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Abstract

This study addresses the challenges of solidifying high-moisture, high-alkalinity inorganic softening sludge (ISS) by utilizing alkali-activated
slag-based cementitious materials. The research investigated strength evolution via unconfined compressive strength tests, while X-ray
diffraction and scanning electron microscopy were employed to analyze phase composition and microstructural changes. Furthermore,
response surface methodology was utilized to optimize mix proportions and explore interaction mechanisms. Results indicate that
granulated blast furnace slag is the primary strength contributor, whereas fly ash and sodium silicate exhibit nonlinear effects. Microscopic
analysis reveals that changes in raw material ratios influence strength development by regulating the formation of products such as calcium
aluminosilicate hydrate (C-A-S-H) and sodium aluminosilicate hydrate (N-A-S-H). Optimization results from response surface methodology
show that, when sodium hydroxide dosage is fixed at 2.5%, the optimal dosages for granulated blast furnace slag, fly ash, and sodium
silicate are 30.65%, 29.98%, and 6.96%, respectively, achieving a 7-day unconfined compressive strength of 5.38 MPa. Furthermore,
significant interactions exist between granulated blast furnace slag and fly ash, as well as between fly ash and sodium silicate. This study
provides a theoretical basis for the resource utilization of ISS in road base materials.

Keywords: Curing agent, compressive strength, inorganic softening sludge, response surface method, mix ratio

1. Introduction

Thermal power plants serve as critical hubs for energy supply, supporting economic and social development while simultaneously
facing severe pressure regarding solid waste disposal. Among various solid wastes, inorganic softening sludge (ISS) exhibits distinct
characteristics, including high alkalinity, high calcium ion content, and high water content. The treatment of ISS has become a
critical environmental bottleneck restricting the green transformation of the industry. Traditional disposal methods, such as
landfilling, stockpiling, and incineration, are not only plagued by low efficiency and low resource utilization rates but are also prone
to generating leachate, thereby causing secondary pollution!!?l, In light of this, exploring an efficient and environmentally friendly
technical pathway for the large-scale resource utilization of ISS is of great significance for promoting the clean transformation of the
thermal power industry and achieving sustainable development goals!*.

In recent years, utilizing solidified sludge as a road base material has emerged as a promising strategy for sludge treatment due to its
combined economic viability and engineering applicability!>°l. Existing studies indicate that cement and admixtures can effectively
solidify municipal sludge or soft soil into materials with sufficient strength to meet road construction requirements!’ 1. The use of
nano-modification and low-carbon supersulfated cement can efficiently cure dressed dimensions!''l. Building on this, the application
of alternative solidifying agents, such as rice husk ash, granulated blast furnace slag (GBFS), magnesium oxide, fly ash (FA), and
metakaolin, has further enhanced the solidification efficacy of municipal sludge and soft soill'>"!°l, Notably, solidification systems
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based on alkali-activated materials have demonstrated particularly outstanding performancel!°'®], Feng et al.l'”] reviewed the
mechanical properties and solidification mechanisms of alkali-activated cementitious materials solidified sludge and analyzed the
influence of sludge type, alkali activator type, precursor type and dosage on the unconfined compressive strength (UCS) of
alkali-activated cementitious materials solidified sludge. The use of sodium silicate (SS) as an activator can significantly enhance the
solubility of GBFS, thereby significantly improving its compressive strength!?’l. The synergistic interaction between GBFS and FA
facilitates a more comprehensive alkali-activation process, where the simultaneous formation of C-A-S-H and N-A-S-H gels leads to a
denser geopolymeric matrix and enhanced structural integrity of the solidified soill?!"?3l, Optimizing the binary blend of GBFS and FA
significantly improves the unconfined compressive strength of stabilized soils by refining the pore structure and accelerating the
hydration kinetics under alkaline environments!?>!2°l. Alkali activators composed of SS and sodium hydroxide (SH) accelerate the
dissolution rates of silicon and aluminum in GBFS and FA, promoting gel formation?7l,

