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Optimization of Fly Ash-Slag Based Cementitious Material Proportions Based on Response Surface Method

[bookmark: _GoBack]Abstract: Fly ash, slag, and carbide slag are wastes generated from industrial production. As bulk industrial solid wastes, the efficient utilization of these industrial by-products has long been a pressing issue. Research on these wastes has been increasing both domestically and internationally, and wastes such as fly ash have been widely applied, particularly in the field of civil construction materials. They can not only be used as raw materials for cement but also as admixtures in construction mortar and concrete, aiming to achieve high-performance utilization by optimizing the proportioning of cementitious materials. However, there are still challenges in the optimal mix design of solid waste-based materials. By scientifically optimizing the mix proportions, the core properties of cementitious materials, such as strength and durability, can be precisely regulated, addressing the issue of performance fluctuations caused by solid waste incorporation and ensuring they meet the requirements of various construction scenarios. This study optimizes the proportion of fly ash-slag-based all-solid waste cementitious materials using the response surface methodology, exploring the interactions between activators and solid waste materials.
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1. Introduction
Total-solid-waste cementitious materials are one of the core green materials for realizing the resource utilization of industrial solid waste and promoting low-carbon and sustainable development in civil engineering. However, due to inherent factors such as the complexity of solid waste raw materials, significant differences in activity, and imbalanced component matching, as well as external conditions like temperature variations, wet-dry cycles, and chemical medium erosion in service environments, the mix design of all-solid-waste cementitious materials often faces numerous challenges. An unreasonable mix not only leads to insufficient mechanical performance and decreased volumetric stability of the material but also reduces durability properties such as impermeability and frost resistance, thereby affecting the long-term service quality and safety reliability of engineering structures built with these materials. Therefore, conducting mix optimization studies for all-solid-waste cementitious materials to achieve scientific component matching and performance synergy is of significant engineering application value[1]. Traditional mix design methods largely rely on empirical formulas or single performance index optimization, which have limitations such as weak specificity and poor multi-objective optimization effects, and they are difficult to fully adapt to the characteristic differences of solid waste from various sources. This restricts the full potential performance of all-solid-waste cementitious materials and the expansion of their engineering application scope[2-6]. Therefore, developing new and efficient methods and technologies for optimizing the mix of all-solid-waste cementitious materials is of important practical research significance for promoting their large-scale and high-value application.
Some scholars[7] have used steel slag, red mud, and desulfurization gypsum to prepare composite cementitious materials, and the synergistic effect of steel slag and red mud improves the mechanical properties of the cementitious materials. Other scholars[8] have used alkaline slag, slag, steel slag, and desulfurization gypsum as composite cementitious materials, and iron tailings sand and waste stone as aggregates to prepare clinker-free concrete. When the cementitious materials contain 30% alkaline slag, 45% slag, 15% steel slag, and 10% desulfurization gypsum, the 28-day compressive strength of the concrete can reach 38.3 MPa, with good frost resistance and carbonation resistance, but the drying shrinkage and sulfate attack resistance are poor. Some scholars[9-10] have proposed a slag-fly ash-red mud-desulfurization gypsum solid waste-based cementitious material, where the promotion of hydration by red mud allows the 3-day strength of the solid waste-based cementitious material to exceed 30 MPa.
2. Experimental Materials and Methods
The materials used for preparing fly ash-slag-based cementitious materials include fly ash, granulated blast furnace slag powder, calcium carbide slag, desulfurized gypsum, standard sand, and water.
2.1 Experimental Raw Materials
（1）Fly Ash
The fly ash used in this experiment is Class F, Grade II, presenting as a gray powder. Based on the standard "Fly Ash for Use in Cement and Concrete" (GB/T 1596—2017), various basic property tests were conducted on the fly ash used in this experiment, and the test results are shown in Table 1. Its chemical composition was analyzed using an X-ray fluorescence spectrometer (XRF), and the chemical composition is shown in Table 2.

