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Table 1 Typical industrial solid wastes that can be used to fabricate geopolymer

Name Source

Basic characteristics

Blast furnace A molten material formed

High glassy phase content, optimized calcium-silicon-aluminum ratio, and fine particle morphology;
CaO can provide an alkaline environment, accelerate the depolymerization of the silicon-aluminum
network, and promote the formation of C-(A)-S-H gel; SiO, and Al,O3 can form the [Si-O-Al]
network backbone of geopolymers; Al,O3 acts as a network former, enhancing structural stability, but
excessive content may delay the reaction; MgO can partially replace CaO, stabilizing the glassy

phase structure, but crystalline MgO may cause expansion; Using slag alone may generate excessive

C-S-H phases due to its high calcium content, reducing the proportion of characteristic geopolymeric

slag (slag) during the blast furnace
ironmaking process, primarily
composed of silicates and
aluminates
structures
Fly ash Fine ash collected from the

flue gas of coal-fired power
plants or industrial coal-fired
boilers during combustion

Rich in reactive SiO, and Al,O3 (typically 60%—-85% by mass fraction); the glassy phase is easily
dissolved in an alkaline environment, providing the necessary silicon and aluminum monomers to
form the [SiO4]*/[AlO4]° network skeleton of geopolymers; Low-calcium fly ash (Class F) reacts
slowly and requires strong alkali activation; High-calcium fly ash (Class C) has higher CaO content,

which can accelerate the reaction but may lead to the coexistence of C-S-H gel and geopolymers;

Unreacted fly ash particles can fill pores, improving the fluidity and compactness of the matrix

Desulfurization
gypsum

A by-product of flue gas
desulfurization (limestone-
gypsum wet desulfurization
process) in coal-fired power

CaS04-2H,0 content >90%, contains minor impurities; partially dissolves in alkaline environments to
form ettringite (AFt), contributing to early strength. However, it cannot be used alone as a precursor
and must be combined with slag, fly ash, etc. It can act as a micro-aggregate to fill geopolymer
pores, enhancing density and reducing shrinkage. It can adjust reaction time to improve the

plants workability of geopolymers. Excessive SO,? inhibits the polycondensation of aluminosilicates,

resulting in an incomplete geopolymer network structure and reduced durability




%54 55 5 1

x2S WMESMELRTER L DRI S Z WA RE - 1701 -

(Continued Table 1)

Name

Source

Basic characteristics

Coal gangue

Tailings slag

Carbide slag

Red mud

Solid wastes generated during
coal mining and washing
processes

Waste materials that remain
after the valuable minerals
are extracted from mined
ore during the mining process,
containing ore slurry and
dry sand

Calcium hydroxide residues
from acetylene production

An industrial waste generated
during the processing of
bauxite into alumina using
the Bayer process

Mainly composed of silicate minerals, rich in SiO, and Al,Os, with small amounts of Fe,O3, CaO, K0,
etc.; natural coal gangue has low reactivity, but its performance can be significantly improved by
combining it with high-calcium materials; As a geopolymer precursor, it requires activation
pretreatment (calcination + grinding); After calcination, it transforms into highly reactive amorphous
metakaolin or similar active phases

As a geopolymer precursor, it offers advantages such as abundant resources and low cost, but its
applicability highly depends on the type and composition of the tailings; Some minerals in tailings
slag (e.g., clay minerals, amorphous substances) possess certain potential pozzolanic or
geopolymeric reactivity; However, activation + combination methods are required to meet
geopolymer requirements; Priority should be given to tailings with high silicon and aluminum
content (SiO, + Al,03; > 65% by mass fraction) and low harmful impurities, and their heavy metal
leaching behavior must be strictly tested.

Mainly composed of Ca(OH),, which can serve as an auxiliary alkali activator and calcium source
supplement in geopolymers; Ca(OH), can react with CO; in the atmosphere to form CaCOs,
contributing to the later strength of the material or enabling carbon sequestration; Carbide slag is
low-cost, provides relatively mild alkalinity, offers higher operational safety, and poses a lower risk
of efflorescence in the later stages; However, it has drawbacks such as low reaction efficiency,
narrow optimal dosage, rapid setting, impurity effects, and potential adverse impacts on geopolymer
durability due to high calcium content