However, existing research has primarily focused on the solidification characteristics of municipal sludge or soft soill?®*3!l. Due to the
high moisture content, high calcium ion content, and high alkalinity of ISS, its physical and chemical properties differ significantly
from traditional sludge, making direct application of existing findings challenging. Although alkaline activation is applicable to urban
sludge/soft soil, and existing research has demonstrated that the inherent alkalinity within the sludge can substitute for some
external alkaline activators, thereby reducing material costs, and that its abundant calcium ions can swiftly engage in alkaline
activation reactions, endowing the solidified sludge with high mechanical properties*?, the application of alkaline activation in ISS
with high moisture content, high calcium levels, and high pH has yet to be thoroughly investigated. The potential of harnessing the
inherent alkalinity of ISS as a resource represents a novel research avenue. Accordingly, this study utilizes slag-based alkali-activated
materials for the synergistic solidification of ISS. Through single-factor experiments, the intrinsic relationship between the dosage of
the slag-based cementitious agent and UCS was investigated. Coupled with X-ray diffraction (XRD) analysis to elucidate the
mechanism of product evolution, the mix proportion of the solidifying agent was optimized using response surface methodology
(RSM), and the significant interaction mechanisms between raw material dosages were explored. This study provides a theoretical
basis for the resource utilization of ISS in road base materials.

2. Materials and Methods

2.1 Materials

The physicochemical properties of the ISS used in the experiments are presented in Figure 1 and Table 1. X-ray fluorescence analysis
indicates that the predominant oxides are CaO, MgO, and SiO,. The sludge exhibits a plasticity index of 20.9 and a liquidity index of
1.22, characterizing it as a high-liquid-limit soil in a flow-plastic state. Notably, the ISS possesses a pH of 10.1. Although this alkalinity
is insufficient to independently trigger the pozzolanic reaction of slag (which typically requires pH > 12), it serves as a supplementary
alkaline source, effectively reducing the demand for external sodium hydroxide compared to neutral sludge. As shown in Figure 2, the
particle size distribution is narrow, with a mean particle size centered around 10 pm.
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Figure 1. Main components of ISS. ISS: inorganic softening sludge.
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Figure 2. Particle size distribution of ISS. ISS: inorganic softening sludge.
Table 1. Main chemical components of the material.
Compound Ca0 SiO, Fe,05 SO, Al,O4
ISS 77.991 5.48 3.76 3.492 0.921
GBFS 34.00 34.50 1.03 1.64 17.70
FA 8.92 46.17 7.90 1.91 26.68

ISS: inorganic softening sludge; GBFS: granulated blast furnace slag; FA: fly ash.

Previous research has shown that GBFS and SS exhibit effective solidification performance for high-water-content dredged sludgel'’],
and that the hydration products of FA can enhance the binding strength between soil particlesl**l. Based on the high water content,
high calcium ion content, and high alkalinity of ISS, as well as the plasticity and flowability indicators of the sludgel'’), GBFS, FA, SS,
and SH were selected as raw materials for the solidifying agent. The chemical compositions of ISS, GBFS, and FA are listed in Table 1.

2.2 Mix ratio

Experiments were designed with ISS, GBFS, FA, and SS in the proportions specified in Table 2. The base dosage of SH was 4% of the
total mass of the curing agent, and it was varied in gradients of 0.5% within the range of 2% to 4%**l. The dosages of each component

are detailed in Table 2.

Table 2. Mix proportions of the solidifying agent components (wt%).

Variable factor Group ISS (%)° GBFS (%)° FA (%)2 SS (%)° SH (%)P
GBFS content SP-1 10 2 3 1 4

SP-2 10 2.5 3 1 4

SP-3 10 3 3 1 4

SP-4 10 35 3 1 4

SP-5 10 4 3 1 4
FA content FA-1 10 3 2 1 4
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2 the addition amount of ISS, GBFS, FA, and SS is displayed as their weight ratio; ®: the amount of SH added is displayed as a percentage of the total weight of the curing
agent; ISS: inorganic softening sludge; GBFS: granulated blast furnace slag; FA: fly ash; SS: sodium silicate; SH: sodium hydroxide; SP: slag powder.

