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a b s t r a c t

Supersulfated cement (SSC) is considered an environmentally friendly alternative to ordinary Portland
cement (OPC), while its stabilization efficiency on dredged sediment (DS) is still unclear. Three types of
SSC were prepared by combining ground granulated blast-furnace slag, alkali-activator NaOH, and a
sulfate waste source, yielding SSCE (from electrolytic manganese residue), SSCP (from phosphogypsum),
and SSCD (from desulfurization gypsum). To further enhance the stabilization efficiency of SSC on DS,
nano-SiO2 (NS) and nano-Al2O3 (NA) were incorporated individually and as a composite blend. Me-
chanical properties and microstructural analyses were conducted to evaluate the stabilization efficiency
and elucidate the underlying mechanisms. The leaching toxicity of SSCE-stabilized DS was investigated
via leaching tests. The results showed that both alkali-activation and nano-modification can signifi-
cantly improve the strength development of SSC-stabilized DS. At least 15 % NaOH was required for SSC
to achieve the same stabilization efficiency as OPC. The optimum NA-modified SSCD-stabilized DS
demonstrated superior strength compared to OPC-stabilized DS. Composite NS/NA-modification was
more efficient than using NS or NA individually. For DS stabilized with SSCE, SSCP, and SSCD, the optimal
NS-to-NA mass ratios were 7:3, 3:7, and 3:7, respectively. Notably, the nano-modified SSCE-stabilized DS
showed no environmental risks. Incorporating NS and NA into SSC-stabilized DS respectively promoted
the formation of C-S-H gel and ettringite. A micro-mechanism model was developed to explain the
strength evolution of nano-modified SSC-stabilized DS. This study provides a theoretical basis for the
application of SSC in DS stabilization, and facilitates the collaborative resource utilization of industrial
solid wastes and DS.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

The rapid advancement of urbanization and port construction in
coastal areas has led to a sharp increase in dredged sediment (DS)
generation, driven by more frequent dredging projects for naviga-
tion channels, water environmental treatment, and marine water-
ways (Liu et al., 2023;Wang et al., 2024a). Unlike common soft soils,
DS has typical engineering defects such as high water content, low

strength, rich in fine-grained clay particles and organic matter,
seriously restricting its resource utilization (Wang et al., 2023; Lang
et al., 2024a). Specifically, high water content is the most typical
characteristic that distinguishes DS from soft soil. Usually, DS has
water content exceeding the liquid limit, thus exhibiting the flow-
ing or flow-plastic state. Consequently, fresh DS requires time-
consuming pre-treatment in sedimentation tanks before being
transported to a suburban storage yards (Xu et al., 2023). These
processes entail significant environmental burdens, high trans-
portation costs, and extensive land occupation. Therefore, recycling
DS as a renewable construction material is mandatory to mitigate
these environmental and economic challenges.

Stabilization is an effective technology for strengthening and
utilizing DS, and cement-based binders are widely used for this
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purpose due to their cost-effectiveness, wide applicability, and
abundant supply (Lang et al., 2024b; Zhang et al., 2025). However,
the inherently high water content of DS necessitates large cement
dosages to achieve the required design strength requirement,
thereby reducing stabilization efficiency (Li et al., 2022). Further-
more, the cement production and application are associated with
CO2 emission, high consumption of energy and non-renewable
resources (Hossain et al., 2020; Li and Yi, 2023). Therefore,
developing an alternative binder that is high efficiency, low-
carbon, economic, and wide applicable for stabilizing high water
content DS is crucial for advancing green and sustainable
development.

Supersulfated cement (SSC) is a sustainable cementitious ma-
terial primarily composed of ground granulated blast-furnace slag
(GGBS) and sulfate (Wang et al., 2024b). The sulfate component
can be derived from sulfate solid wastes like electrolytic manga-
nese residue (EMR), phosphogypsum (PG), and desulfurization
gypsum (DG) (Tang et al., 2024). Therefore, SSC is an ideal sus-
tainable alternative to OPC due to its low-carbon, low energy
consumption, and cheap raw material prices (Wu et al., 2021).
GGBS is an industrial solid waste and exhibits more environmen-
tally friendly and cost-effective properties than OPC (Chen et al.,
2024a). However, the hydration rate of GGBS is low, and alkali-
activation is commonly adopted to accelerate the potential activ-
ity of GGBS (Zhang et al., 2023). Sodium hydroxide (NaOH) is
widely used as an alkali activator of GGBS, facilitating the breakage
of Si-O, Ca-O, and other stable structures inside GGBS, and thus
promoting the hydration process (Li et al., 2023). However, the use
of alkali-activator NaOH also introduces CO2 emission, energy
consumption, and high cost (Lang et al., 2025). EMR is generated
during the leaching and ammonia neutralization process of man-
ganese carbonate ore, and its major chemical compositions are
SiO2, Al2O3, and CaSO4⋅2 H2O (Wu et al., 2024). PG is a residue
product of wet-process phosphoric acid, mainly composed of
calcium sulfate dihydrate, a small amount of phosphoric acid,
fluoride, and other substances (Ren et al., 2023). DG is a by-product
generated during wet flue gas desulfurization, mainly composed of
calcium sulfate dehydrate (Xu et al., 2017). These three sulfate
solid wastes can supply additional SO4

2− for alkali-activated GGBS
cementitious system and contribute to the production of ettringite
(AFt). The generation of AFt not only improves the strength gain of
the cemented matrix, but also combines with a large amount of
free water (Chen et al., 2024b). These two aspects are essential for
stabilizing DS with high water content. However, current research
on SSC mainly focuses on its low-carbon modification, perfor-
mance evaluation, and application in concrete (Wu et al., 2021;
Sun et al., 2022; Xing et al., 2023; Tang et al., 2024; Wang et al.,
2024b; Cao et al., 2024; Xu et al., 2024; Chang et al., 2024; Kang
et al., 2024), and the stabilization feasibility and efficient of SSC
on DS with high water content are still limited, as well as the
corresponding micro-mechanism is also unknown. Furthermore,
SSC has a typical problem of low early strength, which may be
more severe when stabilizing DS with high water content, thereby
weakening its stabilization efficiency.

