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Abstract
Cemented backfill mining is a green mining method that enhances the coal mining rate and the safety of mined-out regions. 
To transport the cemented gangue backfill material (CGBM) into the mined-out regions, it is essential to ensure high flowabil-
ity and adequate compressive strength after hardening. Based on the response surface methodology (RSM), 29 experiments 
were conducted in this paper to test the yield stress and plastic viscosity of CGBM slurry. Cubic specimens with dimen-
sions of 100 mm were prepared and underwent uniaxial compression tests to obtain the compressive strength at a curing 
age of 28 days. Quadratic polynomial regression models were established for yield stress, plastic viscosity, and compressive 
strength to explore the effects of fly ash content, water-cement ratio, mass concentration, and superplasticizer dosage on the 
properties of CGBM. Multi-objective optimization was conducted to determine the optimal material proportion of CGBM. 
The research results indicate that (1) the mass concentration most profoundly affected the yield stress and plastic viscosity of 
CGBM, and it increased with an increase in mass concentration. Fly ash content had an inverse relationship with compressive 
strength. Superplasticizer was found to improve the flowability and strength of CGBM. (2) The established response surface 
model could reflect the relationship between CGBM’s material proportion and rheological and mechanical properties, and 
predict relevant parameters. (3) Multi-objective optimization determined the optimal proportion of CGBM to be 80% fly 
ash content, 54% water-cement ratio, 79% mass concentration, and 3% superplasticizer dosage. The research findings offer 
valuable guidance to mining backfill engineering.

Keywords  Cemented gangue backfill material (CGBM) · Response surface method · Rheological properties · Mechanical 
properties · Multi-objective optimization

Introduction

Due to continuous coal extraction, issues related to difficult 
mining and destruction of the ecological environment have 
become increasingly prominent. In the quest for sustainable 

mining, it is crucial to balance environmental and resource-
related concerns, thus promoting the widespread adoption 
of mine backfilling (Qian et al. 2007; Asr et al. 2019; Chugh 
and Behum 2014, Yilmaz et al. 2014). This technology uti-
lizes abandoned coal gangue as its primary material which 
is then combined with cement, fly ash, water, and additives 
to create CGBM slurry that has a high filling efficiency 
and does not separate or settle. The slurry is transported 
through pipeline to the working face. This technology offers 
the advantage of not only controlling settlement and enhanc-
ing mining rates but also recycling solid waste deposited on 
the ground to create useful underground space (Feng et al. 
2022; Sun et al. 2019; Zheng et al. 2006). Moreover, this 
technology is effective in mitigating safety issues such as 
goaf collapse and gas explosions and can bolster the overall 
security and dependability of mining processes (Deng et al. 
2017; Feng et al. 2019; Ma et al. 2011).
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During the backfill mining process, the critical require-
ments are to ensure that the CGBM slurry has good pump-
ability during pipeline transportation and that it has suf-
ficient strength after reaching the working face to support 
the deformation of the overlying strata. (Fei 1997; Xu et al. 
2016; Wang et al. 2021). Reng et al. (2014) studied the effect 
of different fly ash contents on the rheological properties of 
filling slurry, the compressive strength, and dry shrinkage 
of filling bodies at different ages. Qi et al. (2022) replaced 
cement and fly ash in CGBM with biomass power plant ash 
and found that the flowability and uniformity of the freshly 
CGBM slurry can be significantly improved when 10% of 
cement or 20% of fly ash is replaced with biomass power 
plant ash. Wu et al. (2016) studied the mechanical proper-
ties and ultrasonic characteristics of CGBM with different 
fly ash contents under different mass concentrations and 
found that the compressive strength of the filling bodies 
was exponentially related to the corresponding ultrasonic 
pulse velocity at different mass concentrations. Wang et al. 
(2014) used waste stones and desert aggregate to prepare 
pastes and studied the rheological properties of pastes with 
different concentrations, finding that the mass concentra-
tion was the factor that most influenced the rheological 
properties and that the yield stress of the paste with waste 
stone as the coarse aggregate was greater. Yang et al. (2021) 
used computational fluid dynamics simulations to study the 
rheological properties of different slurries and established a 
pipeline resistance model, finding that mass concentration 
had the most significant impact on pipeline resistance. Peng 
et al. (2019) studied the influence of different types and dos-
ages of binding materials on the rheological properties and 
bleeding rate of slurry, and preliminarily explored the pump-
ing mechanism. Yin et al. (2012) carried out rheological 
experiments for filling slurry with different polycarboxylate 
superplasticizers, and derived a mathematical expression for 
calculating the slurry pipeline resistance under the condition 
of adding the superplasticizers. These studies provide strong 
support for the sustainable development of backfill mining. 
The rheological and mechanical properties of CGBM are 
influenced by factors such as mass concentration, the con-
tent of cementitious materials, and the use of water-reducing 
agents. However, there has been limited research conducted 
on the influence extent of their effects and the interaction 
between them.

