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Abstract 

To enhance the alkalinity stability of industrial solid wastes during activation, optimize
hydration products, and refine microstructure, an all-solid-waste cementitious
material (CNGA) was developed in this study. Ground granulated blast furnace slag 
(GGBS) and bauxite (BA) were used as precursors, while carbide slag (CS) and sodium-
based desulfurization ash (NDA) served as dual-alkaline solid waste activators to
replace industrial strong alkalis. By systematically adjusting the mix proportion of
alkaline solid wastes, NDA dosage, BA dosage, and water-to-binder ratio, the
macroscopic mechanical properties were evaluated through compressive strength
tests, and the hydration mechanism was investigated using XRD, FTIR, and SEM-EDS.
The results indicate that CS–NDA dual-alkaline synergistic activation enables a 
functional division of rapid alkali elevation and long-term alkali retention, thereby
ensuring continuous hydration and suppressing by-product formation. An appropriate
NDA dosage significantly enhances the early-age reactivity of GGBS and BA, with an
optimal content of 2% achieving a balance between alkaline activation, C–S–H gel
formation, and inhibition of side reactions. Furthermore, BA incorporation supplies
reactive Al₂O₃, promoting ettringite (AFt) formation and contributing to the generation
of C–A–H gel. The SO₄²⁻ in NDA facilitates directional AFt formation, which enhances
early-age strength and promotes the development of a gel–crystal composite
microstructure.

Keywords: All-solid-waste cementitious materials; Alkali-activated materials; Dual-
alkaline solid waste synergistic activation; Gel-crystal composite structure; Hydration 
products. 

Highlights 

1. Directionally formed AFt in CNGA interpenetrates C-S-H gel, forming a gel-crystal
composite structure as the material's main strength source.

2. CS and NDA achieve alkali source functional division (rapid elevation, long-term
retention) through dual-alkaline synergistic activation.

3. The strength contribution of CS manifests in two key aspects: alkaline activation
and latent cementitious properties.

4. Optimal NDA dosage balances alkaline activation while inhibiting byproducts (e.g.,
CaCO₃, gypsum).

5. BA contributes by synergistically optimizing the reaction system for an intertwined
spatial network, plus supplementary support.
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1. Introduction 

The cement industry contributes 8–10% of global 
anthropogenic CO₂ emissions and depends heavily on non-
renewable resources such as limestone and clay, posing 
sustainability challenges (Zhang et al. 2025; Kaptan et al. 
2024; Alsalman et al. 2021). In this context, Alkali-Activated 
Materials have emerged as a promising alternative to 
Portland cement due to their low carbon footprint and high 
resource utilization (Kryvenko et al. 2024). AAMs based on 
industrial solid wastes such as GGBS and fly ash enable 
high-value waste utilization while significantly reducing 
emissions (Gökçe 2024; Ahmad et al. 2024). However, existing 
studies mainly emphasize basic performance and ngle-
system optimization, and from an engineering and high-
performance perspective, AAMs still face key bottlenecks 
in application and performance optimization that limit 
large-scale use (Sasui et al. 2024; Chen and Plank 2024). 
Firstly, traditional AAMs rely on high-energy, corrosive 
chemical alkalis such as NaOH and Na₂SiO₃ as activators. 
This increases production cost and safety risks, and under 
high alkalinity exacerbates drying shrinkage, induces late-
age strength loss, raises chloride penetration risk, and 
compromises long-term durability. (Quan et al. 2025; 
Dueramae et al. 2020). Secondly, chemically synthesized 
strong alkalis account for 52%–58% of the total cost of 
conventional two-component AAMs with a 1:2 NaOH–
sodium silicate mix. Sodium silicate alone contributes 35%–
40% due to its high energy consumption and unit price of 
about 380 USD per ton, and their combined share exceeds 
50%, far higher than that of alkaline solid waste activators 
(Adesanya et al. 2021). Moreover, the high-alkaline 
environment deteriorates paste fluidity, requiring the 
additional addition of polycarboxylate superplasticizers to 
meet construction requirements (Oti et al. 2024). 
Therefore, it is essential to develop alkaline solid waste 
activation systems without external strong alkalis, to 

enable low-carbon and large-scale application of AAMs 
while achieving high-value synergistic utilization of 
multiple industrial solid wastes. 

In recent years, significant progress has been made in solid 
waste-based alkali-activated systems, with researchers 
incorporating multiple solid wastes such as carbide slag, 
sodium-based desulfurization ash, and GGBS into 
composite cementitious systems. Tripathy et al. (2020) 
found that sodium-based components such as Na⁺ increase 
system alkalinity, accelerate depolymerization of the silico-
aluminum network in GGBS, and promote formation of C–
(A)–S–H gel, supporting the use of sodium-containing solid 
wastes such as NDA and soda residue as activation aids. 
Zheng et al. (2024) successfully applied solid sodium silicate 
to soft soil stabilization, verifying the feasibility of solid 
alkali activators in engineering practice. Guo et al. (2024) 
further discovered that the synergistic activation of SR and 
CS can effectively replace strong alkalis such as NaOH, 
reducing preparation costs; the experiment introduced 
NDA to rapidly increase initial alkalinity, which significantly 
promoted early-age hydration reactions. Gu et al. (2025) 
confirmed that the synergy between CS and desulfurization 
ash effectively supplies Ca²⁺, OH⁻, and SO₄²⁻ to accelerate 
GGBS hydration, providing valuable insights for solid waste-
based activation systems. In addition to studies on alkaline 
activators, extensive research has also been conducted on 
the microstructure and hydration products of solid waste-
based alkali-activated materials. Marvila et al. (2023) 
systematically investigated the effects of curing regimes 
and Na₂O concentration on the mechanical properties of 
alkali-activated cement using ground granulated blast 
furnace slag as the precursor, and noted that C–S–H gel is 
the main source of strength development, laying an 
important foundation for understanding the role of silicate 
gel in GGBS-based systems. Wang et al. (2024) prepared a 
low-alkali system with a 14-day compressive strength of 
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45.17 MPa by blending desulfurization gypsum, GGBS, and 
fly ash; Xu et al. (2020) successfully developed clinker-free 
concrete using SR, GGBS, steel slag, and desulfurization 
gypsum, achieving a 28-day compressive strength of 38.33 
MPa and verifying the feasibility of synergistic utilization of 
multiple industrial solid wastes. Seo et al. (2019) 
demonstrated that the main hydration products of the CS-
ground granulated blast furnace slag binary system are C-
A-S-H gel, AFt, and hydrotalcite-like phases, with system 
strength and pore structure regulated by component 
ratios. Wang et al. (2025) reported that using bauxite 
tailings and GGBFS as precursors in composite 
cementitious systems alters the Al/Si ratio, increases 
hydration product content, and enhances structural 
complexity and density. These findings provide an 
important basis for industrial solid waste utilization. 
However, further analysis indicates that despite progress in 
single solid waste activation and partial multi-solid waste 
synergistic activation, significant common bottlenecks 
remain, as outlined below: (1) Under high sodium-based 
content conditions, various secondary reactions may occur 
in the system: for instance, excess SO₄²⁻ may combine with 
Ca²⁺ to form excessive AFt, leading to volume expansion 
exceeding the material's bearing capacity and thus 
damaging the material structure (Yang et al. 2024); Na⁺ can 
not only react with CO₂ in the environment to form Na₂CO₃ 
(Fu et al. 2023) but also combine with SO₄²⁻ to generate 
Na₂SO₄, inducing salt crystallization pressure during wet-
dry cycles (Liu et al. 2025; Gu et al. 2022, 25). Therefore, 
the optimal dosage range of sodium-based components 
and their regulatory effect on the composition of hydration 
products require further clarification. Furthermore, the 
massive formation of these non-cementitious phases may 
consume effective calcium sources in the system and affect 
the pore structure, thereby exerting potential impacts on 
the formation of C-S-H gel and mechanical properties (Zhu 