In recent years, nanomaterials have been widely used in
cementitious materials modification and soft soil stabilization
(Zhang et al., 2021; Tsardaka et al., 2022; Aksu and Eskisar, 2023;
Chen et al., 2024c). This is because nanomaterials have high pu-
rity, ultra-fine particle size, high pozzolanic reactivity, and specific
surface area (Dai et al., 2024). For common nanoparticles, Nano-
SiO2 (NS) has gained significant attention for its excellent perfor-
mance (Li et al., 2025). Beyond its nano-filling and nucleation in-
duction effects, NS can directly react with calcium hydroxide to
form cementitious gels, enhancing the hydration cementation
ability of cement-based materials (Liu et al., 2022). Similar

observations were also observed by Liu et al. (2021) and Shi et al.
(2020), who found that adding NS can improve the mechanical
and hydration properties of cement-slag cementitious systems.
Furthermore, nano-CaCO3, nano-MgO, and nano-ZnO have also
been confirmed to be effective for increasing soft soil stabilization
efficiency (Choobbasti et al., 2019; Yao et al., 2019; Khodaparaast
et al., 2021). It can be deduced that the nano-modification actions
promote the cement hydration and produce more cementitious
gels, thus improving the hydration-bonding performance of
cement-based materials. Wang et al. (2024b) found that incorpo-
rating nano-ettringite can enhance the compressive strength of
SSC-based foamed concrete and promote the generation of hydra-
tion products, especially AFt. Similarly, Wang et al. (2024c) found
that adding nano-Al2O3 (NA) can promote the production of AFt
inside calcium sulphoaluminate cement and associated bonding
strength improvement. Therefore, using suitable nanomaterials as
an additive for SSC is expected to effectively improve its stabiliza-
tion efficiency on DS. However, relevant studies are still deficient,
and the corresponding micro-mechanisms are not yet clear.

This study aims to promote the synergistic utilization of in-
dustrial solid wastes and waste DS, thereby reducing environ-
mental and economic burdens. The low-carbon SSC composed of
alkali-activator NaOH, GGBS, and sulfate solid wastes (EMR, PG,
and DG) was prepared for DS stabilization, and nanomaterials,
including NS and NA, were incorporated as additives to enhance
stabilization efficiency. The effects of alkali-activation and nano-
modification on the stabilization efficiency were evaluated
through strength evolution. Furthermore, the leaching toxicity,
XRD, SEM, and TG-DTG tests were also performed to clarify the
environmental risks and underlying strength-gain mechanisms.
The key findings are expected to provide a theoretical basis and
data support for the application of SSC in DS stabilization and
advance the collaborative resource utilization of waste DS and
industrial solid wastes.

2. Experimental program

2.1. Raw materials

The DS used in this study was collected from a dredging project
in the Qingdao coastal area. The fresh DS has undergone a brief
natural dehydration process, resulting in a decrease in water
content, and it was dark grey in color and exhibited a fluid plastic
state. Table 1 presents the physical performances of DS, which
were tested as per GB/T 50123-2019 (2019). Fig.1a and b shows the
SEM image and XRD pattern of DS, indicating that the soil particles
with flake and irregular shapes are loosely distributed, and the
mineral compositions are mainly clay minerals. By conducting X-
ray fluorescence (XRF) test, the chemical composition of DS was
obtained and listed in Table 2, indicating that SiO2 and Al2O3 are
the main chemical compositions of DS.

Three types of low-carbon SSC (SSCE, SSCP, and SSCD) were
prepared with alkali-activator NaOH, GGBS, and a sulfate source

Table 1
The basic physical properties of the used DS.

Property Value

Initial water content (%) 57.3
Plastic limit (%) 23.1
Liquid limit (%) 37.8
Plasticity index (%) 14.7
Specific gravity 2.69
Optimum water content (%) 26.9
Maximum dry density (g/cm3) 1.66
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(EMR, PG, and DG), inwhich the mass ratio of GGBS to sulfate solid
waste was fixed at 4:1, based on preliminary experiments and
conventional SSC compositions. For example, the SSCE was pre-
pared using NaOH, GGBS, and EMR under the GGBS-EMR mass
ratio of 4:1, and the same synthesis method was also used for
preparing SSCP and SSCD. Nano-SiO2 (NS) and nano-Al2O3 (NA)
were used as single and composite modifiers. The powdery S95
grade GGBS was provided by a manufacturer in Gongyi city, Henan
Province, China. The EMR was collected from Guizhou Province,
China. The pH andwater content of fresh EMR are respectively 6.25
and 14.5 %. The used EMR was pre-treated by oven-drying,
grinding and sieving (0.154 mm). The powdery PG and DG were
purchased from a manufacturer located in Zhengzhou city, Henan
Province, China. Analytical grade NaOH was used as the activator.
The microstructure, crystalline phases, and chemical compositions
of GGBS, EMR, PG, and DG are respectively shown in Figs. 2 and 3
and Table 2. The XRD pattern of GGBS in Fig. 3 shows no distinct
crystalline peaks, indicating its amorphous structure and potential
pozzolanic activity, while gypsum (CaSO4⋅2 H2O) was the main
mineral inside EMR, PG, and DG. The SEM image of NS and NA is
shown in Fig. 4, and their physical properties are given in Table 3.

2.2. Sample preparation

The DS was first oven-dried at 60 ◦C, then milled and passed
through a 2-mm sieve. To simulate the flow-state DS on site, the
water content of experimental DS was adjusted to 90 % of the dry
weight of DS, which is more than 1.5 times its initial water content.
The dosage of GGBS-EMR/PG/DG binary binder was controlled at
20 % of the dry weight of DS. The NaOH content was designed to be
5 %, 10 %, 15 % and 20 % of the dry weight of the binary binder.
Simultaneously, the 20 % ordinary Portland cement (OPC)-

stabilized DS (CDS) was also used as a comparison to evaluate the
stabilization efficiency of SSC on DS. The single NS and NA, as well
as composite NS/NA, were used as the nano-modifiers of SSC.
Based on the dry mass of SSC, the single nano-modifier content
was 2 %–10 % with an interval of 2 %. Under a controlled dosage of
6 %, the mass ratio of NS to NA in composite nano-modifiers NS/NA
was designed as 1/9, 3/7, 5/5, 7/3, and 9/1. The specific mix design
of stabilized DS is shown in Table 4.

Based on Table 4, the deionized water and raw materials were
weighed. The deionized water was then divided into three

Fig. 1. The (a) microstructure and (b) crystalline phases of DS used in this study.

Table 2
Chemical compositions of raw materials.

Raw material Chemical composition (%)

CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 Others

DS 0.8 51.89 18.93 6.72 2.64 2.98 2 – 14.04
GGBS 35.58 36.1 16.32 1.09 6.32 0.59 0.9 – 3.1
EMR 13.47 33.94 11.34 3.76 3.12 2.04 0.63 28.5 3.2
PG 33.2 8.55 1.38 0.56 0.23 0.38 0.11 53.85 1.74
DG 38.26 2.31 0.84 0.3 0.87 0.17 0.14 56.94 0.17

Fig. 2. The XRD patterns of raw materials, including GGBS, EMR, PG, and DG.
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portions: one for preparing the NaOH solution, a second for the
stable nano-suspension, and the third of adjusting the water

content of the mixture. The dry binary binder and DS were firstly
mixed using an electric mixer to achieve a uniform dry mixture,
then the prepared NaOH solution and nano-suspension were
sequentially added and continued mixing for 5 min until the
uniform nano-modified SSC-stabilized DS slurry was obtained. The
well-prepared stabilized DS slurry was gradually poured into the
PVC cylindrical molds (diameter× height= 50mm× 50mm), and
vibration compacting was conducted to ensure uniform relative
density. Three duplicate samples were prepared to ensure the
validity of test results. The well-prepared samples together with
molds were wrapped in vinyl bags, and demolding was conducted

Fig. 3. The microstructure of (a) GGBS, (b) EMR, (c) PG, and (d) DG.