Due to the numerous performance parameters and 
influential factors of filling materials, optimizing their 
properties usually requires a considerable number of 
experiments. This makes optimization work difficult. The 
response surface methodology is a method that combines 
mathematical and statistical methods. This methodology 
has the advantage of requiring fewer trials, delivering high 
precision, and achieving excellent predictive performance 
when studying the interaction effects among multiple 

factors (Allaix and Carbone 2011; Faravelli 1989; Li 
et al. 2019a, b). Hua et al. (2022) used RSM to study the 
effect of various coal-based solid wastes on the compres-
sive strength of filling bodies, and found that the signifi-
cance order of the factors on strength was fly ash > coal 
gangue > desulfurization gypsum > 1∶1 mixture of gasi-
fication slag and bottom slag. Zhu et al. (2021) used the 
single-factor method to determine the appropriate range 
of mass concentration, fly ash content and fine gangue 
ratio in the filling slurry, and then used RSM to establish 
quadratic polynomial regression equations for the three 
factors and yield stress and plastic viscosity. Feng et al. 
(2015) replaced the fine and coarse aggregates in the fill-
ing slurry with waste concrete and studied the mechanism 
of their effects on the flowability and compressive strength 
of the filling slurry, and established corresponding regres-
sion models to obtain a reasonable filling material ratio. 
Thus, it can be inferred that response surface methodology 
can be employed for studying the impact of various factors 
on the performance of CGBM.

The purpose of this study was to analyze changes in fly 
ash addition, water-binder ratio, mass concentration, and 
superplasticizer dosage in the rheological and mechanical 
properties of CGBM, and to then develop a response sur-
face model based on this analysis. Finally, the developed 
model was employed to optimize the material ratio. The 
research results could provide a basis for the proportion 
design of backfill mining.

Experimental methods

Raw materials

The binding materials utilized in this experiment were 
conventional Portland cement (P.O42.5, Taiyuan Shitou 
Co., Ltd) and fly ash (Fenxi Mining Group Power Plant). 
Coal gangue (Xinyang Coal Mine of Fenxi Mining Group) 
was employed as aggregate and sorted into three sizes: 
fine gangue (particle sizes < 5  mm), medium gangue 
(5–10 mm), and coarse gangue (10–15 mm). The experi-
ment utilized 30% fine aggregates and 35% medium and 
coarse aggregates in the total mass of aggregates. The 
water reducer used in this experiment was poly-carbox-
ylate superplasticizer (powder form, Shandong Hongxi-
ang Building Admixture Co., Ltd). The mixing water was 
ordinary tap water. Figure 1 shows the SEM images of the 
raw materials. Table 1 and Fig. 2 present the key chemi-
cal compositions of the raw materials, obtained through 
the X-ray diffractometer analysis. Particle size distribution 
was measured using a laser particle size analyzer, and is 
presented in Fig. 3.
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Fig. 1   SEM (a) Cement, (b) Fly ash, (c) Coal gangue

