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Aiming at the problem that it is difficult to realize low-cost, high-performance and large-scale 
utilization of cementitious materials prepared from bulk solid wastes, this paper constructs a set of 
composite cementitious system based on alkaline activation of slag and fly ash (FA) by calcium carbide 
slag (CCS) and synergistic activation of sodium sulfate (Na2SO4) as a chemical dopant. The influence 
of factors such as solid waste type, mixing ratio, and Na2SO4 content on the mechanical properties of 
composite cementitious systems was investigated by assessing compressive strength and analyzing 
microstructure using XRD, SEM-EDS, and FTIR. The test results indicate that CCS and Na2SO4 exert 
significant influences on the strength of the composite cementitious system. CCS acts as an alkali 
activator, enhancing the system’s hydration with an optimal dosage of 25%. Low Na2SO4 content 
also promotes hydration, but higher concentrations disrupt the internal structure of the cementitious 
system post-coagulation, with an optimal content of 6%. The Projection Pursuit Regression (PPR) 
strength prediction model can fit the actual experimental data very well, which provides a feasible 
method for the proportion design and mechanical strength prediction of all-solid-waste cementitious 
systems.

Keywords  Solid wastes, Geopolymers, Alkali-sulfate synergistic activation, Mechanical property, PPR 
modeling

Traditional Portland cement has been widely used in the field of building materials, but its long-term use 
inevitably leads to a large amount of carbon dioxide emissions and energy consumption, thus exacerbating 
the greenhouse effect1. In recent years, with the introduction of the concepts of “Carbon Peaking and Carbon 
Neutrality2” and “Green Building Materials3”, the use of solid waste has attracted the attention of researchers. 
Alkali-activated materials are a new type of cementitious system with pozzolanic activity that is based on silicon 
and aluminum as the main elements. These methods rely mainly on the introduction of alkalis (such as NaOH 
and sodium silicate) to cause the silicon and aluminum in the raw materials to form a polyaluminate material with 
a three-dimensional network structure. Because the good mechanical properties of alkali-activated materials are 
primarily due to silicon and aluminum rather than calcium, these materials are also referred to as geopolymers4. 
According to their chemical composition, precursors can be divided into high-calcium materials (slag) and low-
calcium or calcium-free materials (fly ash, silica fume, etc.). Geopolymers have attracted the attention of many 
researchers because of their unique microstructural properties and excellent mechanical properties. FA has 
played a role in the manufacturing of geopolymers and promoted the development of environmentally friendly 
building materials5. Slag contains chemical components such as CaO and SiO2. The silicon-rich phase C-S-H 
formed under the action of an activator has stronger atomic bonds and greater strength than the calcium-rich 
phase cementitious products formed from traditional Portland cement6.

Strongly corrosive saline soils are widely distributed in Northwest China, and severe erosion from sulfate and 
other types of salt crystallization has occurred. In particular, salt lakes are widely distributed in Northwest China, 
and underground engineering structures have been in erosive solutions for a long time or in dry and wet cycle 
areas, which significantly damages and deteriorates the structure7. Could the idea of “turning danger into safety” 
have been used to convert the hazard of sulfate erosion into a way to improve the strength of geopolymers? 
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Sulfate is a basic metal sulfate. As an activator, sodium sulfate is more economical and environmentally friendly 
than sodium hydroxide and sodium silicate are8. Adding sodium sulfate to the gelation system could promote 
the hydration reaction9. Some scholars have reported that the addition of sodium sulfate to the gelation material 
significantly affects the hydration reaction rate in the gelation system and plays a positive role10–14. Sodium 
sulfate participates in the hydration reaction, promotes the formation of the AFt phase, increases the alkalinity 
of the sample, and stimulates gel formation, and the hydration products fill the pores of the material, thereby 
optimizing the microstructure of the gelation material15. However, a high sodium sulfate content accelerates the 
production of more expansive products, destroys the microstructure of the cementitious material, and leads to a 
sharp decrease in strength16,17. Since the pH of a sulfate solution is generally between 9 and 10, the hydration of 
cementitious material is promoted more slowly than that of other strongly alkaline materials, and early strength 
often does not meet the requirements. If an alkaline material was added to a sulfate-activated cementitious 
material system, the early strength of the paste could be significantly improved, but the rate of increase in the 
late strength would be reduced18.

As a strongly alkaline waste residue product generated in industrial production, CCS can cause serious 
environmental damage if it is landfilled or dumped. How to achieve the reuse of CCS has become an important 
issue that needs to be addressed today19. The comprehensive utilization and environmental management of CCS 
face many challenges, and further research and technological improvements are needed to increase the efficiency 
of its application and reduce its environmental impact.