	Performance Index
	Standard Value (Grade II)
	Measured Value

	Density /（g/cm3）
	≤2.6
	2.3

	Activity Index/%
	≥70.0
	76.8

	Fineness (45 µm sieve residue, %)/%
	≤30.0
	10.6

	Loss on Ignition（LOI）/%
	≤8.0
	4.9


Table. 1 Chemical composition of fly ash

	Chemical Composition
	SiO2
	Al2O3
	Fe2O3
	CaO
	K2O
	SO3
	TiO2

	Content/%
	50.20
	34.06
	4.65
	3.82
	1.98
	1.33
	1.32


Table. 2 Chemical composition of fly ash

（2）Granulated Blast Furnace Slag Powder
The granulated blast furnace slag powder used in this experiment is S95 grade granulated blast furnace slag powder. It was tested in accordance with "Granulated Blast Furnace Slag Powder for Cement and Concrete" (GB/T 18046—2017), and the test results are shown in Table 3.

	Performance Index
	Standard Value (S95 Grade)
	Measured Value

	Density/（g/cm3）
	≥2.8
	2.90

	Specific Surface Area/（m2/kg）
	≥400
	628

	Activity Index/%
	≥95
	96.5

	Loss on Ignition（LOI）
	≤1.0
	0.5


Table. 3 Performance index of granulated blast furnace slag powder

The chemical composition of the granulated blast furnace slag powder was analyzed using XRF, and the results are shown in Table 4.

	Chemical Composition
	CaO
	SiO2
	Al2O3
	MgO
	SO3
	TiO2
	Na2O

	Ingredient Percentage (%)
	34.72
	32.31
	18.23
	10.11
	2.13
	0.67
	0.54


Table. 4 Chemical composition of granulated blast furnace slag powder

（3） Activator
1.Desulfurization Gypsum
The desulfurization gypsum used in this experiment is in the form of earth-colored blocks. After crushing, it was sieved to test particle size distribution. Its chemical composition was analyzed using an X-ray fluorescence spectrometer (XRF); the chemical composition is shown in Table 5.

	Chemical Composition
	SO3
	CaO
	SiO2
	MgO
	F
	Al2O3
	Fe2O3

	Ingredient Percentage (%)
	51.66
	38.01
	3.26
	2.23
	2.07
	1.65
	0.61


Table. 5 Chemical composition of desulfurization gypsum

2. Carbide Slag
The carbide slag used in this experiment appears as a white powder. Its chemical composition was analyzed using an X-ray fluorescence spectrometer (XRF), and the chemical composition is shown in Table 6.

	Chemical Composition
	CaO
	MgO
	SiO2
	Al2O3
	Fe2O3
	SO3
	Cl

	Ingredient Percentage (%)
	95.67
	2.03
	0.81
	0.62
	0.39
	0.34
	0.06


Table. 6 Chemical composition of carbide slag
（4） Sand
The sand used in this study for preparing alkali-activated fly ash/slag mortar is ISO standard sand produced by Xiamen ISO Standard Sand Co., Ltd. The SiO₂ content is greater than 96%, the clay content does not exceed 0.20%, and the loss on ignition does not exceed 0.40%.
 2.2 Experimental Design
The response surface optimization design method was used to optimize the formulation of the all-solid-waste cementitious material. In the experiments, the total mass of the cementitious material was kept constant. Once the contents of three of the four components were determined, the content of the fourth was consequently fixed. Therefore, the amounts of fly ash and the two activators were selected as variables for the study. The mortar tests were conducted according to the 'Method for Testing Strength of Cement Mortar (ISO Method)' (GB/T 17671—2021) to form specimens, cure them, and perform strength tests. A planetary mixer was used to evenly mix the components of the cementitious material. After demolding, the specimens were wrapped with polyethylene film and placed in a constant-temperature curing chamber at a temperature of (20±1)°C. At 28 days of curing, compressive strength was tested using a compression testing machine, and the data were recorded. The factors and levels studied under the carbide slag–desulfurization gypsum composite activator system are shown in Table 7. The content of desulfurization gypsum varied from 5% to 15%, and the content of carbide slag varied from 5% to 15%. With the fly ash content varying from 30% to 70%, the proportion of slag powder varied from 60% to 0%. Accordingly, the fly ash content, desulfurization gypsum content, and carbide slag content were selected as the research variables. When analyzing two variables appearing in the response surface, the third variable was set at the midpoint of its range.