Table 1   Main chemical 
compositions of raw material

Materials CaO SiO2 MgO Fe2O3 Al2O3 TiO2 Others

Cement% 65.08 22.36 1.27 3.46 5.53 - 2.30
Fly ash% 0.99 52.42 1.01 3.62 32.48 - 9.48
Coal gangue% 7.15 35.46 3.50 3.86 16.11 0.80 33.12

Fig. 2   XRD (a) Cement, (b) Fly ash, (c) Coal gangue
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Fig. 3   Particle size distribution (a) Cement, (b) Fly ash
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Testing methods

Rheological property testing

To get a fresh slurry, cement, fly ash, and coal gangue 
were mixed for 5 min in a mixer firstly, and then water and 

polycarboxylate superplasticizer were added and mixed for 
another 5 min. In order to evaluate its rheological prop-
erties, a Denmark Geremann Icar Rheometer was used 
for testing, and the experimental process and rheometer 
components are shown in Fig. 4. The rheometer employs 
a 127 mm high paddle blade with a 63.5 mm radius, and 
the barrel radius is 143 mm. During testing, the freshly 
mixed slurry was poured into the rheometer barrel, ensur-
ing slurry covering the whole blade and reaching the scale 
line at the barrel edge. The test program initiated with a 
maximum speed of 0.5 r/s for 20 s and gradually reduces to 
a minimum speed of 0.05 r/s in equal increments (Ye et al. 
2023). While testing, the rheometer collected seven torque-
speed data points, with 5 s separating each test point. The 
schematic diagram of rheological test procedure is shown 
in Fig. 5. To calculate rheological parameters of yield stress 
and plastic viscosity, the Reynolds-Rheiner formula (Feys 
et al. 2013; Jiang et al. 2020) is employed, as follows:
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Fig. 4   Experimental flow chart

Fig. 5   Schematic diagram of rheological test procedure
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where �0 is the yield stress (Pa); � is the plastic viscosity 
(Pa·s); T is the torque (Nm); h is the blade height (mm); R 
is the blade radius (mm); and R0 is the barrel radius (mm). c 
and C are constants; G is the coefficients of flow resistance; 
H is the coefficient of viscosity.

Mechanical property testing

The fresh slurry was poured into a three-part mold with 
dimensions of 100 mm × 100 mm × 300 mm. A vibrator 
was utilized to eliminate bubbles and ensure uniform fill-
ing. Afterwards, the surface was smoothened and covered 
with plastic wrap to prevent moisture evaporation and sealed 
around the edges. After standing for 24 h, the molds were 
removed, and the specimens were transferred into a curing 
box with a temperature of (20 ± 2) ℃ and relative humidity 
of not less than 95% for 28 days. A TAJW-2000 hydraulic 
servo Universal testing machine was used for the testing. 
The loading test began by slowly applying a load of 0.1 kN 
using the stress loading mode and then switching to the dis-
placement mode to load the specimens at 0.8 mm/min (GB/T 
50081-2002, 2002).

Experimental design based on RSM

The experiment was designed and analyzed by RSM with 
Box-Behnken Design (BBD), using Design-Expert software 
version 8.0.6.1. A quadratic model was applied to fit the 
response surface model and conducted significance tests on 
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the model as well as outlier detection. Three levels of fly 
ash content (66–80%), water-binder ratio (50–60%), mass 
concentration (79–81%), and superplasticizer dosage (1–3%) 
were considered independent variables (Dong et al. 2013; 
Feng et al. 2022; Guo 2013), and yield stress, plastic vis-
cosity, and compressive strength were considered response 
values in the analysis. To describe the structural ranges, 
three-level combinations were encoded as ± 1, 0 for the fac-
torial point and the center point, respectively. To facilitate 
the analysis, the encoded values were presented in Table 2.

The correlation between the independent variables and 
the response values can be expressed using a second-order 
polynomial:

where y(x) is the objective function value; xi is an independ-
ent variable, i = 1, 2,…… , k ; ao, ai, aij, aii are undetermined 
coefficients.

The total number of runs was 29, including 5 center 
points, and the corresponding response values for each run 
were obtained through experiments, as shown in Table 3.