CCS is strongly alkaline and can be used as an alkali activator to establish an alkali-activated solid waste gel 
system. CCS had a good activating effect on cementitious materials such as slag. The alkaline material CCS can 
form a stable alkaline environment, promote the initial hydration reaction20, and provide many Ca2+ ions, which 
provide raw materials for the hydration products21–23. An analysis of the evolution of the mechanical strength 
and the development of the microstructure of the CCS alkali-activated gelling material revealed that the NaCl, 
CaCl2 and Ca(OH)2 components in the alkali residue participated in the hydration process, resulting in a denser 
microstructure and lower porosity, which increased the compressive strength and density24,25.

To improve the early strength of sodium sulfate-activated geopolymer materials and ensure the late strength 
of the gelation system, CCS was added to the geopolymer material. Many previous studies have focused on 
enhancing the properties of FA/Slag-based alkali-activated materials via sulfate or CCS26–28. However, there 
has been very limited research on the combined effects of these two factors on the mechanical properties and 
microstructures of hydrated products in multifunctional solid waste gelation systems.

In this study, composite cementitious systems were prepared using common industrial byproducts, including 
CCS, FA and slag, as the primary materials. Additionally, Na2SO4 was added as an activator to further stimulate 
the gelling material. The impacts of the solid waste type, mixing ratio and Na2SO4 content on the mechanical 
properties of composite cementitious systems were examined by determining the compressive strength of 
each system. The microstructure was analyzed via XRD, SEM‒EDS and FTIR to elucidate the mechanism of 
action of each component. A compressive strength prediction model of the composite cementitious system was 
established via PPR, thereby providing a theoretical basis for the safe and efficient utilization of industrial waste 
materials such as CCS, FA and slag.

Materials and methods
Raw materials
The raw materials for this study include Class I C FA from thermal power plants in Chang ji City, CCS from 
acetylene production at Xinjiang Hua tai Heavy Chemical Co., and S75 Slag from Xinjiang Bao Xin Sheng yuan 
Co. Anhydrous Na2SO4 (99% analytically pure) was obtained from Tianjin Zhiyuan Chemical Reagent Co., and 
tap water was used for testing. Table 1 presents the main chemical compositions and apparent densities of the 
materials used in the cementitious system. The raw material XRD spectrum was shown in Fig. 1.

Mix proportions and preparation of sample
Mix proportions
Three cementitious systems were prepared, comprising CCS-Slag (C-S), CCS-FA (C-F), and CCS-Slag-FA 
(C-S + F). The proportion of mixture is shown in Table 2.

Preparation of sample specimen preparation
The sample preparation process was conducted `in accordance with the JGJ/T 70-200929 standard, with material 
proportions determined based on the experimental program table. Initially, the ingredients should be weighed 
and subsequently blended for a duration of 30 s. Subsequently, a precise quantity of Na2SO4 is weighed and 
dissolved in distilled water to produce a salt solution. Subsequently, the prepared salt solution is introduced 
to the mixed ingredients, and the mixture is subjected to a 60-second period of agitation. Once mixing was 

Chemical composition of cementitious materials (%)

Apparent density (g·cm− 3)Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O

CCS 22.08 4.71 1.36 0.85 69.60 0.00 0.10 0.03 0.06 0.68

FA 0.42 48.68 17.53 8.28 12.72 2.49 1.06 1.13 1.04 2.36

Slag 1.12 37.94 18.43 0.92 39.00 2.14 0.22 0.11 0.11 2.60

Table 1.  Chemical composition and apparent density table of cementitious materials.
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complete, the slurry was poured into molds with dimensions of 40 × 40 × 160 mm. The molded specimens were 
subsequently placed in a standard curing box under controlled conditions (temperature of 20 ± 3 °C and humidity 
of 90%) for curing. After 24 h, the specimens were demolded and returned to the curing box to continue the 
curing process. After 28 days of curing, the specimens underwent unconfined compressive strength testing and 
microstructure analysis. The detailed procedure is illustrated in Fig. 2.

Test methods
Compressive strength test
Compressive strength is tested using TYA − 300B automatic pressure tester. The compressive strength 
tests were carried out on samples with curing time of 28 days. The loading rate of the apparatus was fixed 
at  2400N/s ± 200N/s during the tests and each set of tests was repeated three times and the strength values used 
in the study were the average values calculated from the measured data.

Cementitious system CCS dosage (%) FA dosage (%) Slag dosage (%) Na2SO4 content (%) Water-cement ratio

C-S 5, 10, 15, 20, 25, 30 0 95, 90, 85, 80, 75, 70 2, 4, 6,8,10 0.35

C-F 95,90,85, 80, 75, 70 0

C-S + F 47.5, 45, 42.5, 40, 37.5, 35 47.5, 45, 42.5, 40, 37.5, 35

Table 2.  Mix proportion of multi-component solid waste cementitious system.

