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Abstract: Peaty soil, a distinct category of soft foundation soil, exhibits unique physical and mechanical properties that are strongly
influenced by its microstructure. Its high water content, organic matter content, low strength and permeability often result in
significant engineering challenges. Enhancing the mechanical strength of peaty soil has thus become a central focus in geotechnical
engineering. Using slag-based geopolymer to synergize with cement for solidification, the mechanical properties of peaty soil before
and after stabilization were examined through unconfined compressive strength and direct shear tests. The mechanisms of
improvement were further analyzed through microscopic techniques, including scanning electron microscope (SEM), X-ray
diffraction (XRD), mercury intrusion porosimetry (MIP), and Fourier transform infrared spectroscopy (FTIR). The results
demonstrate that all three alkali activators contribute to the enhancement of the mechanical strength of the peaty soil, with NaOH
showing the highest activation efficiency. Cement stabilization of peaty soil improves shear strength by reducing pore space and
strengthening interparticle bonding via ion exchange, hydration product crystallization, and the formation of CaCOs and calcium
silicate hydrate (C-S-H). Four stages i.e., dissolution activation, ion exchange, gel formation, and structural reorganization are
identified in the reaction process of activated slag improving peat soil. The alkali activator facilitates the dissolution of the slag’s
vitreous phase, promoting ionic polymerization that leads to the formation of calcium-alumino-silicate-hydrate (C-A-S-H) gel.
Simultaneously, organic functional groups in the peaty soil engage in ion exchange, forming CaSiOs precipitates and establishing a
“calcium bridge” structure. These reactions collectively contribute to the formation of a dense composite matrix, thus enhancing
compressive strength. Grey relational analysis reveals that compressive strength is most strongly correlated with pore area, while
shear strength shows the highest correlation with the shape factor. Modified soil specimens undergo five dry-wet cycles, with a
minimum strength loss rate of 27%. These findings provide a theoretical foundation for the partial replacement of cement with
alkali-activated slag in peaty soil stabilization, contributing both to soft soil improvement and the valorization of industrial
byproducts. Furthermore, these results offer valuable insights for ground improvement in peat-rich regions, such as Yunnan, China.
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1 Introduction

Peaty soils are a distinctive type of soil formed by
the incomplete decomposition of marsh plant remains in
an oxygen-deprived, underwater environment, facilitated
by anaerobic bacterialll. The presence of substantial
undecomposed plant residues results in loose structures
with well-developed porosity and generally poor physical
and mechanical properties. Characterized by high organic
matter content, elevated natural moisture, low natural
density, and insufficient bearing capacity (the “two highs
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and two lows”), peaty soils are classified as special
problem soils (soft soils) in engineering practice (Fig. 1)%.
These soils are prone to engineering issues such as
subgrade settlement and foundation cracking. Peaty soils
derived from lacustrine sediments are widely distributed
across the Dianchi Basin in Kunming, Yunnan®> . With
the advancement of large-scale infrastructure construction
in the region, engineering projects inevitably involve
such soil layers, and their treatment and improvement
have become pressing practical issues that require urgent
resolution®.
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Fig.1 Engineering defects of peaty soil

Numerous studies have been conducted globally
on the consolidation and improvement of peaty soil.
Kamaruidzaman et al.[% partially replaced cement with
sugarcane bagasse ash, significantly enhancing unconfined
compressive strength while reducing porosity. Zaidan
et al.l’! found that cement and ceramic dust improve
consolidation properties. Kalantari et al.®) highlighted
the significant strength enhancement achieved through
overloading and moist curing techniques. Rahman et al."”!
demonstrated that increasing cement content and curing
age improves liquid limit and permeability. Wong et al.'%
replaced part of the cement with sodium-based bentonite,
significantly boosting both compressive and shear strength.
Latifi et al.'!! employed MgCl. solution curing to improve
pore structure and enhance strength. Gui et al.'? utilized
microbial degradation of organic matter to significantly
improve soil mechanical properties. Ruan et al.'*! achieved
notable results with cement-lime-fly ash composite
modification, validated by field testing. Cao et al.l'¥
emphasized the improvement in water resistance through
the use of ultrafine cement. Wang et al.!'*! investigated
the effectiveness of frost heave control under artificial
freezing conditions. These studies indicate that peat soil
improvement primarily relies on chemical and biological
methods, with cement being the most commonly used
stabilizer.

Peaty soils, rich in organic matter and humic acids!'®
significantly hinder cement hydration, diminishing the
effectiveness of cement-based stabilization. Excessive
cement content not only poses risks of shrinkage cracking
but also leads to higher carbon emissions!!”]. As a result,
cement alone often fails to achieve optimal results and
must be combined with other admixtures for effective
curing. In recent years, geopolymers!'®! have emerged
as a novel eco-friendly cementitious material. Compared
to cement-stabilized soft soil at equivalent dosages,
geopolymers exhibit superior mechanical properties and
lower carbon emissions!'* 2", leading to their widespread

use in engineering applications for soft soil reinforcement.
Geopolymers are green cementitious materials formed by
the reaction of precursors (such as blast furnace slagl®!!,
fly ashl??, etc.) under alkaline activators. This technology
has been successfully applied to marine soft soils!?],
sludge!, silty clays®®!, and waste marine clay®®®, achieving
positive results. However, research on the application of
alkali-activated slag for improving the properties of peat
soil in the Dianchi Lake region remains limited, especially
regarding its effects on the soil’s strength, microstructure,
and the underlying reinforcement mechanisms. Further
studies are urgently needed in this area. Additionally,
China’s annual blast furnace slag output is projected to
exceed 340 million tons by 2025, yet its utilization rate
remains below 60%!*"]. The partial substitution of cement
with alkali-activated slag offers dual benefits: enhancing
peat soil stabilization and promoting slag recycling, thus
providing both economic and environmental advantages® 21,
Geopolymer materials have demonstrated promising
applications in engineering practices, including deep-
mixing piles, grouting reinforcement, and contaminated
soil solidification. Yao et al.*! conducted stability analysis
of geopolymer-mixed pile composite foundations through
field tests, confirming that all indicators met specifications.
Drilling, coring, and static load tests demonstrated the
integrity of pile bodies, with both single-pile and composite
foundations meeting design requirements. Sun et al.*!]
explored geopolymer grouting for soft soil foundation
treatment in highway construction, showing significant
improvements in subgrade bearing capacity. In the Anhui
Weijiu Road project, geopolymer grouting more than
doubled the bearing capacity of the soil subgrade, yielding
remarkable results. Pu et al.’?! experimented with a
modified phosphate-based geopolymer composed of
kaolinite, fly ash, and aluminum hydrogen phosphate,
which effectively reduced Pb** leaching, significantly
enhanced soil strength, and exhibited excellent acid
resistance.
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In summary, existing research has primarily focused
on individual activators or solidification materials, with
a lack of systematic studies on the synergistic solidification
of peaty soils using alkali-activated slag and cement.
Notably, the performance evolution under the combined
effects of multiple factors-such as activator types and
concentrations, as well as slag and cement dosages-
remains unclear, along with the intrinsic relationship
between microstructure and macroscopic mechanical
properties. This study selected three alkaline activators
-NaOH, Na:COs, and Na:SiOs-and systematically analyzed
their effects on the mechanical properties of composite
solidified peaty soils using slag-based geopolymers and
cement. Through scanning electron microscope (SEM),
X-ray diffraction (XRD), mercury intrusion porosimetry
(MIP), Fourier transform infrared spectroscopy (FTIR),