To evaluate the proposed polynomial model, the analysis 
of variance (ANOVA) was performed based on the determi-
nation coefficients R2 and R2

adj, as shown in Eqs. (4) and (5). 
To validate the accuracy of the model, a statistical signifi-
cance test was conducted, as indicated by Eq. (6).

where df represents the degree of freedom; SS represents the 
sum of squares; n represents the number of experiments;  �2 
represents the residual mean square.
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Table 2   The factors and levels 
of the response values

Independent variable Symbol Low level Medium level High level
 − 1 0 1

Fly ash content (%) A 66 73 80
Water-binder ratio (%) B 50 55 60
Mass concentration (%) C 79 80 81
Superplasticizer dosage (%) D 1 2 3
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Table 3   The response surface experimental design and results

Run Independent variables Response values

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 Response 3

A:fly ash 
content(%)

B:water-binder 
ratio(%)

C:mass concen-
tration (%)

D:superplasticizer 
dosage (%)

Yield stress(Pa) Plastic viscosity(Pa·s) Compressive 
strength(MPa)

1 73 55 80 2 228.42 8.8 11.6
2 66 55 80 2 253.80 10.0 14
3 73 50 79 2 207.27 9.2 15.1
4 73 60 80 1 198.81 7.2 9.6
5 73 55 81 3 219.96 8.9 14.1
6 73 55 79 3 135.36 6.2 11
7 73 50 80 1 236.88 13.0 10.7
8 73 60 81 2 269.29 8.8 14.7
9 80 55 80 3 169.20 9.7 10.2
10 73 50 80 3 177.66 7.9 13.4
11 73 55 80 2 219.96 9.1 11.3
12 73 50 81 2 334.17 10.5 13.8
13 80 50 80 2 211.50 11.1 12
14 73 55 79 1 194.58 8.4 8.8
15 73 55 80 2 215.73 8.6 11.5
16 66 55 80 3 148.05 6.0 12.2
17 73 55 80 2 228.42 8.9 11.5
18 80 55 79 2 190.35 7.5 9.9
19 73 60 79 2 181.89 5.3 8.28
20 80 55 81 2 262.26 13.0 10.2
21 73 60 80 3 126.90 7.8 10
22 80 55 80 1 207.27 11.7 7.5
23 66 55 80 1 241.11 10.9 12.3
24 73 55 80 2 219.96 9.2 10.9
25 66 55 81 2 308.79 8.0 16.9
26 66 55 79 2 156.51 7.3 12
27 80 60 80 2 198.81 8.6 8.6
28 73 55 81 1 308.79 12.0 11.3
29 66 60 80 2 156.51 6.9 13.2

Table 4   The response surface functions and regression coefficients

Response values Second order polynomial models R2 R2
adj C.V. % Adequate 

precision

Yield stress 222.21 − 2.11A − 24.32B + 52.43C − 33.40D + 21.15AB − 20.09AC + 13.75AD

−9.88BC − 2.85BD − 9.46CB − 10.69A2 − 4.87B2 + 23.45C2 − 27.12D2

0.9850 0.9700 4.10 31.353

Plastic viscosity 8.90 + 1.04A − 1.41B + 1.44C − 1.41D + 0.15AB + 1.21AC + 0.73AD

+0.55BC + 1.37BD − 0.24CD + 0.38A2 − 0.15B2 − 0.31C2 + 0.30D2

0.9810 0.9620 4.27 29.803

Compressive strength 11.35 − 1.85A − 1.26B + 1.32C + 0.95D − 0.65AB − 1.15AC + 0.70AD

+1.93BC − 0.45BD + 0.11CD + 0.057A2 + 0.54B2 + 0.96C2 − 0.97D2

0.9815 0.9630 3.62 32.228
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Table 5   The results of 
polynomial variance analysis