 

Fig. 1.  XRD patterns of FA, Slag and CCS.
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XRD test
XRD is a technique used to identify the mineralogical composition of materials and is widely used in many 
studies. First, the crushed specimens after compressive strength testing were immersed in an anhydrous ethanol 
solution to stop their hydration reaction, and then dried in a vacuum oven at 45  °C until constant weight. 
Subsequently, the dried specimens were ground to a powder, sieved through a 75 µm sieve, and then the powder 
was filled and pressed into the grooves of the test slides for XRD testing. The XRD tests were performed using a 
Bruker D8 Advance X-ray Diffractometer, with the scanning range of the tests set to 10–80° 2θ and the scanning 
speed of the instrument set to 10°/min.

FTIR test
The test was carried out with an infrared spectrometer produced by Bruker, model Vertex 70, with a test range 
of 400 cm− 1~4000 cm− 1, and the samples were prepared by the KBr pressing method.

The preparation method of the samples to be tested for FTIR test was the same as that of the XRD test 
specimens. First, weigh 1.5 mg of a dried solid sample and mix it with 150 mg of dried KBr powder (sample 
mass: KBr mass = 1:100), pour it into an agate mortar, and grind it thoroughly. After grinding, press the tablets. 
Test a pure KBr sample as a calibration before starting the formal test.

SEM-EDS test
SEM was utilized to examine and analyze the differences in micro-morphology of the specimens at different 
ratios. For this test, a Thermo Fisher (formerly FEI) Quattro s field emission ambient SEM was used to observe the 
micromorphology of the test specimens and the hydration products were analyzed by EDS energy spectroscopy.

The preparation method of the samples to be tested for SEM and EDS test was the same as that of the XRD 
test specimens.

Results
The primary factors influencing the mechanical properties of various solid waste gelling systems included the 
amount of CCS mixed, the Na2SO4 content, and the type of gelling system. The experimental program employed 
a fixed-variable method to systematically investigate the impact of these different factors on the mechanical 
properties of the gelling systems.

Compressive strength
Effect of CCS on compressive strength
CCS acted as an alkali activator in the gelling system, exerting a considerable influence on its mechanical 
properties. Figure 3 illustrates the compressive strength test results for specimens with varying CCS dosages and 
Na₂SO₄ contents, evaluated after 28 days of curing.

Fig. 2.  Production of specimens and testing procedures flow chart.
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As illustrated in Fig. 3, the compressive strength of the three gelling systems demonstrates a pattern of initial 
increase followed by a decline with the elevation of the CCS dosage. The majority of the samples reached their 
maximum strength when the CCS dosage was 25%. The C-S and C-F exhibited a pronounced influence from 
calcium carbide slag, with a discernible trajectory of enhanced strength. The compressive strength of the C-S 
increased by approximately 45%. In the C-F, when the Na₂SO₄ content is 6%, the compressive strength can be 

Fig. 3.  Effect of CCS dosage on the mechanical strength of multi-component solid waste cementitious system. 
(CCS dosage of 5%, 10%, 15%, 20%, 25%, 30%). (a) CCS-Slag system. (b) CCS-Slag + FA system. (c) CCS-FA 
system.
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increased from 4.5 MPa to nearly 24.2 MPa with an increase in the CCS dosage, representing a 447.78% increase. 
The compressive strength of the C-S + F changes more slowly, with an increase of 15–20%.

The highest compressive strength was exhibited by C-S, reaching a peak of 49.2 MPa, followed by C-S + F at 
35.8 MPa. The compressive strength of C-F was found to be the lowest, reaching a peak of only 24.2 MPa.

The strength of the three cementitious systems is observed to increase with the addition of CCS, reaching a 
maximum at 25% CCS, when the Na2SO4 content is held constant. For the C-S, when the CCS dosage was low 
(CCS dosage % < 25%), the strength of the system increased with the Na2SO4 content, reaching a maximum 
at 8% Na2SO4 content. When the CCS dosage was ≥ 25%, the optimal Na2SO4 content was 6%.The law of the 
influence of Na2SO4 and CCS on C-S + F was the same as that of C-S, but as the content of Na2SO4 increased, the 
strength of the system increased more, indicating that the influence of Na2SO4 on C-S + F was more significant 
than that of C-S. For the C-F, when the CCS content was low (CCS dosage % < 10%), the strength of the system 
increased with increasing Na2SO4 content, and at that time, the Na2SO4 excitation effect dominated. As the CCS 
content increased, the two influencing factors jointly affected the cementitious system.