Fig. 4. The microstructure of (a) NS and (b) NA.

Table 3
Basic physical properties of NS and NA.

Nanomaterials Purity (%) APS (nm) SSA (m2/g) Density (g/cm3) Phase

NS 99.8 15 230 0.13 NWP
NA 99.9 30 160 0.9

Notes: APS is short for average particle size; SSA is short for specific surface area;
and NWP is short for non-crystalline white powder.
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after curing for 3 d. The stabilized samples after demolding were
further cured under a standard curing box ((23 ± 2) ◦C and 95 %
RH) until performing the subsequent strength and microstructural
tests.

2.3. Testing methods

2.3.1. Unconfined compressive strength (UCS) test
A universal testing machine was used to determine the UCS of

stabilized DS samples, as per ASTM D2166-16 (2016). During the
testing, the compression load was applied at a constant rate of
1 mm/min until the sample failed, then the UCS of stabilized DS
samples can be obtained. The average of three parallel results was
the final result, and when the deviationwas less than 5 %, the final
result was confirmed to be valid. After UCS tests, the typical 28-
d crushed samples were gathered for subsequent microstructural
tests and analysis.

2.3.2. Leaching test
EMR contains heavy metals and pollutants such as manganese

(Mn) and ammonia nitrogen (NH4
+-N). The leaching toxicity of

SSCE-stabilized DS was investigated, and the Chinese Standard HJ/
T 299-2007 (2007) was adopted to measure the mass fraction of
heavy metals and pollutants from leaching. Under the designed
liquid-to-solid ratio of 10:1, the 10 g milled stabilized DS sample
was mixed with 100 mL solution with a sulfuric acid-nitric acid
mass ratio of 2:1 and a pH of 3.2 to prepare the leaching solution.
Then, the leaching solution was oscillated at (110 ± 10) min− 1 for
(18 ± 2) h, and the leaching solution was filtered through a
membrane with an aperture size of 45 μm. Lastly, the heavy metal
leaching was determined by using an Agilent 7700 inductively
coupled plasma optical emission spectrometer (ICP-OES).
Furthermore, the concentration of ammonia nitrogen (NH4

+-N)
from leaching solution was tested via the Nessler's reagent spec-
trophotometric method. The leaching concentrations of various
heavy metals and NH4

+-N were compared with the Standard limits
in GB 5085.3-2007 (2007) to evaluate the environmental risks.

2.3.3. X-ray diffraction (XRD)
The qualitative analysis of crystalline phases and mineral

composition of typical 28-d stabilized DS samples was performed
by XRD tests. The dried samples were ground into powder with a
pestle in an agate mortar and sieved through a 200-mesh sieve,
then the crystalline phases were scanned over a 2θ range of
10◦–80◦ and at a scanning rate of 2◦/min. The test results were
further analyzed using MDI Jade 6 software.

2.3.4. Scanning electron microscopy (SEM)
The microstructural analysis of typical 28-d stabilized DS

samples was conducted via scanning electron microscopy (SEM)
tests. After UCS tests, some typical sample pieces were soaked in
anhydrous alcohol to inhibit continuous hydration. Before SEM

testing, the thin slice samples were prepared and coated with a
layer of gold on the surface to ensure the clear microscopic
morphology.

2.3.5. Thermogravimetric analysis (TG-DTG)
TG-DTG analysis was performed to identify the generation of

various hydration products inside stabilized DS samples under
different temperature ranges. The sample preparation for TG tests
was identical to that for the XRD tests. Approximately 10 mg of the
powdered sample was heated from 30 ◦C to 1000 ◦C at a heating
rate of 10 ◦C/min under a nitrogen environment. Then, the TG
curves together with DTG values were used to determine the
weight loss associated with the decomposition of various
products.

3. Results and analysis

3.1. Effect of alkali-activation

The effect of NaOH content on the strength evolution of three
types of SSC (SSCE, SSCP, and SSCD) stabilized DS is shown in Fig. 5,
and the corresponding strength of 20 % OPC-stabilized DS (CDS) is
also listed as a control comparison. The UCS of SSCE-stabilized DS
(SEDS) versus NaOH content is given in Fig. 5a, indicating that
increasing NaOH content enhances the strength enhancement of
SEDS. This confirms that incorporating NaOH accelerates the hy-
dration process of SSCE and improves its stabilization efficiency for
DS. It should be explained that the 7-d SEDS containing 5 % and
10 % NaOH could not be demolded due to insufficient strength
gain. By comparison, only when 20 % NaOH was incorporated, the
UCS of SEDSwith 20 % NaOH is higher than that of CDS at all curing
ages. Compared with CDS, the UCS of 7-, 28-, 60-, and 90-d SEDS
containing 20 % NaOH exhibits 66.9 %, 79.4 %, 64.9 % and 40.4 %
stronger, respectively. Fig. 5b presents the strength evolution of
SSCP-stabilized DS (SPDS) against NaOH content, and increasing
NaOH content results in the strength increase of SPDS. With
increasing NaOH content to over 15 %, the UCS of SPDS at various
curing ages is higher than that of CDS. The UCS of SSCD-stabilized
DS (SDDS) versus NaOH content is shown in Fig. 5c; the UCS en-
hances firstly and then weakens with increasing NaOH content,
and reaches the maximum at the NaOH content of 15 %. Thus, the
optimum NaOH content for SDDS is 15 %. Although the UCS of
SDDS decreases after adding 20 % NaOH, it remains higher than
that of CDS. Through quantitative comparison, the highest 7-, 28-,
60- and 90-d UCS values of SDDS are 38.4 %, 39.8 %, 56.4 % and
38.8 % higher than that of CDS, respectively.

From the above observations, it can be obtained that using NaOH
as an alkali-activator for the GGBS-EMR/PG/DG binary binder to
prepare SSC is feasible and can effectively improve the stabilization
efficiency on DS. To achieve the same or higher stabilization effi-
ciency as an equal amount of OPC, at least 15 % NaOH needs to be
added as an alkali-activator for GGBS-EMR/PD/DG binary binder. It

Table 4
The mix design of SSC-stabilized DS.

