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Abstract: The substitution of cement with coal gangue powder (CGP) offers significant potential for energy
conservation, emission reduction, and environmental sustainability. To optimize the mechanical properties of coal
gangue cement paste, a modified response surface methodology (RSM) model was developed, incorporating grinding
parameters as independent variables and compressive strength as the response variable. The feasibility of the model
was validated through coefficient estimation, variance analysis, and fitting statistics. The analysis revealed that
milling speed was the most significant factor influencing the compressive strength at 20% substitution, while the
ball-to-material ratio predominantly affected the strength at 50% substitution. An increase in milling speed was
observed to significantly broaden the particle size distribution, with larger particles (15.14um to 275.42um) serving
primarily as micro-aggregates, and smaller particles (0.32um to 15.14um) functioning as fillers within ultra-fine
pores. Scanning Electron Microscopy (SEM) further corroborated these findings. Numerical optimization based on
the RSM model identified optimal grinding parameters: a ball-to-material ratio of 1.40, a milling time of 0.843 hours,
and a milling speed of 300 rpm. These parameters are recommended to achieve the target compressive strengths of
25 MPa at 20% CGP substitution and 10 MPa at 50% CGP substitution. This study provides a cost-effective and
feasible approach for the utilization of coal gangue in cementitious materials, contributing to the advancement of
sustainable construction practices.

Keywords: Coal gangue powder (CGP); Response surface methodology (RSM); Modified model; Optimal grinding
parameters; Compressive strength

1 Introduction

The production of cement, the most widely used cementitious material, is associated with the emission of ap-
proximately 0.913 tons of carbon dioxide per ton of cement produced, significantly contributing to global greenhouse
gas emissions and escalating energy consumption worldwide [1]. The search for alternative materials to cement is
therefore crucial in mitigating the environmental impacts of its production. Coal gangue, a by-product of coal mining
and cleaning processes, constitutes approximately one-tenth of the total coal quantity [2]. The accumulation of coal
gangue, which may contain heavy metal ions, poses a substantial environmental threat, with estimates suggesting that
the cumulative amount could exceed 700 million tons without appropriate control and treatment measures. Given
its composition, predominantly silicon-aluminum, coal gangue presents itself as a promising alternative to cement,
offering significant potential for reducing cement consumption and promoting environmental sustainability [3-5].

Research has indicated that CGP exhibits promising activity levels as a cement substitute. Guo et al. [6] reported
that the activity of CGP, at 102%, surpasses that of red mud, making it a more suitable replacement for cement in
solid waste applications. However, as noted by Liu et al. [7], the reactivity of low-kaolinite calcined coal gangue,
which is similar to siliceous fly ashes, is lower than that of calcareous fly ashes (CFA), natural pozzolan (Po), ground
granular blast furnace slags (S), and calcined clay (CC), which impedes the development of strength in blended
mortars. Nevertheless, it has been demonstrated that the co-utilization of coal gangue and limestone in a 2:1 ratio
can enhance later-stage strength by 5-12% compared to corresponding calcined coal gangue mortars [7].

https://doi.org/10.56578/jche020303
151


https://www.acadlore.com/journals/JCHE
https://crossmark.crossref.org/dialog/?doi=10.56578/jche020303&domain=pdf
https://orcid.org/0009-0007-0860-6495
https://orcid.org/0009-0006-6770-9956
https://orcid.org/0009-0000-9944-9833
https://doi.org/10.56578/jche020303
https://doi.org/10.56578/jche020303

Enhancing the physical activity of coal gangue is considered a more effective approach to improving the per-
formance of coal gangue mortar. This improvement also facilitates chemical synergy with other calcium siliceous
materials, as highlighted by Liu et al. [7]. The mechanical activation of coal gangue primarily influences its physical
properties, particularly particle size distribution and morphology. Coal gangue, a high-silicon, low-calcium mate-
rial, is typically composed of small particles (0.5 cm-1.5 cm) and consists mainly of stable kaolin minerals. To
be effectively utilized as an auxiliary cementitious material, coal gangue must be ground into a fine powder. The
physical properties of CGP, however, vary depending on the grinding parameters employed, making the selection of
optimal grinding parameters critical to achieving the most cost-effective and efficient use of coal gangue as a cement
replacement.

This study investigates the relationship between various grinding parameters and the compressive strength
of coal gangue cement paste using RSM. RSM, a combination of mathematical, statistical, and experimental
design methods [8—10], is particularly well-suited for exploring complex mathematical models between response
outputs (response variables) and influencing factors (variables) in systems with unknown behavior. RSM has been
widely applied in civil engineering, as demonstrated by Tian et al. [11], who utilized RSM coupled with a multi-
objective particle swarm optimization algorithm to predict and optimize the variables affecting the initial fluidity
and mechanical strength of road geopolymer grouting material. Their results showed that optimal solutions could
be predicted and verified with only a 5% deviation from experimental results. Hou et al. [12] also employed an
RSM model to establish functional relationships between variables (water-cement ratio, magnesia-to-phosphate ratio,
and borax content) and response variables (setting time and early-age compressive strength) in the development of
magnesium phosphate cement (MPC)-based materials for subway segment repair. Similarly, Mtarfi et al. [13] applied
RSM to optimize the effects of fly ash and grinding agents on the compressive strength of cement at 7, 28, and 90
days, ultimately obtaining the optimal mix design for the paste.

Therefore, this research employs RSM to investigate the effects of grinding parameters (ball-to-material ratio,
milling time, and milling speed) on the compressive strength of coal gangue cement paste at different substitution
rates. The study’s findings, based on RSM analysis and micro-experiments, reveal the influence of these parameters on
the properties of CGP and the mechanical performance of coal gangue cement paste. Finally, numerical optimization
through RSM is utilized to identify affordable and feasible grinding parameters that promote the effective utilization
of coal gangue as a sustainable construction material.

2 Materials and Methods
2.1 CGP Characterization

The particle size analyzer was used for material characterization of CGP to observe the changes in grinding
parameters on the particle size of CGP. A scanning electron microscope (FlexSEM1000) was used for observing the
surface topography of CGP. The acceleration voltage of the scanning electron microscope was set to 5.0 kV, and the
magnification was set to 50 times.
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Figure 1. The particle size distribution of cement and coal gangue after crushing
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Figure 2. Raw coal gangue and crushed coal gangue

The cement (P.O. 42.5) is sourced from the Tian Jia An cement plant located in Huainan City, Anhui Province,
China. Its chemical composition is shown in Table 1. SiO5+CaO+Al; O3 occupies about 90.3% of the total mass.
The particle size distribution of cement is shown in Figure 1, and the median particle size is 13.65um.

The coal gangue was sourced from a coal mine in Huaibei City, Anhui Province, China. The size of the
primary coal gangue is about 1 cm to 1.5 cm, with a smooth surface and sharp edges and corners (Figure 2).
Si03+Ca0+Al>,03 accounted for 93.85% of the total mass, which is similar to cement material. Moreover,
GB/T 29162-2012 (coal gangue classification) considers that w(CaO+MgO)<10% belongs to aluminum-silicon
gangue. 0.30<m(Al203)/m(Si02)<0.5 belongs to the middle-grade silicon-aluminum ratio coal gangue. The coal
gangue w(CaO+MgO) in this paper is 1.19%, and m(Al;O3)/m(SiO5) is 0.41, so the coal gangue belongs to the
middle-level silicon-aluminum ratio coal gangue.

Table 1. The chemical composition of CGP and cement (%)

Materials SiO2 Al,O3 Fe;O3 KO0 TiO, MgO CaO Na;O SOz LOI

CGP 64.58  26.42 2.85 279 1.04 0.61 0.58 0.46 0.39 0.28
Cement 23.7 53 6.0 0.9 0.5 04 61.3 - - -

2.2 Design of Experiments
2.2.1 Grinding process and preparation of specimen

The primary factors influencing the mechanical grinding of CGP include the ball-to-material ratio, milling
speed, and milling time. The ball-to-material ratio is defined as the mass ratio of zirconia beads to coal gangue
particles. When the volume of the grinding cylinder remains constant, an increase in the pellet ratio enhances
grinding efficiency and refines the particle size of the CGP. However, if the pellet ratio is too low, the CGP may
become tightly adsorbed onto the grinding beads, thereby reducing the effectiveness of the grinding process. In this
study, the sizes of the zirconium beads used are 10 mm, 5 mm, and 3 mm, with a mass ratio of 1:1:2. For instance,
a pellet ratio of 1 indicates that 100 g of coal gangue particles and 25 g and 50 g of zirconium beads, with particle
sizes of 10 mm, 5 mm, and 3 mm respectively, are added to each grinding cylinder.