The low early strength observed in the C-F could be attributed to the poor early hydration activity of FA, 
which resulted in a slow hydration reaction30,31. However, as the Ca2+ and OH− generated from CCS hydration 
increase, FA begin to hydrate and form cementitious compounds. The incorporation of CCS provides both Ca2+ 
and an alkaline environment, enhancing the early hydration of FA.

Slag can be rapidly decomposed in an alkaline environment, and Ca2+ ions released from dissolved CCS 
particles also promote the formation of C-(A)-S-H type gels. Therefore, the compressive strength of the C-S and 
C-S + F are higher than that of the C-F32.As the amount of CCS increases, the strength of the cementitious system 
improves. This suggests that using CCS as an alkali activator positively impacts the strength of the cementitious 
system. Based on the compressive strength data for each system, a 25% CCS dosage is identified as optimal for 
achieving higher strength in the cementitious systems.

Effect of Na2SO4 on compressive strength
The test results indicated that the cementitious system achieved its optimal mechanical properties with a CCS 
dosage of 25%. In order to further investigate the effect of Na2SO4 content on these properties, experiments 
were carried out to vary the Na2SO4 content with the aim of exploring how different Na2SO4 contents affect the 
macroscopic mechanical properties of the cementitious system. Experimental results illustrating these effects 
are shown in Fig. 4.

In the C-S, the optimal Na2SO4 content decreases from 8 to 4% as the dosage of CCS increases. For the 
C-F, the optimal Na2SO4 content decreases from 10 to 6% as the dosage of CCS increases. In the C-S + F, the 
optimal Na2SO4 content decreases from 8 to 6% with an increase in CCS dosage. The CaO content of the Slag is 
39.0%, which allows for the production of Ca(OH)2 during hydration. FA contains 12.7% CaO, while the Slag-
FA mixture has a CaO content of approximately 25.9%. At lower CCS dosages (≤ 15%), a higher Na2SO4 content 
is necessary to achieve effective activation. Conversely, at higher CCS dosages (> 15%), effective activation can 
be achieved with a lower Na2SO4 content. The optimal Na2SO4 content also depends on the CaO content in the 
geopolymer. Sulfate is most doped at 6% when the CCS dosage is 25%.

When the CCS content is 25%, with an increase in the Na2SO4 content, the compressive strength of C-S 
increases from 42.9 MPa to 49.2 MPa, an increase of 15.3%; the compressive strength of C-S + F increased from 
24.3  MPa to 35.4  MPa, an increase of 45.7%; the compressive strength of C-F increased from 12.2  MPa to 
24.2 MPa, an increase of 98.4%. The effect of sodium sulfate on the compressive strength of C-F is the most 
significant, followed by C-S + F, and the effect on C-S is the least. This indicated that sodium sulfate could 
effectively activate volcanic ash materials. The effect of activation was more pronounced for low-activity volcanic 
ash materials, which could significantly increase the volcanic ash activity of the material and improve utilization.

SO₄²⁻ ions react with the hydration products of the gelling system to form the AFt. Simultaneously, SO4
2− 

ions can react with Ca²⁺ to form CaSO₄33,34. CaSO4 and AFt crystals can fill the pores in the network structure 
of the hydration products, and this filling increases the overall compactness of the hydrated product, leading to 
an enhancement in its compressive strength. However, as the sulfate concentration continued to increase, the 
compressive strength of the material started to decrease, especially during the later stages of hydration. This 
decline can be attributed to two factors: first, as the reaction progresses, some Na2SO4 crystals are consumed, 
which creates pores and reduces compressive strength; second, excessive SO4

2− ions can cause sulfate attack on 
the hydration products within the gel system.

Microscopic analysis
XRD
Figure 5 displays XRD patterns of three gelling systems with CCS dosages of 5%, 25%, and 30%, and 6% Na2SO4 
content after 28 days of curing. With increasing CCS dosage, the diffraction peaks of hydration products became 
notably more pronounced. This suggested that incorporating CCS creates an alkaline environment favorable for 
cementitious system hydration, thus accelerating the hydration reaction. Significant hydration products such as 
AFt, C-(A)-S-H gel, and mullite are observed in increased amounts.