	Factor
	Coding
	Level

	
	
	-1
	0
	1

	Fly Ash/%
	A/%
	30
	50
	70

	Desulfurization Gypsum/%
	B/%
	5
	10
	15

	Carbide Slag/%
	C/%
	5
	10
	15


Table 7. Factors and levels

3. Results and discussion
(1) Combined with the data of the first four groups in Table 8, it can be seen that when the desulfurization gypsum content is 5%~15% and the calcium carbide slag content is 10%, the fly ash content increases from 30% to 70%, and the compressive strength decreases from 23.6MPa and 20.3MPa to 13.9MPa and 10.3MPa, respectively, with a significant decrease. This indicates that fly ash dosage plays a dominant role in the strength of the system. Fly ash mainly provides SiO2 and Al2O3 (about 84.26% in total), but the CaO content is very low (3.82%), so when the proportion of fly ash increases and the slag decreases accordingly, the source of active CaO in the system is obviously insufficient, and it is difficult to form enough high-calcium-silicon specific gels, resulting in loose overall structure and low strength.
(2) Comparing the data of the four groups F30G10C5, F70G10C5, and F30G10C15 and F70G10C15, the fly ash content was 30% and 70% respectively, and the strength decreased when the calcium carbide slag content was 5% and 15% and the desulfurization gypsum was fixed at 10%. For example, when the fly ash content is 30%, the calcium carbide slag increases from 5% to 15%, and the strength decreases from 24.1MPa to 22.2MPa, and when the fly ash content is 70%, the strength decreases from 12.9MPa to 10.3MPa. The main component of calcium carbide slag is CaO (95.67%), which can provide an alkaline environment and promote the dissolution of aluminosilicate when mixed in small amounts. However, too high dosage may lead to excessive alkalinity and imbalance of reaction rate, and at the same time crowd out the space of active components such as slag, which will affect the stable cross-linking of the gel in the later stage, which is not conducive to the development of strength.
(3) Observing the data from groups 9 to 12, the fly ash content was fixed at 50%, and the desulfurization gypsum and calcium carbide slag changed between 5% and 15%, respectively. The strength of desulfurized gypsum is 14.5MPa when it is 5% and calcium carbide slag is 5%, and the strength is 19.4MPa when desulfurized gypsum is 5% and calcium carbide slag is 15%, indicating that an appropriate increase in calcium carbide slag is conducive to the improvement of strength under certain conditions; but when both are 15%, the strength drops sharply to 9.5MPa. Desulfurized gypsum contains high SO3 (51.66%) and CaO (38.01%), which can synergistically stimulate the activities of slag and fly ash and promote the symbiosis of multiple gels when combined with calcium carbide slag. If both are too high, too much SO3 and CaO will be introduced, causing an imbalance in product composition, resulting in a significant decrease in intensity.
(4) Comprehensive analysis shows that the change law of compressive strength at 28 days is affected by the synergy of fly ash, slag, desulfurized gypsum and calcium carbide slag. The relative ratio of fly ash to slag determines the balance of calcium, silicon, and aluminum sources in the system, which directly affects the formation of the basic skeleton of the gel. Desulfurized gypsum and calcium carbide slag can promote the depolymerization and recombination of aluminosilicate network under appropriate dosage, but excessive amount will interfere with the reaction process and product stability.