The grinding procedure is as follows: First, the required quantities of zirconium beads and coal gangue particles
were weighed according to the predetermined pellet ratio and sequentially poured into a clean grinding cylinder. The
coal gangue particles were placed on top, and the zirconium beads at the bottom. If the zirconium beads are placed
on top, they may idle or rotate ineffectively during grinding, causing the CGP to adhere to the surface of the grinding
cylinder, which can negatively impact grinding efficiency and complicates sampling. After securing the pressure
cover, the power supply was started, and the specific milling time and milling speed were set. Upon completion of
grinding, the CGP was removed, further dried, and cooled to room temperature.

The test specimens, measuring 2mmx2mmx2mm, were prepared in a clean laboratory, with manual mixing time
uniformly set to 120 seconds. After mixing, the material was poured into a non-deformable steel mold, then placed
in a standard curing room (98% humidity, temperature 20+2°C) for 24 hours. Following demolding, the specimens
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were cured for an additional 90 days, after which their compressive strength was measured. Six test blocks were
prepared for each sample group to ensure accurate measurement of compressive strength and to minimize errors.

2.2.2 Setting grinding parameters based on central composite design

RSM is a combination of mathematical method, statistical method, and experimental design used to explore
the complex mathematical model between response output (response variables) and influencing factors (factors)
of an unknown system. The design of the RSM model is mainly divided into two stages: The first stage is the
factor experiment design. Three independent factors are ball-to-material ratio (1~3), milling time (0.67h~2h),
and milling speed (100rpm-300rpm). The mix proportion of the experiment was designed by a central composite
circumscribed (CCC) design. The second stage is to establish a suitable second-order or higher-order response
surface regression model to fit the real model, explain the influence of single factors or interaction factors on the
response surface variables (strength-20% and strength-50%), and guide the actual grinding process to achieve the
lowest cost-effectiveness in the end. This is the core content of the RSM model establishment. At last, we obtain
affordable and feasible grinding parameters for coal gangue via numerical optimization for a defined target or goal.

A well-designed factorial experiment is crucial for the successful development of the model. The commonly
used factorial designs of RSM mainly include the central composite design and the Box-Behnken design. In fact, the
Box-Behnken design is more appropriate for model factorial design with four or more factors [14, 15], and the CCC
design is most suitable for designing three-factor experiments. Therefore, this paper selects the CCC in the central
composite design, which is the most suitable for designing a three-factor experiment. Figure 3 shows the schematic
diagram of the factorial design of the CCC.
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Figure 3. Schematic diagram of three-factor CCC design

In Figure 3, the corner points (blue points), axis points (yellow points), and center points (black points) of the
cube represent different levels of factors. The corner points represent the 8 factors in the experimental design; the
factor level of +1 (-1) corresponds to the maximum value (minimum value) of the original value range of the factor.
The axis points express the six factors in the experimental design; the factor level of +1.682 (-1.682) corresponds
to 1.682 times the maximum or minimum value of the factor range. The RSM improves the goodness of fit of the
model by designing factors beyond the original range. The factor level of the center point is 0, which corresponds to
the middle value of the original value range of the factors (usually set to 6 factors). The setting of six center points
can basically avoid the problem of model accuracy caused by the center point measurement error. However, if the
prediction variance of the model is too large, it is a feasible option to increase the number of center points to reduce
the variance and improve the accuracy of the model. The authenticity and stability of the center data point (the
number of centers in this article is 6) is the key to improving the accuracy of the response surface model. It can be
seen in Table 2 that the 90-day compressive strength values of the six center points are all very close to the average
value. The strength values change little.

The total number of tests means the sum of all corner points, axis points, and center points, for a total of 20 groups.
The specific CCC design results are shown in Table 3. In addition, there are two response variables in the factorial
design test, including strength-20% and strength-50%, which represent the 90d strength values corresponding to
20% and 50% of cement replaced by coal gangue.
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Table 2. The 90-day compressive strength values of the six center points

Runs A B C A B() C@pm) 90d-Strength (MPa) Error
1 0 0 0 2 1335 200 11.87 -2.93 %
2 0 0 0 2 1335 200 13.21 7.50%
5 0 0 0 2 1335 200 12.54 3.34 %
7 0 0 0 2 1335 200 12.00 -0.55 %
8 0 0 0 2 1335 200 12.22 1.18%
19 0 0 0 2 1335 200 11.53 -4.35 %
Table 3. The factorial experimental design results of CCC
Runs Ball-to-Material  Milling Milling Ball-to-Material = Milling Milling
Ratio Time (h) Speed (rpm) Ratio Time (h) Speed (rpm)
1 0 0 0 2 1.335 200
2 0 0 0 2 1.335 200
3 -1 -1 -1 1 0.67 100
4 0 0 -1.682 2 1.335 31.8207
5 0 0 0 2 1.335 200
6 0 +1.682 0 2 2.45339 200
7 0 0 0 2 1.335 200
8 0 0 0 2 1.335 200
9 -1 +1 -1 1 2 100
10 0 0 +1.682 2 1.335 368.179
11 +1 +1 -1 3 2 100
12 -1 -1 +1 1 0.67 300
13 +1 -1 -1 3 0.67 100
14 0 -1.682 0 2 0.216608 200
15 +1.682 0 0 3.682 1.335 200
16 -1 +1 +1 1 2 300
17 -1.682 0 -1 0.318 1.335 200
18 +1 +1 +1 3 2 300
19 0 0 0 2 1.335 200
20 +1 -1 +1 3 0.67 300

The above content is about the data preparation stage before modeling. The authenticity and reliability of the
data are the basis of the reliability of the model. Hence, the data acquisition stage should avoid data points that
deviate from the actual value as much as possible.

223 RSM

After obtaining a true and reliable dataset, it is necessary to use a second-order response surface polynomial
(formula such as Eq. (1)) to fit three factors and response variables. y represents the response variable (strength-20%
and strength-50%), A means ball-to-material ratio, B represents milling time, C' expresses milling speed. A BC
are the coding factors. b is intercept. a3, b1~3, c1~3 are coefficients.

y=b+a1A+bB+c1C+ asA? + byB% + ¢,C? + a3 AB + b3 BC + c3AC 00

Besides, the paper can model the complex functional relationship between the response variable and the coding
factors by incorporating higher-order terms, thus enhancing the model’s complexity. This approach can reduce
prediction variance and enhance the model’s applicability.

Then, the surface polynomial coefficients, model variance, and prediction model fit should be evaluated, and the
prediction variance value of the model is reduced by continuously adjusting the structure of the response surface
polynomial in order to improve the fitting goodness of the model. Finally, a reliable RSM prediction model is
obtained, and this stage is considered to be the optimization model stage. In the final verification stage, the usability
and credibility of the model are verified.
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3 Results and Discussion
3.1 The Analysis and Establishment of RSM Model

Before establishing the model, an in-depth analysis of the surface polynomial is necessary, encompassing the
estimation of coefficients in terms of coded factors, the analysis of variance for the model, and fitting statistics.
Evaluating the coding factor coefficients serves as a foundational step, ensuring the stability and independence of
factors and thereby mitigating multicollinearity issues. Multicollinearity refers to potential high correlations between
factors in the regression model, distorting regression estimations and potentially causing modeling failure. Model
variance analysis assesses the significance of single and interaction factors in the model. This analysis enables the
elimination of redundant elements—insignificant factors or interactions—to simplify the regression model structure.
It serves as the foundation for enhancing significance (significant factors or interactions) to improve model accuracy.
The fitting statistics gauge the model’s fitting degree, which is essential for assessing the disparity between predicted
values and real values. A higher degree of model fitting corresponds to smaller differences, indicating better
predictability. Such a model demonstrates practical applicability in engineering scenarios.