mineral composition, and pore evolution characteristics
of the solidified soils were investigated. Grey relational
analysis was employed to quantitatively establish the
correlation between microstructural parameters (e.g., pore
number, area, shape factor) and macroscopic mechanical
properties. Durability was assessed through dry-wet
cycling tests. The study identified optimal solidification
conditions for different activators and concentrations and
revealed the evolution mechanisms of microstructure
and pore characteristics within the alkali-activated
slag-cement composite system at multiple scales. For
the first time, grey relational analysis clarified the
relationship between microstructure and mechanical
properties, elucidating the full-process reaction mechanism
of alkali-activated slag synergizing with cement to solidify
peaty soils at a mechanistic level. The technical roadmap

and other microscopic techniques, the microstructure,
Methods

C Materials

of study is shown in Fig. 2.
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Fig. 2 Technical roadmap

2 Experimental materials and methods

2.1 Experimental materials

The peat soil used in this study was collected from
a construction site near the Dianchi Convention and
Exhibition Center in Kunming, Yunnan Province. The
in-situ soil exhibited a black to gray-black appearance,
a light texture rich in organic matter, a loose structure
with a large pore ratio, and a soft, fluid-plastic consistency
characterized by high water content. Its fundamental
physical properties, including natural water content,
liquid limit, and plastic limit, were determined in

Table 1 Physico-mechanical properties of peaty soil

accordance with the organic soil testing standards?®*,
as summarized in Table 1. The cement(C) utilized in this
study was type P.O 42.5, while the furnace slag (FS) was
sourced from a steel plant in Kunming. The slag was
ground granulated blast furnace slag powder, composed
of fine, irregular particles. Its main chemical components
included Fe20s;, CaO, SiOz, and Al.Os, as well as trace
amounts of Mg, Na, and other elements, which endows it
with a certain chemical reactivity. The NaOH, Na,COs,
and Na;SiO3 employed in the experiments were obtained
from a chemical reagent manufacturer in Kunming, with
a purity of industrial analytical grade.

Natural moisture Natural density Porosity ratio Organic matter Liquid limit Plastic limit Cohesive force Angle of internal Unconfined compressive

content W /% p/l(g = cm™) e content W, /% Wi /%

Wp /% c/kPa friction ¢ /(°) strength q, /kPa

192.9

—

48 4.56 34.5 57

35 16.3 5 195
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2.2 Sample preparation

This test employed the static pressure method for soil
sample preparation, with the optimum moisture content
determined to be 43% based on the percussion test. The
baseline dosage of slag powder was set at 20%, and three
types of alkaline activators (NaOH, Na.COs, and Na:SiOs)
were selected for comparison. Preliminarily, cement and
slag with different dosages were added individually for
preliminary tests. Orthogonal experiments were subsequently
conducted with cement dosages of 5%, 7%, 10%, and
12%, and slag dosages of 10%, 20%, and 30%. Based
on these results, the optimal combination of cement and
slag was determined, and subsequent tests were conducted
using three different concentrations of alkali activators.

Prior to specimen preparation, the collected peaty
soil was crushed and sieved through a 2 mm mesh. Due
to its high organic matter and moisture content, elevated
temperatures could lead to the decomposition of organic
matter and rapid water loss from soil particles, potentially
damaging the microstructure and adversely affecting the
mechanical properties. To mitigate this, the soil was
oven-dried at 65 °C for 24 hours until a constant weight
was achieved. In accordance with the experimental protocol,
predetermined amounts of dried peat soil, cement, and
slag were weighed and thoroughly mixed by a small indoor
mixer. The pre-weighed water and the three activators
were successively added to a beaker, stirred thoroughly
with a glass rod, and allowed to dissipate heat. The prepared
alkaline solution was then added to the dry soil-slag and
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dry soil-cement-slag mixtures, which were mixed uniformly
for 5 minutes before molding the specimens. Specimens
were prepared using a layered compaction method to
produce cylindrical compressive specimens (¢50 mm X
50 mm) and shear specimens (¢61.8 mm % 20 mm). A
uniform maximum dry density of 0.967 g/cm* was adopted,
with three parallel specimens prepared for each group.
Based on the findings of Consoli®*¥ and Sariosseiri>,
modified soil samples containing Portland cement
(P.O 42.5) typically achieve the strength of most cements
within 7 days. Accordingly, the specimens were demolded,
wrapped in plastic film, sealed, and placed in a standard
curing chamber (201 °C, 90%=+1% relative humidity)
until the target curing age of 7 days was reached, after
which unconfined compressive strength and direct shear
tests were performed!®®). The experimental setup diagram
of this paper is shown in Fig. 3.
2.3 Experimental methods
2.3.1 Unconfined compressive strength test

After curing the specimens to the specified age, unconfined
compressive strength (UCS) testing was performed using
a WDW-50 electronic universal testing machine. Prior
to the tests, the two ends of the specimens were trimmed
to be flat and centered in the loading device to ensure
uniform stress distribution across the specimen. During
the test, axial monotonic loading was applied at a constant
rate of 1 mm/min, with axial load and deformation monitored
in real time. The test was terminated when the stress-strain
curve reached its peak and then stabilized; if no obvious

Intensity
Transmittance

Pore diameter

Wavenumbers

.