	Std
	A/%
	B/%
	C/%
	28-day compressive strength MPa

	1
	30
	5
	10
	23.6

	2
	70
	5
	10
	13.9

	3
	30
	15
	10
	20.3

	4
	70
	15
	10
	10.3

	5
	30
	10
	5
	24.1

	6
	70
	10
	5
	12.9

	7
	30
	10
	15
	22.2

	8
	70
	10
	15
	10.3

	9
	50
	5
	5
	14.5

	10
	50
	15
	5
	15.3

	11
	50
	5
	15
	19.4

	12
	50
	15
	15
	9.5

	13
	50
	10
	10
	18.7

	14
	50
	10
	10
	17.1

	15
	50
	10
	10
	17.9

	16
	50
	10
	10
	19.4

	17
	50
	10
	10
	18.7


Table 8. Test schemes and compressive strength values
Analysis of Figure 1 shows that under the condition of a fixed carbide slag content of 10%, as the fly ash content increases from 30% to 70%, the compressive strength generally exhibits a declining trend, especially when the desulfurized gypsum content is relatively low (around 5%), where the decrease is more pronounced. When the desulfurized gypsum content varies between 5% and 15%, the strength initially slightly increases with its addition, then the growth tends to level off or even decline, indicating the presence of an optimal dosage range. Under the condition of a fixed desulfurized gypsum content of 10%, as the fly ash content increases from 30% to 70%, the compressive strength overall shows a decreasing trend, which is related to the low CaO content in the fly ash; increasing its proportion significantly reduces the calcium-to-silicon ratio in the system, limiting the formation of high-calcium-silicate gel. The influence of carbide slag exhibits a distinctly nonlinear characteristic: when the fly ash content is relatively low (30%-50%), increasing the carbide slag from 5% to about 10% gradually enhances the strength, indicating that the strong alkaline environment provided (CaO content 95.67%) can effectively activate the fly ash and slag. However, beyond approximately 10%, the enhancement effect tends to plateau or even decline, as excessive CaO causes an imbalance in the reaction process or results in a loose product structure. From the overall trend of the response surface, it can be seen that the system's strength does not monotonically increase with the addition of both components; rather, a notable strength peak appears in the range of about 9%-11% for desulfurized gypsum and 9%-11% for carbide slag, suggesting the existence of an optimal ratio for their synergistic effect near this region. Once this region is exceeded, whether the desulfurized gypsum or carbide slag content is individually high or both are simultaneously high, the strength shows a decreasing trend.
[image: 1770191477844]    [image: 1770192940363]
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Fig. 1. Response surface analysis diagram
Based on the results of the response surface optimization experiments, the relationship between the three variables and the response, namely the 28-day compressive strength of the mortar, was fitted. The corresponding equation is y = 18.36 - 5.35A - 2.00B - 0.6750C - 0.0750AB - 0.1750AC - 2.67BC + 0.6825A² - 2.02B² - 1.67C². The experimental results of the quadratic model fitting equation and the analysis of variance are shown in Table 9.

	Source
	Sum of Squares
	Degree of Freedom
	Mean Square
	F Value
	Significance Level P

	Model
	324.78
	9
	36.09
	37.25
	<0.0001

	A
	228.98
	1
	228.98
	236.34
	<0.0001

	B
	32.00
	1
	32.00
	33.03
	0.0007

	C
	3.65
	1
	3.65
	3.76
	0.0936

	AB
	0.0225
	1
	0.0225
	0.0232
	0.8832

	AC
	0.1225
	1
	0.1225
	0.1225
	0.7326

	BC
	28.62
	1
	28.62
	29.54
	0.0010

	A2
	1.96
	1
	1.96
	2.02
	0.1978

	B2
	17.14
	1
	17.14
	17.69
	0.0040

	C2
	11.71
	1
	11.71
	12.08
	0.0103

	Residual
	6.78
	7
	0.9689
	
	

	Lack of Fit
	3.67
	3
	1.22
	1.57
	0.3279

	Pure Error
	3.11
	4
	0.7780
	
	

	Cor Total
	331.56
	16
	
	
	

	
	
	R2=0.9795          C.V%=5.81

	
	