The process of establishing the RSM model involves seeking a mathematical formula that explains the functional
relationship between factors and response variables. Typically, previous publications have leaned towards utilizing
second-order polynomial regression equations to capture the intricate functional connections between three factors
and response variables [ 16, 17]. However, the second-order polynomial regression model tends to overlook significant
ternary or even quaternary interaction factors. Although incorporating ternary or quaternary interaction factors
creates a more complex structure in the modified model, it has the potential to more effectively represent the
functional relationship between the three factors and response variables. The comparison and analysis presented
below assess the reduced quadratic model against the modified model, aiming to derive the optimal regression model.
The following section initiates an evaluation and analysis of the coding factor coefficients.

3.1.1 The estimate of coeflicients in terms of coded factors

The coefficient estimate signifies the expected change in response per unit change in factor value, assuming all
other factors remain constant. In an orthogonal design, the intercept denotes the overall average response derived
from all experimental runs. These coeflicients represent adjustments relative to this average, based on the specific
factor settings. The coefficient estimate constitutes the factor’s coefficient within the regression polynomial, while
the intercept serves as a constant term.

The standard error and Variance Inflation Factor (VIF) serve as evaluative metrics for coefficients. The standard
error reflects the degree of dispersion among the coding factor coefficients. A larger standard error indicates greater
instability in the regression coeflicients. Table 4 indicates that the regression coefficients derived from the polynomial
regression equation, incorporating higher-order correction terms, exhibit enhanced stability.

Table 4. Comparison and analysis of coefficients in terms of coded factors (strength-20%)

Reduced Quadratic Model Modified Model
Factors Coefficient estimate Standard error VIF | Factors Coefficient estimate Standard error VIF
Intercept 22.42 0.7315 Intercept 22.32 0.0784
A 0.6488 0.5718 1 A 0.12 0.0808 2.41
B 1.29 0.5718 1 B 1.96 0.0808 2.41
C 2.31 0.5718 1 C 3.82 0.0808 2.41
AC -1.67 0.747 1 AB -0.09 0.0679 1
BC 0.5059 0.747 1 AC -1.67 0.0679 1
A2 -1.45 0.5538 1.01 BC 0.51 0.0679 1
C? 0.2937 0.5538 1.01 A? -1.00 0.0555 1.22
B2 0.49 0.0555 1.22
C? 0.75 0.0555 1.22
ABC 1.10 0.0679 1
A’B -1.15 0.1055 2.41
A2C -2.58 0.1055 2.41
AB? 0.91 0.1055 241
A2B? -2.12 0.1075 1.5

Note: A: Ball material ratio; B: Milling time; C: Milling speed

The VIF quantifies the extent of multicollinearity within a multiple regression model, essentially testing factor
correlations. In cases where factors are orthogonal, VIFs register as 1. VIFs exceeding 1 signify the presence
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of multicollinearity, with higher VIF values indicating more pronounced factor correlations. VIFs under 10 are
considered tolerable.

Table 4 is the analysis table of the coefficient of the response variable (strength-20%). It can be seen that the
modified model adds some higher-order terms. The standard error of the regression model coefficients is close to
0 and obviously smaller than the reduced quadratic model (the regression coefficient is more stable). Meanwhile,
the VIF corresponding to the modified high-order surface polynomial is larger. The VIF is much smaller than 10
and belongs to the tolerable range, which shows that the multi-collinearity is less obvious. This provides theoretical
reasons for the applicability of modifying high-order models. Table 5 is the coefficient analysis table for the response
variable strength (50%). It can be seen that the results are similar to those in Table 4. The modified model exhibits
better performance.

Table 5. Comparison and analysis of coeflicients in terms of coded factors (strength-50%)

Reduced Quadratic Model Modified Model
Factors Coefficient estimate Standard error VIF | Factors Coefficient estimate Standard error VIF
Intercept 12.17 0.5445 Intercept 12.19 0.0784
A 0.8389 0.3613 1 A 1.84 0.0808 2.41
B 0.602 0.3613 1 B 1.42 0.0808 241
C 0.1118 0.3613 1 C 0.5841 0.0808 2.41
AC 0.2648 0.472 1 AB -0.1025 0.0679 1
BC 0.3203 0.472 1 AC 0.2648 0.0679 1
A? -0.9759 0.3517 1.02 BC -0.3203 0.0679 1
B? -0.3874 0.3517 1.02 A? -1.1 0.0555 1.22
B2 -0.5081 0.0555 1.22
C? 0.3858 0.0555 1.22
A’B -1.39 0.0679 1
A2C -0.8062 0.1055 2.41
AB? -1.71 0.1055 241
A2%B? 0.5719 0.1055 241

Note: A: Ball material ratio; B: Milling time; C: Milling speed

3.1.2 ANOVA (analysis of variance) for model

The analysis of variance (ANOVA), which includes the sum of squares (S.S), degrees of freedom (df), mean
square error (M S), F-value, and P-value, is used to evaluate the significance of each factor and their interactions
within the model [16]. This analysis ensures the reliability of the model and optimizes its structure to the greatest
extent possible.

When the F-value exceeds the critical value Fy o5 (df, df.) it indicates that the fitted model is significant. If the
F-value exceeds the critical value Fy o1 (df, df.), it indicates that the fitted model is highly significant. Here, df.
represents the degrees of freedom associated with the error term. The empirical critical value of I for evaluating
the reduced quadratic model is provided in the note to subtable (a) of Table 6. It is observed that the model’s F-value
of 5.08 (which is greater than 4.88 but less than 10.45) indicates that the model is significant, though not highly
significant. There is only a 0.70% chance that an F-value this large could occur due to noise [17].

Similarly, subtable (b) of Table 6 provides the empirical critical value of F for the modified model. The F-value
of 410.64 is much greater than Fg 1(9.77), demonstrating that the modified model is highly significant and worthy
of adoption.

T-tests were employed to identify nonsignificant factors in order to derive the most simplified response regression
model [18]. P-values from the T-tests that are less than 0.0500 indicate that the model terms are significant, while P-
values less than 0.0001 indicate that the terms are highly significant. The P-values for the modified model, including
single factors and interaction factors shown in subtable (b) of Table 6, are notably smaller than those in subtable
(a) of Table 6. Specifically, the terms B, C, AC, and A2 are significant in the model (see subtable (a) of Table 6),
whereas B, C, AC, A2, C2, ABC, A2C, and A?B? are highly significant in the modified model (see subtable (b) of
Table 6). Additionally, P-values greater than 0.1000 indicate that the model terms are not significant. If a model
contains many insignificant terms (excluding those required to maintain hierarchy), model reduction may enhance
its performance. Consequently, the reduced quadratic model in subtable (a) of Table 6 and the modified model in
subtable (b) of Table 6 have been adjusted to remove redundant terms and include necessary ones.

Similarly, an analysis of variance was conducted for the response variable strength-50%. The results of the
three-factor ANOVA with strength-50% as the response variable are presented in Table 7. It is observed that the
F-value for the reduced quadratic model is 2.59, which is less than the critical value Fp o5(4.82) as shown in subtable
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(a) of Table 7. This indicates that there is a 7.31% chance that an F-value this large could occur due to noise. The
P — value (0.0731), being greater than 0.05, suggests that the model terms are not significant. Only A and A2 are
significant model terms. However, the presence of numerous non-significant terms (including B, C, AC, BC, B2,
and C2) renders the reduced quadratic model insignificant, making it unsuitable for subsequent analysis.

In comparison, it is evident that the response variable strength-50% model (modified model) in subtable (b) of
Table 7 demonstrates higher significance, with a P-value of less than 0.0001. Additionally, most of the P-values for
the factors in this model indicate obvious significance, meaning these factors make significant contributions to the
modified model. Therefore, the modified models presented in subtable (b) of Table 6 and subtable (b) of Table 7 are
more suitable for describing the relationship between the response variables (strength-20% and strength-50%) and
the three influencing factors (ball-to-material ratio, milling time, and milling speed).