et al. 2024; Etcheverry et al. 2023). Consequently, the system 
not only needs a sustained and stable alkaline environment 
but also requires GGBS, steel slag, and other materials as 
main silico-aluminum sources to promote the formation of 
cementitious phases (Zhang et al. 2024, 2025). (2) Although 
solid sodium silicate effectively promotes the initiation of 
cementitious reactions through an initial high-alkaline 
environment, its rapid dissolution during hydration may 
lead to a significant attenuation of system alkalinity over 
time, making it difficult to maintain a long-term stable high 
pH environment (Zheng et al. 2024). (3) The chemical 
composition of SR is usually complex, often containing 
Na₂CO₃ or residual NaOH, and its alkalinity release behavior 
is greatly influenced by environmental factors (Yang et al. 

2024; Li et al. 2025); meanwhile, the content of reactive 
aluminum in GGBS and steel slag is relatively limited, which 
may pose challenges to the precise regulation of the Al/Si 
ratio and degree of network polymerization in C-(A)-S-H gel 
(Fu et al. 2023; Wang et al. 2022). Therefore, introducing 
aluminum-rich components (e.g., bauxite (BA)) into all-
solid-waste cementitious materials and constructing an 
endogenous, stable alkali activation mechanism may 
further optimize the hydration product structure and 
enhance the controllability of material properties (Zheng et 

al. 2024; Wang et al. 2022). Li et al. (2024) confirmed that the 
CS–GGBS binary system lacks sulfate and aluminum-rich 
components, hindering SO₄²⁻-mediated AFt formation and 
Al³⁺-induced cross-linking of the C–S–H network, thus 
preventing development of a gel–crystal synergistic 
microstructure. Although these studies provide a 
foundation for solid-waste utilization, key limitations 
remain, including unclear regulation of sodium-based 
components, poor long-term alkalinity stability, and 
difficulty forming gel–crystal structures due to insufficient 
aluminum-rich phases, all of which restrict performance 
optimization and large-scale application. Therefore, 
expanding component design and introducing 
multifunctional solid wastes to regulate multiphase 
hydration products is essential to overcome these 
challenges. 

This study develops a CS–NDA–GGBS–BA CNGA all-solid-
waste cementitious material using GGBS and BA as 
precursors and CS and NDA as activators. Four variable 
groups including NDA dosage, alkaline solid waste ratio, 
mineral ratio, and water-to-binder ratio were designed, 
comprising 18 specimens. Macroscopic properties were 
evaluated by 3 d, 7 d, and 28 d compressive strength tests, 
combined with XRD, FTIR, and SEM-EDS analyses. The study 
systematically reveals the coupled effects of variables on 
hydration products, microstructure, and mechanical 
properties, clarifies the self-activation mechanism and 
microstructure–performance relationship, and provides 
theoretical and technical support for optimization, 
engineering application, and low-carbon development of 
high-performance all-solid-waste cementitious materials. 

2. Materials and methods 

 Raw materials and their properties 

In this study, an all-solid-waste cementitious material was 
prepared with CS and NDA as alkaline solid activators, and 
GGBS and BA as main precursors. Raw material 
pretreatment: CS (off-white powder, Yangquan, Shanxi) 
was dried and ball-milled for 15 min for particle 
refinement; NDA (coal-fired power plant desulfurization 
byproduct) was only dried for moisture removal; S105-
grade GGBS (Wuhan Iron and Steel Group, GB/T18046) was 
dried to constant weight at 100±5℃; BA (Hebei 
metallurgical plant) was dried to constant weight at 
100±5℃, ball-milled for activation, and sieved to remove 
coarse particles. 

Prior to testing, all raw materials were dried to below 1% 
moisture content. CS and BA were further ground at 300 
r/min for 15 min to optimize particle size distribution. A 
laser particle size analyzer (Malvern Mastersizer 2000, UK) 
and the BET method were then used to measure particle 
size distribution and specific surface area of the five raw 
materials, with results presented in Table 1 and Figure 1. 
Laser particle size analysis showed that the five raw 
materials had PSDs ranging from 0.1 to 1000 μm, with D50 
values of 20.712 μm for CS, 2.255 μm for NDA, 10.568 μm 
for GGBS, and 43.466 μm for BA. BET results indicated SSAs 
of 565 m²/kg for CS, 765.69 m²/kg for GGBS, and 447 m²/kg 
for BA, while NDA exhibited the highest SSA of 2207 m²/kg. 
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Table 1. Physical properties of CS, NDA, GGBS and BA. 

Materials 
Particle size parameters 

Specific surface area/m2·kg-1 
D10/μm D50/μm D90/μm 

CS 5.945 20.712 59.384 565 

NDA 0.318 2.255 12.72 2207 

GGBS 2.469 10.568 33.524 765.69 

BA 5.487 43.466 104.093 447 

 

Figure 1. Particle size distribution of (a) CS, (b) NDA, (c) GGBS and (d) BA. 

Table 2. Chemical composition and content of CS, NDA, GGBS and BA. 

