tailing filling under uniaxial compression, and established the damage constitu-

tive model modified by compaction process. Reference [26] studied the influence of curing 

temperature on shear failure of the cementing surface between filling and surrounding 

rock, and analyzed the internal mechanism of the influence of curing temperature on me-

chanical properties of the cementing surface between filling and surrounding rock. Based 

on DIC technology, reference [27] obtained the main strain nebulae of filling specimen 

when it was damaged, and analyzed the snatch characteristics and damage failure char-

acteristics of tailings filling with different particle size distributions. Reference [28] ana-

lyzed the strength evolution mechanism of tailings filling under different curing pressures 

by binarization treatment of electron microscope scanning images and application of frac-

tal theory. In terms of the influence of humidity on filling in complex geological environ-

ment, reference [29] carried out uniaxial compressive tests of full tailings cemented filling 

with different water content, and analyzed the relationship between its strength and dam-

age with water content. Reference [30] studied the mechanical properties of cemented fill-

ing under different water saturations, and built the damage constitutive model of ce-

mented filling under different water saturations based on Lemaitre strain equivalence 

principle and Weibull distribution. Reference [31] carried out uniaxial compression tests 

for two kinds of tailings paste filling materials with different cement contents, and ana-

lyzed the influence law of water content on the strength, elastic modulus and peak strain 

point of the filling materials. Reference [32] carried out triaxial creep tests of gangue ce-

mented filling materials under different moisture content, analyzed the influence of mois-

ture content on the creep rate, long-term deformation and strength of the filling body, and 

established a fractional creep model to describe the whole creep process. 

To sum up, although many researchers have studied the strength and damage of 

paste filling, the research on the damage mechanism of coal-based solid waste paste filling 

caused by moisture content is still not perfect. Based on this, the paper takes coal gangue 

as aggregate, fly ash and cement as cementitious materials, prepares paste filling speci-

mens with a concentration of 80%, carries out research on the strength characteristics of 

paste filling under different water content, establishes a damage constitutive model based 

on water content, and the influence mechanism of water content on filling body strength 
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and failure form is further discussed from the physical, structural and chemical perspec-

tives. This study provides a theoretical reference for further discussing the damage mech-

anism of water content to coal-based solid waste paste filling and the safety production of 

the mine. 

2. Experimental Methods 

2.1. Physical and Chemical Property Analysis 

The cement was ordinary Portland cement, the fly ash was Grade II fly ash from 

Yuanyanghu Power Plant in Ningdong Coal Power Base, and the coal gangue was from 

Renjiazhuang Coal Mine of Ningxia Coal Industry Co., Ltd. of National Energy Group, 

Ningxia Autonomous Region, China. SEM and XRD analysis can be used to analyze the 

existence of new formations and the presence of strong bonds in the new composite ma-

terials formed [33]. FlexSEM 1000 (Hitachi, Tokyo, Japan) and SmartLab SE (Rigaku, To-

kyo, Japan) instruments were used for SEM and XRD analysis, respectively. The scanning 

speed of XRD is 4°/min, the range is 5~70°, and the continuous scanning mode is adopted. 

Physical and chemical properties of coal gangue and fly ash are shown in Figure 1. 

  

Coal gangue 

  

Fly ash 

Figure 1. SEM and XRD analysis of coal gangue and fly ash. 

Coal gangue comes from solid waste discharged during coal mining or coal washing. 

It is a black gray rock with lower carbon content and harder than coal in the process of 

coal forming. According to SEM and XRD in Figure 1, the micro morphology of coal 

gangue is irregular, such as block or sheet, which is not easy to flow on the static plane. 

The largest diffraction peak appears in the diffraction pattern of coal gangue samples be-

tween 20°~30°, indicating that the crystalline mineral composition in coal gangue is 

mainly SiO2, and the content of other crystalline minerals such as CaO and Fe2O3 is less. 
Fly ash is formed by the absorption and cooling of the heating surface of pulverized 

coal during suspension combustion in a furnace at 1300~1500 °C and its particle size is 



Sustainability 2023, 15, 1523 4 of 14 
 

generally between 1~100 μm. According to SEM and XRD in Figure 1, the microstructure 

of fly ash is relatively regular, showing spherical particles of different sizes, which in-

creases the migration and flow of fly ash and is convenient to pass through the pores be-

tween large particles. The largest diffraction peak appears in the diffraction pattern of fly 

ash samples between 20°~30°, indicating that the crystalline mineral composition in fly 

ash is mainly SiO2, and the content of other crystalline minerals is less. 