Table 6. Analysis results of three-factors ANOVA with a response variable of strength-20%

Table 6(a)
Source SS df MS F—walue P —wvalue Evaluation
Reduced quadratic model 158.82 7  22.69 5.08 0.007 Significant
A 5.75 1 5.75 1.29 0.2786
B 2259 1 2259 5.06 0.044 Significant
C 7278 1 7278 16.3 0.0016 Significant
AC 2225 1 2225 4.98 0.0454 Significant
BC 2.05 1 2.05 0.4585 0.5112
A2 3075 1 30.75 6.89 0.0222 Significant
C? 1.26 1 1.26 0.2812 0.6056
Pure Error 0.18 5 0.0369

Note: Sum of squares-SS. Mean squares-M S. Pure Error-e. Fipiticqr — value : Fo.01(7,5) = 10.45 Fp.05(7,5) = 4.88

Table 6(b)
Source SS df MS F—wvalue P —wvalue Evaluation
Modified model 212.21 14 15.16 410.64 < 0.0001 Highly significant
A 0.0772 1 0.0772 2.09 0.208
B 21.67 1 21.67 587.09 < 0.0001  Highly significant
C 82.62 1 82.62 2238.18 < 0.0001  Highly significant
AB 0.068 1 0.068 1.84 0.233
AC 22.25 1 2225 602.84 < 0.0001  Highly significant
BC 2.05 1 2.05 55.46 0.0007 Significant
A? 12.03 1 12.03 325.90 < 0.0001  Highly significant
B2 2.90 1 2.90 78.61 0.0003 Significant
C? 6.68 1 6.68 180.88 < 0.0001  Highly significant
ABC 9.72 1 9.72 263.25 < 0.0001  Highly significant
A’B 4.35 1 4.35 117.81 0.0001 Significant
A2C 22.11 1 22.11 598.97 < 0.0001  Highly significant
AB? 2.73 1 2.73 74.05 0.0003 Significant
A? B? 14.39 1 14.39 389.74 < 0.0001  Highly significant

Pure Error 0.185 5 0.0369
Note: Sum of squares-S.S. Mean squares-M S. Pure Error-e. Fipiticar — value : Fy.01(14,5) = 9.77  Fop.05(14,5) = 4.64

3.1.3 The fit statistic for model

The statistics used to assess the model’s fit include the standard deviation (Std. Dev.), mean value, coeflicient of
variation (C.V.%), determination coefficient (R?), adjusted determination coefficient (Adjusted R?), and predicted
determination coefficient (Predicted R?). These fitting indices are crucial for evaluating the predictiveness and utility
of the model, which is key to the establishment of a reliable RSM model. The Std. Dev. reflects the degree of
deviation between the predicted and actual data points, with smaller values indicating less deviation. The R? value is
used to evaluate the fitting degree of the regression model, ranging from 0 to 1, where a higher R? value indicates a
higher degree of fit and precision of the regression equation. The Adjusted R? accounts for the effect of sample size
on R2, with higher values indicating better fit. Conversely, a negative Predicted R? suggests that the overall mean
might be a better predictor of the response than the current model, and in such cases, higher-order models might
offer improved predictive performance.
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Table 7. Analysis results of three-factors ANOVA with a response variable of strength-50%

Table 7(a)
Source SS df MS F—walue P —wvalue Evaluation
Reduced quadratic model ~ 36.88 8 4.61 2.59 0.0731 Insignificant
A 9.61 1 9.61 5.39 0.0404 Significant
B 4.95 1 4.95 2.78 0.1239
C 0.1708 1 0.1708 0.0958 0.7627
AC 0.5609 1 0.5609 0.3147 0.5861
BC 0.8208 1 0.8208 0.4605 0.5114
A? 13.73 1 13.73 7.7 0.0181 Significant
B2 2.16 1 2.16 1.21 0.2942
C? 3.7
Pure Error 0.2163 5 0.0433

Note: Sum of squares-SS. Mean squares-M S. Pure Error-e. Fipiticqr — value : Fy.01(8,5) = 10.27 Fp.05(8,5) = 4.82

Table 7(b)
Source SS d MS F—wvalue P —wvalue Evaluation
Modified model 212.21 14 15.16 410.64 < 0.0001 Highly significant
A 0.0772 1 0.0772 2.09 0.208
B 21.67 1 21.67 587.09 < 0.0001  Highly significant
C 82.62 1 82.62 2238.18 < 0.0001  Highly significant
AB 0.068 1 0.068 1.84 0.233
AC 22.25 1 22.25 602.84 < 0.0001  Highly significant
BC 2.05 1 2.05 55.46 0.0007 Significant
A2 12.03 1 12.03 325.90 < 0.0001  Highly significant
B2 2.90 1 2.90 78.61 0.0003 Significant
C? 6.68 1 6.68 180.88 < 0.0001  Highly significant
ABC 9.72 1 9.72 263.25 < 0.0001  Highly significant
A’B 4.35 1 4.35 117.81 0.0001 Significant
A%C 22.11 1 22.11 598.97 < 0.0001  Highly significant
AB? 2.73 1 2.73 74.05 0.0003 Significant
A% B? 14.39 1 14.39 389.74 < 0.0001  Highly significant

Pure Error 0.185 5 0.0369
Note: Sum of squares-S'S. Mean squares-M.S. Pure Error-e. Fpiticqr — value : Fy.o1(14,5) = 9.77  Fp.05(14,5) = 4.64

Table 8. Results of fitness statistics

Fit Statistics (Strength-20%0) Fit Statistics (Strength-50%0)
Modified model Reduced quadratic model Modified model Reduced quadratic model
Std. Dev. 0.192 2.11 0.212 1.34
Mean value 21.63 21.63 11.59 11.59
CV.% 0.888 9.77 1.83 11.52
R? 0.999 0.748 0.995 0.653
Adjusted R? 0.997 0.601 0.985 0.4
Predicted R? - -0.213 - -0.993

Table 8 demonstrates that the standard deviation (Std. Dev.) of the modified model is significantly smaller than
that of the reduced quadratic model in the fitting analysis of the two response variables. Both R? and Adjusted
R? exceed 0.995, approaching 1, which strongly indicates that the modified model possesses a higher degree of
fit. Additionally, the negative Predicted R? further suggests that the reduced quadratic model is not suitable for
describing the relationship between the factors and response variables, indicating the need for higher-order terms to
enhance the model’s suitability.

In conclusion, the evaluation of the coding factor coefficient (standard error and VIF), model analysis of variance
(F-value and P-value), and model fitting (Std. Dev., R?, Adjusted R?, and Predicted R?) clearly shows that the
modified model is more appropriate for representing the real system than the reduced quadratic model. It better
captures the functional relationship between the factors and the response variables. When the range of response
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variables approaches the optimal value, the second-order surface polynomial fitting may exhibit curvature effects,
necessitating the inclusion of higher-order terms to improve the model. Furthermore, Figure 4 presents the scatter
plots of the predicted versus actual values for the response variables strength-20% and strength-50% in the modified
model. All data points align closely with the y=1 line, directly indicating that the predicted values are very close to
the actual values.

(a) Predicted vs. Actual (b) Predicted vs. Actual

15MPa [ 31MPa envpa I 14MPa

30 H

Predicted
Predicted

20 H

Strength-50%

Strength-20% 6

T T T T T 1 T T T T T
15 20 25 30 35 6 8 10 12 14 16

Actual Actual
(@) (b)

Figure 4. The predicted vs. actual values plot forstrength-20%(a) and strength-50%(b)

The process of establishing the model involves several key steps. Firstly, it is crucial that the 20 groups of tests
conducted during the factor design stage, which serve as the original data for the model, are both authentic and
reliable. Next, a second-order surface polynomial, created using the Design-Expert 12.0 software, is employed to
describe the relationship between the factors and the response variables. By incorporating necessary terms and
eliminating redundant ones (as detailed in Sections 3.1.1 - 3.1.3), a more accurate and reasonable modified model is
developed, which closely approximates the real system. Finally, the higher-order function formulas for strength-20%
and strength-50% are presented in Egs. (2a) and (2b).