Fig. 3 Test device diagram
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peak failure was observed, the test was stopped when the
axial strain reached 20%. The unconfined compressive
strength was determined by dividing the maximum load
by the specimen’s initial cross-sectional area.
2.3.2 Direct shear test

This study adopted a ZJ-type strain-controlled four-
shear apparatus, manufactured by the Nanjing Soil
Instrument Factory, to carry out the direct shear tests.
After being cured to the designated curing age, the
specimens were placed into the shear boxes, aligned,
and fixed in the upper and lower shear boxes along the
horizontal shear plane. Normal stresses of 100 kPa,
200 kPa, 300 kPa, and 400 kPa were applied incrementally,
with constant normal stress maintained throughout loading.
Shear was controlled by strain at a constant rate of 0.8
mm/min. Shear stress and displacement were recorded
in real time during the test. The shear strength parameters
were determined based on shear stress at various normal
stresses. The test was terminated when the shear force
peaked and began to decline, or when the shear displacement
reached the specified range. The shear stress during the
process was calculated using the following equation:

C-R
A

where 7is shear stress (kPa), C is calibration coefficient
of the dynamometer (N/0.01 mm), Ag is cross-sectional
area of the specimen (cm?), R is dynamometer reading
(0.01 mm).

2.3.3 Scanning electron microscope (SEM)

In this study, the microstructure of the samples was
examined using a Zeiss Sigma 300 scanning electron
microscope (SEM). Magnifications of 1.0k, 5.0k, 10.0k,
and 50.0k were employed to perform a comprehensive
analysis of the micromorphological characteristics. To
ensure the representativeness and reliability of the results,
each micro specimen was examined at a minimum of five
randomly selected scanning points. To further investigate
the microstructure and particle arrangement of the peat
soil, the scanning electron microscopy (SEM) images
were quantitatively analyzed by the Particle and Crack
Analysis System (PCAS), which applies the grey relational
analysis method and incorporates parameters such as
shape factor, pore length, pore area, and correlation
coefficient for microstructural evaluation.

2.3.4 X-ray diffraction (XRD)

Samples from representative fracture surfaces of soil
specimens subjected to compressive or shear testing
were collected for mineralogical composition analysis.
The specimens were pulverized, passed through a 0.25 mm
sieve, and prepared as flat sections with a thickness ranging
from 1.0 to 2.0 mm. The mineralogical composition was
determined by a Bruker D8 Advance X-ray diffractometer
(XRD), with the test parameters as follows: a scanning

T = x10 (1

range of 5°-90°, a scanning rate of 2.000° /min, a sampling
step 0of 0.02°, and a counting time of 0.12 s.
2.3.5 Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry was employed to
characterize the soil microstructure, including pore size
and distribution. In this study, an Auto Pore IV 9510 fully
automated mercury porosimeter was used to perform the
measurements. Soil specimens were cut into small cubes
approximately 2—3 mm in size, immersed in isopropyl
alcohol, freeze-dried, and subsequently subjected to MIP
analysis. The maximum applied mercury pressure was
60 000 psi(1 psi=~6 894.757 Pa), with a minimum detectable
pore diameter of 3.02 nm, and a mercury-specimen
contact angle of 130°.

2.3.6 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was
performed using a Bruker ALPHA II instrument to assess
variations in soil organic matter content. Soil samples
were dried to a constant weight, ground into a fine powder,
and sieved through a 0.075 mm mesh. A measured amount
of powder was then placed onto a diamond ATR crystal
and subjected to constant pressure. The infrared absorption
wavenumber range was 4 000—400 cm ™, with the attenuated
total reflection (ATR) range spanning 4 000—525 cm™.

3 Results and analysis

3.1 Unconfined compressive strength
3.1.1 Single and double blended improvers

Fig. 4 presents the unconfined compressive strength
test results for soils modified with cement, slag, and their
mixtures. As shown in Fig. 4(a), the maximum stress
of the peat soil increases with the increase in cement
content. At 5% cement, the maximum stress reaches
approximately 150 kPa, while at 15% cement, it increases
to 550 kPa, highlighting the significant role of cement in
strengthening the soil. After reaching maximum stress,
the curve slightly declines, and the higher the cement
content, the later the peak stress occurs, indicating that
the soil can sustain greater deformation without failure.
Fig. 1 shows a steady increase in the stress values with
the increase in cement content, Fig. 2 reveals a positive
correlation between the stress values and slag content,
with an overall increase of 330 kPa, reflecting a substantial
strengthening effect. In contrast, Fig. 4(b) shows that
although soil strength increases with higher slag content,
the overall magnitude is much lower than that of cement,
with a maximum value of only 376 kPa. Fig. 2 indicates
a positive correlation between stress values and slag
content, but the trend is relatively flat, suggesting that
slag’s effect on strength enhancement is limited.

After blending cement and slag in varying ratios,
tests were conducted. As shown in Fig. 4(c), increasing
slag content led to a curve characterized by an initial rise
followed by a decline. However, due to the influence
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Fig. 4 Stress-displacement curves of single and compounded modifiers

of slag, the curve dropped more significantly beyond
2 mm of displacement. The bar chart indicates a slight
increase in stress at lower slag content, followed by a
decrease as the slag proportion increases. At a cement-
to-slag ratio of 5% to 10%, the maximum stress reaches
approximately 250 kPa, whereas it drops to 150 kPa at
20% slag content. A similar trend is observed at 7% cement,
with both cement ratios showing an inflection point at
20% slag. Fig. 4(d) demonstrates that stress growth slows
with increasing slag content, and the curve flattens after
displacement exceeds 2 mm, resulting in a significant
decrease in compressive strength. The results in Fig. 4
show that the 10% cement ratio yields higher compressive
strength, while excessive cement or slag reduces the
improvement effect. In summary, cement effectively
enhances soil compressive strength, whereas slag alone
has limited impact, and excessive slag diminishes strength.
Orthogonal experiments indicate that the optimal mix
ratio is 10% cement and 20% slag.