As can be seen in Fig. 5, as the CCS content increased, the hydration products continued to increase, and 
diffraction peaks of Ca(OH)₂ and CaCO₃ appeared at the same time, indicating that CCS hydration produced 
excess Ca(OH)₂, which reacted with CO₂ to form CaCO₃. A comparison of the three gelling systems showed 
that as the CCS dosage increased, the Ca(OH)₂ diffraction peak in C-S was relatively stronger, and the Ca(OH)₂ 
diffraction peak in C-F was relatively weaker, indicating that a larger amount of Ca(OH)₂ was consumed during 
the hydration of FA, and the effect of CCS dosage was more significant in C-F. This could also be seen from 
the change in the diffraction peak of Na2SO4. As the CCS content increased, the diffraction peak of Na2SO4 
decreased, indicating that Na2SO4 was consumed and the hydration product AFt was formed.
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Figure 6 showed the XRD patterns of samples with different gelling systems with a CCS content of 25%, 
which were kept unchanged for 28 days and had different Na₂SO₄ contents. As could be seen in Fig. 6, when 
the Na2SO4 content was 2%, the products in the three systems were C-(A)-S-H, Ca(OH)2, and a small amount 
of AFt. As the Na2SO4 content increased, the AFt diffraction peak increased and the amount of AFt generated 
increased. When the Na2SO4 content was 10%, the hydration product contained more obvious CaSO4, and a 

Fig. 4.  Effect of Na2SO4 dosage on the mechanical strength of multi-component solid waste cementitious 
system. (Na2SO4 dosage of 2%, 4%, 6%, 8%, 10%). (a) CCS-Slag system. (b) CCS-Slag + FA system. (c) CCS-FA 
system.
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large amount of CaSO4 was produced. Figure 6a showed that when the Na2SO4 content was increased from 
2–6%, the diffraction peaks corresponding to Ca(OH)2

35 decreased significantly, while the peaks associated with 
the C-(A)-S-H gel36 increased correspondingly, and the diffraction peaks corresponding to AFt also increased 
slightly. When the Na2SO4 content was increased to 10%, a distinct diffraction peak of Na2SO4 was observed, 
indicating that excess Na2SO4 crystals precipitated and the CaSO4 product also increased. Figure 6b showed 
that as the Na2SO4 content increased, the Ca(OH)2 diffraction peak weakened, while the diffraction peaks of 
the hydration products increased. This indicated that sulfate had a positive effect on the hydration of both 
monocomponent and composite cementitious systems. Figure 6c showed a similar trend, where an increase in 
Na2SO4 content led to a decrease in the Ca(OH)2 diffraction peak and an increase in the C-(A)-S-H gel peak 
and the AFt diffraction peak, and a new product, mullite, appeared. This showed that sulfate promoted the 
hydration reaction. When the Na2SO4 content reached 10%, diffraction peaks of both crystalline Na2SO4 and 
gypsum appeared, reflecting changes in the hydration products. Overall, the right amount of sulfate promoted 
the hydration reaction, but excess sulfate not only precipitated crystals that hindered the hydration process, it 
also formed gypsum and other low-strength products, which adversely affected the strength of the cementitious 
system.

FTIR
Figure 7 shows the FTIR plots of specimens cured for 28 days at 5% CCS and 25% CCS for the three cementitious 
systems. Where the low wave number region (450  cm− 1-820  cm− 1) was the bending vibration of Si-O-Si 
(451 cm− 1) and Si-O-Al (619 cm− 1)chemical bonds in Slag and FA37,38, it could be seen that along with the 
increase of the dosage of CCS, the low-band transmittance in the C-S and C-F increases significantly. It shown 
that increasing the dosage of CCS could accelerate the hydration rate of Slag and FA, which was consistent with 
the compressive strength results. The strong absorption peak in the middle wave number region (820 cm− 1-
1200  cm− 1) belonged to the hydration product C-(A)-S-H (Si-O-Si(Al) (962  cm− 1))39 of the gelling system, 
and the appearance of this peak characterized the production and transformation of C-(A)-S-H, and the C-F 
showed a significant difference, indicating that the CCS can effectively stimulate the FA for hydration reaction. 
In addition, analysis of Fig. 7 shown that the Si-O-Si(Al) (962 cm− 1) of C-S absorption peak was narrow and 
sharp, indicating that the hydration product had a high degree of polymerization of silica-aluminate ions, and 
generates more and denser C-(A)-S-H, which was the reason for the highest compressive strength of the C-S. 

Fig. 6.  XRD images of different cementitious systems at 2%, 6% and 10% Na2SO4 contents. (a) CCS-Slag 
system (b) CCS-Slag + FA system. (c) CCS-FA system.