2.3 Sample preparation and testing

To simulate extreme field conditions, a moisture content of 70% was adopted as the experimental baseline, reflecting the upper limit

of the typical 50%-70% range observed in practical engineering. The sample preparation workflow is depicted in Figure 3. ISS was

oven-dried to a constant weight at 65 °C, comminuted via a jaw crusher, and sieved through a 2 mm square-hole mesh. The retained

fraction was re-processed to ensure 100% passing. Components were weighed according to the mix design, and the process from

hydration to casting into 40 mm cubic molds was rigorously executed within 10 minutes. After 24 hours of ambient curing, the

specimens were demolded and transferred to a standard curing chamber (20 * 2 °C, RH = 90%). UCS tests were conducted at 3, 7, and

28 days, and the average value of three replicates was reported.

Materials Preparation

Strength
Test

XRD

Figure 3. Sample preparation and testing equipment. ISS: inorganic softening sludge; FA: fly ash; SS: sodium silicate; GBFS: granulated blast furnace slag; SH: sodium

hydroxide; SEM: scanning electron microscopy; XRD: X-ray diffraction.
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3. Single Factor Test Results

3.1 Unconfined compressive strength

Figure 4, Figure 5, Figure 6, and Figure 7 illustrate the distinct effects of solidifying agent component dosages on the UCS of the
solidified sludge. For the GBFS-based system, the UCS exhibits a significant positive correlation with dosage. At a GBFS dosage of 40%,
the compressive strengths at 3, 7, and 28 days reach 6.03 MPa, 7.60 MPa, and 9.11 MPa, respectively. However, when the GBFS dosage
exceeds 35%, the growth in 28-day strength tends to plateau. The influence of FA dosage on strength follows a trend of increasing and
then decreasing. The 28-day strength reaches a maximum of 7.79 MPa at an FA dosage of 35%. The effect of SS dosage on UCS exhibits
a biphasic characteristic: when the SS dosage is below 10%, the 28-day strength declines with increasing dosage, reaching a minimum
of 7.2 MPa at 10%. Subsequently, the strength increases with dosage, recovering to 8.18 MPa at both 15% and 20% dosages,
representing an increase of approximately 14%. Regarding SH dosage, inconsistent trends were observed; specifically, while early-age
strength increases when the dosage ranges from 3.5% to 4%, the 28-day strength decreases. Nevertheless, the overall fluctuation in
strength across all curing ages remains within 1 MPa, suggesting that, compared to other raw materials, the influence of SH dosage
on strength is relatively minor.
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Figure 4. Effect of GBFS dosages on the UCS of solidified sludge. GBFS: granulated blast furnace slag; UCS: unconfined compressive strength.
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Figure 5. Effect of FA dosages on the UCS of solidified sludge. FA: fly ash; UCS: unconfined compressive strength.
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Figure 6. Effect of SS dosages on the UCS of solidified sludge. SS: sodium silicate; UCS: unconfined compressive strength.
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Figure 7. Effect of SH dosages on the UCS of solidified sludge. SH: sodium hydroxide; UCS: unconfined compressive strength.