Ystrength—20% = 22.32 + 0.124 + 1.96 B + 3.82C — 0.092AB + 0.51BC — 1.6TAC — A%+
0.49B2% 4+ 0.75C?% + 1.1ABC — 1.15A%2B — 2.58 A2C + 0.91AB?% — 2.12A42B2

Ystrength—50% = 12.19 + 1.844 4+ 1.42B + 0.58C — 0.1AB + 0.32BC — 0.26AC — 1.14%+
0.51B2 +0.39C% + 1.394%2B — 0.81A%2C + 1.71AB% — 0.57A2B?

(2a)
(2b)

3.2 Influence of Various Factors and Their Interaction on Strength-20% and Strength-50%
3.2.1 Strength-20%

Section 3.2.1 establishes the fitting function relationship between the three factors and the response variables,
with the goal of analyzing the influence of different individual factors and their interactions on the response variables.
For a more intuitive analysis, the interaction effects of two factors on strength-20% are illustrated in Figures 5-7.
These figures are used to explain the influence of various factors, including A: ball-to-material ratio, B: milling time,
C: milling speed, as well as their interactions (such as BC, AC, AB), on the response variable (strength-20%).

The 3D surface model of subgraph (a) of Figure 5 reveals that when A=2 (factor level is 0), B and C jointly
affect the response variable strength-20%. The red dot in the middle represents the space coordinate corresponding
to the center point in the factor design. The response values of strength-20% are increasing with the increase in
milling time or milling speed. That is, the maximum stength-20% requires the longest milling time (2h) and the
maximum milling speed (300rpm). Subgraph (b) of Figure 5 explains the common influence of milling time and
milling speed on the response variable strength-20% under the condition of A = 2 (the ball-to-material ratio is 2).
The response variable strength-20% is plotted at 2 MPa intervals. With milling speed as the only parameter, the
compressive strength values can be increased by about 8~10 MPa, while with milling time as the only parameter, the
maximum strength value can be increased by about 4~6 MPa. This shows that the milling speed has more influence
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on the response variable strength-20% than the milling time in the range of the set factors in the range of the given
independent variables.

300 strength-20%

230

Z 3B
h 7
i g
g
., =
z
150
100
€: Milling speed
100 T 067 087 0.86 105 124 143 162 181 2
(a) 3D surface of BC B: Milling time
(@ (b)
Figure 5. Interaction impact of factors (B and C) on strength-20% (with A=2)
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Figure 6. The predicted vs. actual values plot forstrength-20%(a) and strength-50%(b)

The 3D surface model in subgraph (a) of Figure 6 shows that when B=1.335h, A (ball-to-material ratio) and
C (milling speed) have a common influence on the response variable strength-20%. Subgraph (b) of Figure 6 is a
diagram of the interaction between A and C under the condition B = 1.335h. It can be shown that when A is constant,
the compressive strength value increases with the improvement of C. However, with C as a constant variable, the
result differs from the above. When C<131rpm, the compressive strength value increases with the increase of A
(less than 6 MPa). When C = 131rpm~191rpm, the compressive strength values slightly increase (less than 2 MPa).
When C>191rpm, the contour line presents a semi-circular state, which indicates that the compressive strength
values first increase and then decrease with the increase of A. Similarly, when the ball-to-material ratio is fixed,
the compressive strength values basically increase with the improvement in milling speed. Furthermore, when A is
near 2.5, the strength difference gradually decreases. An excessive ball-to-material ratio makes it hard to enhance
the compressive strength of the specimen only by increasing the milling speed. It is concluded that subgraph (b) of
Figure 6 intuitively shows that the milling speed has a greater impact on the response variable strength-20% than the
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ball-to-material ratio.

strength-20%

The 3D surface model in subgraph (a) of Figure 7 shows that when C=200rpm, A (ball-to-material ratio) and B
(milling time) have a common influence on the response variable strength-20%. Obviously, increasing A (the only
variable) will cause a trend of first increasing and then decreasing the value of strength-20%, just as the implication
is expressed by the two semicircular rings in subgraph (b) of Figure 6. The C=200rpm, B>1.22h and A<2 are
lower cost-effective parameters, corresponding to the strength-20% value (22MPa~24MPa). Furthermore, in the
comparison of Subgraph (b) of Figure 5 and subgraph (b) of Figure 6, the equivalent strength line in subgraph (b) of
Figure 7 is looser, which also explains that the milling speed is the most influential factor in limiting the growth of
strength-20%. In summary, for a 20% replacement of CGP, the influence of factors on compressive strength follows
the following order: milling speed is the most significant, followed by milling time, and then the ball-to-material

ratio.
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Figure 7. Interaction impact of factors (A and B) on strength-20% (with C = 200rpm)

3.2.2 Strength-50%
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Figure 8. Interaction impact of factors (B and C) on strength-50% (with A=2)
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Figure 10. Interaction impact of factors (A and B) on strength-50% (with C=200rpm)

Figures 8-10 declare the interaction impact of two factors (BC, AC, and AB) on strength-50%. The 3D surface
model in subgraph (a) of Figure 8 clearly shows the growth of the response variable (strength-50%) along with the
increase in milling time or milling speed. Subgraph (b) of Figure 8 explains the common influence of B and C on the
response variable strength-50% under the condition of A=2 (the ball-to-material ratio is 2). The response variable
strength-50% is plotted at 2MPa intervals, similar to the above subgraph (b) of Figure 7. It is found that the fixed
C and the adjustment of B basically increase the corresponding variable strength-50% at five intervals (less than
10MPa). Moreover, when the B is set to a constant variable, it is not ideal to improve the strength-50% value by the
increment of C. The above result shows that when the ball-to-material ratio is 2, milling time has more influence on
the response variable strength-50% than milling speed for the response variable strength-50%.

The 3D surface model in subgraph (a) of Figure 9 shows the common influence of A and C on the response
variable strength-50%. Subgraph (b) of Figure 9 shows the interaction between ball-to-material ratio and milling
speed on the response variable strength-50% under the condition B=1.335h (milling time is 1.335h). It can be
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seen that the ball-to-material ratio has a greater influence on the response variable strength-50% than the milling
speed. When C<151rpm, the response variable strength-50% increases with the increment of A (less than 10MPa).
When C=151rpm~212rpm, the response variable strength-50% has no obvious improvement trend (less than 2MPa).
The large half-ring line appears (under the condition of C>212rpm). It shows that when B=1.335h, A>2.78 and
C>212rpm, the response variable strength-50% will decrease (see subgraph (b) of Figure 9). Furthermore, it seems
difficult to increase the response variable strength-50% by increasing the milling speed by fixing the ball ratio.

In conclusion, the ball-to-material ratio has a greater influence on the response variable strength-50%. Moreover,
when milling time is 1.355h, the milling speed is larger (>212rpm) and the ball material is larger (>2.78), the
negative effect of strength should be avoided, resulting in unnecessary waste of resources.

The 3D surface model in subgraph (a) of Figure 10 shows the common influence of A and B on the response
variable strength-50%. Subgraph (b) of Figure 10 exhibits an interaction impact between ball-to-material ratio and
milling time on the response variable strength-50%. The effect of ball-to-material ratio is greater than that of milling
time, and there are half-ring lines in both ball-to-material ratio and milling time. In the processing of CGP, the line
of semi-rings (right data points) should be avoided to pursue higher economic costs in practical engineering.

With CGP as an admixture, different substitution rates have the corresponding optimal milling parameters. It is
concluded that the influence of a single factor on the response variable strength-20% is as follows: milling speed >
milling time > ball-to-material ratio. The influence of a single factor on the response variable strength-50% is as
follows: ball-to-material ratio > milling time > milling speed. Then, in Sections 3.3-3.4, the theoretical reasons for
the influence of physical properties (morphology and particle size distribution) and chemical properties (molecular
structure) on the strength of CGP corresponding to different milling parameters are studied.

3.3 Ball Milling Property Based on Grading Analysis and SEM
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Figure 11. Results of particle size analysis

In Figure 11, the ball-to-material ratios of Run 0, Run 17, Run 1 and Run 15 are 0, 0.318, 2, and 3.68, respectively,
under the conditions of milling time of 1.335h and milling speed of 200rpm. The most probable particle size indicates
the particle size value corresponding to the highest point in the particle size curve; that is, there are the most particle
size values in the particles. The most probable particle sizes of Run 0, Run 17, Run 1, and Run 15 were 724.43um,
275.42pum, 181.97um, 7.85um, respectively. The range of particle size distribution was 0.72um ~2187.76um,
0.72pm ~2187.76 um, 0.63pum ~363.08um, 0.41pm ~15.14pm.