2.2. Preparation of Filling Specimen 

By changing the ratio and mass concentration, the activation characteristics of the 

composite can be conditioned, and then the strength characteristics of the backfill can be 

affected [34]. Coal-based solid waste was used to prepare paste filling materials, and coal 

gangue was selected as aggregate, fly ash and cement as cementing materials. Ordinary 

Portland cement is used as the cement, which has fast hydration reaction and high early 

and late strength. Paste filling specimens with a mass concentration of 80% were prepared 

according to the ratio of coal gangue: fly ash: cement: water = 5:2:1:2 [35,36]. The coal 

gangue was crushed and screened (particle size was 0~15 mm). During preparation, add 

coal gangue, fly ash and cement in the mixing tank according to the set proportion, and 

stir them fully, so that the coal gangue, fly ash and cement are fully mixed. After complete 

mixing, add a set proportion of water into the mixing tank and stir thoroughly for 15 min. 

Then poured into a cylindrical abrasive with a diameter of 50 mm and a height of 100 mm, 

demoulded 24 h later, and then immediately placed in an HBY-60B standard constant 

temperature and humidity curing box for 28 d, curing humidity was 95%, curing temper-

ature was 20 ± 1 °C. A total of 12 paste specimens were prepared. Each moisture content 

was tested three times, and the average value of the three results was used as the experi-

mental value to ensure the accuracy of the experimental results. The sample preparation 

process was shown in Figure 2. 

 

Figure 2. Experimental setup and procedure. 

The curing filling specimen was put into the drying box, dried at 105 °C for 24 h, and 

weighed and recorded. Then, the dried filling specimens were divided into four groups: 

A, B, C, and D. Group A was the dried specimen, and group B, C, and D were saturated 

with water for 1 h, 2 h, and 4 h, respectively (the water content did not change and the 
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filling reached the state of full water). After saturation, each group of test pieces were 

weighed and recorded. Each group prepared 3 filling body test pieces. The average water 

content of 4 groups of filling body test pieces was shown in Table 1. The moisture content 

of different filling body specimens can be calculated with the following equation: 

%100



d

dc
c

m

mm
  (1)

where: c  was the water content of the filling body, %; cm  was the mass of filling body 

after different saturation degrees, g; dm  was the mass of the filled body after drying, g. 

Table 1. Average moisture content of the four groups of coal-based solid waste paste filling. 

Classification Group A Group B Group C Group D 

Before saturation 312.56 g 304.73 g 305.41 g 302.81 g 

After saturation - 332.03 g 367.00 g 377.70 g 

Moisture content 0 8.96% 20.17% 24.73% 

Uniaxial compressive 

strength 
2.999 MPa 2.521 MPa 0.903 MPa 0.545 MPa 

2.3. Experimental Instruments and Procedures 

The test system consists of loading equipment and acoustic emission monitoring 

equipment. The loading equipment adopted a TZW-500 microcomputer controlled elec-

tro-hydraulic servo rock direct shear apparatus. Its normal load was 0~300 kN, the normal 

overload protection was 2% of the overload, the normal working stroke was 0~100 mm, 

and the loading mode was two-way electro-hydraulic servo coincidence loading, fully au-

tomatic closed-loop control. The test system was shown in Figure 2. 

After the specimen reached the curing age, the loading test was started. The test con-

ditions and steps were carried out in accordance with the Standard for Test Methods of 

Mechanical Properties of Ordinary Concrete (GB/T500801-2002). The stress loading mode 

was used to slowly load to 0.1 kN, and then the displacement loading mode was used to 

load until the specimen was damaged. The loading rate was 0.05 mm/min. Four acoustic 

emission sensors were arranged at an interval of 90° from top to bottom on the sample 

surface of the filling body, the sampling frequency is 2.5 MHz, and the threshold value of 

acoustic emission signal acquisition was 40 dB. During the loading process, load and de-

formation parameters were recorded and collected. 