3.2 Curing mechanism
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The XRD patterns in Figure 8 reveal the phase evolution characteristics of the solidified sludge under different mix ratios. The results

for Group SP-5 exhibit characteristic features of alkali-activated products. It should be noted that the calcium aluminosilicate hydrate

(C-A-S-H) gel formed in this system is largely amorphous and poorly crystalline, making it difficult to detect as sharp diffraction peaks

in XRD. Instead, its presence is inferred from the broad diffuse halo and the consumption of crystalline precursor phases, consistent

with the dense gel structures observed in SEM images. This is attributed to the alkali-activated reaction, where Ca?' ions from the ISS

and GBFS consume a significant amount of free water to generate C-A-S-H gel, which provides strengthl®>l, At a curing age of 28 days,

the CaCO; peak intensifies significantly while the SiO, peak diminishes. This indicates that when the Ca?* concentration exceeds the

demand for the alkali-activated reaction, the excess Ca?' forms Ca(OH),, which subsequently reacts with atmospheric CO, to generate

CaCO;. This carbonation process is accompanied by volume expansion, which inhibits late-age strength development and reasonably

explains the plateau in 28-day strength observed in Groups SP-4 and SP-5.
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Figure 8. XRD results. XRD: X-ray diffraction; FA: fly ash; SP: slag powder.

The dosages of FA and SS influence the type of hydration products by regulating the Ca?'/Si*" ratio within the system. As shown in
Figure 4, Group FA-5 displays a prominent SiO, peak at 7 days, whereas a distinct sodium aluminosilicate hydrate (N-A-S-H) peak
emerges at 28 days. At low FA dosages, sufficient Ca?' rapidly reacts with SiO,* released from FA under alkaline conditions to form
C-A-S-H gel, significantly enhancing early-age strength. Conversely, high FA dosages reduce the Ca/Si ratio, promoting the
transformation of reaction products into lower-strength N-A-S-H, which consequently weakens the solidified matrix.

Regarding SS dosage, the strength of the solidified sludge initially decreases as the dosage increases. This occurs because the Si** in
SS is more reactive than that in FA and participates preferentially in the reaction, thereby lowering the system’s Ca/Si ratio and
favoring the formation of low-strength N-A-S-H. As the SS dosage continues to increase, the pH of the system decreases, promoting
the dissolution of Al,0; and SiO, from FA to generate AlO,> and SiO,*. These ions then combine with Ca?" in the sludge. This process
facilitates the connectivity of pores and the collapse of large-to-medium pores, reducing total pore volume. Simultaneously, newly
generated gels (C/N-A-S-H) interlock and cement the sludge particles into a dense network structure, thereby recovering and
improving the strength. The microstructural evolution directly correlates with the biphasic trend in Figure 6. The initial strength
drop is due to the formation of low-strength N-A-S-H caused by a reduced Ca/Si ratio, while the subsequent recovery is driven by the
pore-filling effect of excess silicate species.

The alkaline environment provided jointly by SH and ISS is crucial for activating the reactivity of GBFS and FA. An appropriate amount
of SH promotes the dissolution of active calcium, silicon, and aluminum, increasing the yield of C-A-S-H gel. However, excessively
high SH dosage has a dual effect: while it aids in the depolymerization of active substances, the excess Na' provided by SH and SS can
lead to the precipitation of carbonate phases such as Gaylussite (Na,Ca(CO3),-5H,0), hindering the formation of strength-giving gelst°l.
Consequently, the compressive strength decreases, although the overall variation is minor.

4. Response Surface Methodology Optimization Results

4.1 Model analysis

Based on the results of the single-factor experiments, the dosage ranges for GBFS, FA, and SS were established as 20%-40%, 20%-40%,
and 0%-20%, respectively. Given that SH is a strong alkali activator associated with high energy consumption and carbon emissions!®7,
and that excessive addition yields limited strength improvements, its dosage was minimized in alignment with the principles of
green, low-carbon, and sustainable development. Consequently, following preliminary trials and an environmental benefit
assessment, the SH dosage was fixed at 2.5% of the total solidifying agent massl*l and was treated as a constant rather than a variable
in the subsequent optimization.