3.1.2 Slag + alkali activator

Fig. 5 presents the stress-displacement curves from
unconfined compressive strength tests on specimens
treated with various alkali activators. Regardless of
concentration or slag dosage, NaOH(NH) exhibited the
most significant activation effect, which significantly
improved the compressive strength of the peat soil. At
slag dosages of 10% and 20%, combined with alkali
concentrations of 7% and 9%, the soil achieved a higher
peak strength at approximately 4.5 mm displacement,
indicating increased rigidity. The corresponding maximum
stress exceeded 1 MPa, meeting practical engineering
requirements. In contrast, Na.CO3(NC) showed a weaker
activation effect, producing lower peak stress and a modest
curve increase, indicating limited improvement in strength.
The activation effect of Na.SiO3(NS) was even milder,
with lower peak stresses compared to NaOH and a more
rapid stress decline with increasing displacement, suggesting
weaker activation. Overall, NaOH had the most pronounced
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effect on enhancing soil strength, especially at 10% and
20% slag dosages. At concentrations of 3%, 5%, and
7%, Na2Si0Os exhibited a stronger activation effect than
Na2CO:s, while at 9% concentration, Na-COs outperformed
Na2SiOs. Furthermore, increasing slag dosage generally
enhanced soil strength; however, for Na2COs and NazSiOs,
a 30% slag content reduced the strengthening effect.
The stress-displacement curves, obtained from unconfined
compressive strength tests on specimens treated with
varying concentrations of alkali activators, are shown in
Fig. 6. As illustrated, stress values under NaOH activation
increased significantly with higher concentrations, with
the most pronounced improvement observed at elevated
alkali concentrations combined with blast furnace slag

500 = 10%FS+3%NH

addition. In Fig. a-1, b-1, and c-1, NaOH demonstrated
the most substantial enhancement effect. Notably, the
curve increased most rapidly under the combined action
of 30%FS + 9%NaOH, with the maximum stress rising
sharply to 1 881.33 kPa. The peak occurred at a lower
displacement, indicating that the soil achieved higher
compressive strength with reduced deformation. In
contrast, Na2COs showed a relatively weak activation
effect. While stress values increased with rising Na2COs
concentrations, the improvement was substantially lower
than that achieved with NaOH. In Fig. a-2, b-2, and c-2,
the stress-displacement curves exhibited a more gradual
rise, and the maximum stress values remained relatively
low. Even at a concentration of 9%, the curves increased
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Fig. 5 Stress-displacement curves of peaty soil treated using different types of alkali activators

at a much slower rate compared to those of NaOH.

The activation effect of Na.SiOs was comparatively
moderate. While stress values increased with higher
concentrations, its effect was more limited than that of
NaOH and Na.COs. Notably, even at a concentration of
9%, the increase in stress was less pronounced than that
observed with NaOH. The data indicated that, at a slag
dosage of 30%, the activation effect of Na,SiO3 was inferior
to the other two alkali activators. Overall, increasing
the activator concentration significantly enhanced its
activation effect. The compressive strength of the soil
showed a positive correlation with NaOH concentration,
with stress values rising substantially as the concentration
increased, reaching its most pronounced effect at 9%.

While higher concentrations of Na:COs and Na:SiO;
also enhanced compressive strength, their effects were
considerably weaker than those of NaOH, particularly at
higher concentrations. The extent of improvement with
these two activators was significantly lower compared
to NaOH.

The compressive stress-displacement curves revealed
that, regardless of slag dosage, specimens treated with
higher concentrations of NaOH (7% and 9%) consistently
exhibited superior compressive strength, with maximum
stress values surpassing 1 MPa, confirming NaOH’s
superior activation efficiency compared to the other two
activators (Fig. 7). Additionally, under high-concentration
NaOH, the peak stress occurred later in the curve, at a
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displacement of 4.5 mm, whereas for other slag-activator
combinations, the peak typically appeared around 3 mm.
For each activator, an overall increase in stress response
was observed with higher slag content. However, at a
3% activator concentration, both Na-COs and Na2SiOs
showed reduced activation efficiency when the slag
dosage reached 30%.

Overall, increasing slag content improved the com-
pressive strength of the soil, with more pronounced
enhancements observed at higher dosages (20% and 30%).
The addition of 30% slag resulted in the most significant
strength improvement, particularly when combined with
NaOH, leading to a substantial increase in compressive
strength. A 20% slag dosage exhibited a more balanced
performance, yielding moderate strength improvements
across different alkali activators. Specifically, the 20%
slag dosage produced a balanced enhancement under
various alkali activators, moderately increasing both
compressive strength and maximum stress, though the
effect was less pronounced than with the 30% dosage.
At a 10% slag dosage, the activation effect was relatively
modest; while alkali activators still influenced the soil,
overall compressive strength was lower, and the stress-
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displacement curve displayed a gentler slope.
3.1.3 Cement + slag + alkali activator

Fig. 8 presents the stress-displacement curves from
unconfined compressive strength tests on specimens
containing 10% cement and 20% slag, subjected to different
activators at varying concentrations. As shown in Fig. 8(a)
and 8(b), at lower activator concentrations, the curve rises
most rapidly when Na2COs is used. As concentration
increases, the peak stress point shifts later, indicating
enhanced compressive resistance. Fig. 1 and 2 reveal
that NaCOs exhibits superior activation effects compared
to the other two activators, achieving a maximum stress
of 1 333.34 kPa at a 5% concentration. As concentrations
increased to 7% and 9%, Fig. 3 and 4 demonstrate that
NaOH provided the best activation effect, with compressive
strengths exceeding 1 MPa. Additionally, 9% Na2COs
and Na»SiOs also achieved activation effects surpassing
1 MPa. In Fig. 8(c) and 8(d), the NaOH-treated curve
showed the fastest rate of increase, while the peak stress
points for all three curves continued to shift to later stages.
Fig. 8(e), 8(f), and 8(g) explore the effects of varying
concentrations of the same activator. Overall, the peak
points for all curves occur around a 3 mm displacement.
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Fig. 8 Stress-displacement curves of peaty soil treated using different types and concentrations of alkali activators
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At higher concentrations, the curves show a faster rate
of increase, with stress values further elevated. The
accompanying bar charts indicate that NaOH has the
most pronounced activation effect, with stress values
gradually rising with concentration, reaching a maximum
of 1 967 kPa. The other two activators follow similar
trends. Although the maximum stress in the treated soil
increases with concentration for both Na.COs and NaxSiOs,
their effects are comparatively milder, exhibiting smaller
increments in stress compared to NaOH.