3. Experimental Results and Analysis 

3.1. Influence of Water Content on the Strength of Paste Filling 

Uniaxial compressive strength was an important parameter to measure the quality 

of filling. Figure 3 shows the stress-strain curves of four different water content fillings 

during uniaxial compression. 
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Figure 3. Stress-strain curves of filling body of coal-based solid waste paste with different moisture 

content. 

As can be seen from Figure 3, with the increase of water content, the compressive 

strength of filling specimen gradually decreases. The strength of filling specimens 1 h, 2 h 

and 3 h with saturated water decreased by 15.97%, 69.90% and 81.83%, respectively, com-

pared with that of dry specimens. The stress-strain curves of filling with different water 

contents were divided into compaction stage (I), elastic deformation stage (II), plastic de-

formation stage (III) and post-peak failure stage (IV). With the increase of water content, 

filling specimens gradually changed from brittleness to ductility. 

In the compaction stage (I), the filling body in the dry state and the filling body in 

different water-containing states show similar stress-strain phenomena, and the stress-

strain curves were basically coincident, which indicates that the filling body has experi-

enced the same structural change in this stage, because there were many large “closed” 

pore structures in it, which prevent the invasion of water. These “closed” pores were al-

most not affected by the water-containing state when they were closed under pressure, it 

shows that the filling sample was not affected by moisture during compaction. 

In the elastic deformation stage (II), the curves of the filling body samples in the dry 

state and saturated for 1 h were basically consistent, indicating that the difference between 

their elastic moduli was small. However, with the increase of saturated time, the slope of 

the curve gradually decreases, and the elastic modulus decreases, indicating that the elas-

tic modulus generally decreases with the increase of water content. 

In the plastic deformation stage (III), the internal “closed” pores of the filling body 

specimen were further compressed and damaged, and the water gradually invades. It 

shows that the larger the water content was, the stronger the water invasion to the dam-

aged pores was. It shows on the stress-strain curve that the filling body begins to change 

from brittleness to ductility with the increase of the water content. 

In the post-peak failure stage (IV), after the filling body reaches the peak stress, its 

internal pores and fractures continue to expand, connect, and fuse, accompanied by the 

generation of new fractures, which ultimately leads to the failure of the filling body. 

In the dry state, the stress-strain curve was smooth before and after the peak, no sig-

nificant sudden drop was observed, and its elastic modulus was large. When the water 

content increased to 8.96%, there was no obvious fluctuation in the curve before the peak, 

and there were three irregular inflection points in the curve after the peak, indicating that 

the internal cracks of the filling body in this state continue to develop and connect after 

the peak, and large macro cracks were produced. When the water content was 20.17%, an 

inflection point appeared in the middle section of the curve before the peak, indicating 

that the original internal structure has been partially destroyed; new cracks appeared and 
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recompacted, which showed that the stress-strain curve rises after the inflection point un-

til the peak stress was reached. When the water content reached 24.73%, there were sev-

eral irregular inflection points in the back-peak curve, indicating that the internal struc-

ture had multiple cracks developing and connecting, and producing macroscopic cracks. 

It can be inferred that the higher the water content, the greater the impact on the strength 

of filling specimen. 

To more intuitively describe the change rule of filling body strength with water con-

tent, Figure 4 shows the change trend of filling body peak strength with water content. 

The quadratic function was used to fit the relationship between the peak strength of the 

filling body and the water content. The fitting correlation coefficient was 0.9498. The fit-

ting result can better reflect the influence of the water content on the peak strength of the 

filling body. The fitting equation was: 

04507.343766.578465.20 2  ccp   (2)

 

Figure 4. Relation curve between moisture content and uniaxial compressive strength of paste filling 

body. 

3.2. Damage Constitutive Model of Paste Filling with Different Water Content 

According to the strain equivalence principle proposed by Lemaitre (1971), it can be 

seen that the strain caused by the stress acting on the damaged filling was equivalent to 

the strain caused by the actual stress (effective stress) acting on the non-destructive filling 

[37]. If the filling body was regarded as an isotropic continuous medium, then: 

 DE  1  (3)

where:   was the effective stress borne by the filling body;   was the strain of the fill-

ing body; E  was the elastic modulus of the filling body; D  was the damage value of 

the filling body. 