	RAdj2=0.9532        S/N=19.8363                


Table 9. Analysis of variance for quadratic model test results

As shown in Table 9, the regression model for the 28-day compressive strength of mortar is highly significant with P<0.0001; the lack-of-fit term 0.3279>0.05, not significant, indicating that the model has a high degree of fit and is highly reliable. The coefficient of determination R²=0.9795 and the adjusted R²=0.9532 both approach 1, indicating a good model fit. About 97.95% of the 28-day mortar compressive strength is affected by the content of fly ash, desulfurized gypsum, and carbide slag in the slurry. The coefficient of variation (C.V%) is 5.81<10, indicating small differences between data points and that the regression model for the 28-day mortar compressive strength is highly reliable. The signal-to-noise ratio (S/N) represents the ratio of information that can be explained by the model to information that cannot, with S/N=19.8363>4, further indicating that the model is highly reliable. Therefore, this regression model can be used to analyze the effect of slurry proportions of fly ash, desulfurized gypsum, carbide slag, and slag on the 28-day compressive strength of mortar.  
Analysis of variance shows that the fly ash content in the slurry (A, P<0.001) and desulfurized gypsum content (B, P<0.001) have extremely significant effects on the 28-day compressive strength of mortar, while carbide slag (C, P<0.1) has a significant effect. The order of influence of the single factors is A>B>C. Among the interaction terms, the interaction of the activator content in the slurry (BC, P<0.05) has the greatest effect on the 28-day compressive strength of mortar; the interaction of fly ash in the slurry (AB, P>0.05) has the least effect. The sequence of interaction effects is BC>AC>AB. According to the fitted equation, the optimal mix ratio is: fly ash content of 31.3%, slag 50.2%, desulfurized gypsum content 8.8%, and carbide slag content 9.7%, with a measured 28-day compressive strength of 24.81 MPa.
4.Conclusion
This study took fly ash and S95 grade granulated blast furnace slag powder as the main solid waste base materials, carbide slag and desulfurized gypsum as composite activators, and adopted the response surface method to optimize the proportion of all-solid waste cementitious materials. It explored the influence laws of fly ash, desulfurized gypsum and carbide slag content on the 28-day compressive strength of the materials and the interaction between various factors, and obtained the following core conclusions: 
(1) There are significant differences in the influence degree of single factors on the 28-day compressive strength of cementitious materials, in the order of fly ash content > desulfurized gypsum content > carbide slag content from high to low. The increase of fly ash content will significantly reduce the material strength, because the CaO content of fly ash is extremely low, and the increase of its proportion will lead to insufficient active CaO in the system, making it difficult to form a sufficient amount of gel with high calcium-silicon ratio and resulting in a loose structure.
(2) The content of composite activator has a nonlinear effect on the strength: an appropriate amount can effectively improve the strength, while an excessive amount will produce an inhibitory effect. A small amount of carbide slag can provide a strong alkaline environment to promote the dissolution of aluminosilicate, but an excessively high content will lead to an imbalance of system alkalinity, occupy the space of active components such as slag, and affect the stable cross-linking of gel in the later stage; desulfurized gypsum and carbide slag can synergistically activate the activity of slag and fly ash and promote the symbiosis of multiple gels, while the high content of both will introduce excessive SO3 and CaO, causing an imbalance in product composition and a sharp drop in strength.
(3) Among the interactions between various factors, the interaction between desulfurized gypsum and carbide slag has an extremely significant effect on strength, while the interactions between fly ash and desulfurized gypsum, and fly ash and carbide slag have no significant effect. There is an optimal synergistic dosage range for the composite activator: the material strength reaches a peak when 9%~11% desulfurized gypsum is combined with 9%~11% carbide slag. Beyond this range, the strength shows a downward trend regardless of the high content of a single component or both components.
(4) The quadratic regression model of 28-day compressive strength fitted based on the response surface test data has extremely high fitting degree and reliability (P<0.0001, R²=0.9795), which can effectively analyze the influence of various proportions on the material strength. Through this model, the optimal proportion of cementitious materials in the research system is determined as follows: fly ash 31.3%, slag powder 50.2%, desulfurized gypsum 8.8%, and carbide slag 9.7%. The measured 28-day compressive strength of the material under this proportion can reach 24.81 MPa.
(5) The relative ratio of fly ash to slag determines the balance of calcium, silicon and aluminum sources in the system and directly affects the formation of the basic skeleton of the gel; desulfurized gypsum and carbide slag can promote the depolymerization and recombination of the aluminosilicate network at an appropriate dosage, which is the key to regulating the strength of solid waste cementitious materials, and the synergistic matching of each component is the core to realize the high performance of all-solid waste cementitious materials.
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