Source Yield stress Plastic viscosity Compressive strength

F-value Prob > F F-value Prob > F F-value Prob > F

Model 67.29  < 0.0001 49.50  < 0.0001 53.77  < 0.0001
A- fly ash content 0.72 0.4119 84.53  < 0.0001 235.60  < 0.0001
B- water-binder ratio 92.79  < 0.0001 159.41  < 0.0001 102.18  < 0.0001
C- mass concentration 450.97  < 0.0001 164.07  < 0.0001 121.16  < 0.0001
D- superplasticizer dosage 186.94  < 0.0001 152.04  < 0.0001 54.73  < 0.0001
AB 23.84 0.0002 0.59 0.4556 9.69 0.0076
AC 21.52 0.0004 38.44  < 0.0001 30.35  < 0.0001
AD 10.07 0.0068 13.75 0.0023 11.24 0.0047
BC 5.20 0.0388 7.92 0.0138 85.47  < 0.0001
BD 0.54 0.4760 53.14  < 0.0001 7.59 0.0155
CD 2.92 0.1095 1.32 0.2690 0.52 0.4842
A2 9.62 0.0078 6.21 0.0258 0.05 0.8224
B2 1.66 0.2183 1.10 0.3110 12.73 0.0031
C2 44.07  < 0.0001 4.27 0.0577 31.67  < 0.0001
D2 67.76  < 0.0001 2.95 0.1079 33.58  < 0.0001
Lack of fit 2.86 0.1613 2.87 0.1608 2.73 0.1728

Fig. 6   Predicted vs. actual values for (a) yield stress, (b) plastic viscosity, and (c) compressive strength



122489Environmental Science and Pollution Research (2023) 30:122482–122496	

1 3

Results and discussion

Establishment and analysis of response surface 
models

The experiment employed an empirical mathematical 
model in the second-order polynomial form to establish 
a regression equation for three response values. Subse-
quently, ANOVA method was conducted to evaluate 
the multiple correlation coefficient and accuracy of the 
regression equation, as described in Table 4. The higher 
the multiple correlation coefficient R2, the stronger the 
correlation. A more reliable regression model is obtained 
when R2 and R2

adj are high and close to each other. If these 
values are not high, the presence of other significant influ-
encing factors needs to be considered. C.V. % value less 
than 10% demonstrates high reliability and precision of 
the experimental results. Adequate precision is the ratio of 
effective signal to noise, and if it is greater than 4, the ratio 
is considered reasonable. Table 5 details the tests per-
formed to determine the significance of various terms in 

the quadratic equation model, including the constant term, 
first-order term, second-order term (interaction term), and 
squared term. A larger F value or a smaller Prob > F value 
signifies a higher correlation coefficient. For instance, if 
the Prob > F value is less than 0.05, the model has a high 
fitting accuracy and is significant, making it appropri-
ate for use in subsequent optimization design (Ahmed 
2021). The F values for the lack of fit values for the yield 
stress, plastic viscosity, and compressive strength were 
2.86, 2.87, and 2.73, respectively, which are higher than 
the Prob > F value, implying that the model’s lack of fit 
was insignificant (Wu et al. 2020a). Tables 4 and 5 show 
that the yield stress, plastic viscosity, and compressive 
strength regression models comply with the test principles 
and exhibit good adaptability.

Validation of the response model

The comparison distribution plot between the predicted val-
ues and actual values of the response model is shown in 

Fig. 7   Normal Plot of Residuals for (a) yield stress, (b) plastic viscosity, and (c) compressive strength
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Fig. 6, while the residual distribution plot is shown in Fig. 7 
to assess the model’s fitting performance. If the model dem-
onstrates good adaptability, the residuals should conform to 
a normal probability distribution depicted as a straight line, 
while ensuring that the predicted values closely match the 
actual values. As shown in Fig. 6 and Fig. 7, the response 
surface model demonstrated a high degree of agreement with 
experimental data. Predicted values and actual values were 
distributed near the straight line, indicating that the regres-
sion model can accurately predict the response value (Hu 
et al. 2022).