 

Fig. 5.  XRD comparison of different cementitious systems with 5%, 25%, and 30% CCS dosage. (a) CCS-Slag 
system.
(b) CCS-Slag + FA system. (c) CCS-FA system.
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At the same time, the absorption peak of SO4
2− appeared around the wave number of 1117 cm− 1 40, indicating 

that sulfate existed in the gelling system at this time. The absorption peak near 1420 cm− 1 was the characteristic 
peak of O-C-O41 chemical bonding of CO3

2−, indicating carbonization of the hydration product Ca(OH)2. The 
absorption peaks with wave numbers near 1643 cm− 1 and 3444 cm− 1 were characteristic peaks of H-OH bonding 
indicating the presence of bound water in the product42. The presence of these bands was due to crystalline H2O 
in C-(A)-S-H structure. The absorption peak with wave number near 3638 cm− 1 was the peak characterizing the 
O-H chemical bond in Ca(OH)2, which increases along with the increase in the dosage of CCS, indicating that 
CCS provides an alkaline environment for the gelling system, which was in agreement with the XRD analysis.

In conclusion, CCS effectively boosted the hydration of both slag and FA. The FTIR spectra of the six samples 
shown similar wave forms, indicated fundamental consistency in hydration products among the three systems. 
Differences in compressive strength were attributed to variations in hydration product polymerization degree 
rather than differences in product type.

SEM and EDS
Figure 8 shows the SEM images of three gelling systems with 5%, 25% and 30% CCS added at 6% Na2SO4 content 
during 28 days of maintenance. As shown in Fig. 8a, b, the addition of CCS accelerated the hydration reaction, 
with the amount of CCS increased from 5 to 25%, more hydration products were generated, cemented and 
stacked with each other, and the micro structure shown a dense state. When the dosage of CCS exceeds 25% 
and reaches 30%, as shown in Fig. 8b, c, and the original hydration products are replaced by a large number of 
foil-like products, which generates a part of the hollow structure and reduces the compressive strength43. The 
microscopic results were consistent with the experimental data, confirming that the moderate amount of CCS 
dosing on the C-S was favorable, and shown a first increase and then decrease in the law, in 25% to achieve the 
best results.

As illustrated in Fig. 8d, with a lower dosage of CCS, the pore spaces within the cementitious system contained 
numerous unhydrated spherical FA particles. At this stage, only a minimal degree of FA had reacted, producing a 
limited amount of hydration producted that partially fill the pore spaces, resulting in relatively low compressive 
strength. As the CCS dosage increased to 25%, the spherical FA particles are nearly absent. The hydration reaction 
of FA generated an amorphous C-(A)-S-H gel, which, along with unhydrated gelling material particles, cements 
together to form a denser microstructure. This transition corresponded to a significant increase in compressive 
strength. However, when the CCS dosage was further increased to 30%, as shown in Fig. 8f, the previously dense 
microstructure is largely replaced by inter-stacked flakes and rods. This change leads to the formation of a more 
open, grid-like structure, resulting in a decrease in compressive strength.

Analyzing Fig. 8g, at this dosage, the microstructure of the cementitious system exhibits a small proportion 
of C-(A)-S-H gel that encapsulates unhydrated FA and Slag powder. Spherical unhydrated FA particles remain 
visible within the microstructure, which otherwise appears relatively dense. However, the presence of cracks 
is noticeable. Upon increasing the dosage of CCS to 30%, as depicted in Fig. 8h, i, the cementitious material 
undergoes significant hydration. A substantial amount of hydration products fills the pore spaces; however, 
the emergence of needle-like and rod-like structures within these products disrupts the previously dense 
microstructure. This disruption results in a more open, loose morphology, and the development of additional 
cracks, which contributes to a reduction in compressive strength.

Figure  9 shows the SEM images of specimens of three cementitious systems with 25% CCS and 2%, 6% 
and 10% Na2SO4 content, respectively, which were cured for 28 days. Figure  9a illustrates that in the C-S 
with 2% Na2SO4 content, there are numerous flaky Ca(OH)2 crystals and a small amount of CaCO3. As the 
Na2SO4 content increases to 6%, the flaky Ca(OH)2 is largely replaced by hydrated gel, resulting in a denser 
microstructure. At 10% Na2SO4 content, the microstructure shows the formation of gypsum clusters and a 
significant amount of Na2SO4 crystals on the surface of the hydration products. These Na2SO4 crystals absorb 
moisture, expand, and compromise the structural stability of the cementitious system. Figure 9d shows that 
with 2% Na2SO4 content in the C-F filamentous flocculent products appear on the surface of the FA particles, 
indicating a weak hydration reaction. As Na2SO4 content increases, the hydration of the FA particles progresses, 

Fig. 7.  FITR of 5% and 25% CCS dosing for different cementitious systems. (a) CCS-Slag system. (b) CCS-
Slag + FA system. (c) CCS-FA system.
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with the resulting hydrated C-(A)-S-H gel enveloping the unhydrated FA particles and forming a dense matrix 
that fills the pores. At 10% Na2SO4 content, numerous rod-like and granular products appear, accompanied by 
the formation of cracks, which indicates damage to the cement structure. Figure 9h, i reveal that at 10% Na2SO4 
content, the microstructure is characterized by a high density of needle-like and rod-shaped products, alongside 
an increase in porosity. The various hydration products are scattered and fail to bond effectively, leading to severe 
structural damage.