The stress-strain curve of the filling body obeys Weibull statistical distribution den-

sity function [38], which can establish a relationship between the damage and the defects 

contained in each micro element. Then, the damage value of the paste filling body under 

uniaxial compression was: 

 

















 
p

D
/

exp1  (4)

  was the shape parameter of Weibull statistical distribution, which can be ex-

pressed as:  
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 ppE  /ln/1   

where p  was the peak stress of the filling body, p  was the peak strain of the filling 

body. 

By introducing Equation (4) into Equation (3), the damage constitutive equation of 

filling under uniaxial compression can be obtained: 

 





















p

E
/

exp  (5)

According to Equation (2), the relationship between the peak stress of the filling body 

and the water content was a quadratic function, so the Equation (2) was introduced to 

obtain the Weibull statistical distribution shape parameters of the filling body under dif-

ferent water content:   CBAE ccpc   2/ln/1 . 

Taking c  into Equation (4) and Equation (5), the damage evolution equation and 

damage constitutive equation of filling body with different water contents can be ob-

tained. In combination with the stress-strain curves of four filling bodies with different 

water contents (Figure 3); the calculation results were shown in Table 2. According to the 

damage evolution equation and damage constitutive equation of coal-based solid waste 

paste filling with different water content as shown in Table 2, the strain damage curve and 

stress strain curve of filling with different water contents can be drawn, as shown in Fig-

ure 5 and Figure 6, respectively. 

Table 2. Damage evolution equation and constitutive equation of filling with different moisture 

content. 

Specimen E/MPa pc /MPa 
c  Damage Evolution Equation Damage Constitutive Equation 

Group A 262.18 3.0451 4.4203 
 














4203.4

0115.0/
exp1

4203.4
D  

 













4203.4

0115.0/
exp

4203.4
 E  

Group B 280.25 2.3910 1.5706 
 














5706.1

0109.0/
exp1

5706.1
D  

 













5706.1

0109.0/
exp

5706.1
 E  

Group C 104.54 1.1027 2.1362 
 














1362.2

0168.0/
exp1

1362.2
D  

 













1362.2

0168.0/
exp

1362.2
 E  

Group D 127.59 0.4292 1.1174 
 














1174.1

0082.0/
exp1

1174.1
D  

 













1174.1

0082.0/
exp

1174.1
 E  

The peak damage was defined as the damage value corresponding to the peak stress 

of the filling specimen. Figure 5 showed the coordinates of the peak strain and peak dam-

age value corresponding to the peak strength of the filling body in each water-bearing 

state. It can be seen from Figure 5 that the filling body in all states reaches the peak 

strength when the strain is small. When the peak strength was reached, the peak damage 

value changes between 0.21 and 0.59. With the increase of water content, the peak damage 

value decreases first and then increases, indicating that the water content has a certain 

role in promoting the damage development of the filling body. At the initial stage of 

strain, the damage values of Group A, B and C fillings under the same deformation con-

ditions show the phenomenon of Group C > Group A > Group B. By comparing the stress-

strain curve, it can be seen that in the elastic stage, the curves of Group A and Group B 

were relatively close, but the elastic modulus of Group B was slightly higher than that of 



Sustainability 2023, 15, 1523 9 of 14 
 

Group A. Therefore, at the initial stage of strain, it showed that the damage growth rate 

of Group A was greater than that of Group B. The stress-strain curve of Group C has an 

obvious inflection point before the peak, and the internal structure was partially damaged, 

resulting in its damage value at the initial strain stage being slightly greater than that of 

Group A and Group B. With the increase of strain, the damage value of filling in Group 

A, B and C began to show the phenomenon of Group B > Group A > Group C under the 

same deformation condition. This was because after the filling in Group B reached the 

peak stress, three irregular inflection points appeared in its post-peak curve, and the in-

ternal fissure further developed and coalesced and formed a large crack, leading to greater 

damage. However, due to the increase of water content, the stress-strain curve of Group 

C shows obvious ductility, which slows down the development rate of damage. For Group 

D filling body, due to its small compaction stage and elastic stage, it reaches the peak 

stress under very little strain. There were two irregular inflection points on its post-peak 

curve, and the internal cracks further develop and connect, making its damage value 

slightly larger than that of Group A, Group B and Group C. It can be seen that with the 

increase of strain, the influence of water content on the damage of filling was gradually 

smaller. 