High Fe,O3 content, low reactive SiO, and Al,O5; content, and contains a large amount of inert
impurities; It can be combined with highly reactive materials to form a silico-aluminous precursor;
Red mud primarily serves as a filler, provides some reactive components, and reduces costs; The
high alkali content (Na,O/K;0) in red mud can reduce the dosage of external activators; It may
contain trace amounts of natural radioactive elements, requiring evaluation of long-term stability and
leaching risks in geopolymer solidified bodies to ensure environmental safety
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Table 2  Physical indicators of silty soil in some regions of China

References District Water content/%  Plastic limit/%  Liquid limit/%  Plasticity index Specific gravity \oid ratio
[28] Shanghai 51.8 224 4417 2177 2.74
[29] Hefei 39.8 22.25 38.47 16.22 271 114
[30] Panjin 40.2 221 36.5 14.4 2.69
[31] Qingdao Economic Zone 411 155 321 16.6 2.74 1.14
[32] Nanjing 413 22.8 38.0 14.8 2.72 1.20
[33] Taicang 433 241 40.7 16.6 2.73 1.20
[34] Dongting Lake, Hunan 445 223 436 21.3 271 1.49
[35] Haikou 49.6 243 449 20.6 2.70
[36] Guangzhou 50.2 27.1 426 15.4 1.35
[37] Taizhou 54.0 236 45.8 222 2.75 143
[38] Jiaozhou Bay, Qingdao 55 43 271 1.42
[39] Jingzhou 55.3 29.2 54.2 25.0 2.65
*3 FERSMXCRREIAEFERS
Table 3 Chemical constituents of silty soil in some regions of China
w/%
References District
SiO, Al,03 Fe;03 CaO MgO

[30] Panjin 59.51 15.00 6.27 1.19 1.19

[39] Jingzhou 63.5 23.0 5.7 0.5 14

[40] Taizhou 52.77 18.76 6.27 3.22 5.11

[41] Nanjing 57.04 18.48 5.34 1.26 1.64

[42] Suzhou 62.32 14.40 2.94 114 1.53

[43] Hangzhou 72.33 17.16 4.49 1.32 121

[44] Chengdu 46.94 16.66 0.82 2.48 16.01

w is mass fraction.
x4 FRREILEFZEN

Table 4 Treatment methods of silty soill*?]

Method Classification

Primary treatment methods

Physical methods Replacement, drainage consolidation,
mechanical compaction
Chemical stabilization methods Organic, inorganic,

bio-enzyme, composite

Sand cushion method Vacuum preloading,

Jet grouting method

Dynamic compaction,
surcharge preloading vibroflotation
Deep mixing pile method ~ Grouting method, mix-in-place

grouting method
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(b) Formation process
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Fig. 2 Schematic diagram of formation principle of geopolymerft8. 56-611
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Table 5 Typical chemical composition of slag and fly ash!®!

Mass fraction/%

Material
SiO, Al,O; CaO MgO
Slag 31-38 9-13 38-44 7-12
Fly ash 43-56 20-32 1.5-55 0.6-2.0
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Fig. 5 Reaction mechanisms of slag-based and fly ash-based geopolymer(®]

B, £ OH M EIER T, W&+ Si—O.
Al—O I Ca—O #RAEWIZL, JHRMUH[SION
[AlOL> #4KF0 Ca?*s HT Ca—O BHRER TS,

DRI AE S N R A Cat e e BE i,  HARJ2[AIO4],
WG & [SiOa): . B FE A M H TN
Na*<K*<Mg?*<Ca?", [KIHRHEA ) Caz 2 5%+



« 1706 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(5): 1699-1724

2026 4

BURLHT ) Naty KR A B B SR, A B X
JRARE, LRURIRIRE IR UM 4 Catexr 5 OH-
JRSEA AEE 1) Ca(OH)2 TE, T KHE 4 Catrar 5
[SiO]*Z [A] K HE KA SN AR i C-S-H R« B R
7 fy ik — B BEAT, IR &R P [AIOLS 2 B AR
C-S-H ML B HI[SIOa]*, B M T4 B 5 1
C-A-S-H Bt . Mhah, eI IEAT I RN L 43
KAEGAS FI TR & S USIF AR N-A-S-H BE, 5
C-(A)-S-H BB A B RGeS R R, I 4%
E4Wh Ca: Si J Na: Al AT 2 Rl 1 te sl o
FECIRBIVIERS R AT, FEH N-A-S-H
B AH L C-(A)-S-H Bt AHFT Ca(OH)2 3 F S B =4,
RS RIPAEIERI AR Cazr, T 43 4k 4 B
N-A-S-H 1 [¥) Na*{# 24 )9 (N,C)-A-S-H KEHL .
B2, B AR U R AR PR AR e i+
FLRR I B A0, 2 UKL Y RUBURS IO A5 ), R 2%
W RN AR E B AR T