The results show: (1) The particle size distribution of CGP tends to move to a small size distribution with
the increase of the ball-to-material ratio (Figure 11). (2) Compared with Run 0, the most probable particle size
of Run 17 (ball-to-material ratio = 0.318) decreases obviously, and the range of particle size has no change. Run
1 (ball-to-material ratio=2) has no obvious decrease in the most probable pore size, but the range of particle size
decreases obviously. Run 15 (ball-to-material ratio=3.68) has an obvious decrease in the most probable pore size and
the range of particle size. This shows that increasing the ratio of ball to material can effectively reduce the particle
size of CGP, and the key point is to reduce all large particles (Figure 12).
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Figure 12. Electron micrographs of grinding particles under different ball-to-material ratios (milling time=1.335h
and milling speed=200rpm)

In comparison with Run 0, Run 17 (ratio=0.318) has fewer large particles of coal gangue. There is no obvious
difference between the CGP of Run 1 (ratio=2) and Run 17. But there are no large particles of coal gangue in Run
15, and at the same time, there are more fine particles and ultra-fine particles. The above conclusion is consistent
with the conclusion of the particle size analysis. In a word, particle size analysis and morphology observation show
that increasing the ball-to-material ratio can effectively reduce the particle size of CGP, and its aim is to minimize
all large particles.
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Figure 13. Results of particle size analysis
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In Figure 13, the milling speeds of Run 0, Run 17, Run 1, and Run 15 are 31.8 rpm, 200 rpm, and 368 rpm,
respectively, under the conditions of the ball-to-material ratio = 2 and milling time = 1.335 h. The most probable
particle sizes of Run 0, Run 4, Run 1, and Run 10 were 724.43um, 363.07 um, 181.97um, and 3.31pm, respectively.
The range of particle size distribution was 0.72pm ~2187.76m, 0.95pum ~2187.76m, 0.63pm ~363.08 um, and
0.32pum ~275.42pm.

The results show: (1) Increasing the speed causes the particle size distribution of coal gangue to move to a smaller
particle size distribution, similar to the result of increasing the ball-to-material ratio (Figure 11). Also, increasing
the milling speed to 200rpm can effectively reduce the particle size range (the ball-to-material ratio is 2 and the
milling time is 2h), but when the milling speed increases to 368 rpm, the particle size range has little change. Most
of the particle sizes in Run 10 are smaller (D60=5.46:m), and there are some particles larger than 100 m.

There is little difference between Run 0 and Run 4 (milling speed=31.8rpm). Compared with Run 0 and Run 4,
Run 1 (milling speed=200rpm) has fewer large particles. There is no large particle gangue in Run 15 in Figure 14.
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Figure 14. Electron micro-graphs of grinding particles under different milling speed/rpm (ball-to-material ratio=2
and milling time=1.335h)

The above contents show that increasing the milling speed is more effective for easy grinding particles of coal
gangue, but it is not obvious for reducing the overall particle size range (Figure 13). The volume ratio of CGP
between 15.14um and 275.42um in the Run 10 interval accounts for about 15% of the total volume. Possibility:
the milling speed is too high, resulting in some CGP agglomeration, thus restricting the further decrease of grain
size [19]. Since in the process of crushing large CGP into powder, it disturbed the atomic arrangement on the
surface of CGP, weakened the surface electrostatic repulsion, increased the specific surface activation energy, and
increased the surface adsorption effect, which undoubtedly makes the ultra-fine CGP agglomerate again into hard
aggregates under the action of electrostatic and adsorption in the grinding process. It is also possible that because
the ball material ratio is small (ball material ratio=2), the mechanical friction chance of grinding steel balls on CGP
is reduced, so that there are still a small number of large particles.

The effective grinding of coal gangue is promoted by optimizing the grinding parameters. It is conducive to
enhancing the micro-aggregate effect of CGP in cement so as to improve the mechanical properties of cement
paste. The grinding parameters in this paper are limited by the efficiency of the ball mill, and the low-speed
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grinding cannot effectively stimulate the activity of the minerals on the surface of CGP. Therefore, mechanical
activation is not obvious in promoting cement hydration [20]. Researchers can improve the chemical activity of
coal gangue by calcination [21], alkali excitation [22], and microwave activation [23]. These treatment methods are
conducive to the conversion of quartz or kaolin minerals in coal gangue into active silica with low crystallinity [24]
or metakaolin [25]. It collaborates with cement to carry out the hydration reaction, thus realizing the reinforcement
of the internal structure of cement stone [26].

3.4 Model Optimization

The aim of the model establishment can be explored to analyze the influence of various single factors and
interaction factors on response variables, especially to guide actual engineering practice. So, this article performs
multi-objective optimization to find affordable and feasible grinding parameters to meet a desirable defined goal.
Multi-objective optimization was evaluated using the global desirability function Eq. (3).

D= (d' xdy? x di x - x dim)/ =T 3)

Based on this equation, solutions have D values, including factors, response variables, and their combinations,
close to 1, indicating that the obtained solution is closer to the defined goal or target [27]. n represents the number
of factors and response variables existing in the optimization, corresponding to ball-to-material ratio, milling time,
milling speed, strength-20% and strength-50%. r; is the relative importance of each factor or response, and all of
the relative importance are all set to most important. The weight factor is uniformly set to 1.

Table 9. The potential solutions through numerical optimization

Alternatives  Factors Goals Desirability (D) Factors and Response Variables
M-1 A Maximize 0.934 222
B Maximize 0.999 2
C Maximize 1 300
Strength-20%  In range — 25MPa ~ 30.85MPa 1 25 MPa
Strength-50%  In range — 10MPa ~ 14.27MPa 1 11.96 MPa
Combined: 0.977
M-2 A Maximize 1 3
B Maximize 1 2
C Maximize 1 300
Strength-20% In range — 17.42MPa ~ 30.85MPa 1 23.35 MPa
Strength-50% In range — 7.90MPa ~ 14.27MPa 1 11.32 MPa
Combined: 1
N-1 A Minimize 0.907 1.18
B Maximize 0.999 2
C Maximize 1 300
Strength-20%  In range — 25MPa ~ 30.85MPa 1 25 MPa
Strength-50%  In range — 10MPa ~ 14.27MPa 1 11.71 MPa
Combined: 0.963
N-2 A Minimize 0.801 1.4
B Minimize 0.870 0.843
C Maximize 1 300
Strength-20%  In range — 25MPa ~ 30.85MPa 1 25 MPa
Strength-50% In range — 10MPa ~ 14.27MPa 1 11.12 MPa
Combined: 0.871
N-3 A Maximize 0.685 2.38
B Maximize 1 2
C Minimize 0.438 212
Strength-20% In range — 25MPa ~ 30.85MPa 1 25 MPa
Strength-50% In range — 10MPa ~ 14.27MPa 1 12.88 MPa
Combined: 0.670 Rejection
N-4 A Maximize 0.590 2.18
B Minimize 0.497 1.335
C Minimize 0.160 268
Strength-20%  In range — 25MPa ~ 30.85MPa 1 25 MPa
Strength-50%  In range — 10MPa ~ 14.27MPa 1 13.08 MPa
Combined: 0.409 Rejection
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Table 10. Factors and response variables corresponding to M-1, N-1, and N-2

Alternatives A B (h) C (rpm) Strength-20% (MPa) Strength-50% (MPa)
M-1 2.22 2 (120s) 300 25 11.96
N-1 1.18 2 (120s) 300 25 11.71
N-2 1.40 0.843 (50.58s) 300 25 11.12

Table 9 exhibits the potential solutions after numerical optimization. Factor A represents the ball-to-material
ratio, factor B represents milling time, and factor C represents milling speed. M-1 and M-2 are solutions based on
the goal of maximization, while N-1~N-4 are solutions based on the principle of maximum impact factor. The most
influential factor of the response variable strength-20% is the milling speed, and the most significant factor of the
response variable strength-50% is the ball-to-material ratio. Therefore, according to the influencing factors of the
response variable strength-20%, the milling speed target is maximized, the ball-to-material ratio target is minimized,
and the target milling time with medium influencing factors is set to maximize and minimize, corresponding to N-1
and N-2, respectively (Table 9). Similarly, according to the influencing factors of the response variable strength
(50%), the target of the ball-to-material ratio in Table 9 is maximize, and the target of the milling speed is minimize.
The target settings of maximize and minimize for milling time with medium influencing factors correspond to N-3
and N-4, respectively.