Materials 
Mass fraction of each component (%) 

CaO SiO2 Cl Al2O3 MgO Na2O SO3 Fe2O3 TiO2 MnO K2O P2O5 

CS 94.737 2.415 - 1.228 - - 0.779 0.518 0.089 - - - 

NDA 0.47 0.67 3.30 0.55 0.08 47.91 46.62 0.18 0.05 - 0.07 - 

GGBS 49.034 26.641 - 13.123 5.71 0.467 1.933 0.327 1.467 0.687 0.412 - 

BA 0.562 21.049 - 69.234 0.181 - 0.092 1.997 6.279 - 0.189 0.218 

 

Figure 2. The XRD patterns of raw materials: (a) CS, (b) NDA, (c) GGBS and (d) BA. 

https://doi.org/10.30955/gnj.08534
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X-ray Diffraction (XRD) was used to characterize the 
chemical composition and mineral phase composition of 
the five raw materials, with detailed results shown in Table 
2 and Figure 2. Analysis showed that CS is dominated by 
CaO at 94.737%, with calcium hydroxide and calcite as the 
main phases. NDA mainly contains Na₂O at 47.91% and SO₃ 
at 46.62%, with sodium sulfate and sodium chloride as 
primary phases. GGBS is rich in CaO at 49.034% and SiO₂ at 
26.641%; its main crystalline phase is calcite, and a broad 
hump at 20°–40° indicates abundant reactive amorphous 
aluminosilicates. BA contains high Al₂O₃ at 69.234% and 
SiO₂ at 21.049%, with corundum, mullite, and sillimanite as 
major phases. All materials are rich in Ca, Si, and Al, among 
which Si and Al exhibit pozzolanic reactivity, providing a 
solid basis for CNGA hydration. 

 Test specimen preparation 

The preparation of paste specimens for the all-solid-waste 
cementitious material includes three stages: raw material 
pretreatment, paste preparation, and specimen molding 
and curing. 

(1) Raw material pretreatment: Solid waste materials were 
dried in an electric thermostatic blast dryer at 105±5℃ for 
24 h to ensure moisture content below 1%. The dried 
materials were mechanically activated using a vertical 
planetary ball mill (XQM-4), which reduced D50 and 
enhanced pozzolanic activity. 

(2) Paste preparation: Raw materials were weighed 
according to the designed mix using an electronic balance 
with 0.01 g accuracy. Mixing water was controlled by 
pipette based on the preset water-to-binder ratio. A 
planetary mixer (JJ-5) was used, with 10 s initial mixing, 120 
s low-speed mixing, a 15 s rest, and 120 s high-speed mixing 
to obtain a homogeneous paste. 

(3) Specimen molding and curing: 40 mm cube molds were 
pre-coated with release agent. The paste was placed in 

three layers and vibrated for 40 s per layer to remove air. 
After surface leveling, molds were sealed with plastic film 
and cured at 20±2℃ and relative humidity ≥95% for 24 h. 
Specimens were then demolded and stored in the curing 
room under constant conditions until the designated ages. 

 Test methods 

2.3.1. Compressive strength test 

Paste specimens in this study were tested with adjusted 
molding parameters with reference to 'Test Method for 
Strength of Cement Mortar (ISO Method)'(GB/T17671-
2021). Paste samples cured under standard conditions for 
3d, 7d, and 28d were subjected to compressive strength 
testing. 

2.3.2. X-ray diffraction (XRD) 

The phase composition of raw materials and hydration 
products was analyzed using a Rigaku D/max-2550 X-ray 
diffractometer. The operating voltage and current were set 
to 40 kV and 150 mA, respectively, with Cu Kα radiation as 
the X-ray source. The scanning range was 5°-70° 2θ at a 
scanning speed of 5°/min. Jade-6 software was used for the 
analysis of XRD patterns. 

2.3.3. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) analysis of 
hydration product powders was performed using a Nicolet is 10; 
Nexus 670 spectrometer. The test was conducted in 
absorbance mode with a wavenumber range of 400–4000 cm⁻¹. 

2.3.4. Scanning electron microscopy-energy dispersive 
spectroscopy (SEM-EDS) 

A ZEISS Gemini 300 scanning electron microscope was used 
to examine the morphology and micro-area composition of 
hardened paste. Specimens cured to the target age were 
sampled from the middle, and the fragments were ground 
and polished into smooth thin sections for analysis of 
hydration product morphology and composition. 

Table 3. CNGA system mix ratio design. 

Series NO. NDA/% CS/% GGBS/% BA/% Water-to-binder ratio 

Group A: NDA content 

CNGA-1 0 40 40 20 0.45 

CNGA-2 2 38 40 20 0.45 

CNGA-3 4 36 40 20 0.45 

CNGA-4 6 34 40 20 0.45 

Group B: Alkaline solid waste mix ratio 

CNGA-5 0 50 30 20 0.45 

CNGA-6 0 45 35 20 0.45 

CNGA-7 0 35 45 20 0.45 

CNGA-8 0 30 50 20 0.45 

Group C: Mineral mix ratio(4%NDA) 

CNGA-9 4 36 60 0 0.45 

CNGA-10 4 36 50 10 0.45 

CNGA-3 4 36 40 20 0.45 

CNGA-11 4 36 30 30 0.45 

Group C: Mineral mix ratio(0%NDA) 

CNGA-12 0 40 60 0 0.45 

CNGA-13 0 40 50 10 0.45 

CNGA-14 0 40 40 20 0.45 

CNGA-15 0 40 30 30 0.45 

Group D: Water-to-binder ratio 

CNGA-16 4 36 40 20 0.39 

CNGA-17 4 36 40 20 0.42 

CNGA-3 4 36 40 20 0.45 

CNGA-18 4 36 40 20 0.48 

https://doi.org/10.30955/gnj.08534
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Table 4. Effect of different NDA contents on the mechanical properties of the CNGA system. 

NO. 
NDA Content/% Compressive strength/MPa 

 3d 7d 28d 

CNGA-1 0 13.09 18.47 27.12 

CNGA-2 2 17.95 20.45 25.34 

CNGA-3 4 9.81 7.86 11.65 

CNGA-4 6 10.12 8.99 10.38 

 

 Experimental scheme 

This study developed an all-solid-waste cementitious 
material using CS and NDA as alkaline activators and GGBS 
and BA as precursors. A composite system was designed by 
varying NDA content, alkaline solid waste proportion, 
mineral ratio, and water-to-binder ratio. XRD and FTIR 
were used to identify hydration product types and 
contents, while SEM-EDS analyzed microstructure and 
hydration behavior, to clarify the coupled effects of these 
parameters on material properties and microstructure. The 
variable levels for each group are detailed in Table 3: 

3. Results and discussion 

 Macro-performance results and analysis 

3.1.1. Analysis of the effect of NDA content 

In this subsection, the NDA content was selected as the 
primary variable (0%, 2%, 4%, and 6%), with the CS content 
synchronously adjusted from 40% to 34%. The contents of 
GGBS (40%) and BA (20%), as well as the water-to-binder 
ratio (0.45), were kept constant to investigate their effects 
on the 3-, 7-, and 28-day compressive strengths of the 
CNGA all-solid-waste cementitious material. The 
experimental data were presented in Table 4 and Figure 3. 