Analysis of a single factor

In the analysis of a single factor, the effect of a factor on 
the response value is studied. The default setting for all fac-
tors is intermediate value, serving as the reference point 
for comparison. Perturbation charts in Fig. 8 illustrate the 
results of the single-factor analysis for the three factors, with 
each chart containing four curves. Steep curves indicate a 

substantial effect on the response value, while relatively flat 
curves indicate a weak impact. The curve’s slope (positive 
or negative) reflects the trend of the factor’s influence on the 
response value, i.e., whether the response value increases or 
decreases with an increase of the factor (Yan et al. 2022).

Figure 8 indicates that the critical factor for each of the 
three response values is different. It can be observed that 
the yield stress is most sensitive to changes in mass con-
centration, but insensitive to variations in fly ash content, 
according to Fig. 8(a). From Fig. 8(b), it can be observed 
that the plastic viscosity is mainly influenced by the mass 
concentration, which is also sensitive to changes in water-
cement ratio and superplasticizer dosage. The impact of 
fly ash content and mass concentration is most significant 
for compressive strength, as shown in Fig. 8(c). During 
the optimization process, it is not possible to adjust every 
parameter to its optimal level due to real-world limitations. 
Therefore, prioritizing the dominant factors and determin-
ing a final optimization plan within a feasible range are 
necessary.
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Fig. 8   Perturbation plot for (a) yield stress, (b) plastic viscosity, and (c) compressive strength
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Analysis of interaction effects among factors

The Design-Export software generated two-dimensional 
contour maps and three-dimensional response surface plots 
that depict the interaction effects between independent vari-
ables and their corresponding response values based on the 
quadratic model. The graphs allow evaluation of the interac-
tion effects between any two factors by holding the remain-
ing two factors constant. Red and blue colors represent the 
highest and lowest response values, respectively.

The influence of interaction effects on the yielding stress

The yielding stress of slurries is primarily caused by the 
adhesion and frictional forces between the surface of the 
material particles, which is the maximum stress that impedes 
the plastic deformation of the slurry (Zheng et al. 2022). 
Table 5 presents the order of significance of the independ-
ent variables affecting the yielding stress as follows: mass 

concentration (C) > superplasticizer dosage (D) > water-
cement ratio (B) > fly ash content (A). Figure 9(a) and (a') 
shows the interaction effect of fly ash content and water-
cement ratio on the yielding stress. It can be observed that 
the yielding stress decreases with an increase in the water-
cement ratio and increases slowly with an increase in fly 
ash content. This is because fly ash replaces cement parti-
cles, reducing their density, and thus reducing the forma-
tion of flocculent hydration products between cement par-
ticles. Meanwhile, the glass microspheres in fly ash act as 
a lubricant, reducing the yielding stress. The results plotted 
in Fig. 9(b) and (b') indicate that mass concentration has a 
more notable effect on the yielding stress than other factors. 
Initially, stress increases gradually with increasing mass 
concentration but sharply rises beyond a mass concentration 
of 80%. A high water-cement ratio produces more free water, 
which fly ash, with its larger specific surface area, absorbs 
together with more free water and superplasticizer, result-
ing in an increased slurry density and more tightly packed 

Fig. 9   Response surface plots 
and contour maps of interaction 
between different variables to 
yield stress
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particles forming a floc-like structure due to the van der 
Waals force attraction with cement/ultrafine gangue/fly ash, 
creating a stronger cohesive force. Figure 9(b') illustrates 
that the maximal yielding stress occurs when the fly ash con-
tent represents 66%, and the mass concentration equals 81%, 
located in the top-left corner of the contour plot. Figure 9(c) 
and (c') reveals the interaction effect of mass concentration 
and superplasticizer dosage on the yielding stress. When 
the mass concentration decreases and the superplasticizer 
dosage increases, the yielding stress decreases. With an 
increase in the superplasticizer dosage, the yielding stress 
first decreases slowly and then rapidly. The decrease in mass 
concentration will result in a reduction in the amount of 
binding materials and aggregates in the slurry, and conse-
quently an increase in the spacing between cement particles. 
The hydrophobic bases of the superplasticizer molecule can 
adsorb on the surface of cement and fly ash particles, mak-
ing them carry the same charge, thereby generating repul-
sion and dispersing the particles, intensifying the particle 
Brownian diffusion movement, releasing more free water. 