In addition, in the original data of this paper, the range of strength-20% value is 17.42 MPa~30.85 MPa, and
the range of strength-20% value is 7.90 MPa~14.27 MPa. So, the paper sets a defined goal or target, which should
be limited to the original data: strength-20% is 25 MPa, strength-50% is 10 MPa. In the maximization target (M-1
and M-2), the targets of response variables strength-20% and strength-50% are set as: in range — 25 MPa~30.85
MPa, in range — 10 MPa~14.27 MPa, and in range — 17.42 MPa~30.85 MPa, in range — 7.90 MPa~14.27 MPa,
respectively. It can be shown that the combination desirability of M-1 and M-2 is 0.977 and 1, respectively, and the
D values of the factor and response variable are also greater than 0.93, which shows that the solutions obtained by
M-1 and M-2 are credible. M-1 and M-2 have the same milling time (2h) and milling speed (300 rpm). However,
the ball-to-material ratio of M-1 is smaller, and the corresponding strengths of 20% and 50% are 7.06% and 1.06%
larger than those of M-2. The work on M-1 feels better, which is explained by the previous discussion results (the
ball material ratio is not positively correlated with the strength). Besides, this means that if you want to get a defined
goal or target, the lower limit of the response variable goal should be set to the defined goal or target, such as M-1.

Therefore, the setting of the response variable goal of N-1~N-4 is the same as that of M-1. The combination
desirability values of N-1 and N-4 are 0.963, 0.871, 0.670, and 0.409, respectively. The combined desirability values
of N-3 and N-4 are too low to be feasible solutions and should be discarded. After the above analysis, only M-1,
N-1, and N-2 are more reliable optimization solutions.

In Table 10, the response variable values corresponding to the grinding parameters of M-1, N-1, and N-2 can
reach the defined goal or target. The comparison results show that the strength-20% (M-1, N-1, and N-2) are all 25
MPa, and the strength-50% corresponding to M-1 is 0.25 MPa and 0.84 MPa (not more than 1 MPa) larger than N-1
and N-2, respectively. Compared to M-1, which has the largest grinding parameter value, it is more reasonable to
choose N-1 and N-2. The ball-to-material ratios of N-1 and N-2 are 1.18 and 1.40, respectively, and the milling time
is 2h (120s) and 0.843h (50.58s), respectively. The ball-to-material ratio is not much different. However, the milling
time of N-2 is 57.85% less than that of N-1, and the milling time of each batch can be reduced by 69.42s. In other
words, when the milling time is increased from 50.58s to 120s, the ball-to-material ratio is slightly reduced from
1.40 to 1.18, and the corresponding strength-50% value is only reduced by 0.59 MPa. Obviously, the N-2 is more
reasonable and economical.

4 Conclusions

The quantitative functional relationship between different grinding parameters and the mechanical properties of
coal gangue cement slurry has been successfully established using the RSM model in this study. By analyzing the
impact of various grinding parameters, the model has identified the optimal test parameters, and its usability and
applicability have been verified. This approach provides valuable insights for the rational utilization of coal gangue
as a solid waste material. The key findings are as follows:

(1) A RSM model was successfully developed to describe the functional relationship between three grinding
parameters and the response variables.

(2) The three factors examined were the ball-to-material ratio, milling time, and milling speed, while the two
response variables were the compressive strengths measured at 90 days.

(3) The ranking of the influence factors for the response variable strength-20% was determined as follows:
milling speed > milling time > ball-to-material ratio. For the response variable strength-50%, the ranking was:
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ball-to-material ratio > milling time > milling speed.

(4) Milling speed was found to be more effective in producing ultra-fine particles from coal gangue, although it
did not significantly reduce the overall particle size range (15.14pm to 275.42pm). In contrast, the ball-to-material
ratio was more effective in reducing and narrowing the overall particle size range (0.4um to 15.14pum).

(5) The optimal grinding parameters were identified as N-2 (ball-to-material ratio: 1.40, milling time: 0.843
hours, milling speed: 300 rpm), which were found to be both cost-effective and feasible.

These findings underscore the significance of using RSM for optimizing the grinding parameters in coal gangue
cement slurry, contributing to enhanced mechanical properties and promoting the sustainable use of coal gangue in
construction materials.
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The data used to support the findings of this study are available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] J. Geng, M. Zhou, Y. Li, Y. Chen, Y. Han, S. Wan, X. Zhou, and H. Hou, “Comparison of red mud and coal
gangue blended geopolymers synthesized through thermal activation and mechanical grinding preactivation,”
Constr. Build. Mater., vol. 153, pp. 185-192, 2017. https://doi.org/10.1016/j.conbuildmat.2017.07.045

[2] C. Q. Wang, D. Y. Duan, X. Li, and D. S. Bai, “Safe and environmentally friendly use of coal gangue in C30
concrete,” Sustain. Chem. Pharm., vol. 38, p. 101502, 2024. https://doi.org/10.1016/j.scp.2024.101502

[3] J. Li and J. Wang, “Comprehensive utilization and environmental risks of coal gangue: A review,” J. Clean.
Prod., vol. 239, p. 117946, 2019. https://doi.org/10.1016/j.jclepro.2019.117946

[4] Y. Li, J. Zhang, C. Yan, T. Bold, J. Wang, and K. Cui, “Effect of activated coal gangue on the hydration and
hardening of Portland cement,” Constr. Build. Mater., vol. 422, p. 135740, 2024. https://doi.org/10.1016/j.co
nbuildmat.2024.135740

[5] Z. Shao and M. Cao, “Hydration mechanism of limestone calcined clay cement containing calcined coal
gangue,” Constr. Build. Mater., vol. 438, p. 136906, 2024. https://doi.org/10.1016/j.conbuildmat.2024.136906

[6] Z. H. Guo, X. L. Zhu, W. Yang, and Y. X. Gao, “Effects of solid waste on the mechanical properties and
hydration products of cement mortar,” J. Phys.: Conf. Ser., vol. 1777, no. 1, p. 012010, 2021. https://doi.org/
10.1088/1742-6596/1777/1/012010

[71 Y. Liu, T. C. Ling, M. Wang, and Y. Y. Wu, “Synergic performance of low-kaolinite calcined coal gangue
blended with limestone in cement mortars,” Constr. Build. Mater., vol. 300, p. 124012, 2021. https://doi.org/
10.1016/j.conbuildmat.2021.124012

[8] A. E. Giirel, U. Agbulut, and Y. Bigen, “Assessment of machine learning, time series, response surface
methodology and empirical models in prediction of global solar radiation,” J. Clean. Prod., vol. 277, p.
122353, 2020. https://doi.org/10.1016/j.jclepro.2020.122353

[9] S. Gasemloo, M. Khosravi, M. R. Sohrabi, S. Dastmalchi, and P. Gharbani, “Response surface methodology
(RSM) modeling to improve removal of Cr (VI) ions from tannery wastewater using sulfated carboxymethyl
cellulose nanofilter,” J. Clean. Prod., vol. 208, pp. 736—742,2019. https://doi.org/10.1016/].jclepro.2018.10.177

[10] N. S. A. Yaro, M. B. Napiah, M. H. Sutanto, A. Usman, and S. M. Saeed, “Modeling and optimization of
mixing parameters using response surface methodology and characterization of palm oil clinker fine modified
bitumen,” Constr. Build. Mater., vol. 298, p. 123849, 2021. https://doi.org/10.1016/j.conbuildmat.2021.123849

[11] Z. Tian, Z. Zhang, K. Zhang, X. Tang, and S. Huang, “Statistical modeling and multi-objective optimization of
road geopolymer grouting material via RSM and MOPSO,” Constr. Build. Mater., vol. 271, p. 121534, 2021.
https://doi.org/10.1016/j.conbuildmat.2020.121534