 

Figure 3 Effect of different NDA contents on the mechanical 

properties of the CNGA system. 

The incorporation of NDA enhanced the early-age 
reactivity of GGBS and BA. Alkaline components released 
from NDA accelerated hydration, promoted product 
formation, and densified the internal structure, improving 
early-age performance. For CNGA1 with 0% NDA, the 3 d, 7 
d, and 28 d compressive strengths were 13.09 MPa, 18.47 
MPa, and 27.12 MPa, respectively, showing stable strength 
development and reflecting the baseline performance 
without sodium-based activators. 

In the CNGA-2 sample containing 2% NDA, the 3d 
compressive strength increased to 17.95 MPa (a 37% 
improvement compared to CNGA-1), and the 7d strength 
reached 20.45 MPa, indicating a significant enhancement 
in early-age strength. However, the 28d strength slightly 
decreased to 25.34 MPa. The alkaline components released 
by the appropriate amount of NDA accelerated the early 
hydration of GGBS and BA, forming a dense structure. 
Nevertheless, minor side reactions consumed partial 
reactive components in the later stage, leading to a slight 
strength retrogression. 

When the NDA content exceeded 2%, the compressive 
strength of the CNGA system decreased markedly. 
Excessive NDA induced an over-alkaline environment, 
which suppressed effective activation of GGBS and BA and 
reduced the formation of C-S-H gel. Meanwhile, intensified 
side reactions increased internal porosity and deteriorated 
matrix compactness, ultimately leading to significant 
strength loss. 

Overall, the CNGA system exhibited optimal compressive 
strength at an NDA content of 2%, while further increases 
in NDA dosage led to significant strength reduction due to 
excessive alkalinity and inhibited hydration. 

3.1.2. Analysis of the effect of alkaline solid waste mix ratio 

 

Table 5. Effect of alkaline solid waste mix ratio on compressive strength of CNGA system. 

NO. CS/% GGBS/% 
Compressive strength/MPa 

3d 7d 28d 

CNGA-5 50 30 10.96 10.57 15.74 

CNGA-6 45 35 11.93 17.40 22.88 

CNGA-7 35 45 19.01 21.21 34.48 

CNGA-8 30 50 15.95 23.23 25.21 
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Figure 4. Effect of alkaline solid waste mix ratio on compressive 

strength of CNGA system. 

For this experimental group, the NDA content was fixed at 
0%, the BA content at 20%, and the water-to-binder ratio 
at 0.45. By adjusting the proportion of CS to GGBS (with CS 
decreasing from 50% to 30% and GGBS increasing 
synchronously from 30% to 50%), the synergistic effect of 
alkaline solid wastes and precursors on the strength of the 
CNGA all-solid-waste cementitious material was 
investigated. The experimental data were presented in 
Table 5 and Figure 4. 

The compressive strengths of CNGA-5 at 3, 7, and 28 d were 
10.96 MPa, 10.57 MPa, and 15.74 MPa, respectively. Its 
strength was lower than other mixtures: despite sufficient 
alkalinity from the high CS content, insufficient GGBS 
limited the supply of reactive components, resulting in 
inadequate hydration and restrained strength 
development. 

For CNGA-6 (CS reduced to 45%, GGBS increased to 35%), 
the 3, 7, and 28 d strengths reached 11.93 MPa, 17.40 MPa, 
and 22.88 MPa, respectively, with a significant strength 
increase. The results indicate that the higher GGBS 
proportion facilitated the formation of hydration products 
and enhanced the material's compactness. 

CNGA-7 (CS further reduced to 35%, GGBS increased to 
45%) achieved the optimal mechanical properties, with 3, 
7, and 28 d strengths of 19.01 MPa, 21.21 MPa, and a peak 
value of 34.48 MPa, respectively. At this ratio, the alkalinity 
from CS and reactive components in GGBS reached an 
optimal balance: sufficient reactive ingredients generated 
abundant C-S-H gel to fill pores, markedly enhancing matrix 
density and mechanical strength. 

For CNGA-8 (CS decreased to 30%, GGBS increased to 50%), 
the 3 and 7 d strengths were 15.95 MPa and 23.23 MPa, 
respectively, but the 28 d strength dropped to 25.21 MPa. 
Excessively low CS content led to insufficient system 

alkalinity, causing incomplete GGBS hydration and 
restricted late-age strength development. 

Overall, the CS-to-GGBS ratio exerted a significant 
influence on the mechanical properties of the CNGA 
system. The CNGA-7 sample, with 35% CS and 45% GGBS, 
exhibited the best performance. Excessively high CS 
content increased porosity and reduced compactness, 
whereas insufficient CS failed to provide adequate 
alkalinity to fully activate GGBS, ultimately leading to 
reduced strength. 

3.1.3. Analysis of the effect of BA content 

This experimental group investigated the effect of BA 
content on the compressive strength of CNGA all-solid-
waste cementitious material under two scenarios: with and 
without NDA addition, while analyzed the mechanism of 
action of BA on the all-solid-waste cementitious material 
under each scenario. The influence of BA content on the 
compressive strength of CNGA all-solid-waste cementitious 
material with NDA addition was presented in Table 6 and 
Figure 5, while that without NDA addition was shown in 
Table 7 and Figure 6. 

(1) Effect of BA content under 4% NDA addition 

 

Figure 5. Effect of BA content on compressive strength of CNGA 

under 4% NDA addition. 

For the CNGA-9 sample with 0% BA content, the 3-day, 7-day, 
and 28-day compressive strengths were 10.72 MPa, 11.83 MPa, 
and 17.57 MPa, respectively, exhibiting stable strength 
development. In the absence of BA, the all-solid-waste 
cementitious material underwent uniform hydration reactions. 

With the BA content increased to 10%, the 3d strength 
slightly decreased to 9.71 MPa, while the 7d and 28d 
strengths were 10.57 MPa and 16.77 MPa, respectively. 
These results suggest that a low BA content had no 
significant influence on the compressive strength of the 
CNGA system. 

Table 6. Effect of BA content on compressive strength of CNGA under 4% NDA addition. 