YRR S0 EAR, FIRE & SRR
A3 Ca?* & R /N T, 8T #0845 Hh
REVHTIRAR . Bk, By 2R & Y s
LSRR T 1 TR W N A 1 = 4 K A A R TR
B (N-A-S-H), H G182 R AT 4 SR a4 i
FF BB KA T P b R D I b ek 1 2
3 3 b R R B SN A R 4 R % 5 R F N-A-S-H
@%HQ [89-90] R

S5 LRTIR, VA AU A 2R A A T Ak
TERATA N AR R ZE R, EAS BAEE MW

Hydrolysis-
hydration reaction

( The process in which inorganic curing agents (such as
silicates, sulfates, efc.) undergo hydrolysis under E
the action of water, generating hydrates

15 R EARRILH A R RR 2L, BRSO i R
Vo B I R SO S e SRR I BRI A C-(A)-S-H
IS, TR SR 35 525 A V) e P ) 3 TSR T
BOW RN A R = 4 K AL R AR R AN Bk R
(N-A-S-H); B TH & B AT S a7k
AYE LB AT SRR R, (A S 5
FEBGKLZNG,  TOR A S b 3R 5 A ] e ) DU
—HATEB MRS TR, A
WHE IR I H R A E A+ v B R ER, 59
B PR 53 0] 5 45 ) T v S R A Efe 01, $E e
Fr 4P I O L M R S A SR AR
=, TR E RS R A E A SRR .
Gh, B AT T SRR ) L X
BRI S A IR G A L5 B e, BT
SEREEAARL,  BIIA 5D S R S T [ Ak
TS, ABEd SRR, FEREET
i 22 Bk BRI Ja B S A 4 R+ 43 A g Y
TEARTR Eh(N-A-S-H), B ST KA =it — 2 K
A ZOKAR L, AT ARG T SR ] (1) 36 SR P
FE AL = AR e 1
32 HEESMEIRRRTARIE

FEG T b+ BREITKYE . A KETCHLLE
TS T3 R A I ERAL A SN, BLFE K KA
Ry KIAKIRBE . B F 2834 E R R OS5, A R
BA BRI RIS (40 C-S-H B BUIK 4
R[S (AR)], AT E AR e, S5Rt
ERsREATRENE, HRROIRE SR 6 Fras.

[ Generates various hydraulic
cementitious materials that
can bind aggregates to form a

cement

Pozzolanic materials containing active silicates and
aluminates react with calcium compounds in lime or | |

dense network structure,
enhancing the strength and
structural stability of concrctc/

e

—# Ion exchange

2 : Pozzolanic reaction
Reaction
process

Certain ions in the curing agent exchange with ions
in the soil or solid waste, forming new compounds

" Through ion exchange and
carbonation reactions, more
stable mineral components are

T T T O

Carbonation
reaction

( Under the influence of carbon dioxide, certain
inorganic salt curing agents undergo chemical
reactions to produce carbonates )

—

formed, improving the
durability and erosion

\resistancc of concrete /

Kl 6 g TohLIfh s R #E K iR 2
Fig. 6 Reaction process and principle of traditional inorganic stabilized soil
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Table 6 Unconfined compressive strength of silty soil stabilized with geopolymers

Alkaline Binder UCS/Mpa .
References Precursor . Research conclusions
activator content'% 3d 7d 14d 28d

[29] Slag CaO+Na,SiO3 22 0.99 1.15 UCS of stabilized soil increases with increased binder content;
a critical water content exists: below it, UCS gradually
decreases with an increasing content of organic matter; above
it, organic matter has minimal effect on strength

[116] Flyash NaOH+Na,SiO3 30 5 10 12,5 Excess alkaline activator causes premature geopolymer
precipitation, hindering strength development; increased
curing temperature and longer duration enhance strength, but
excessively high temperature/duration causes water loss,
microcracks, and reduced strength

[117]  Slag, fly ash NaOH 30 5.8 UCS of stabilized soil increases with rising curing temperature

(25, 50, 80°C); higher temperature and NaOH concentration
accelerate geopolymerization, forming a denser matrix

[118]  Slag, fly ash NaOH 20 042 1.00 1.50 Highest UCS of stabilized soil is achieved with 90% slag+10%
fly ash, NaOH/precursor=0.15, water/binder=0.7; excess fly
ash reduces strength; too much activator causes rapid setting,
while insufficient activator fails to activate Si/Al, impairing
strength development