Fig. 9 illustrates the failure process of soil specimens
during unconfined compressive strength testing. Due to
the limited activation effect at low alkali concentrations,
only failure processes under high-concentration conditions
are analyzed. As shown in Fig. 9(a), the specimen maintained
good integrity during the initial loading phase. With
increasing pressure, oblique shear cracks gradually formed,
eventually leading to a major rupture, indicative of significant
shear failure. After failure, the specimen fragmented
into larger pieces, retaining some structural integrity. At
a NaOH concentration of 9%, the specimen exhibited
greater overall integrity, with crack propagation slowing

(a) 10%C+20%FS+7%NH

(c) 10%C+20%FS+7%NC

(€) 10%C+20%FS+7%NS

IXLLE

2ELER

(Fig. 9(b)). The failure was characterized by enhanced
plastic deformation and a more uniform crack distribution,
with the specimen fracturing into larger, partially intact
fragments. In Fig. 9(c), the specimen maintained initial
integrity, followed by axial splitting during failure. Cracks
propagated vertically, causing partial spalling of the
specimen. After failure, longitudinal cracks were more
prevalent, but the specimen retained a substantial residual
structure. Fig. 9(d) shows that increasing concentration
improved specimen integrity, with cracks propagating
more slowly and in fewer numbers. The failure mode
shifted from axial splitting to more stable crack development,
resulting in a more ductile behavior. As shown in Fig. 9(e),
specimens initially exhibited integrity, but rapid crack
propagation and spalling occurred upon failure. Following
damage, extensive fragmentation and spalling led to a
loss of integrity, reflecting pronounced brittle failure
characteristics. With increasing concentration (Fig. 9(f)),
crack propagation slowed, and the failure pattern improved
slightly. Despite the increase in Na2SiOs concentration,
the specimens continued to exhibit brittle failure, with
rapid fragmentation following crack propagation.

(b) 10%C+20%FS+9%NH

(d) 10%C+20%FS+9%NC

(f) 10%C+20%FS+9%NS

Fig. 9 Destruction processes of soil samples observed in unconfined compressive strength tests

3.2 Shear strength
3.2.1 Relationship between stress and displacement
The incorporation of various alkali activators at different
concentrations into a mixture of 10% cement and 20%
slag significantly enhances the shear strength of soil
specimens, with the resulting curves displaying charac-
teristics of brittle failure, most notably under NaOH
activation. Taking NaOH as an example, Fig. 10 presents
the shear stress-displacement curves for soil specimens
subjected to different vertical stresses, along with their

corresponding cohesion (C) and internal friction angle
(@) values. As evident from the figure, all curves show a
distinct peak shear stress, initially increasing to a maximum
before rapidly declining, which is indicative of brittle
failure. The residual strength after failure remains low,
with shear stress decreasing and stabilizing at a level
significantly lower than the peak. Moreover, as vertical
stress increases, peak shear stress correspondingly rises;
however, at higher vertical stresses, the post-peak drop
in shear stress becomes more pronounced, with curves
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declining at an accelerated rate. Fig. 10(a) to 10(d)
(uncemented) and 10(e) to 10(h) (cemented) show that peak
shear stress increases with higher NaOH concentrations.
Cement-stabilized specimens exhibit considerably higher
peak shear stresses compared to uncemented specimens,
especially under higher vertical stress conditions. The
shear stress curves of uncemented specimens demonstrated
a gradual increase in stress with relatively good ductility

under vertical stresses of 100 kPa and 200 kPa, followed
by a slow decline after reaching peak shear stress. In
contrast, cement-stabilized specimens exhibited steeper
curves, lower ductility, and more pronounced stress drops,
particularly under vertical stresses of 300 kPa and 400 kPa,
where peak shear stress was reached more quickly. The
shear stress rapidly peaked before sharply declining,
exhibiting a more pronounced brittle failure mode.
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Fig. 10 Shear stress versus displacement curves for soil samples treated with NaOH,
and the corresponding shear strength parameters (c and ¢)

In Fig. 10(i), shear strength increases with rising
normal stress, consistent with the Mohr-Coulomb strength
criterion. As NaOH concentration increases, the soil’s
shear resistance under varying normal stresses is further
enhanced. Following cement addition, the overall shear
strength of the soil increases due to cement hydration
and cementation (Fig. 10(j)). Notably, the soil treated
with 9% NaOH demonstrated strong shear resistance
under different normal stresses. The results for cohesion
and internal friction angle showed that, without cement,
cohesion increased with NaOH concentration, while
the internal friction angle initially rose and then decreased.
After cement addition, cohesion continued to increase,
while the internal friction angle displayed a trend similar

to that in Fig. 10(k). Overall, the modifier significantly
enhanced soil cohesion, and the internal friction angle
increased relative to the untreated sample, although the
trend was more gradual. Under 7% NaOH treatment,
both cohesion and internal friction angle reached relatively
high values, while the internal friction angle under 9%
NaOH showed a slight decrease.
3.2.2 Changes in shear strength indicators

Fig. 11 presents the cohesion and internal friction
angle values for soil samples treated with different types
and concentrations of alkali activators. The results show
that, across all mixtures, NaOH-treated samples exhibited
superior shear resistance, with cohesion reaching a maximum
of 403.6 kPa. Without cement addition, cohesion initially
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decreased and then increased at the same alkali activator
concentrations, with Na:COs resulting in the lowest
cohesion values. The internal friction angle generally
decreased, although the variation was less pronounced
than that of cohesion. After cement addition, cohesion
gradually decreased, with the lowest value observed under
Na:SiOs treatment. In contrast, the internal friction angle
initially increased and then decreased, peaking under
Na2COs treatment.

For soil samples without cement addition, cohesion
values increased significantly as the activator concen-
tration rose from 3% to higher levels; however, this
upward trend plateaued after cement addition. Under
NaOH treatment, cohesion increased with concentration.

Both cohesion and internal friction angle values initially
increased and then decreased, both before and after cement
addition, with the optimal enhancement observed at a
7% concentration. The effect of Na-COs also strengthened
progressively with increasing concentration. After cement
addition, cohesion values increased significantly, while
changes in the internal friction angle were relatively gradual.
Compared to NaCOs, Na:SiOs treatment generally resulted
in lower internal friction angle values. Without cement,
Na.Si0; produced higher cohesion values than Na2COs,
with a more pronounced upward trend. After cement
addition, Na2COs yielded higher cohesion values than
NazSiOs, with changes in the internal friction angle under
both activators being relatively gradual.
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4 Discussion