NO. NDA Content/% BA Content/% 
Compressive strength/MPa 

3d 7d 28d 

CNGA-9 4 0 10.72 11.83 17.57 

CNGA-10 4 10 9.71 10.57 16.77 

CNGA-3 4 20 9.81 7.86 11.65 

CNGA-11 4 30 6.82 8.61 9.79 
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Elevated BA content significantly degraded the mechanical 
properties of the CNGA material: 20% BA caused a sharp 
strength drop (3 d: 9.81 MPa, 7 d: 7.86 MPa, 28 d: 11.65 
MPa), which further declined at 30% BA (3 d: 6.82 MPa, 28 
d: 9.79 MPa). This stems from uneven reaction between 

excess BA and NDA, which triggers imbalanced hydration 
product distribution and higher porosity. 

(1) Effect of BA content under 0% NDA addition 

 

Table 7. Effect of BA content on compressive strength of CNGA under 0% NDA addition. 

NO. BA Content/% 
Compressive strength/MPa 

3d 7d 28d 

CNGA-12 0 17.09 21.31 47.28 

CNGA-13 10 14.93 18.51 33.16 

CNGA-14 20 11.53 11.92 26.47 

CNGA-15 30 10.24 15.89 19.11 

 

Without NDA addition, the effect of BA content on the 
compressive strength of the CNGA all-solid-waste 
cementitious material showed a distinct pattern compared 
with the 4% NDA group.CNGA-12 (0% BA) achieved the 
highest overall strength, with 3 d, 7 d, and 28 d compressive 
strengths of 17.09 MPa, 21.31 MPa, and 47.28 MPa, 
respectively. This indicates that the CNGA system 
underwent more complete hydration without NDA and BA, 
where hydration products filled internal pores to form a 
denser matrix structure. 

 

Figure 6. Effect of BA content on compressive strength of CNGA 

under 0% NDA addition. 

Increasing BA content led to continuous strength 
degradation: 10% BA gave a 3 d strength of 14.93 MPa and 
28 d strength of 33.16 MPa (stable but inferior to CNGA-
12), which further dropped to 11.53 MPa (3 d) and 26.47 
MPa (28 d) at 20% BA, and plummeted to 19.11 MPa at 28 

d for 30% BA (a 51% reduction vs. CNGA-12). This severe 
strength attenuation stems from excessive BA, which 
cannot participate in effective hydration, increases internal 
porosity, and inhibits hydration product formation. 

Overall, increasing BA content generally exerted a negative 
effect on the compressive strength of the CNGA system, 
and this effect was strongly dependent on NDA content. 
Under 4% NDA addition, excessive BA significantly reduced 
strength, particularly at BA contents of 20% or higher. In 
contrast, the system without both BA and NDA achieved 
the highest strength. These results indicate that BA exhibits 
relatively low reactivity, and excessive BA primarily 
increases porosity rather than contributing to effective 
hydration. 

3.1.4. Analysis of the effect of water-to-binder ratio 

 

Figure 7. Effect of water-to-binder ratio on the compressive 

strength of CNGA system. 

 

Table 8. Effect of water-to-binder ratio on compressive strength of CNGA system. 

NO. Water-to-binder ratio 
Compressive strength/MPa 

3d 7d 28d 

CNGA-16 0.39 8.15 9.48 12.15 

CNGA-17 0.42 7.17 9.67 15.06 

CNGA-3 0.45 9.81 7.86 11.65 

CNGA-18 0.48 6.25 13.98 18.81 

For this experimental group, the NDA content (4%), CS 
proportion (36%), GGBS proportion (40%), and BA content 
(20%) were fixed, and a gradient of water-to-binder ratios 
(0.39, 0.42, 0.45, 0.48) was set for samples CNGA-16 to 
CNGA-18 and CNGA-3. The aim was to investigate the 
effect of varying water-to-binder ratios on the compressive 

strength of CNGA all-solid-waste cementitious material. 
The influence of the water-to-binder ratio on compressive 
strength was presented in Table 8 and Figure 7. 

For CNGA-16 with a water-to-binder ratio of 0.39, the early-
age compressive strengths were relatively high (3 d: 8.15 
MPa, 7 d: 9.48 MPa), while the 28 d strength was limited to 
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12.15 MPa. Although the low water-to-binder ratio reduces 
free water content and enables the all-solid-waste 
cementitious material to form a relatively dense structure 
in the early stage, insufficient moisture restricts late-age 
hydration reactions. Reactive components such as GGBS 
and BA cannot be fully dissolved and reacted, resulting in 
inadequate C-S-H gel formation and slow late-age strength 
gain. 

When the water-to-binder ratio was increased to 0.42 
(CNGA-17), the 3d strength decreased to 7.17 MPa (a 
12.0% decrease compared to CNGA-16), but the 28d 
strength increased to 15.06 MPa (a 23.9% increase). A 
moderate increase in water content improved paste 
fluidity, facilitating more thorough diffusion of reactants 
(Ca²⁺, SiO₂, and Al₂O₃) and more complete late-age 
hydration. The increased formation of C-S-H gel and AFt 
offsets the loss of early-age strength. 

CNGA3 with a water-to-binder ratio of 0.45 exhibited the 
lowest strength, with a 28 d compressive strength of 11.65 
MPa, 22.6% lower than CNGA17. This ratio led to an 
imbalance between water and reactive components. 
Insufficient early hydration limited C–S–H formation and 
prevented development of a dense microstructure. 
Although moisture remained at later stages, the lack of 
early reaction left few reactive components available, 
restricting formation of sufficient cementitious products 
for pore filling and resulting in reduced macroscopic 
strength. 

CNGA-18 (water-to-binder ratio 0.48) delivered the group’s 
best long-term mechanical performance, with a 28 d 
compressive strength of 18.81 MPa (54.8% higher than 
CNGA-16 at 0.39 water-to-binder ratio). The high water-to-
binder ratio sustains late-age hydration: ample moisture 
enables full dissolution of reactive components in GGBS 
and BA, forming abundant C-S-H gel and AFt to densify the 
matrix. Despite a low 3 d strength of 6.25 MPa, the sample 
achieved significant late-age strength growth. 

The water-to-binder ratio had a nonlinear effect on the 
CNGA system’s mechanical properties. The 0.39 ratio 
benefited early strength but limited late hydration, the 
0.48 ratio ensured sufficient moisture for sustained 
hydration and optimal late-age strength, while the 0.45 
ratio performed worst due to water-reactive component 
imbalance. Thus, 0.48 was identified as the system’s 
optimal water-to-binder ratio. 