Stabilized DS type Binder type NaOH content (%) NS content (%) NA content (%) NS-NA mass ratio (6 %)

CDS OPC – – – –
SEDS SSCE 5, 10, 15, 20
SPDS SSCP
SDDS SSCD
NS-modified SEDS, SPDS, and SDDS NS-SSCE, NS-SSCP, NS-SSCD 10 2, 4, 6, 8, 10 – –
NA-modified SEDS, SPDS, and SDDS NA-SSCE, NA-SSCP, NA-SSCD – 2, 4, 6, 8, 10 –
NS/NA-modified SEDS, SPDS, and SDDS NS/NA-SSCE, NS/NA-SSCP, NS/NA-SSCD 0.6-5.4 0.6-5.4 1/9, 3/7, 5/5, 7/3, 9/1

Notes: SSCE is short for EMR-based SSC, SEDS is short for SSCE-stabilized DS, NS-SSCE is short for NS-modified SSCE, and others follow the same abbreviation rules.
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should be noted that the optimumNaOH content inside SEDS, SPDS,
and SDDS is respectively 20 %, 20 %, and 15 %, exhibiting the dif-
ference in alkali-activator dosage. This is attributed to the difference
in chemical compositions, especially CaO, Al2O3, and SO3. The
dosage of CaO and SO3 in DG is higher than that in EMR and PG,
while the Al2O3 in DG is lower than that in EMR and PG, as shown in
Table 2. Under the existence of these active chemical components,
adding suitable alkali-activator NaOH can contribute to the for-
mation of cementitious products such as C-S-H, C-A-H and ettrin-
gite (AFt). However, the optimum dosage of NaOH is related to the
chemical compositions inside GGBS-EMR/PG/DG, insufficient con-
tent of some active components may reduce the required NaOH
demand. An insufficient NaOH content reduces the alkali-activation
efficiency of GGBS, as the free water present in the DS dilutes the
activator. This, in turn, hinders the generation of hydration products
and the related cementation action of soil particles. Through alkali-
activation, GGBS can hydrate like OPC and generate C-S-H and C-A-
H gels. Simultaneously, the supply of Ca2+ and SO4

2� from EMR/PG/
DG promotes the formation of additional AFt. The formation of
these cementitious gels is the primary driving force for the strength
gain in SEDS, SPDS, and SDDS. Furthermore, AFt can also absorb a
large amount of free water from DS, leading to an expansion effect,
which can fill the micro-pores and form a dense interlocking
structure within stabilized DS.

3.2. Effect of nano-modification

It has been determined that a minimum NaOH dosage of 15 % is
required to activate the GGBS-EMR/PG/DG binary binder to ach-
ieve DS stabilization efficiency equivalent to or better than OPC.
However, the addition of high dosage alkali-activator not only
increases economic cost, but also increases the alkalinity of sta-
bilized DS and associated environmental burdens. This is the
reason why the 10 % NaOH was fixed for the subsequent experi-
mental series. Therefore, controlling NaOH dosage and improving
stabilization efficiency is a commendable win-win effect worthy of
praise, and nano-modificationwas used as an effective approach to
achieve this aim.

3.2.1. Effect of single NS-modification
Fig. 6 gives the influence of single NS-modification on the

strength evolution of SEDS, SPDS, and SDDS, as well as the strength
comparison of optimum NS-modified SSC-stabilized DS. Simulta-
neously, the UCS of CDS with 20 % OPC is also provided for com-
parison. The strength evolution of NS-modified SEDS (NS-SEDS)
against NS content is given in Fig. 6a. It is clear that the UCS of NS-
SEDS enhances with increasing NS content, and achieves the
maximum at NS content of 10 %. Although incorporating NS can
prominently enhance the strength development of SEDS, the UCS

Fig. 5. Effect of NaOH content on the strength development of (a) SEDS, (b) SPDS, and (c) SDDS.
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at various curing ages is still lower than that of CDS. Fig. 6b pre-
sents the UCS of NS-modified SPDS (NS-SPDS) versus NS content.
An optimumNS content for maximizing the strength of NS-SPDS is
observed, which is 10 % for 7 d and 28 d of curing, and 6 % for 60 d
and 90 d of curing, indicating that less NS is required for long-term
strength gain of NS-CPDS. This is attributed to that excessive NS
addition causes a local agglomeration effect inside NS-CPDS and
weakens the strength gain. For early-term strength development
of NS-CPDS, in addition to nano crystal nucleation effect, nano-
filling effect also plays a significant role in the strength gain of
NS-CPDS, which to some extent, compensates for the strength
reduction caused by the local agglomeration effect. By comparison,
the highest 28- and 60-d UCS of NS-CPDS exhibit a strength
advantage over CDS, while the 7- and 90-d UCS of optimum NS-
CPDS are respectively lower than that of CDS. The strength evo-
lution of NS-modified SDDS (NS-SDDS) against NS content is
illustrated in Fig. 6c, which first enhances and then decreases with
increasing NS content. The highest 7-, 28-, 60-, and 90-d UCS are
obtained under NS content of 6 %, 8 %, 6 % and 4 %, respectively,
indicating that adding a suitable amount of NS can effectively
enhance the strength development of NS-SDDS, while excessive
NS actually has a side effect on the strength development of NS-
SDDS. Furthermore, it can be found that the optimum NS con-
tent in NS-SDDS is clearly dependent on the curing time; the
interaction between NS, SSCD, and DS under the influence of
curing time is mainly responsible for this observation. The

addition of NS promotes the further hydration of SSCD, and NS can
be directly involved in the formation of cementitious products,
especially C-S-H gel. With the extension of curing time, the active
chemical components within the NS-SSCD gradually changed,
resulting in an increase or decrease in the required optimum NS
content. Compared with CDS, the optimum 28- and 60-d NS-SDDS
exhibit a strength advantage, while the highest UCS of 7- and 90-
d NS-SDDS is lower than that of CDS. The highest strength com-
parison of NS-SEDS, NS-SPDS, and NS-SDDS at various curing times
is shown in Fig. 6d. The 7-d UCS of NS-SDDS is the highest, fol-
lowed by NS-SPDS and NS-SEDS, while NS-SPDS reaches the
highest UCS as the curing time exceeding 28 d.