This effect reduces the generation of a floc-like structure, 
leading to a decrease in yielding stress (Liu et al. 2022).

The influence of interaction on plastic viscosity

Plastic viscosity is the viscous force that prevents the flow 
of each laminar flow layer in the slurry in the opposite direc-
tion. It depends on the degree of destruction of the interlaced 
reticulated structure formed by interconnected cement and 
fly ash particles through van der Waals forces and elec-
trostatic interactions (Wu et al. 2020b). Table 5 shows the 
significant order of each independent variable affecting on 
plastic viscosity: mass concentration (C) > water-cement 
ratio (B) > fly ash content (A) > superplasticizer dosage 
(D). Figure 10(a) and (a') shows the interactive effect of fly 
ash content and water-cement ratio on plastic viscosity. As 
the increase of fly ash content and mass concentration, the 
plastic viscosity increases, but as the water-cement ratio 
increases, the plastic viscosity decreases. This is because 
fly ash particles have a smaller particle size, which can fill 

Fig. 10   Response surface plots 
and contour maps of interaction 
between different variables to 
plastic viscosity
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some of the gaps between the cement particles, increasing 
the particle density (Bentz et al. 2012; Gullu et al. 2019). As 
the water-binder ratio increases and the mass concentration 
remains constant, the amount of aggregate increases. This 
means that more mortar is needed to cover the aggregate. 
The increased amount of aggregate leads to more collisions 
between them. Additionally, larger aggregates can impact 
the formation of particle clusters and reticulated structures 
in the slurry, resulting in a reduction in the plastic viscosity. 
At the same time, because the specific surface area of fly 
ash is greater than that of cement, it can absorb more water, 
leading to a decrease in the thickness of the water film on the 
surface of the particles, which increases the plastic viscos-
ity. The results depicted in Fig. 10(b) and (b') demonstrate 
a significant relationship between mass concentration and 
plastic viscosity when the fly ash content is 80%. The data 
presented in Fig. 10(c) and (c') indicate that increasing the 
superplasticizer dosage results in lower plastic viscosity and 
decreased reticulated structure of cement slurry, resulting in 
easier flow of the slurry.

The influence of interaction on compressive strength

The impact of interactions on the compressive strength 
can be seen through the response surface plots and contour 
maps presented in Fig. 11. Table 5 shows the significant 
order of each independent variable affecting on compres-
sive strength: fly ash content (A) > mass concentration 
(C) > water-cement ratio (B) > superplasticizer dosage 
(D). Figure 11(a) and (a') indicates that when the mass 
concentration and superplasticizer dosage remain constant, 
the compressive strength decreases with the increase of fly 
ash content and water-cement ratio. This is because the 
increase in fly ash content reduces the amount of cement, 
leading to a decrease in the number of ettringite crystals 
generated during the 28-day aging period and resulting in 
a decrease in strength. In addition, the increase in water-
cement ratio reduces the proportion of binding material, 
leading to a lower compressive strength. Figure 11(b) and 
(b') demonstrates that when the water-cement ratio and 
superplasticizer dosage remain constant, the compressive 

Fig. 11   Response surface plots 
and contour maps of interaction 
between different variables to 
compressive strength



122494	 Environmental Science and Pollution Research (2023) 30:122482–122496

1 3

strength first increases slowly, and then rapidly increases 
with the increase of mass concentration. This is because 
the increase in mass concentration increases the amount 
of binding material and aggregate, which reduces the pro-
portion of free water and decreases the number of cracks 
and void spaces produced by free water during the hard-
ening process, thereby improving the compactness of the 
specimen (Zhao et al. 2022). Figure 11(c) and (c') shows 
that the compressive strength first increases slowly with 
the increase of superplasticizer dosage, and gradually 
stabilizes when the content reaches 2%. This is because 
polycarboxylate superplasticizer has a strong dispersing 
effect, which can increase the filling density of binding 
material and increase the thickness of the water film, thus 
promoting the hydration of cement. However, when the 
content of superplasticizer dosage exceeds 2%, the degree 
of dispersion increases to its maximum, and the improve-
ment in filling density decreases, resulting in a gradual 
increase in strength (Zhang et al. 2023).