The Ca(OH)2 in the CCS provided Ca2+ and OH− ions. Na2SO4 contributes Na⁺ ions and SO₄²⁻ ions, which 
reacted to form NaOH. This NaOH, in turn, interacted with Slag and FA to produce additional hydration 
products such as C-(A)-S-H, which filled the pores, optimize pore structure, and improve compressive strength.

Fig. 8.  SEM images of the gelling systems with 5%, 25% and 30% CCS dosage. (6% Na2SO4 content). (a) 
CCS-Slag system (5% CCS dosage). (b) CCS-Slag system (25% CCS dosage). (c) CCS-Slag system (30% CCS 
dosage). (d) CCS-Slag + FA system (5% CCS dosage). (e) CCS-Slag + FA system (25% CCS dosage). (f) CCS-
Slag + FA system (30% CCS dosage). (g) CCS-FA system (5% CCS dosage). (h) CCS-FA system (25% CCS 
dosage). (i) CCS-FA system (30% CCS dosage). (j) EDS mapping of point (1) (k) EDS mapping of point (2) (l) 
EDS mapping of point 3.

 

Scientific Reports |         (2025) 15:3681 10| https://doi.org/10.1038/s41598-025-88194-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


However, excessive Na2SO4 leads to the formation of more Aft and the precipitation of Na₂SO₄ crystals, 
which expand and damage the pore structure, ultimately reducing compressive strength. Similarly, an excess of 
CCS may result in unreacted Ca(OH)₂ precipitating as crystals, which weakens the crystal connection layer and 
decreases compressive strength.

Compressive strength prediction model based on projection-seeking regression
PPR model

	
f (x) = E (Yi| X1, X2, X3 · · · , XP ) =

−
yi +

∑
M
m=1β mfm

(∑
P
j=1α jmxj

)
� (1)

Fig. 9.  SEM images of gelling system at 2%, 6% and 10% Na2SO4 content. (25% CCS dosage). (a) CCS-Slag 
system (2% Na2SO4 content). (b) CCS-Slag system (6% Na2SO4 content). (c) CCS-Slag system (10% Na2SO4 
content). (d) CCS-Slag + FA system (2% Na2SO4 content). (e) CCS-Slag + FA system (6% Na2SO4 content). (f) 
CCS-Slag + FA system (10% Na2SO4 content). (g) CCS-FA system (2% Na2SO4 content). (h) CCS-FA system 
(6% Na2SO4 content). (i) CCS-FA system (10% Na2SO4 content). (j) EDS mapping of point (1) (k) EDS 
mapping of point (2) (l) EDS mapping of point 3.
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PPR can objectively analyze and describe the structural characteristics and laws of each data sample, and achieve 
high-precision simulation calculations without making any assumptions based on the data information of 
each factor44. This method employs computer technology to project multi-dimensional spatial data into a low-
dimensional subspace. By minimizing a specific projection index, it identifies a projection that captures the 
underlying laws and characteristics of the original data, facilitating the analysis of multi-dimensional datasets45. 
Let there be a set of random variables (X, Y), where Y is a Q-dimensional random variable. X is a P-dimensional 
random variable. PPR can be based on the results of n observations of (X, Y) (Xi, Yi) (i = 1,2,3,…,n). The model 
X, Y PPR can be expressed as follows: the regression function f (x) = E (Y | X = x) is approximated in the form of 
a weighted sum of multiple ridge functions:

Where: fm -mth ridge function; M -upper limit of the number of ridge functions; βm -ridge function 
contribution weight coefficient; αjm -mth projection value in the jth direction(j = 1, 2, 3, ···,M); 

∑
P
j=1α 2

jm = 1
Minimization criteria:

	
L2 =

∑
Q
i=1WiE

[
Yi − EYi −

∑
Mu
m=1β mfm

(∑
P
j=1α jmXj

)2
]

= min� (2)

Where: Mu -optimal number of ridge functions; Wi -weight coefficient of the dependent variable46.
PPR projects multidimensional data to a lower dimension, gradually optimizes, iteratively calculates in 

hierarchical groups, and thereby calculates the ridge function fm, the optimal number of ridge functions mu, 
the projection direction αjm and the weight coefficient wi of each factor, determines the regression function, 
and thereby makes L2 satisfy the minimum value. For details of the basic principles and theories of PPR, see the 
literature44.