3.2.2. Effect of single NA-modification
Fig. 7 shows the strength evolution of NA-modified SSC-stabi-

lized DS versus NA content. The influence of NA content on the UCS
of NA-modified SEDS (NA-SEDS) is shown in Fig. 7a, the 7-d NA-
SEDS is difficult to demold, and consequently, no strength could
be measured. The 28-, 60-, and 90-d UCS increases monotonically
with increasing NA content until the highest strength is achieved
at NA content of 10 %. Although the addition of NA improves the
strength development of SEDS to some extent, the highest strength
at various ages of NA-SEDS is lower than that of CDS. Fig. 7b pre-
sents the strength evolution of NA-modified SPDS (NA-SPDS)
against NA content; the UCS first enhances and then decreases
with increasing NA content. The highest 7-, 28-, 60-, and 90-d UCS

Fig. 6. Effect of single NS-modification on the strength development of NS-modified SEDS, SPDS, and SDDS.
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of NA-SPDS are obtained under the NA content of 8 %, 6 %, 6 % and
8 %, respectively. By comparison, the 28- and 60-d UCS of optimum
NA-SPDS are higher than that of CDS, while the 7- and 90-d UCS of
optimum NA-SPDS are lower than that of CDS. Fig. 7c illustrates
the effect of NA content on the strength development of NA-
modified SDDS (NA-SDDS). An optimum NA content that maxi-
mizing the UCS of NA-SDDS is observed, which is respectively 8 %,
6 %, 6 % and 6 % for 7 d, 28 d, 60 d, and 90 d of curing. The 7-d UCS of
optimum NA-SDDS is equivalent to that of CDS, while the 28-, 60-,
and 90-d UCS of optimum NA-SDDS are respectively higher than
that of CDS. This indicates that using 6 % NA-modified SSCD can
fully replace OPC for DS stabilization. The strength comparison of
optimum NA-SEDS, NA-SPDS, and NA-SDDS is shown in Fig. 7d. It
is clear that the NA-SDDS has the highest strength at various
curing ages, followed by NA-SPDS and NA-SEDS, respectively.

3.2.3. Effect of composite NS/NA-modification
It has been confirmed that adding a suitable amount of NS or

NA can prominently improve the strength development of SEDS,
SPDS, and SDDS. Furthermore, the NS and NA exhibit different
nano-modification actions, which are mainly affected by the
interaction between nanomaterials, SSC, and DS. To investigate the
coupling nano-modification action between NS and NA on the
strength development of three types of SSC-stabilized DS, under

the addition of 6 % nanomaterials, the effect of composite NS/NA
with various mass ratios (NS/NA) on the UCS of three types of
nano-modified SSC-stabilized DS is shown in Fig. 8, and the cor-
responding UCS of single NS- and NA-modified SSC-stabilized DS is
also listed as a comparison. The strength evolution of NS/NA-
modified SEDS (NS/NA-SEDS) versus NS/NA is given in Fig. 8a,
which first enhances and then decreases with increasing NS/NA,
and achieves the highest under the NS/NA of 7/3. By comparison,
the UCS of optimum NS/NA-SEDS at various curing ages is greater
than that of NS-SEDS and NA-SEDS, indicating that composite NS/
NA has better efficiency than single NS and NA. Furthermore, the
nano-coupling action effect between NS and NA is observedwithin
the composite system. Similar observations are evident in Fig. 8b
and c, where the optimum NS/NA of 3/7 is obtained for the
strength evolution of NS/NA-modified SPDS (NS/NA-SPDS) and NS/
NA-modified SDDS (NS/NA-SDDS) versus NS/NA. Furthermore, the
strength improvement induced by optimum NS/NA-modification
is higher than that caused by single NS- and NA-modification.
The optimum NS/NA in NS/NA-SEDS, NS/NA-SPDS, and NS/NA-
SDDS is respectively 7/3, 3/7, and 3/7, and the composite NS/NA
exhibits higher nano-modification efficiency than single nano-
modification. Fig. 8d presents the strength comparison of opti-
mum NS/NA-SEDS, NS/NA-SPDS, and NS/NA-SDDS, and the cor-
responding strength at various curing ages of CDS is also given as a

Fig. 7. Effect of single NA-modification on the strength development of NA-modified SEDS, SPDS, and SDDS.

L. Lang, D. Wang, B. Chen et al. Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 4034–4049

4041



comparison. The 90-d UCS of NS/NA-SEDS is the highest, followed
by NS/NA-SDDS and NS/NA-SPDS, respectively. However, the 7-,
28-, and 60-d UCS of NS/NA-SDDS are the highest, followed by NS/
NA-SPDS and NS/NA-SEDS, respectively. By comparison, the 7-
d UCS of CDS is higher than that of NS/NA-SEDS and NS/NA-
SPDS, but slightly lower than that of NS/NA-SDDS. In addition,
except for the 28-d UCS of NS/NA-SEDS, the 28-, 60-, and 90-d UCS
of three types of SSC-stabilized DS exhibit a strength advantage
over that of CDS. Therefore, using the optimum composite NS/NA
as the helper of three types of SSC (SSCE, SSCP, and SSCD) can fully
replace OPC in DS stabilization.

3.3. Leaching toxicity

The environmental risk evaluation of typical 28-d SEDS, NS-
SEDS, NA-SEDS, and NS/NA-SEDS is significant for their further
application in practical engineering, due to the presence of heavy
metals and pollutants in EMR. Based on HJ/T 299-2007 (2007), the
sulfuric acid & nitric acid method was used to determine the
leaching toxicity of various heavy metals and ammonia nitrogen.
The leaching results of raw EMR, SEDS, and optimum NS-, NA, and
NS/NA-SEDS are shown in Table 5, and the limits of GB 5085.3-
2007 (2007) and GB 8978-1996 (1996) are also given as a com-
parison. The leaching concentrations of heavy metal Mn and NH4

+-
N in EMR are much higher than the limitations of GB 8978-1996

(1996) and GB 5085.3-2007 (2007). Furthermore, the leaching
concentrations of Zn, Cr, and Cu from EMR also exceeded the limits
of GB 8978-1996 (1996). However, the leaching concentrations of
various heavy metals and NH4

+-N from pure SEDS, and NS-, NA-,
and NS/NA-SEDS are far below the standard limits, with some
heavy metals being undetectable. This was attributed to the fact
that the heavy metals in raw EMR were effectively physically
sealed and chemically fixed via the interaction between cemen-
titious products and heavy metals. Furthermore, the NH4

+-N was
susceptible to migration and transformation during the hydration
reaction process. This further indicates that using EMR as a raw
material to prepare SSCE can not only recycle EMR, but also
mitigate its environmental risks. Therefore, the SEDS and optimum
nano-modified SEDS can be directly utilized as reclaimed engi-
neering soils without considering environmental concerns.