To further optimize the mix proportions of GBFS, FA, and SS, the 7-day UCS was selected as the response variable**l. A three-factor
(X4, X5, X3), three-level (-1, 0, 1) experimental scheme was designed using the Box-Behnken Design method within the Design-Expert
software. Subsequently, the preparation, curing, and strength testing of the solidified sludge were conducted according to this
protocol. The final experimental results and response surface analysis are presented in Table 3.
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Table 3. Response surface analysis results.

Run GBFS content (wt%) FA content (wt%) SS content (wt%) UCS for 7d (MPa)
1 40.00 20.00 10.00 5.98
2 30.00 30.00 10.00 532
3 30.00 30.00 10.00 532
4 40.00 30.00 20.00 7.7
5 40.00 30.00 0.00 6.78
6 20.00 30.00 20.00 3.19
7 30.00 40.00 20.00 6.45
8 30.00 20.00 0.00 3.69
9 30.00 20.00 20.00 4.77
10 40.00 40.00 10.00 9.2
11 20.00 40.00 10.00 4.68
12 20.00 20.00 10.00 2.82
13 30.00 30.00 10.00 532
14 30.00 30.00 10.00 532
15 30.00 30.00 10.00 532
16 30.00 40.00 0.00 7.11
17 20.00 30.00 0.00 2.96

GBFS: granulated blast furnace slag; FA: fly ash; SS: sodium silicate; UCS: unconfined compressive strength.

Following the analysis of the RSM experimental data, a quadratic polynomial regression model was fitted to correlate the dosage
changes with the target response value. From Table 4, it can be observed that the Prob > F value of the model is less than 0.01, which
indicates that the response surface regression model reaches an extremely significant level with high fitting accuracy and can be
used for subsequent optimization design. The Prob > F value of the Lack of Fit is greater than 0.05, indicating that the Lack of Fit is not
significant. Meanwhile, the Prob > F values of the linear terms A, B, and C are less than 0.01, demonstrating that the dosages of GBFS,
FA, and SS have an extremely significant influence on the 7 d UCS. The Prob > F values of the interaction terms AB and BC are also less
than 0.01, indicating that the interaction effects between GBFS dosage and FA dosage, as well as between FA dosage and SS dosage,
exert an extremely significant influence on the 7 d UCS. By comparing the magnitude of F values, the order of factors affecting 7-day
UCS from strong to weak is determined as GBFS content, FA content, and SS content.

Table 4. Analysis of variance for regression models.

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 45.19 9 5.02 5131.01 <0.0001
A-GBFS content 29.95 1 29.95 30,609.72 <0.0001
B-FA content 12.95 1 12.95 13,237.72 < 0.0001
C-SS content 0.14 1 0.14 138.16 <0.0001
AB 0.46 1 0.46 472.53 < 0.0001
AC 0.0064 1 0.0064 6.54 0.0377
BC 0.76 1 0.76 773.47 <0.0001

AN2 0.018 1 0.018 18.18 0.0037
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GBFS: granulated blast furnace slag; FA: fly ash; SS: sodium silicate.

As shown in Table 5, the multiple correlation coefficient R-Squared is close to 1, indicating a strong correlation between the observed
and predicted values. The values of Adjusted R-Squared and Predicted R-Squared are relatively high, with a difference of less than 0.2,
demonstrating that the regression model possesses good predictive capability and consistency. The coefficient of variation is less
than 10%, confirming the high reliability and reproducibility of the experiments. Furthermore, the Adequate Precision is greater
than 4, indicating a desirable signal-to-noise ratio. Collectively, these metrics verify that the fitted regression equation satisfies the

requirements of statistical testing.

Table 5. Statistical analysis of regression equation errors.

Std. Dev. 0.031 R-Squared 0.9998
Mean 5.38 Adj R-Squared 0.9997
CV.% 0.58 Pred R-Squared 0.9976
PRESS 0.1 Adeq Precision 267.377

C.V.: coefficient of variation.