[103]  Slag, fly ash NaOH+Na,SiO3 20 5.82 7.03 Factors influence on UCS: slag content> activator modulus>
activator dosage (7 d); slag content>activator dosage>
activator modulus (28 d); the optimal mix: slag content is
86.5%, modulus of activator is 0.84, activator dosage is 7.3%

[107]  Slag, fly ash NaOH+Na,SiO3 20 110 3.79 5.10 5.81 Na-based activators outperform K-based ones, and the optimal

KOH+K,SiO3 Na,SiO3:NaOH=70:30; slag enhances strength more

effectively than fly ash due to its higher Ca®* content; 15%
slag + 5% fly ash is the optimal precursor mix

[119]  Slag, fly ash Carbide slag 15 0.085 0.84 1.48 Maximum UCS of stabilized soil is achieved with slag:fly
ash:carbide slag=42:12:46; UCS increases with higher
geopolymer content but at a diminishing rate; geopolymer-
stabilized soil exhibits better water stability, wet-dry resistance,
impermeability, and smaller deformation compared to
lime-fly ash stabilized soil, more suitable for subgrade

[120]  Fly ash, carbide slag NaOH+NazSiOs 35 032 0.61 0.85 1.21 High fly ash content requires high NaOH concentration to leach
SiO; and Al,Os; optimal Na,SiO3;:NaOH decreases as fly ash
content increases; Excessive water content dilutes NaOH,
reducing activation effect; strength is higher when water
content equals the liquid limit; adding 7%-12% carbide slag
improves strength significantly

[106]  Metakaolin CaO+NaHCO; 15 0.85 UCS initially increases then declines with higher metakaolin
and activator content; Excess activator produces excessive
Ca(OH)., causing shrinkage/cracks, while overly high metakaolin
content results in insufficient alkalinity and incomplete
geopolymerization, impairing strength development

[121]  Metakaolin Na,SiO3 33 5.83 6.45 6.80 Metakaolin-hased geopolymer-stabilized soil exhibits significantly
improved mechanical properties (UCS, Young’s modulus, failure
strain) compared to cement- or lime-stabilized soil under the
same conditions
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Table 7 Results of cement-stabilized soil and geopolymer-stabilized soil after 12 wet-dry cycles*34

Durability test result

Soil type Binder type Failure condition
Soil loss/% Volume change/%
Silty soil Inorganic binder 5% Cement 3.7 3.7 Failed after 11 cycles
10% Cement 1.2 1.3 Did not fail
Geopolymer 25% Fly ash, 14 2.1 Did not fail
NaOH : Na,SiO3=0
25% Fly ash 14 1.9 Did not fail
NaOH : Na,Si03=0.4
Silt Inorganic binder 10% Cement 2.8 Failed after 2 cycles
9% Cement + 9% Lime 6.7 Failed after 5 cycles
Geopolymer 30% Fly ash, 8.6 25 Did not fail

NaOH : Na,Si03=0.4
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Extend Abstract

Silty soil, prevalent across China’s coastal regions and inland river basins, significantly impedes sustainable infrastructure
development due to its problematic engineering characteristics like high water content, low permeability, and weak structure. To
overcome this challenge, soil stabilization technique for the beneficial reuse of silty soil is regarded as a potential solution. However,
conventional inorganic binders like cement and lime come with substantial drawbacks, i.e., high carbon emissions, considerable
energy consumption, and limited capacity for industrial solid waste assimilation. These increasingly conflict with China’s “dual
carbon” goals for green transformation and sustainable growth. In this context, geopolymer as a novel type of green cementitious
material formed through alkali activation using silicon-aluminum-rich industrial solid wastes (such as slag and fly ash) as precursors
offers a highly promising sustainable solution. With near-zero carbon emissions, high reactivity, and remarkable waste valorization
properties, it enables both the efficient utilization of silty soil and the synergistic disposal of industrial solid waste. This review
systematically represents the research progress on the stabilization mechanisms, macroscopic properties, and key scientific issues of
geopolymer-stabilized silty soil from a multi-scale perspective. This review aims to provide a theoretical basis for developing
high-performance geopolymer-based silty soil solidifiers and proposing efficient silty soil disposal strategies, while offering practical
references for promoting the resource utilization of silty soil and the synergistic treatment of industrial solid waste.