 Microscopic analysis of hydration products 

3.2.1. XRD analysis of hydration products 

As illustrated in Figure 8, multiple reaction products were 
identified in the CNGA1–3 samples, including calcium 
silicate hydrate (C–S–H), portlandite (Ca(OH)₂), calcite, 
hydrocalumite, AFt, gypsum, and a small amount of mullite. 

NDA enhances the alkaline environment by releasing Na⁺. 
An appropriate dosage promotes GGBS hydration and 
accelerates C–S–H formation, improving strength. 
However, excessive NDA creates an overly alkaline 
environment that suppresses effective C–S–H formation 
and promotes non-dominant phases such as calcite and 
hydrocalumite, reducing strength. As the main calcium 
source, CS supplies Ca²⁺ and OH⁻ to activate GGBS and BA. 
Hydration of CaO in CS produces substantial Ca(OH)₂, which 
maintains alkalinity and participates in C–S–H formation. 

GGBS is the primary strength contributor in the all-solid-
waste cementitious material. Under alkaline conditions, 
CaO and SiO₂ in GGBS hydrate to form C–S–H gel with an 
acicular fibrous structure, enhancing matrix compactness 
and mechanical properties. In CNGA3, this phase evolution 
aligns with the strength degradation mechanism in Section 
3.1.1, where excessive NDA inhibits effective C–S–H 
formation. By supplying Al₂O₃, BA reacts with Ca²⁺ under 
alkaline conditions to form hydrocalumite and AFt. An 
appropriate BA content promotes the formation of C–A–H 
and hydrocalumite, improving early-age strength and 
chemical stability. 

 

Table 9. XRD analysis of hydration products in the CNGA system with different sodium-based desulfurization ash contents. 

Characteristic peaks (°2θ)  Hydration products Relationship with performance 

18° and 41° Ca(OH)₂ 

While Ca(OH)₂ contributes little directly to strength, the alkaline 

environment it provides promotes GGBS activation. However, 

excessive Ca(OH)₂ may impair matrix performance by forming calcite 

through carbonation. 

18°,25°and 32° C-S-H 

The higher the C-S-H content, the stronger the matrix cohesion and 

compactness—making it the primary contributor to the strength of the 

all-solid-waste cementitious material. 

29°and 50° Calcite 

An appropriate amount of Calcite fills internal pores and enhances 

chemical stability, while excess Calcite increases porosity and weakens 

mechanical strength. 

9.1°,15.7°,18.8°,22.9°and 25.6° AFt 
The formation of AFt contributes to early-age strength development, 

but excessive AFt may induce expansive cracks in the matrix. 

11.6°,20.7°,29.2°and 31.1° Gypsum 
Gypsum is a non-cementitious phase; excessive Gypsum content may 

lead to increased porosity of the material. 

11°and 31° Hydrocalumite 
The flaky structure of Hydrocalumite contributes minimally to strength 

but enhances the chemical stability of the material. 

16°and 33° Mullite 
Mullite exhibits high chemical stability but is a non-cementitious phase, 

providing limited contribution to the material's strength. 
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Based on Table 9 and Figure 8, CNGA1 (0% NDA) is 
dominated by C-S-H (characteristic peaks at 18°, 25°, 32°) 
and Ca(OH)₂ (characteristic peaks at 18°, 41°). A small 
amount of unreacted phases remains in the system. As the 
core cementitious phase, C-S-H forms a dense fibrous 
network, which is consistent with the macroscopic 
performance of a 28-day compressive strength of 27.12 
MPa. Ca(OH)₂ provides a stable alkaline environment, with 
no pronounced carbonation detected. 

 

Figure 8. XRD patterns of CNGA1-3 system. 

In the CNGA2 (2% NDA) sample, C-S-H and Ca(OH)₂ remain 
the main products, accompanied by a moderate formation 
of Calcite (characteristic peaks at 29°, 50°), which reflects 
good compactness. Its 28-day strength (25.34 MPa) is only 
slightly lower than that of CNGA1. 

In CNGA3 with 4% NDA, product composition changes 
markedly. Calcite and hydrocalumite increase significantly, 
with characteristic peaks at 11° and 31°, while C–S–H 
decreases sharply. At the same time, AFt with peaks at 9.1° 
and 15.7° and gypsum with peaks at 11.6° and 20.7° are 
enhanced. Non-cementitious phases such as calcite and 
gypsum become dominant, weakening cohesion and 
compactness and leading to a sharp reduction in 28 d 
strength to 11.65 MPa. 

 

Figure 9. XRD patterns of CNGA5-7 system. 

XRD patterns of CNGA5-7 samples are displayed in Figure 
9. For CNGA5 (50% CS, 30% GGBS), the characteristic peaks 
of Ca(OH)₂ (18°, 41°) are the strongest, while those of C-S-
H (18°, 25°, 32°) are relatively weak. As indicated by the 

intense peaks at 18°, 25°, and 32° in the XRD patterns, 
although the high Ca(OH)₂ content in CNGA5 provides a 
relatively strong alkaline environment, the insufficient 
proportion of GGBS restricts the formation of C-S-H. The 
flaky structure of Ca(OH)₂ can offer an alkaline 
environment for activating GGBS, but it contributes little to 
strength itself. Additionally, the limited formation of calcite 
suggests a reduced pore-filling effect, leading to a 28d 
strength of only 15.74 MPa. 

In the CNGA6 sample (45% CS, 35% GGBS), the formation 
of C-S-H increases, and an appropriate amount of Calcite 
fills part of the pores. A characteristic peak of 
Hydrocalumite at 11° emerges, indicating that BA 
undergoes hydration to form Hydrocalumite under alkaline 
conditions. Despite its limited contribution to strength, this 
flaky Hydrocalumite plays a crucial role in enhancing the 
material's chemical stability. The increased GGBS 
proportion facilitates the formation of a C-S-H gel network, 
and Calcite fills partial pores, resulting in an improved 28d 
strength of 22.88 MPa. 

For CNGA7 (35% CS, 45% GGBS), C–S–H formation is 
maximized, and its fibrous structure forms a dense matrix 
network. Calcite peak intensity increases, indicating more 
calcite from Ca(OH)₂ carbonation contributes to pore 
filling. Hydrocalumite and gypsum peaks are also more 
pronounced, reflecting byproducts of BA reactions under 
CS activation. These phases assist pore filling and early 
strength, though excessive amounts may cause 
microcracking or increased porosity. CNGA7 exhibits the 
densest microstructure and achieves a 28 d strength of 
34.48 MPa, the highest among the three materials. 