3.4. XRD analysis

The crystalline phases for pure and nano-modified SEDS, SPDS,
and SDDS at 28 d are given in Fig. 9. Based on the diffraction
patterns, the detectedmineral phases aremainly derived from two
sources: DS itself and the hydration products of SSC. The minerals
detected from DS include quartz [SiO2], kaolinite [Al2(Al-
Si3O10)(OH)2], Illite [KAl2(AlSi3O10)(OH)2], Plagioclase [Na(Al-
Si3O8)-Ca(Al2Si2O8)], and Calcite (CaCO3), indicating that the

Fig. 8. Effect of composite NS/NA-modification on the strength development of NS/NA-modified SEDS, SPDS, and SDDS.
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chemical stabilization process has an insignificant effect on the
mineral phases inside DS. In other words, the minerals from DS
itself exhibits relatively high stability during interaction with
nanoparticles, SSC, and soil particles. The hydration products of
SSC detected are C-S-H gel and ettringite [Ca6Al2(-
SO4)3(OH)12⋅32H2O], indicating that the main hydration products
of SSC are C-S-H gel and ettringite, and similar analysis results
were also reported by Kang et al. (2024). Under alkali-activation by
NaOH, the vitreous body in GGBS was destroyed, releasing dis-
solved OH�, Ca2+, Al3+, and SO4

4�. Subsequently, the incorporation
of three sulfate wastes (EMR, PG, and DG) provided SO4

2� and
additional Ca2+. These ions react with each other and formed C-S-
H, C-A-H, and ettringite, and then contribut to the formation of the

structural network. Noting that the C-A-H gel was not clearly
detected by XRD analysis. One reason is that its peaks may overlap
with those of other minerals, and another is consumed during the
formation of ettringite.

The effect of incorporating optimum NS, NA, and NS/NA on the
mineral phases of SEDS, SPDS, and SDDS is further analyzed. Apart
from nano-filling and crystal nucleation effects, NS and NA can
even be directly involved in the formation of cementitious gels.
However, the addition of NS has no significant effect on the
diffraction peak intensity of C-S-H gel, which may be related to the
insufficient concentration of Ca(OH)2. By comparison, adding NA
significantly improves the diffraction peak intensity of ettringite.
This is because, on the one hand, Al2O3 reacted directly with SO4

2�,

Table 5
Leaching results of raw material EMR, SEDS, and optimum nano-modified SEDS.

Pollutant Concentration (mg/L)

Pb Zn Cr Cd Cu As Mn NH4+-N

EMR 0.308 4.084 0.654 0.031 0.685 0.015 2213 132.2
SEDS 0.021 ND 0.016 ND 0.008 0.009 ND 0.59
NS-SEDS 0.009 ND 0.008 ND 0.009 ND ND 0.47
NA-SEDS ND ND ND ND 0.003 0.005 ND 0.19
NS/NA-SEDS ND ND ND ND 0.003 ND ND 0.07
GB 8978-1996 (1996) 1 2 0.5 0.1 0.5 0.5 2 15
GB 5085.3-2007 (2007) 5 100 5 1 100 5 – –

Note: ND means not detected.

Fig. 9. XRD patterns of typical 28-d SEDS, SPDS, and SDDS with optimum single and composite nano-modifications.
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Ca2+, and OH− to produce ettringite, and on the other hand, NA
contributed to the conversion of C-A-H gel to ettringite. It has been
reported that C-S-H and ettringite gels are the main cementitious
products of SSC, and NS and NA are confirmed to be respectively
beneficial for the formation of C-S-H and ettringite gels. Thus,
compared with single NS and NA, composite NS/NA provides the
greatest enhancement to the strength development of SEDS, SPDS,
and SDDS, as illustrated in Fig. 8. Furthermore, the detection of
gypsum (CaSO4⋅2H2O) indicates that it was not completely
consumed, which is beneficial for preventing the conversion of
ettringite to monosulfoaluminate (AFm) and the associated
strength reduction.

3.5. SEM analysis

Typical SEM images of pure and nano-modified SEDS, SPDS, and
SDDS at 28 d are presented in Figs. 10–12. Fig. 10a–d presents the
microstructure of pure SEDS, optimum NS-, NA-, and NS/NA-
modified SEDS, indicating that for pure SEDS shown in Fig. 10a,
obvious micro-pores and needle-shaped AFt are distributed
among the soil particles. Furthermore, AFt, other products, and soil
particles intertwine together to form cemented soil particles,
which serves as the basis for the strength gain of SEDS. Under the
optimum NS-modification, as shown in Fig. 10b, the amorphous
cluster C-S-H gel is clearly observed, indicating that incorporating
NS accelerates the hydration degree and produces more C-S-H gel.
The synergistic reinforcement effect of C-S-H gel and Aft leads to
the formation of a denser cemented soil matrix. Fig. 10c presents
the microstructure of optimum NA-SEDS; some micro-pores may
be caused by the excessive formation of AFt due to the expansion
reaction (Xu and Yi, 2021). This suggests that incorporating NA not
only accelerates the hydration process of SSC but also contributes
to the formation of more AFt. The microstructure of optimum NS/

NA-SEDS is shown in Fig. 10d, compared with pure and optimum
single nano-modified SEDS, a dense cemented soil matrix with few
visible micro-pores was observed. This indicates that composite
NS/NA-modification is beneficial for the formation of an extensive
crystal interlocking structure inside SDES and contributes to the
highest strength development, aligning with the strength and XRD
results.

Fig. 11a presents the microstructure of pure SPDS, where
abundant needle-shaped AFt and columnar gypsum were
observed. Compared with the microstructure of pure SEDS shown
in Fig. 10a, the formation of more AFt mainly is the primary reason
for the strength advantage of SPDS over SEDS (Fig. 5). After NS-
modification, a reticular C-S-H gel is clearly observed, leading to
the formation of a dense cemented soil matrix within NS-SPDS, as
shown in Fig.11b. By comparison, more AFt is found in NA-SPDS, as
shown in Fig. 11c, confirming that the incorporation of NS and NA
is respectively beneficial for the formation of C-S-H gel and AFt.
The microstructure of NS/NA-SPDS is shown in Fig. 11d, and
amorphous cluster C-S-H gel, micro-pores, and cemented soil
particles are clearly observed. By comparison, the microstructure
of NS/NA-SPDS is more compact than that of the pure and single
nano-modified SPDS.

Fig. 12a presents the microstructure of pure SDDS, where
micro-pores and needle-shaped AFt are clearly observed. The AFt
is embedded within soil particles, forming cemented soil particles.
By adding an optimum amount of NS, the microstructure of NS-
SDDS is given in Fig. 12b, abundant reticular C-S-H gels appear
and are interwoven with AFt. Furthermore, pronounced micro-
pores are also observed, which weaken the strength gain of NS-
SDDS. The microstructure of NA-SDDS is illustrated in Fig. 12c,
which is similar to that of NS-SDDS shown in Fig. 12b. The
microstructure of NS/NA-SDDS is shown in Fig. 12d, where the
massive reticular cluster C-S-H gel is found, forming a denser

Fig. 10. SEM micrographs of typical 28-d stabilized DS: (a) pure SEDS, and optimum (b) NS-SEDS, (c) NA-SEDS, (d) NS/NA-SEDS.
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Fig. 11. SEM micrographs of typical 28-d stabilized DS: (a) pure SPDS, and optimum (b) NS-SPDS, (c) NA-SPDS, (d) NS/NA-SPDS.