Compressive strength prediction model
The PPR model was developed by training the compressive strength data for different CCS dosage, Na2SO4 
content and cementitious systems using the methodology presented in Sect. 3.3.1. The established predictive 
model was then used to fit the model samples, and the accuracy of the predictive model was assessed by analyzing 
the differences between the anticipated values and the samples. Nevertheless, the model’s expected values did not 
quite match its inherent advantages and disadvantages. As a result, as Table A shows, the test data was split into 
training and retention samples. The model’s accuracy is validated by predicting values for the retained samples 
using simulated training data. From the table, it can be seen that the independent variables are CCS dosage (X1), 
Slag dosage (X2), FA dosage (X3) and Na2SO4 content (X4), and the predictor is compressive strength (Y1). The 
model parameters were configured as follows: P = 4, Q = 1, N = 60, M = 5, Mu = 3, and Span = 0.2. Table 3 presents 
the influence weights of variables after constructing the PPR model. Here, P denotes the count of independent 
variables, Q represents the number of dependent variables, and N signifies the training sample size. M and Mu 
denote the maximum number of ridge functions and the optimal number of ridge functions, which are crucial 
for improving the prediction accuracy. Span refers to the smoothing coefficient, which ranges from 0 to 1.0, 
influencing the model’s sensitivity; lower values indicate heightened sensitivity47.Since the parameter values 
of the PPR model are objectively verifiable, the problem of non-uniqueness of the model caused by manual 
parameter assignment is avoided.

PPR model precision analysis
The precision of the PPR model was assessed using a 15% threshold for relative error between calculated and 
test values. Samples were considered qualified if their relative error was below 15%. Table 4 displays qualification 
rates and average relative errors for modeled and tested samples. The model demonstrates excellent fit with test 
data, showing robust stability and high accuracy in predicting compressive strength across various mixing ratios.

Contour plots based on the PPR model show the effect of CCS dosage, Slag dosage, FA dosage and Na2SO4 
content on the compressive strength of the different cementitious systems as shown in Fig. 10. The PPR theory 
can be used to determine the effects of CCS dosage and Na2SO4 content on the compressive strength of the three 
cementitious systems, providing a feasible method for proportioning design and mechanical strength prediction 
of all-solid waste cementitious systems.

Sample type Number of samples Qualification rate (%) Average relative error (%)

Training samples (T) 60 81.67 10.47

Reserved samples (R) 20 85.00 5.98

Table 4.  Qualification rate and relative error between calculated value and test data based on PPR model.

 

Slag dosage (%) Na2SO4 content (%) FA Dosage (%) CCS Dosage (%)

1.000 0.420 0.407 0.322

Table 3.  Impact weights of the respective variables of the PPR model.
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Conclusions
In this paper, the preparation of CCS-sulfate-geopolymer composite cementitious system, the study of CCS, 
Na2SO4 on the mechanical properties of the composite cementitious system, the establishment of the composite 
cementitious system 28d strength prediction model. The main conclusions are as follows:

	1.	� CCS and Na2SO4 have a great influence on the mechanical properties of the composite cementitious system, 
the optimum dosage of CCS is 25% and the optimum content is 6%. CCS and Na2SO4 have the most signifi-
cant stimulating effect on the C-F system.

	2.	� The CCS provides alkaline environment as well as Ca2+ for the hydration reaction of the cementitious system, 
which provides sufficient conditions for the hydration reaction of geopolymer, and accelerates the rate of hy-
dration reaction. When the dosage of CCS exceeds 25%, a large number of Ca(OH)2 saturated precipitation, 
precipitated Ca(OH)2 crystals filled in the gel, destabilizing the gel, forming part of the stress weak zone, 
resulting in a reduction of compressive strength.

	3.	� The mechanical effect of Na2SO4 content on the gel system is divided into two stages: Na2SO4 content is less 
than < 6%, Na2SO4 and geopolymer hydration products react to form AFt, filling the pores and improving the 
strength of the gel system; Na2SO4 content > 6%, react with Ca2+ to form gypsum, and there is precipitation of 
Na2SO4, and these expansion products destroy the microstructure of the gel system, affecting the mechanical 
properties of the gel system.The test results showed that the idea of “turning danger into safety” was feasible.

	4.	� Based on PPR theory, a strength prediction model of cementitious composite system was established. Prac-
tice has proved that PPR can be used to determine the 28d compressive strength of cementitious composite 
system at different dosages of CCS, Na2SO4, Slag and FA, which provides a feasible method for designing and 
predicting the strength of cementitious composite materials with different ratios.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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