Overall, C–S–H is the primary cementitious phase 
controlling CNGA strength. Its formation is enhanced by 
higher GGBS content and appropriate NDA dosage, 
improving mechanical performance. Ca(OH)₂ mainly 
provides alkalinity, but excess Ca(OH)₂ readily carbonates 
to calcite, potentially reducing strength. Moderate calcite 
aids pore filling and stability, whereas excess weakens the 
matrix. Increasing GGBS is key to strength enhancement, as 
evidenced by CNGA7 achieving the highest compressive 
strength. 

3.2.2. FTIR analysis of hydration products 

FTIR spectra of CNGA1-3 samples are presented in Figure 
10, and the corresponding absorption peak assignments 
were summarized in Table 10. The absorption peak at 3640 
cm⁻¹ in the FTIR spectra corresponds to the O-H stretching 
vibration of Ca(OH)₂, originating from the hydration of CaO 
in CS (CaO + H₂O → Ca(OH)₂). This peak can be regarded as 
an indicator of the alkaline environment favorable for C–S–
H formation. 

CNGA1 shows the strongest Ca(OH)₂ absorption peak, 
indicating higher content that maintains alkalinity for GGBS 
hydration. With increasing NDA dosage, Ca(OH)₂ in CNGA2 
and CNGA3 progressively carbonates to calcite, causing a 
gradual decrease of the 3640 cm⁻¹ peak, while calcite peaks 
at 1420 cm⁻¹ and 874 cm⁻¹ become more pronounced. In 
CNGA2, moderate calcite aids pore filling and improves 
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stability, whereas excessive calcite in CNGA3 increases 
porosity and reduces mechanical strength. 

Absorption peaks at 3400–3200 cm⁻¹ and 1600–1680 cm⁻¹ 
correspond to bound water in hydration products, mainly 
associated with C–S–H gel, and their intensity reflects the 
degree of hydration. CNGA3 shows relatively strong bound-

water peaks under high NDA dosage, indicating an 
intensified hydration environment. However, the increased 
bound water did not fully transform into C–S–H; instead, 
higher amounts of byproducts such as calcite and gypsum 
adversely affected the strength of the all-solid-waste 
cementitious material. 

Table 10. FTIR absorption peaks for CNGA system. 

Wavenumber (cm⁻¹) Corresponding functional groups Main sources Relationship with performance 

3640 O-H stretching vibration Ca(OH)₂ 
Provides an alkaline environment, promotes 

C-S-H formation, and enhances material 

strength. 

1640,3400 H-O-H bending vibration 
Bound water in 

hydration products 

Reduced bound water decreases the content 

of hydration products in the all-solid-waste 

cementitious material and impairs strength. 

1420,874 
CO₃²⁻ stretching and bending 

vibrations 
Calcite(CaCO₃) 

As a non-cementitious phase, Calcite 

inhibits C-S-H formation, increases 

porosity, and reduces material strength. 

960–1000 Si-O-Si stretching vibration C-S-H, silicates 
C-S-H is the primary strength-contributing 

phase, and a decrease in its content directly 

impairs the material's performance. 

600–700 SO₄²⁻ bending vibration Gypsum 
Gypsum is a byproduct of side reactions that 

cannot enhance strength and may cause 

matrix deterioration. 

 

 

Figure 10. FTIR patterns of sodium group content of CNGA1-3 

system. 

In the 1100–950 cm⁻¹ range, Si–O–Si stretching peaks 
characteristic of C–S–H indicate the main cementitious 
phase governing cohesion and compactness. CNGA1 shows 
the strongest Si–O–Si peak, implying higher C–S–H content 
and a 28 d strength of 27.12 MPa. CNGA2 has slightly lower 
C–S–H, but moderate calcite formation aids pore filling, 
yielding a 28 d strength of 25.34 MPa, close to CNGA1. In 
CNGA3, C–S–H decreases markedly with the weakest peak 
intensity; enhanced carbonate- and sulfate-related peaks 
indicate increased calcite and gypsum, corresponding to 
reduced C–S–H and weakened mechanical performance. 

Gypsum peaks at 600–700 cm⁻¹ originate from SO₄²⁻ 
bending vibrations. CNGA1 contains negligible gypsum. In 
CNGA2, limited gypsum may aid microstructural 
densification and early strength. In CNGA3, gypsum 
increases markedly, likely due to SO₄²⁻ combining with Ca²⁺ 
at high NDA dosage. As a non-cementitious phase, excess 
gypsum increases porosity and may reduce long-term 
strength. 

The FTIR spectra of CNGA5–7 samples were shown in 
Figure 11. The O–H stretching peak at ~3640 cm⁻¹ 
corresponds to Ca(OH)₂. CNGA5 shows the strongest 
Ca(OH)₂ peak, indicating higher content consistent with its 
higher CS proportion. While CS supplies abundant Ca²⁺ and 
OH⁻, excess Ca(OH)₂ may inhibit effective C–S–H formation. 
Accordingly, the Si–O–Si band at 1100–950 cm⁻¹ (C–S–H) is 
relatively weak in the FTIR spectra, indicating reduced C–S–
H formation and a 28 d compressive strength of 15.74 MPa. 

 

Figure 11. FTIR profile of CNGA5-7 system. 

With increasing GGBS content, bound-water bands at 
3400–3200 cm⁻¹ intensify in CNGA6 and CNGA7, indicating 
enhanced hydration. Calcite (CaCO₃) peaks at ~1410 and 
874 cm⁻¹ also strengthen, reflecting increased carbonation. 
In CNGA6, moderate calcite has limited impact on strength, 
while the enhanced C–S–H peak at 1000–960 cm⁻¹ indicates 
that a 35% GGBS proportion promotes C–S–H gel network 
formation, yielding a strength of 22.88 MPa. 

In CNGA7, where the GGBS proportion is further increased 
to 45%, the FTIR patterns exhibit the most pronounced 
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absorption bands associated with Si–O–Si stretching 
vibration and bound water, indicating a relatively higher 
degree of C–S–H formation at this ratio. Although the 
Calcite absorption peak intensifies further (indicating 
enhanced carbonation), C-S-H remains the dominant 
phase, forming a dense network structure within the all-
solid-waste cementitious material. Consequently, the 28d 
strength reaches a maximum of 34.48 MPa. 

Ca(OH)₂ produced by CS hydration provides the alkaline 
environment required for GGBS activation, but excess 
Ca(OH)₂, as in CNGA5, readily carbonates to calcite. As the 
primary cementitious phase, C–S–H formation, reflected by 
the Si–O–Si stretching intensity in FTIR spectra, governs 
CNGA strength. A moderate amount of calcite, as in 
CNGA2, can fill micropores, whereas excessive calcite, as in 
CNGA3, hinders C–S–H interweaving and degrades the 
microstructure and mechanical properties. 