4.1 Influence of mineral composition on peaty soil
The variations in the physical and mechanical properties
of peaty soils are primarily attributed to changes in their
mineral composition. Fig. 12 and 13 present the qualitative
and quantitative analyses of the mineral compositions
of untreated and modified soils, respectively. As shown
in the figures, the dominant mineral components in the
untreated soil are quartz, montmorillonite, muscovite,
and trace amounts of kaolinite, with quartz comprising
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C,S in the cement reacted with water to form hydrated
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while muscovite content increased. Silicates and aluminates
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Fig. 12 Qualitative analysis of the mineral composition of untreated and improved soils
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in the slag reacted with Ca(OH), from the cement to form
additional hydrated calcium silicate- aluminate (C-A-S-H)
gels, thereby improving the structural stability of the soil.
The incorporation of an alkaline activator into the
slag induced significant changes in the mineral com-
position of the peat soil samples, and notably promoted
the formation of mullite and calcite. The alkaline activator
accelerated the dissolution of Si, Al, and Ca ions from
the slagi®, which then reacted with Ca(OH). produced
by the cement to form additional C-A-S-H gels, along
with mullite and calcite. Under alkaline conditions, Si
and Al from the slag dissolved and activated, forming
a monolithic structure that crystallized with K* ions
derived from both the soil and slag, ultimately yielding
potassium feldspar crystals. As a rigid crystalline mineral,
potassium feldspar has higher stability and lower solubility
compared with the gel phase; it fills the soil pores and
thus significantly improves the skeletal integrity and
deformation resistance of the peat soil. The incorporation
of cement into the alkali-activated slag system further
increased the content of mullite and calcite in the soil
samples. This enhancement resulted from the synergistic
reactions among the cement, slag, and alkali activator,
which produced additional hydration products and further
improved the compressive and shear strength of the soil.
4.2 Impact of microstructural changes on peaty soil
The improvement in the mechanical strength of peaty
soils reflects changes in their internal microstructure,
including modifications in particle contact patternst?),
SEM observations (Fig. 14 and Fig. 15) showed that the

Particles and pores

Particles and pores

0° 180°

Particle orientation

315°
270° 270°

natural peaty soils had a relatively loose structure, with
large pores and weak interparticle connections. After
the addition of slag and an alkali activator, silicates and
aluminates in the slag dissolved and reacted with Ca(OH):
under alkaline conditions to produce hydration products
such as C-A-S-H gels and calomel. These products acted
as binding agents between soil particles, effectively filling
pore spaces and promoting the formation of agglomerates!l.
When cement was co-blended with slag and an alkali
activator, the Ca(OH)2 from the cement further enhanced
the formation of C-A-S-H gels, while the silicates and
aluminates accelerated agglomerate development. The
formation of agglomerates compacted the soil matrix
by establishing a rigid skeletal framework and filling
pore spaces, thereby improving both the compressive
strength and overall stability of the soil.

To investigate the microscopic pore structure charac-
teristics of soil at multiple scales, SEM images magnified
at 5.0k were selected. PCAS software was used for
quantitative analysis of the microstructure of the modified
soil*?], First, the grayscale SEM images were binarized
and noise was removed. An improved algorithm then
achieved precise segmentation of particles and pores, with
different mineral phases and soil particle pore distributions
identified through color coding. Finally, vectorization
was used to extract geometric parameters (e.g., particle
and pore counts, areas, aspect ratios, shape factors), yielding
statistical metrics such as porosity, fractal dimension,
and area probability distribution indices. The oriented
distribution characteristics were visualized through rose

270° 270°

Fig. 14 SEM images of the mixture of slag and alkali activator
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Original SEM

Particles and pores

Particle orientation
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Fig. 15 SEM images of the mixture of cement, slag, and alkali activator

diagrams. The wind rose diagram of the natural peaty
soil revealed a more dispersed particle distribution, indicating
weaker interparticle bonding and higher overall porosity.
After the addition of amendments, the soil exhibited a
denser, more homogeneous particle arrangement, attributed
to improved particle connectivity within the soil matrix,
thereby enhancing its compactness. To further elucidate
the relationship between macroscopic properties and
microstructural characteristics, the grey correlation method
was employed to quantify correlations between micro-
structural parameters and mechanical behavior*!! (Fig. 16).
As shown in Fig. 16(a), pore area exhibited the
strongest correlation with compressive strength, indicating
that the morphology and spatial arrangement of soil
particles significantly influence compressive performance.
The strong correlations of pore length, width, and perimeter
with compressive strength further suggest a direct
relationship between pore geometry and soil bearing
capacity. This aligns with micro-soil mechanics theory,
which posits that larger pores reduce compressive per-
formance, whereas smaller pores enhance load-bearing
capacity. As illustrated in Fig. 16(b), the shape factor showed
the highest correlation with shear strength, suggesting
that particle morphology and spatial distribution play a
decisive role in determining the soil’s shear capacity™*.
Pore length and width also strongly correlated with shear
strength, as larger pore dimensions, particularly increased
pore width, tend to reduce shear resistance. The combined
use of cement and slag, activated by alkali, significantly
improved the soil’s mechanical strength by optimizing

shape factor, pore length, and pore width. For compressive
strength, the correlation order was as follows: pore area >
shape factor > pore perimeter > pore width > pore length.
For shear strength, the ranking was: shape factor > pore
length > pore width > pore perimeter > pore area.

To investigate the influence of porosity and pore
distribution on the mechanical strength of modified peaty
soils, the microscopic pore structure of the treated samples
was quantitatively characterized using the MIP test (Fig. 17).
The porosity of the peaty soil decreased markedly following
the incorporation of modified slag (Fig. 17(i)). This was
primarily attributed to the formation of hydration products,
including C-A-S-H gel and Ca(OH),, from the reaction
of slag with alkali, which filled the originally large pores
and enhanced interparticle bonding, thereby increasing
the soil density and reducing its porosity. In addition, cement
further reacts in the alkaline environment to produce
additional hydration products**!, while simultaneously
facilitating the dissolution of minerals present in both
slag and cement. The pore size distribution of the soil
underwent significant alterations following the incorporation
of various amendments (Fig. 17(a), 17(b) and 17(c)).
Notably, in the pore region below 10 nm, the cumulative
pore volume of the treated soil increased, indicating the
formation of finer pores within the soil matrix. Conversely,
in larger pore regions, the cumulative pore volume decreased
markedly in samples treated with cement and slagl*®!.
This was attributed to the filling of large pores in the
original soil matrix with hydration products generated
by the amendments, thereby enhancing the structural
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Fig. 16 Gray correlation diagrams

stability of the soil. Furthermore, the total pore volume
and permeable pore volume of the soil decreased following
alkali-activated treatment with cement and slag (Fig. 17(k),
17(1)), indicating a denser soil structure and reduced pore
connectivity*’), Differential porosity curves (Fig. 17(e),
17(f), 17(g)) further revealed that pore size distribution
became more uniform following the incorporation of
cement and slag. In particular, within the macroporous
region (> 50 nm), the differential porosity decreased
significantly upon the addition of cement and slag,
suggesting that the macropores were effectively filled
by hydration products.
4.3 Effect of organic matter on peaty soil

Variations in organic matter content significantly
influence the physico-mechanical properties of peaty
soils, due to the substantial presence of plant residues
and undecomposed organic materials, such as humus,
within the soil matrix!**™. In this study, FTIR testing
was employed to quantify the organic matter content in
the treated peaty soils.