It can be seen from Figure 5 that the strain damage curve was “concave” before the 

damage reached peak damage, indicating that the growth rate of the damage value in-

creases with the increase of strain; but after reaching peak damage, the strain damage 

curve starts to be “convex”, and the growth rate of the damage value slows down with 

the increase of strain at this stage. 

 

Figure 5. Variation curve of damage value of paste filling body. 

According to Figure 6, before the peak stress, the actual value of the filling sample 

basically coincides with the model value. After the peak stress, with the increase of water 

content, the model curve was closer to the test curve. When the water content was 18% 

(saturation was 100%), the model curve and the test curve basically coincide. Compared 

with the completely dry filling sample, the calculated results have a higher agreement 

with the test results, and the higher the water content, the higher the agreement. It shows 

that this damage-constitutive model was more suitable for the filling body with water. In 

the underground mining environment of a coal mine, due to the action of the humidity of 

the mining environment and groundwater, the filling body was always in a state of water, 

and the water content was generally large, close to the saturated state. Therefore, this 

damage-constitutive model has important practical engineering significance. 
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Figure 6. Comparison between experimental values and model values of stress-strain curves of 

paste filling body with different moisture content. 

4. Discussion 

To further analyze the mechanism of the influence of water content on the strength 

of filling, the author makes the following assumptions from the three aspects of physical 

effect, structural effect and chemical effect, based on the existing research results: 

(1) Physical effect: Water will reduce the friction between coal gangue, fly ash and ce-

ment cementation products in the filling body, resulting in the reduction of the force 

required for sliding between particles, which will lead to the failure of the filling body 

under low pressure (Figure 7). 
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Figure 7. Physical effect of water saturation degree on strength of paste filling material. 

(2) Structural effect: There were microcracks in the filling body. When water entered the 

microcracks in the object, the microcracks accelerated to expand and develop into 

cracks when it was compressed, resulting in a decrease in structural strength (Figure 

8). 

 

Figure 8. Structural effect of water saturation degree on strength of paste filling material. 

(3) Chemical effect: Chemical reaction between high content of water and materials in 

the filling body will lead to dissolution and destruction of some materials in the fill-

ing body, thus reducing the structural strength of the filling body (Figure 9). 

 

Figure 9. Chemical effect of water saturation degree on strength of paste filling material. 
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5. Conclusions 

Through the analysis of strength characteristics and damage characteristics of coal-

based solid waste paste filling materials with different water contents, the main conclu-

sions were as follows: 

(1) With the increase of water content, the compressive strength of the filling specimen 

decreases gradually. And the higher the moisture content, the greater the impact on 

the strength of the filling sample. 

(2) The stress-strain curves of fillings with different water contents were divided into 

compaction stage (I), elastic deformation stage (II), plastic deformation stage (III) and 

post-peak failure stage (IV). With the increase of water content, the fillings gradually 

changed from brittle to ductile. The relationship between the water content and the 

peak strength was fitted by the binary linear equation, and the fitting results can bet-

ter reflect the influence of the water content on the peak strength of the filling. 

(3) With the increase of strain, the influence of water content on the damage of the filling 

was gradually reduced. The evolution equation and constitutive equation of filling 

damage under different water content were established, and the reliability of the con-

stitutive equation was verified by comparing the experiment with the model. 

(4) By discussing the water-bearing failure mechanism of paste backfill from the aspects 

of physics, chemistry and structure, it is clear that the water-bearing failure of backfill 

may be caused by the influence of water on the friction between particles, the expan-

sion of micro-cracks and the generation of new hydration products. This study pro-

vides the direction for further research on the influence of water content on the 

strength and failure form of filling body.  
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