The quadratic multiple regression equation for the 7 d UCS response value (Y;) is shown as Eq. (1).
Y7 = 0.3625 + 0.12654 — 0.18B + 0.1775C + 0.0034AB + 0.0004AC — 0.00435BC — 0.00065A42 + 0.0041B% — 0.0023C2 (1)

As shown in Figure 9, Figure 10, and Figure 11, the data points in the normal probability plot of residuals generally cluster along the
straight line, indicating that the residuals follow a normal distribution. The plot of residuals versus predicted values shows a random
distribution on both sides of the zero line without any specific pattern, suggesting constant variance. Furthermore, the predicted
values and actual values align closely with the diagonal line. These results demonstrate that the model fitted by RSM possesses high

adequacy and reliability.
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Figure 9. Normal probability distribution of residuals.
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4.2 Interaction analysis
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Based on the fitted quadratic polynomial model, 3D response surface plots and corresponding contour plots were generated to
visualize the pairwise interactions, with the third factor held constant at its central level.

Figure 12 and Figure 13 illustrate the interaction between GBFS and FA. The 3D surface exhibits a steep gradient as the dosages
increase, indicating that the interaction between GBFS and FA exerts a significant influence on the 7-day UCS. Notably, the response
surface curve is steeper along the GBFS axis than along the FA axis, demonstrating that GBFS dosage has a more pronounced impact

on strength development than FA dosage.

In contrast, as shown in Figure 14 and Figure 15, the contour lines for the GBFS and SS interaction are uniformly distributed and
approximately circular. This morphology indicates that the interaction effect between GBFS and SS is not statistically significant.
However, the steeper slope observed along the GBFS axis compared to the SS axis confirms that the influence of GBFS dosage is

dominant over that of SS dosage.
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Figure 12. Contour map of GBFS and FA. GBFS: granulated blast furnace slag; FA: fly ash; UCS: unconfined compressive strength.
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Figure 14. Contour map of GBFS and SS. GBFS: granulated blast furnace slag; SS: sodium silicate; UCS: unconfined compressive strength.
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Figure 15. 3D diagram of GBFS and SS. GBFS: granulated blast furnace slag; SS: sodium silicate; UCS: unconfined compressive strength.

Figure 16 and Figure 17 present the interaction between FA and SS. The response surface shows distinct curvature, and the contour
lines are densely distributed, suggesting a significant interaction effect on the 7-day UCS. Additionally, the slope along the FA axis is

steeper than that along the SS axis, indicating that FA dosage exerts a greater influence on the solidified sludge strength than SS
dosage.

UCS for 7d
20.00

% 15.00 —

=

S

D

3

% 10.00 — GiEm ®

£

=1

=

@

. 5.00 —

Q

0.00 ;{K , | T
20.00 25.00 30.00 35.00 40.00

B: Fly ash content

Figure 16. Contours of FA and SS. FA: fly ash; SS: sodium silicate; UCS: unconfined compressive strength.
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Figure 17. 3D diagram of FA and SS. FA: fly ash; SS: sodium silicate; UCS: unconfined compressive strength.
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4.3 Significant interaction mechanism

The synergistic interaction between GBFS and FA exerts a significant regulatory effect on the 7-day UCS of the solidified sludge.
Figure 18a,b display the SEM images of Group SP-5 at curing ages of 3 and 7 days, respectively. In Figure 18a, numerous dense
agglomerated structures are observed. This is attributed to the high Ca?* content inherent in the ISS, combined with the addition of
GBFS, which further elevates the system’s Ca/Si ratio. In the highly alkaline environment, Si** and Al** released from GBFS and FA
undergo pozzolanic reactions to generate substantial amounts of amorphous calcium aluminosilicate hydrate (C-A-S-H) gel. The
primary hydration reaction can be described as follows.