As shown in Fig. 18, the absorption peak corresponding
to C-H stretching vibrations appears in the range of 2 848—
2922 cm, representing the alkyl chains present in the
soil organic matter. With the incorporation of amendments,
the intensity of the C-H absorption peaks gradually declined,
primarily due to crosslinking interactions between metal

ions from cement and slag and the organic matter in the
soil. This interaction reduced the alkyl group content,
subsequently weakening the C-H absorption signals. The
absorption peaks at 1 620 cm ™' and 1 029 cm™! correspond
to C=C and C-O-C functional groups, indicating the
presence of olefinic and ether bonds, respectively. Following
the addition of cement and slag, the generated hydration
products reacted with the soil’s organic matter, forming
more stable mineral phases, which disrupted these organic
chemical bonds and altered the corresponding absorption
peak intensities. As the organic matter in the soil underwent
transformation®”), exemplified by the reduction of functional
groups such as C-H and C=C, the overall soil structure
was progressively enhanced, leading to improved mechanical
stability. This mechanism is consistent with the findings
of Guil®, who used microbial techniques to reduce the
organic matter content in peaty soils, thereby enhancing
their mechanical strength.
4.4 Acting mechanisms of modifiers
4.4.1 Mechanisms of cement action
4.4.1.1 Initial adsorption and ion exchange

During the amelioration process, Ca®* from the cement
participate in ion exchange reactions with organic acids
(e.g., -COOH) present in the peaty soill®?], becoming
adsorbed onto the surfaces of soil particles and displacing
exchangeable ions within the soil matrix (Fig. 19(a)).
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Fig. 17 Mercury intrusion porosimetry (MIP) results for soil samples
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This ion exchange and initial adsorption process promotes
the interaction between cement particles and soil, laying
the groundwork for subsequent hydration reactions.
4.4.1.2 Formation of particle agglomeration

Hydration products of cement, such as Ca(OH),,
gradually crystallize in alkaline environments and establish
bridging interactions on the surfaces of soil particles
(Fig. 19(b)). These bridging interactions promote the
aggregation of soil particles and contribute to the

development of a denser soil structure by strengthening
interparticle bonding!>]. Consequently, soil particles
aggregate into larger agglomerates, thereby improving
the overall structural stability of the soil matrix.
4.4.1.3 Formation of stable carbonate structure

Ca’' released from the cement reacts with atmospheric
CO> to form stable CaCOs. The formation of CaCOs not
only enhances the hardness of the soil but also fills pore
spaces™¥, resulting in a denser soil structure (Fig. 19(c)).
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Additionally, the presence of CaCOj3; improves the overall
strength of the soil, particularly under loading conditions,
and significantly enhances its compressive and shear
strength.
4.4.1.4 Long-term development of strength

A portion of the hydration products generated by
cement, primarily C-S-H gel, infiltrates the pores between
soil particles and establishes a robust skeletal framework.
The C-S-H gel subsequently encapsulates the surfaces
of soil particles™, thereby further enhancing the structural
integrity of the soil matrix (Fig. 19(d)). As a result, this
process reduces soil porosity, increases soil density, and
significantly improves resistance to both compression
and deformation.
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4.4.1.5 Stress Action during Shearing

During the application of shear force, the friction
between soil particles primarily resulted from the combined
presence of C-S-H gel and CaCQOs, both of which effectively
enhanced the soil’s shear strength. The hydration products
generated by cement contributed additional bonding
forces, resisting external stresses and further increasing
the soil’s shear strength (Fig. 19(e)). SEM observations
revealed that the surfaces of the treated soil particles
were coated with C-S-H gel, which formed a structural
skeleton (Fig. 19(f)). Additionally, CaCO; was observed
filling both the surfaces of soil particles and the pore
spaces, thereby further improving the strength and structural
stability of the soil.
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Fig. 19 Micro-mechanisms of peaty soils treated with cement

4.4.2 Mechanisms of modified slag action

When slag is applied to stabilize peaty soil in the
presence of an alkali activator, the chemical reaction
process within the curing system primarily involves four
sequential stages: dissolution activation, ion exchange,
gel formation, and structural reconstruction, ultimately
resulting in the formation of a stable agglomerated
structure and the enhancement of the soil’s mechanical
properties® . The specific process is described as
follows:

Activation of slag properties by alkali activators. In
the presence of alkali activators (NaOH, Na,COs, and
Na;Si0s), the vitreous phase within the slag was
progressively dissolved by OH", breaking the original

amorphous Si-O-Si and Al-O-Al bonds and releasing a
substantial quantity of reactive ions, including SiO;,
AlOy, and Ca*" (Fig. 20(a)). These released ions
subsequently undergo condensation reactions in the
alkaline environment, forming C-A-S-H gel characterized
by a three-dimensional backbone structurel®”), Furthermore,
in the presence of alkali activators, the surface reactions
of slag particles gradually progress inward, reducing
particle size, generating additional active sites, and
accelerating the overall reaction rate. The resulting finer
particles readily adhere to the surfaces of peat soil particles,
effectively filling larger soil pores.

Ion exchange and adsorption processes. The intrinsic
functional groups, including -COOH and -OH, in peaty
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soils readily adsorb cations such as Ca?* and Na®, forming
adsorption complexes that facilitate the precipitation and
encapsulation of C-A-S-H gels on the surfaces of soil
particles (Fig. 20(b)). Additionally, Na" and SiO3
supplied by Na,SiOs, together with the adsorbed Ca**
in the soil, undergo cation exchange reactions to form
CaSiOs precipitates, which contribute to pore filling and
structural reinforcement; simultaneously, -COOH groups
on the surface of organic matter in the peaty soil also
participate in cation exchange, whereby Ca®" replaces
H" or Na" and adsorbs onto the surfaces, promoting the
precipitation and encapsulation of C-A-S-H gels around
the soil particles™. Meanwhile, -COOH groups on the
surface of peat soil organic matter engage in cation
exchange, with Ca*> replacing H" or Na" and adsorbing
onto the surface to form “calcium bridges” that enhance
interparticle bonding. These reactions effectively passivate
organic matter activity and lead to the formation of a
stable organic-inorganic composite cluster structure.
Formation of dense structure of soil. The generated
C-A-S-H gel eventually precipitates onto the surfaces of
soil particles, filling the pores and encapsulating organic
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matter to form cementitious bridges (Fig. 20(c)). This
process establishes a cohesive network among the particles,
transforming the soil’s internal framework from loosely
packed particles into a densely bonded skeletal structure,
thereby enhancing the initially weakly cemented nature
of peaty soils. This structural transformation markedly
decreases soil porosity, diminishes large pore spaces, and
restrains the formation of microcracks. Simultaneously, it
converts originally interconnected capillaries into closed
or isolated micropores, thereby substantially enhancing
the soil’s compressive strength. Structural densification
alters the primary source of soil shear resistance from
interparticle friction to the combined effect of cementation
and interparticle drag. Consequently, organic matter within
the peaty soil remains physically protected from particle
abrasion, preserving its integrity during mechanical loading.
The organic matter in peaty soil does not undergo complete
reaction but is instead physically adsorbed and chemically
bonded to the C-A-S-H gel, forming an “organic matter-
mineral-gel” composite. This composite reinforces the
structural cohesion and consequently enhances the soil’s
shear strength!>”!,
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Fig. 20 Micro-mechanism of peaty soil stabilized with activated slag