[12] D. Hou, D. Chen, X. Wang, D. Wu, H. Ma, X. Hu, and R. Yu, “RSM-based modelling and optimization of
magnesium phosphate cement-based rapid-repair materials,” Constr. Build. Mater., vol. 263, p. 120190, 2020.
https://doi.org/10.1016/j.conbuildmat.2020.120190

[13] N. H. Mtarfi, Z. Rais, M. Taleb, and K. M. Kada, “Effect of fly ash and grading agent on the properties of
mortar using response surface methodology,” J. Build. Eng., vol. 9, pp. 109-116, 2017. https://doi.org/10.101
6/j.jobe.2016.12.004

[14] D.R. Pinheiro, R. D. F. Neves, and S. P. Paz, “A sequential Box-Behnken Design (BBD) and Response Surface
Methodology (RSM) to optimize SAPO-34 synthesis from kaolin waste,” Micropor. Mesopor. Mater., vol. 323,
p- 111250, 2021. https://doi.org/10.1016/j.micromeso0.2021.111250

169


https://doi.org/10.1016/j.conbuildmat.2017.07.045
https://doi.org/10.1016/j.scp.2024.101502
https://doi.org/10.1016/j.jclepro.2019.117946
https://doi.org/10.1016/j.conbuildmat.2024.135740
https://doi.org/10.1016/j.conbuildmat.2024.135740
https://doi.org/10.1016/j.conbuildmat.2024.136906
https://doi.org/10.1088/1742-6596/1777/1/012010
https://doi.org/10.1088/1742-6596/1777/1/012010
https://doi.org/10.1016/j.conbuildmat.2021.124012
https://doi.org/10.1016/j.conbuildmat.2021.124012
https://doi.org/10.1016/j.jclepro.2020.122353
https://doi.org/10.1016/j.jclepro.2018.10.177
https://doi.org/10.1016/j.conbuildmat.2021.123849
https://doi.org/10.1016/j.conbuildmat.2020.121534
https://doi.org/10.1016/j.conbuildmat.2020.120190
https://doi.org/10.1016/j.jobe.2016.12.004
https://doi.org/10.1016/j.jobe.2016.12.004
https://doi.org/10.1016/j.micromeso.2021.111250

[15] H. Song, H. Chung, and K. Nam, “Response surface modeling with Box-Behnken design for strontium removal
from soil by calcium-based solution,” Environ. Pollut., vol. 274, p. 116577, 2021. https://doi.org/10.1016/j.en
vpol.2021.116577

[16] A. Kazemian, M. Khatibi, and T. Ma, “Performance prediction and optimization of a photovoltaic thermal
system integrated with phase change material using response surface method,” J. Clean. Prod., vol. 290, p.
125748, 2021. https://doi.org/10.1016/j.jclepro.2020.125748

[17] A.Hafeez, S. A. A. Taqvi, T. Fazal, F. Javed, Z. Khan, U. S. Amjad, and F. Rehman, “Optimization on cleaner
intensification of ozone production using Artificial Neural Network and Response Surface Methodology:
Parametric and comparative study,” J. Clean. Prod., vol. 252, p. 119833, 2020. https://doi.org/10.1016/].jclepr
0.2019.119833

[18] Q. Zhang, X. Feng, X. Chen, and K. Lu, “Mix design for recycled aggregate pervious concrete based on
response surface methodology,” Constr. Build. Mater., vol. 259, p. 119776, 2020. https://doi.org/10.1016/j.co
nbuildmat.2020.119776

[19] Y. Zhao, J. Qiu, Z. Ma, and X. Sun, “Eco-friendly treatment of coal gangue for its utilization as supplementary
cementitious materials,” J. Clean. Prod., vol. 285, p. 124834, 2021. https://doi.org/10.1016/j.jclepro.2020.124
834

[20] M. Zhang, L. Li, F. Yang, S. Zhang, H. Zhang, and J. An, “Thermal activation and mechanical properties of
high alumina coal gangue as auxiliary cementitious admixture,” Mater. Res. Express, vol. 11, no. 2, p. 025201,
2024. https://doi.org/10.1088/2053-1591/ad239d

[21] R. Garcia, R. V. de la Villa, M. Frias et al., “Mineralogical study of calcined coal waste in a pozzolan/Ca(OH),
system,” Appl. Clay Sci., vol. 108, pp. 45-54, 2015. https://doi.org/10.1016/j.clay.2015.02.014

[22] Z.Zhang, Y. Ji, Z. Ma et al., “Dehydrated cement paste improves compressive strength of alkali-activated coal
gangue,” Mag. Concr. Res., vol. 74, no. 22, pp. 1135-1149, 2022. https://doi.org/10.1680/jmacr.21.00080

[23] X. Guan, J. Chen, M. Zhu, and J. Gao, “Performance of microwave-activated coal gangue powder as auxiliary
cementitious material,” J. Mater. Res. Technol., vol. 14, pp. 2799-2811, 2021. https://doi.org/10.1016/j.jmrt.2
021.08.106

[24] J. Zhang, H. Han, and L. Wang, “Pozzolanic activity experimental dataset of calcined coal gangue,” Data Brief,
vol. 51, p. 109802, 2023. https://doi.org/10.1016/j.dib.2023.109802

[25] S.H.Lu,J.Pan,D. Q. Zhu, Z. Q. Guo, S. W. Li, Y. Shi, and W. J. Zhang, “Investigation on activation technology
of self-heating decarbonization of coal gangue by a sintering process,” J. Cent. South Univ., vol. 30, no. 4, pp.
1158-1167, 2023. https://doi.org/10.1007/s11771-023-5299-3

[26] G. Ke, H. Jiang, and Z. Li, “Study on the calorific value and cementitious properties of coal gangue with 0-1
mm particle size,” Constr. Build. Mater., vol. 414, p. 135061, 2024. https://doi.org/10.1016/j.conbuildmat.20
24.135061

[27] I. Ferdosian and A. Camdes, “Eco-efficient ultra-high performance concrete development by means of response
surface methodology,” Cem. Concr. Compos., vol. 84, pp. 146—156, 2017. https://doi.org/10.1016/j.cemconco
mp.2017.08.019

170


https://doi.org/10.1016/j.envpol.2021.116577
https://doi.org/10.1016/j.envpol.2021.116577
https://doi.org/10.1016/j.jclepro.2020.125748
https://doi.org/10.1016/j.jclepro.2019.119833
https://doi.org/10.1016/j.jclepro.2019.119833
https://doi.org/10.1016/j.conbuildmat.2020.119776
https://doi.org/10.1016/j.conbuildmat.2020.119776
https://doi.org/10.1016/j.jclepro.2020.124834
https://doi.org/10.1016/j.jclepro.2020.124834
https://doi.org/10.1088/2053-1591/ad239d
https://doi.org/10.1016/j.clay.2015.02.014
https://doi.org/10.1680/jmacr.21.00080
https://doi.org/10.1016/j.jmrt.2021.08.106
https://doi.org/10.1016/j.jmrt.2021.08.106
https://doi.org/10.1016/j.dib.2023.109802
https://doi.org/10.1007/s11771-023-5299-3
https://doi.org/10.1016/j.conbuildmat.2024.135061
https://doi.org/10.1016/j.conbuildmat.2024.135061
https://doi.org/10.1016/j.cemconcomp.2017.08.019
https://doi.org/10.1016/j.cemconcomp.2017.08.019

	1 Introduction
	2 Materials and Methods
	2.1 CGP Characterization
	2.2 Design of Experiments
	2.2.1 Grinding process and preparation of specimen
	2.2.2 Setting grinding parameters based on central composite design
	2.2.3 RSM


	3 Results and Discussion
	3.1 The Analysis and Establishment of RSM Model
	3.1.1 The estimate of coefficients in terms of coded factors
	3.1.2 ANOVA (analysis of variance) for model
	3.1.3 The fit statistic for model

	3.2 Influence of Various Factors and Their Interaction on Strength-20% and Strength-50%
	3.2.1 Strength-20%
	3.2.2 Strength-50%

	3.3 Ball Milling Property Based on Grading Analysis and SEM
	3.4 Model Optimization

	4 Conclusions