Multi‑objective optimization of filling material mix 
proportions

To ensure good pumpability of the slurry during pipeline 
transport and to guarantee the filling material meets the min-
ing filling requirements, this paper adopts a model based 
on RSM to optimize the proportion of CGBM. The goals 
selected for the optimization were the minimum yielding 
stress and plastic viscosity, and the maximum value of the 
compressive strength. A multi-objective optimization algo-
rithm was applied to search for the optimal point that maxi-
mizes the expected function within a numerical optimization 
range from 0 to 1 in Eq. (7).

where D is the satisfaction of the expected function; n is the 
number of response values; d is the satisfaction of a single 
response value.

By adjusting the weight of each response value (Tippawan 
et al. 2022), the optimization objective can be changed. 
In this paper, the optimization objective is to make yield 
stress a low response, and plastic viscosity and compres-
sive strength high responses. To achieve optimization of the 
proportion of CGBM, each response value is assigned a cor-
responding importance. Each response value is weighted to 
obtain the final optimized proportion, as shown in Table 6. 
Under the optimal ratio, the fly ash content is 80%, the mass 
concentration is 79%, the water-cement ratio is 54%, and the 
superplasticizer dosage is 3%. At this point, the response 
values are the following: yield stress of 162.1 Pa, plastic 
viscosity of 7.3 Pa·s, and compressive strength of 12.0 MPa.

(9)D = (d1d2...dn)
1∕n = (

∏n

i=1
di)

1∕n

Conclusion

In this study, response surface methodology was employed 
to investigate the effects of different fly ash content, water-
to-cement ratio, mass concentration, and dosage of high-
efficiency water reducer on the rheological properties of 
CGBM. Additionally, the optimization of the mixture pro-
portion was conducted.

(1)	 A second-order polynomial model based on response 
surface methodology was established to examine the 
influence of fly ash content, water-to-cement ratio, 
mass concentration, and the amount of high-efficiency 
water reducer on the rheological property of CGBM. 
The model demonstrates a high degree of predictive 
accuracy.

(2)	 The rheological and mechanical properties of CGBM 
are influenced by the interaction among multiple fac-
tors. An increase in mass concentration leads to a sig-
nificant rise in the yield stress and plastic viscosity of 
CGBM. The interaction between fly ash content and 
water-to-binder ratio significantly affects the yield 
stress. Among all factors, the fly ash content has the 
most significant influence on the compressive strength. 
Additionally, a dosage of superplasticizer between 2 
and 3% improves fluidity and simultaneously enhances 
the hardened compressive strength.

(3)	 Based on the results of the multi-objective optimiza-
tion, the optimal ratio of CGBM is a fly ash content of 
80%, water-binder ratio of 54%, mass concentration of 
79%, and superplasticizer dosage of 3%. The optimiza-
tion results are significant in guiding the selection of 
the optimal mix proportion in preparing CGBM.

It is necessary to further investigate the pressure loss of 
different CGBM slurries in pipeline transportation during the 
backfilling process. Additionally, the impact of environmen-
tal factors on CGBM should be taken into consideration. 

Table 6   Optimum conditions, observed and predicted value of 
response at optimized conditions

Independent variables Goal Importance Optimum conditions
A- fly ash content Maximize  +  +  80
B- water-binder ratio Maximize  +  54
C- mass concentra-

tion
Minimize  +  79

D- superplasticizer 
dosage

Maximize  +  +  +  3

Responses Predicted values
Yield stress Minimize  +  +  162.1
Plastic viscosity Minimize  +  +  +  7.3
Compressive strength Maximize  +  +  12.0
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