4.5 Resistance to dry and wet conditions

To simulate the long-term evolution of soil properties
during rainfall and evaporation under natural conditions,
five freeze-thaw cycles were conducted on modified soil
samples cured for 7 days!®). Given the superior activation
effect of NaOH, soil samples treated with NaOH were
selected as examples. The modified soil samples reached
a preliminary stable state after 20 minutes of immersion,
establishing this duration as the immersion period. The
samples were then removed from the water and dried
in a 65 °C oven for 12 hours, completing one wet-dry

cycle.

As shown in figure 21, the unconfined compressive
strength of the soil sample gradually decreases with an
increasing number of wet-dry cycles, eventually stabilizing.
This change can be broadly divided into three stages: a
rapid decline phase, a slow decay phase, and a strength
stabilization phase!®. NaOH concentration significantly
influences strength retention. For example, when cement
and slag were combined with 9% NaOH, the strength
remained at 1 431 kPa after five freeze-thaw cycles,
representing approximately 73% of the initial strength. In
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Fig. 21 Unconfined compressive strength of stabilized soil under wetting-drying cycles

contrast, at a lower NaOH concentration (3%), strength
retention was only 44%. This demonstrates that higher
activator dosages substantially enhance durability. Further
comparison reveals that cement addition also affects
strength retention. The initial strength of slag with only
9% NaOH was 1 398 kPa, which decreased to 895 kPa
after five wet-dry cycles, corresponding to a strength
loss of approximately 36%. In contrast, under the same
conditions, the sample with 10% cement addition exhibited
an initial strength of 1 967 kPa, retaining 1 431 kPa after
cycles, resulting in a strength loss of only 27%. This
indicates that the synergistic cementing effect between
cement and alkali-activated slag promotes the formation
of C-S-H and C-A-S-H gels, effectively filling pores and
enhancing structural density.

Under cyclic loading, the strength evolution of
modified soil samples is influenced by both the pore
structure and the stability of cementation products®!,
During the initial stage of cycling, the strong hydro-
philicity and weak cementation of organic matter in peaty
soils cause the expansion of interfacial microcracks during
water absorption and desorption, leading to rapid strength
degradation. As cycling continues, cement hydration and
alkali-activated reactions generate C-S-H and C-A-S-H
gels, which progressively deposit, con- solidate, and form
a stable spatial network, mitigating further strength loss.
By the later stages of cycling, the system achieves internal
densification and stability, maintaining strength at a
residual level and exhibiting excellent durability. This
process illustrates the structural optimization and long-term
stabilization of peaty soils under the synergistic action
of cement and alkali-activated slag.

5 Conclusions

This study examined the mechanical performance
of modified peat soils through unconfined compressive
strength and direct shear tests, complemented by
microstructural analyses including SEM and XRD. The

durability of the stabilized soils was further assessed
under freeze-thaw cycling, and the underlying improvement
mechanisms were systematically elucidated. The key
findings can be summarized as follows:

(1) The cement-slag-alkali system markedly improves
the mechanical strength of solidified peat soils, with the
optimal ratio of 10% cement, 20% slag, and 7% NaOH
providing a favorable balance between strength and ductility.
The activation behavior of slag varies with activator type
and concentration. In the absence of cement, the activation
efficiency at low concentrations (3% and 5%) is in the
order of NaOH > NaxSiOs > Na.COs, whereas that at high
concentrations (7% and 9%) is in the order of NaOH >
Na>CO; > Na:SiO:s. In the presence of cement, Na:COs
shows the greatest efficiency at low concentrations, while
at higher con- centrations the trend becomes NaOH >
Na2COs > NazSiOs.

(2) In cement-modified peat soils, particle bonding
is primarily enhanced through ion exchange between
Ca?" and organic acid anions in the peat soil. In alkaline
conditions, hydration products crystallize to form bridging
structures that strengthen intergranular cohesion. Meanwhile,
Ca*" reacts with atmospheric CO: to form CaCO:s precipitates,
which increases the soil hardness and fills the soil pores.
The generation of C-S-H gel further reduces porosity and,
together with CaCO:s, forms a structural framework that
increases intergranular friction and improves shear strength.

(3) The chemical process by which activated slag
improves peat soils can be divided into four stages:
dissolution activation, ion exchange, gel formation, and
structural reorganization, ultimately producing a stable
aggregate structure that enhances soil strength. Alkaline
activators dissolve the vitreous phase of slag, releasing
reactive ions that undergo polycondensation in alkaline
conditions to form C-A-S-H gel. Organic functional
groups in peat soils adsorb cations, driving ion exchange
that generates CaSiOs precipitates and forms “calcium
bridges.” The C-A-S-H gel then interacts with organic
matter to create a dense “organic-mineral-gel” composite
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matrix, reducing porosity, strengthening particle bonding,
and thereby improving mechanical properties.

(4) The strength evolution of modified peat soil under
wet-dry cycling proceeds through three stages: rapid
decline, gradual attenuation, and stabilization. The synergistic
cementation of cement and alkali-activated slag promotes
gel formation that fills pores, increasing structural com-
pactness and thereby reducing strength loss.

(5) Grey relational analysis was applied to quantify
the relationship between microstructure and macroscopic
mechanical properties. For compressive strength, the
correlation ranked as: pore area > shape factor > pore
perimeter > pore width > pore length; for shear strength,
the order was: shape factor > pore length > pore width >
pore perimeter > pore area.
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