First, the physicochemical properties and engineering characteristics of silty soil in different districts of China are analyzed. It is
indicated that although the properties of silty soil exhibit certain regional variations, they all share adverse engineering characteristics
such as high water content, high void ratio, high thixotropy, low permeability, and low stability. These unfavorable properties
severely limit their engineering applications. As a novel inorganic chemical stabilization method, alkali-activated geopolymer
stabilization technology has demonstrated broad application prospects in the field of silty soil improvement due to its excellent
engineering performance and low-carbon, environmentally friendly features.

In terms of microscopic mechanisms, this review introduces the formation principles of geopolymers, including their reaction
processes, strength formation mechanisms, and differences among various types of geopolymers. The reaction mechanisms of
different calcium-based geopolymer-solidified soils are revealed. The results show that the strength of low-calcium
geopolymer-stabilized soil primarily stems from the N-A-S-H gel with a three-dimensional network structure, while the reaction
process of high-calcium geopolymer-stabilized soil is more complex, resulting in diverse cementitious products. Subsequently, the
microscopic mechanism of geopolymer-stabilized silty soil is analyzed in detail. Specifically, silicon-aluminum-rich geopolymer
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precursors such as slag and fly ash, as well as SiOz and Alz20s in the silty soil, gradually dissolve and undergo a structural destruction
under the action of alkali activators. This is followed by repolymerization, generating a large amount of flocculent gel substances,
primarily C-(A)-S-H and N-A-S-H. These gel substances adhere on the surface of vitreous bodies, with some condensing and
hardening to form a polymer skeleton, while others encapsulate soil particles and fill the pores between them, forming aggregates.
The polymer skeleton supports and binds the soil particle aggregates, constituting the spatial structural system of
geopolymer-stabilized soil, thereby enhancing its mechanical properties. The mechanisms behind the superior performance of
geopolymer-stabilized silty soil are further explained by microanalytical methods.

In terms of macroscopic properties, the results of some strength tests on geopolymer-stabilized silty soil conducted globally in
recent years are systematically summarized. Geopolymer-stabilized silty soil exhibits significant advantages over cement-stabilized
soil in terms of unconfined compressive strength, shear strength, and foundation bearing capacity. Its mechanical properties are
affected by multiple factors, among which alkali activator concentration, modulus of alkali solution, precursor type, and dosage are
studied for their patterns. Optimizing reaction conditions can further enhance the mechanical properties of stabilized soil to some
extent. Moreover, geopolymer-stabilized silty soil also demonstrates excellent durability, with significant improvements in water
stability, freeze—thaw resistance, wet-dry cycle resistance, and chemical corrosion resistance, compared to cement-based materials. It
exhibits a desirable environmental adaptability. Geopolymers can reconstruct the soil skeleton through their unique alkali activation
and geopolymerization processes, significantly enhancing the mechanical properties and durability of silty soil, thereby providing a
solution for the treatment and reinforcement of silty soil.

Summary and prospects Utilizing geopolymers to stabilize silty soil and applying it in engineering construction represents a
highly promising approach for resource utilization. This method enables efficient and sustainable use of silty soil and promotes
large-scale consumption of industrial solid waste in China, demonstrating exceptional environmental, economic, and social benefits.
Geopolymer-stabilized silty soil exhibits excellent mechanical properties, with improvements in compressive strength, shear strength,
and bearing capacity, compared to conventional inorganic stabilized soil. In addition, it also shows significant advantages in key
durability aspects such as water stability and freeze—thaw resistance. This performance enhancement is a macroscopic reflection of its
unique microstructure and chemical bonding capabilities.

Although the existing experimental research on geopolymer-stabilized silty soil has made significant progress in macroscopic
mechanical properties and microstructural characteristics, the in-depth analysis of its microscopic stabilization mechanisms and
systematic studies on the influence of organic matter content on stabilization effects still require a further attention. Moreover,
research on stabilized silty soil predominantly focuses on single-component geopolymer systems, while studies on binary or
multicomponent geopolymer-stabilized soil remain insufficient. The application of geopolymers in soil stabilization still faces severe
challenges, such as the lack of unified testing methods, performance evaluation standards, and engineering design specifications.
Future research should focus on investigating the complex interfacial reactions and bonding mechanisms between geopolymers and
silty soil particles, actively expanding exploration of silty soil stabilization under multicomponent geopolymer systems, and
accelerating the establishment of design and construction specifications for geopolymer-stabilized soil in various engineering
applications. Building a full-lifecycle standardized system can provide a technical assurance for the large-scale promotion and
application of this technology.
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