Fig. 12. SEM micrographs of typical 28-d stabilized DS: (a) pure SDDS, and optimum (b) NS-SDDS, (c) NA-SDDS, (d) NS/NA-SDDS.
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cemented soil matrix. The NS/NA-SDDS exhibits a denser andmore
compact microstructure than pure SDDS and single nano-modified
SDDS; a result mainly attributed to the nano-coupling effect.

Based on the above observations and analysis, three key find-
ings can be achieved. Firstly, the microstructure of SEDS, SPDS, and
SDDS varies, a difference stemming from the type of sulfate solid
waste and associated chemical components inside SSC. Secondly,
Nano-modification can effectively densify the microstructure, and
NS and NA mainly contribute to the additional formation of C-S-H
gel and AFt, respectively. Furthermore, compared with single NS-
and NA-modification, the composite NS/NA-modification is more
effective in forming a denser and more compact microstructure,
thereby contributing to the highest strength gain.

3.6. TG-DTG analysis

The TG-DTG curves of 28-d stabilized DS samples (SEDS, SPDS,
and SDDS) without and with nano-modification are given in Fig. 13,
with typical minerals marked. All TG-DTG curves listed in Fig. 13a
and b shows a similar evolution trend with increasing temperature,
indicating that the mineral types inside pure and nano-modified
stabilized DS are similar. Within the range of room temperature
to 1000 ◦C, the DTG curves exhibit three main endothermic peaks.
The first weight loss peak within 100 ◦C is highly likely caused by
the dehydration of C-S-H gel and AFt. Sun et al. (2024) found that
the weight loss in the 40 ◦C–280 ◦C corresponds to the loss of weak-
bound water in C-S-H gel and ettringite. The weight loss between
400 ◦C and 500 ◦C may be attributed to the decomposition of
kaolinite from DS and portlandite (CH) during the hydration pro-
cess, as previously obtained by Li and Yi (2023). However, the CH
was not obviously detected by XRD and SEM tests. In principle, the
consumption rate of CH required for AFt generate is much faster
than its generation rate, leading to its likely exhaustion. The weight
loss peak at 600 ◦C–800 ◦C is mainly attributed to the decomposi-
tion of calcite (CaCO3). These conservations and analyses further
confirm that the main hydration products in both pure and nano-
modified stabilized DS samples are C-S-H gel and AFt. Fig. 13a
shows that the weight loss associated with C-S-H gel and Aft is
greatest for SPDS, followed by SDDS and SEDS, respectively. As
shown in Fig. 13b, the weight loss of NS/NA-SEDS, NS/NA-SPDS, and
NS/NA-SDDS shows no significant difference. The TG-DTG analysis
results are consistent with the strength development, XRD, and
SEM results.

4. Discussion

4.1. Chemical activation mechanism

In this study, three kinds of low-carbon SSC (SSCE, SSCP, and
SSCD) were prepared by synthesizing alkali-activator NaOH, GGBS,
and three types of sulfate solid wastes (EMR, PG, and DG), and they
were used to stabilize DS. The results show that adding a suitable
amount of NaOH can significantly enhance the stabilization effi-
ciency of SSC. The strength development of the stabilized DS is
primarily attributed to the interaction between NaOH, GGBS, and
sulfate solid waste, an effect that is essentially the synergistic
activation of GGBS by alkali and sulfate.

The NaOH reacted with water to form a strong alkaline solution
and released OH� (see Eq. (1)), which facilitated the structural
dissociation of metastable vitreous phase in GGBS. This process led
to the gradual release of Ca2+, Al3+, and active silica tetrahedral
oligomers (SiO4

4�). When the sulfate solid wastes were mixed with
water, they all dissolved and released Ca2+ and SO4

2�. These ions
gradually accumulated over time and reacted with each other in
solution, leading to the nucleation, growth, and overlapping of
hydration products, which formed the cemented network struc-
ture. Specifically, the free Ca2+ reacted with SiO4

4� to produce C-S-
H gel (see Eq. (2)). Simultaneously, the Al3+ reacted with Ca2+ to
produce C-A-H gel (see Eq. (3)). Under the supply of SO4

2� from
sulfate solid wastes, the Ca2+ and Al3+ were further consumed to
produce AFt (see Eq. (4)). This process further accelerated the
hydration of GGBS and maximized its potential activity. Further-
more, the C-A-H gel produced in Eq. (3) is further consumed by
SO4

2� to produce additional AFt (see Eq. (5)). This likely explains
why the C-A-H gel was not detected by XRD tests. In general, these
hydration products contributed to the strength gain of SSC-
stabilized DS. Especially for stabilizing high water content DS,
the formation of AFt can consume a large amount of free water,
thus providing an expansion filling effect. However, the excessive
production of AFt and its induced expansion effect also had a side
effect on the strength development of SSC-stabilized DS. The
possible interaction mechanism between GGBS, alkali activator
NaOH, and sulfate solid wastes is shown in Fig. 14. Therefore, the
main hydration products of SSC are C-S-H gel and AFt, contributing
to the strength development of the three kinds of SSC-stabilized
DS. It should be noted that the stabilization efficiency of SSCE,
SSCP, and SSCD is different; which is attributed to the difference in

Fig. 13. TG/DTG curves of (a) pure SEDS, SPDS, and SDDS, (b) optimum NS/NA-SEDS, SPDS, and SDDS.
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the chemical components of EMR, PG, and DG.

NaOH + H2O → Na+ + OH− (1)

SiO4
4− + Ca2+ + H2O → C-S-H gel (2)

Al3+ + Ca2+ + H2O → C-A-H gel (3)

Al3+ + Ca2+ + SO42− + H2O → AFt (4)

C-A-H gel + SO42− + H2O → AFt (5)

4.2. Nano-modification mechanism

The results of this study imply that nano-modification can
effectively improve the stabilization efficiency of three kinds of
SSC on DS, and compared with single NS or NA, the composite NS/
NA exhibits better nano-modification efficiency. Three nano-
modification actions were mainly responsible for this improve-
ment in stabilization efficiency. Firstly, the nano-filling effect
effectively reduces the micro-pores within cemented soil particles
(Lang et al., 2023), thus improving the compactness of SSC-
stabilized DS. Secondly, nano-induced activation effect can
further promote the hydration process of binder, and thus produce
additional cementitious gels (Wang et al., 2020). For example, the
NS and NA used in this study, respectively, involved the additional
formation of C-S-H gel and AFt by consuming Ca(OH)2 and CaSO4;
this reaction process contributed to the further hydration of SSC.
Thirdly, the nano-nucleation effect can provide more active targets
for the formation of hydration products, transforming them from a

loose needle-cluster-like structure to a denser, uniform-stable
network structure. Furthermore, nanoparticles can absorb
double-layer water and form a viscous gel among soil particles,
thereby improving the cementation strength among soil particles
(Changizi et al., 2022). Therefore, it can be achieved that the for-
mation of more C-S-H gel and AFt improved the stabilization ef-
ficiency of SSC, which was mainly induced by NS- and NA-
modification actions, respectively. The micro-mechanism model
for nano-modified SSC-stabilized DS is given in Fig. 15.