L

S~

-

i

~
,)—I

5
1um EHT =5.00 kV Signal A=SE2  Date: 15 Oct 2023 ! pm EHT =5.00 kv Signal A = SE2 Date: 15 Oct 2023
WD =5.7mm Mag = 15.00 KX WD = 5.7 mm Mag = 10.00 KX

- a
1 pm EHT = 5.00 kv Signal A = SE2 Date: 15 Oct 2023
WD =5.6 mm Mag = 10.00 k x

N - -
1pm EHT = 5.00 kv Signal A = SE2 Date: 15 Oct 2023
WD = 5.6 mm Mag = 10.00 k x

Figure 18. SEM images of SP-5 group and FA-5 group. (a) SEM image of SP-5 at 3 days; (b) SEM image of SP-5 at 7 days; (c) SEM image of FA-5 at 3 days; (d) SEM image of
FA-5 at 7 days. SEM: scanning electron microscopy; SP: slag powder; FA: fly ash.

xCa®" 4 Si02™ 4 2yAlO; + 2(z —y — 1)OH™ + (n — z + y + 1)Hy0 — xCa0 - Si0; - yAl,03 - nH,O 2

This gel not only effectively encapsulates ISS particles but also adsorbs free water, forming a dense cementitious structure that
significantly reduces porosity and provides core support for compressive strength. Meanwhile, residual Ca?' reacts with OH to form
Ca(OH), crystals. This process accelerates the hydration of GBFS and FA, and the subsequent carbonation of Ca(OH), with atmospheric
CO, generates fine-grained CaCO;. These carbonates fill the pores of the solidified matrix, further densifying the microstructure and
enhancing early-age strength.

However, in Figure 18b, although the number of fine agglomerates increases, localized loose regions appear. This occurs because, as
the hydration progresses to 7 days, the carbonation of excess Ca(OH), intensifies. The resulting volume expansion from CaCO;
formation leads to the development of microcracks within the solidified matrix. Additionally, the excessive Ca?" results in an overly
high Ca/Si ratio, which reduces the crystallinity of the C-A-S-H gel and weakens its cementitious performance. The combined effect of
these factors leads to a deceleration in the strength growth rate at the 7-day curing age.

The interaction between FA and SS also significantly influences the 7-day UCS. Figure 18c,d present the SEM images of Group FA-5 at
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3 and 7 days. Figure 18c clearly shows the coexistence of numerous acicular (needle-like) structures and dense agglomerates. During
the early reaction stage, SS rapidly dissociates to provide a high concentration of free Si**, which combines with Ca?* and Al** to form
agglomerated C-A-S-H gel. Simultaneously, the high Ca?' content reacts with Al** and SO,%> to generate acicular monosulfate-type
calcium aluminate hydrate (AFm) crystals.

4Ca*" 4 2A10, + 803 +40H + 10H,0 — 3Ca0 - Al,03 - CaSOy - 12H,0 (3

These crystals intersperse within the gel, forming an interwoven “gel-crystal” network that significantly improves early compressive
strength.

In Figure 18d, the number of acicular structures diminishes, while the proportion of flocculent agglomerates increases, correlating
with a decline in the strength growth rate. The core reason is that, as FA continues to react, the release of Si*" and Al* gradually
lowers the system’s Ca/Si ratio. Consequently, the original C-A-S-H gel transforms into low-calcium products, and the Na* from SS
facilitates the formation of flocculent sodium aluminosilicate hydrate (N-A-S-H) gel.

2nNa™® + 2nAlO; + 4nSiO§7 + 6nH,0 — nNasO - nAl; O3 - 4nSi0s - 2nH50 + 8nOH ™ 4

This N-A-S-H gel possesses lower cementitious strength and a looser structure. Furthermore, the formation of acicular AFm crystals
ceases due to Ca?" depletion. This reduction in microstructural compactness explains the slowdown in strength development at the
7-day curing age.

4.4 Numerical optimization and experimental verification

To ensure the engineering applicability of the solidified sludge, the mix proportion was optimized to balance mechanical
performance and material efficiency. Based on the regression model established in Eq. (1), a mathematical optimization model was
constructed using the desirability function approach.