3.2.3. SEM analysis of hydration products 

As observed in Figure 12, the CNGA1 specimen is relatively 
dense with low porosity, contributing to improved 
macroscopic mechanical properties. SEM images show 
flaky Ca(OH)₂ and fibrous C–S–H. Ca(OH)₂ presents a 
regular crystalline morphology and mainly provides an 
alkaline environment, while fibrous C–S–H forms a 
continuous network that governs strength. A small amount 
of unreacted GGBS particles is embedded in the gel matrix 
with negligible contribution to strength. C–S–H exhibits a 
typical fibrous or honeycomb-like structure, enhancing 
matrix bonding. Mineral crystals are tightly bonded 
without obvious large pores or cracks, indicating a high 
degree of hydration and uniform reaction in the all-solid-
waste cementitious material. 

Fibrous C–S–H gel is widely distributed and intertwined to 
form a dense network, providing the primary strength 
support for CNGA1, consistent with its 28 d compressive 
strength of 27.12 MPa. Ca(OH)₂ crystals are regular and 
well dispersed, maintaining a stable alkaline environment 
that promotes C–S–H formation. A small amount of 
unhydrated particles is likely due to uneven distribution or 
locally insufficient alkalinity. Although they have little 
effect on current strength, they may gradually hydrate at 
later ages, further enhancing the strength of the all-solid-
waste cementitious material. 

As illustrated in Figure 13, the CNGA3 specimen with 4% 
NDA and a 28 d compressive strength of 11.65 MPa exhibits 

obvious cracks and a loose overall structure. Hydration 
products are scattered and fail to form a dense network. 
Flaky crystals, presumed to be hydrocalumite, show high 
chemical stability but a loose structure with limited 
contribution to strength. Unlike the fibrous C–S–H network 
in CNGA1, no distinct C–S–H network is observed in CNGA3, 
indicating that excessive NDA may inhibit its formation. 
Numerous uniformly distributed granular particles are 
identified as calcite CaCO₃, likely formed by early 
carbonation under high NDA content. No evident binding 
phase or dense filling is observed between particles, 
reflecting weak bonding performance. 

 

Figure 12. Scanning electron micrograph of CNGA1 specimen 

28d. 

 

Figure 13. Scanning electron micrograph of CNGA3 specimen 

28d. 

Table 11. Comparison of CNGA1 and CNGA3 systems. 

Characteristics CNGA1 CNGA3 

Porosity Low High 

Hydration Products 
Dominated by C-S-H, with Ca(OH)₂ as the secondary 

phase 

Dominated by Calcite (CaCO₃) and 

Hydrocalumite 

Microstructure Dense Loose with numerous cracks 

28-day Compressive Strength 27.12MPa 11.65MPa 

 

At high NDA dosage, substantial CaCO₃ forms from the 
carbonation of Ca(OH)₂. Although chemically stable, CaCO₃ 
contributes little to strength and hinders C–S–H formation. 
Elevated NDA enhances Al₂O₃ reactivity, promoting 

hydrocalumite formation, but its loose flaky structure 
offers limited strength gain. Extensive cracks and pores are 
consistent with the low 28 d compressive strength of 11.65 
MPa. The high porosity and loose structure markedly 
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reduce CNGA3 strength. SEM shows a loose matrix with 
abundant granular calcite and flaky hydrocalumite, while a 
continuous C–S–H network is absent, accounting for the 
low compressive strength. A comparison between CNGA1 
and CNGA3 is provided in Table 11. 

4. Conclusions 

Through systematic macroscopic and microscopic analyses, 
this study investigates the hydration characteristics and 
reaction mechanisms of all-solid-waste cementitious 
materials prepared by activating a GGBS–BA precursor with 
a CS–NDA composite alkaline activator. Four key factors, 
namely alkaline solid waste ratio, NDA dosage, water-to-
binder ratio, and precursor proportion, were evaluated for 
their effects on workability, mechanical properties, and 
microstructural evolution using XRD, FTIR, and SEM-EDS. 
The main conclusions are as follows: 

1. In CNGA all-solid-waste cementitious materials, SO₄²⁻ 
reacts with C–A–H gel from GGBS hydration and Ca²⁺ 
supplied by CS to preferentially form AFt. This AFt, with 
acicular or columnar morphology, interpenetrates the 
C–S–H gel framework, enhancing mechanical 
interlocking and filling micropores between gel 
particles. Together, these effects create a gel–crystal 
composite structure that serves as the primary source 
of strength. 

2. The high-alkaline environment established by CN dual-
alkaline synergistic activation enables a functional 
division of alkali sources, featuring rapid alkalinity 
increase and sustained retention. An appropriate NDA 
dosage provides highly active alkali, and the high 
solubility of Na⁺ quickly raises the pH of the system. 
Meanwhile, CS acts as a stable alkali reservoir, where 
Ca(OH)₂ gradually dissolves to maintain long-term 
alkalinity and prevent sudden pH decline. As a result, 
CN dual-alkaline activation overcomes the limitations 
of slow alkali development and unstable alkalinity in 
single solid-waste systems. 

3. CS contributes to strength development in CNGA all-
solid-waste cementitious materials through both 
alkaline activation and latent cementitious properties. 
It supplies OH⁻ to create a high-alkaline environment, 
breaking down inert layers on GGBS and BA and 
promoting formation of C–S–H and AFt. It also 
provides abundant Ca²⁺, which reacts with SiO₃²⁻ and 
AlO₂⁻ to form C–(A)–S–H gel. In sulfate-containing 
systems, CS further reacts with sulfates to generate 
limited AFt, aiding pore filling and microstructural 
densification. 

4. NDA dosage significantly affects strength, with an 
optimal level of 2% balancing alkaline activation and 
suppression of side reactions. This dosage enhances 
the hydration of GGBS and BA, promotes C–S–H 
formation, and produces a small amount of CaCO₃ for 
pore filling, thereby improving strength. Excessive NDA 
is unfavorable, as non-cementitious byproducts 
become dominant and hinder strength development. 

5. CS provides the activation environment, NDA stabilizes 
it and regulates product types, GGBS supplies the main 
cementitious products, and BA contributes reactive 

components to enhance chemical stability. Together, 
the CNGA system forms an integrated control 
framework covering effective activation, stable 
reactions, cementitious product formation, and dense 
structural development. 
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