4.3. Engineering application prospects and future work

In this study, three kinds of nano-modified low-carbon SSC
were prepared and used for stabilizing DS, offering two main
benefits. First, the 28-d UCS of all three optimum NS/NA-modified
SSC-stabilized DS exceeded 1 MPa (see Fig. 8), meeting the mini-
mum strength requirement for subgrade materials, based on T/
CECS 737-2020 (2020). Therefore, the NS/NA-modified SSC-stabi-
lized DS can be used as sustainable subgrade materials, thereby
saving non-renewable soil and rock resources during road con-
struction. Second, it provides an effective consumption pathway
for industrial solid wastes (including GGBS, EMR, PG, DG) and
waste DS. The collaborative resource utilization of industrial solid
wastes and DS as reclaimed engineering soils can not only reduce
the environmental burdens caused by their storage or landfill, but
also reduce the dependence on traditional binders such as Port-
land cement and lime.

However, some disadvantages regarding the application of
nano-modified SSC for DS stabilization pose significant challenges.
Firstly, the excessive use of high alkalinity NaOH also causes
environmental pollution to the surrounding soil and water, as well
as the high CO2 emission. Secondly, the high price of NaOH and
nanomaterials will inevitably increase the engineering cost of
stabilizing DS, limiting the widespread application of this tech-
nology. It is expected that this issue will be effectively alleviated
with advances in production technologies for NaOH and nano-
materials. Furthermore, the basic properties, especially chemical
components of raw materials (including GGBS, EMR, PG, and DG),
may vary depending on the source and production process,
significantly affecting the hydration and hardening performances
and associated stabilization efficiency on DS. For example, as sul-
fate solid wastes, the difference in chemical components of EMR,
PG, and DGwasmainly responsible for the difference in hydration-
cementation ability and related stabilization efficiency of the three
kinds of SSC (SSCE, SSCP, and SSCD). It is recommended that the
mineral component reconstruction, pre-treatment, and impurity
removal processes may be the potential solutions.

Based on the advantages and disadvantages stated above,
future work should focus on three aspects. Firstly, additional

Fig. 14. The interaction mechanism between GGBS, alkali activator NaOH, and sulfate
solid wastes.

Fig. 15. The micro-mechanism model for nano-modified SSC-stabilized DS.
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research is needed to quantitatively evaluate the economic benefit
and carbon emission reduction of using SSC in DS stabilization,
compared with traditional Portland cement. Secondly, the dura-
bility of nano-modified SSC-stabilized DS under complex envi-
ronmental conditions, such as chemical erosion, dry-wet and
freeze-thaw cycles, should be investigated, which is essential for
the subsequent engineering applications. Lastly, due to the price
and environmental concerns caused by alkali-activator NaOH,
other single or composite industrial solid waste alkali activators,
such as carbide slag and red mud, are encouraged to replace NaOH
for full solid waste SSC preparation and DS stabilization.

5. Conclusions

In this study, three types of full solid waste supersulfated
cement (SSCE, SSCP, and SSCD) were synthesized by NaOH-
activated GGBS and sulfate solid wastes (EMR, PG, and DG),
which were used to stabilize DS with high water content, and NS
and NA were also used as single and composite nano-modifiers to
further improve stabilization efficiency. The effect of NaOH-
activation and nano-modification action on the strength devel-
opment of stabilized DS was evaluated via UCS tests. The micro-
mechanisms underlying this strength development of stabilized
DS were elucidated through XRD, SEM, and TG-DTG analyses.
Furthermore, the leaching toxicity of SSCE-stabilized DS was
investigated to evaluate the environmental risks. The key conclu-
sions are as follows.

(1) NaOH is an effective activator for the GGBS-EMR/PG/DG
binary cementitious system, significantly improving the
cementation ability of SSC and its stabilization efficiency for
DS. The strength of SSCE-stabilized DS (SEDS) and SSCP-
stabilized DS (SPDS) increased monotonically with
increasing NaOH content, while the highest strength of
SSCD-stabilized DS (SDDS) was achieved under NaOH con-
tent of 15 %.

(2) Nano-modification can effectively enhance the stabilization
efficiency of three kinds of SSC on DS. Adding a suitable
amount of single NS and NA can prominently increase the
strength development of stabilized DS, while the optimum
dosage of NS and NAvaries depending on the type of SSC and
curing time. The optimum NA-modified SSCD-stabilized DS
exhibited a strength advantage over OPC-stabilized DS.
Composite nano-modification outperforms single nano-
modification in improving stabilization efficiency. For
SEDS, SPDS, and SDDS, the optimummass ratios of NS to NA
were 7:3, 3:7, and 3:7, respectively.

(3) Although EMR contains heavy metals and ammonia nitro-
gen, its use as a raw material for preparing SSC poses no
significant environmental risks. The leaching results of
SEDS, optimum NS-, NA-, and NS/NA-SEDS are far below the
standard limits, indicating that SEDS and nano-modified
SEDS can be directly utilized as reclaimed engineering
soils without environmental concerns.

(4) The C-S-H gel and AFt are the main hydration cementitious
products in the three SSC-stabilized DS and are primarily
responsible for the strength development. NS and NA
respectively promote the additional formation of C-S-H gel
and AFt, an effect attributed to their direct participation in
the formation of these hydration products. Composite NS/
NA-modification was more effective in forming a denser
and more compact microstructure within stabilized DS,
thereby facilitating the highest strength development.

(5) The mechanisms of chemical activation and nano-
modification affecting the cementation ability and

associated stabilization efficiency on DS were respectively
clarified. Correspondingly, the interaction between GGBS,
alkali activator NaOH, and sulfate solid wastes, as well as the
micro-mechanism model for nano-modified SSC-stabilized
DS, were respectively proposed. Furthermore, the advan-
tages and disadvantages of using nano-modified SSC in DS
stabilization were discussed, and the future work was
highlighted.
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