The optimization objective is to maximize the 7-day unconfined compressive strength Y;; within the feasible experimental domain.
The independent variables are the dosages of GBFS (A), FA (B), and SS (C). The optimization problem can be mathematically described
as a constrained nonlinear programming problem, as shown in Eq. (5):

Maximize Y74 = f(4, B, C)
Subject to:
20<A<40 (5)
20 < B<40
0<C<20

where flA, B, C) corresponds to the quadratic polynomial regression equation derived in Section 4.1. The constraints define the
boundary conditions of the component dosages (wt%) based on the single-factor experimental design.

To solve this optimization problem, the desirability function method D was employed. The response variable Y, is transformed into
an individual desirability value d;, which ranges from 0 to 1. The transformation function is defined as follows:

0 Y; S Ymin
&= (Y )" v, < Vi< Y, 6
i = Vogt—Yom min < ¥i < Yiarget (6)
1 sz 2 Ytarget
_1
D? = (d“d¥: - .- d¥) =" ()

Ymin is the lower limit (3MPa) of the response specified by the standard®. Yy, is the target maximum strength (set to the
experimental maximum of 9.20 MPa), and w is the weight factor (set to 1 for linear optimization). The algorithm seeks the vector of
variables flA, B, C) that maximizes the composite desirability.

Using the optimization module in Design-Expert software to solve the above equations, the optimal point in the design space was
located. The analysis yielded the optimal mix proportion: 30.65% GBFS, 29.98% FA, and 6.96% SS. Under these conditions, the predicted
desirability is maximal, corresponding to a theoretical 7-day UCS of 5.38 MPa.

To validate the mathematical accuracy of the established model, the optimal variable values were substituted into the quadratic
regression equation (Eq. (1)) derived in Section 4.1. The calculation process for the predicted strength Y4 is as follows:

Y7a = Bo + B1(30.65) + 82(29.98) + B5(6.96) + B12(30.65 x 29.98) + B13(30.65 x 6.96)

+ B23(29.98 x 6.96) + B11(30.65)% + B22(29.98)* + B33(6.96)> = 5.38MPa ®)
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B, through B; are the regression coefficients obtained from the ANOVA analysis (Eq. (1)). The calculated theoretical value of 5.38 MPa
represents the maximum potential strength predicted by the model under these specific conditions.

Experimental verification was subsequently conducted to assess the reliability of this prediction. Three parallel specimens were
prepared using the optimized mix ratio. As shown in Figure 19, the experimental results yielded an average 7-day UCS of
5.38 £ 0.05 MPa, with individual values of 5.33, 5.38, and 5.43 MPa. This high degree of consistency confirms that the quadratic
polynomial model constructed in this study possesses excellent predictive accuracy and can effectively guide the mix design of ISS
solidification.
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Figure 19. Predictive analysis and experimental results. UCS: unconfined compressive strength.

5. Conclusion

(1) GBFS is the primary contributor to strength. FA and SS exhibit non-linear biphasic effects due to their regulation of the system’s
Ca/Si ratio, which dictates the transition between high-strength C-A-S-H and lower-strength N-A-S-H gels.

(2) Significant interactions exist between GBFS and FA. The high alkalinity of ISS supplements the activation process, where Ca?" from
ISS and GBFS reacts with silicate/aluminate species to form a dense “gel-crystal” network. However, excessive carbonation at late
stages (forming CaCO3) can induce microcracks, slightly hindering long-term strength gain.

(3) RSM optimization determined the optimal dosages to be 30.65% GBFS, 29.98% FA, and 6.96% SS (with 2.5% SH), yielding a 7-day UCS of
5.38 = 0.05 MPa, which matches the predicted value.

This study primarily focused on mechanical performance and short-term microstructural evolution. Future research should
investigate the long-term durability of the solidified ISS, specifically its resistance to wet-dry cycles and the leaching behavior of
heavy metals, to fully validate its environmental safety as a road base material.
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