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Mechanical properties and
microscopic features of LBM-GGBS
solidified saline soil in seasonally
frozen areas

Shanyan Chen?, Pengfei Ren?*“, Junyi Wang3*, Ming-Zhi Guo?, Yang Zhao?, Ziging He?,
Gang Hou! & Jiang-Shan Li*

Light-Burned Magnesia (LBM) activated Ground Granulated Blast Furnace Slag (GGBS) is established
as a promising and robust binder for soil stabilization. However, its durability in saline environments
subjected to freeze-thaw (F-T) cycles lacks systematic investigation. To validate its potential

for subgrade engineering in seasonally frozen regions, this study evaluates the mechanical and
microscopic properties of LBM-GGBS solidified saline soil under F-T cycling. The effects of LBM and
GGBS on the unconfined compressive strength (UCS), permeability coefficient, CI- leaching and
microstructures of solidified saline soil after different F-T cycles (0, 2, 4, 6, 8, and 10) were examined.
The results showed that increasing the LBM-GGBS content significantly enhanced the soil’s resistance
to F-T cycles. With a 12% LBM-GGBS content and a GGBS/LBM ratio of 7 (determined as the optimal
mix proportion), the solidified soil reached a residual strength of 3 MPa after 10 F-T cycles, which was
four times the strength required for the upper base layer of highway pavement subgrade. Microscopic
analysis revealed that the LBM-GGBS solidified soil exhibited a dense structure with calcium silicate
hydrate (C-S-H), magnesium silicate hydrate (M-S-H), hydrotalcite, and Kuzel salt as the primary
reaction products. The formation of these hydration products significantly densified the structure,
thereby increasing the strength and improving the F-T resistance of the solidified soil. Furthermore,
~75% of CI” in the original saline soil could be stabilized even after multiple F-T cycles. These findings
elucidate the micro-mechanism of chloride stabilization under freezing conditions and provide a robust
theoretical foundation for utilizing LBM-GGBS to mitigate saline soil hazards in seasonally frozen
regions.

Keywords Chloride saline soil, Ground granulated blast furnace slag, Light-burned magnesia, Freeze-thaw
cycles, Microstructure

Saline soil is defined by a soluble salt content exceeding 0.3%'. More than 833 million hectares of saline soil
have formed globally as a result of both human activities and natural processes®. The presence of substantial
amounts of soluble and insoluble salts in saline soil results in complex interactions between solid and liquid
phases under fluctuating environmental conditions such as temperature, humidity, and air pressure®. This
complexity presents challenges for the effective utilization of saline soil. In northwestern China, various types
of saline soil are prevalent in regions that experience seasonal freezing®®. This area undergoes a freeze-thaw
(F-T) cycle lasting approximately five months each year, with the possibility of daily F-T cycles under extreme
weather conditions. Such harsh environmental conditions significantly affect the soil’s structure and mechanical
properties. Using saline soil directly as subgrade material in this region can lead to engineering issues such as
mud pumping, dissolution, subsidence, and uneven settlement®’. These engineering and geological challenges
severely limit subgrade construction in the area. Thus, there is an urgent need to develop effective saline soil
treatment technologies to enable its use as a road-filling material.
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Maximum dry | Size distribution(%)
Water content | Toal salt Liquid limit | Plastic limit | Optimum water | density (g/
(%) content(%) | Natural density (g/cm®) | (%) (%) content (%) cm?) Sand | Silt | Clay
10.02 1.40 1.17 21.50 10.90 15.41 1.89 23.32 | 62.44 | 14.24

Table 1. Physical properties of saline soil. Water content is the field moisture of soil at the time of collection.

Ionic species CI- | SO.* | CO- |HCO,* |Na* |K* Mg?* | Ca?*
Content (mg/kg) | 404.1 | 193.5 | 1260 388.8 4941 | 27.54 | 33.66 | 23.76

Table 2. Ion content of saline soil.

Stabilization/solidification (S/S) by incorporating Portland cement (PC) is a widely adopted and cost-effective
method for improving the physical properties of saline soil®’. However, the production of PC has significant
environmental drawbacks, including high CO, emissions and energy consumption'’. Additionally, PC is
susceptible to expansive damage when used to solidify saline soils, particularly those with a high salt content!!.
Consequently, there is a growing interest in using industrial by-products as sustainable alternatives to PC for
saline soil S/S. Ground granulated blast furnace slag (GGBS), a by-product of the iron industry, has emerged as a
promising alternative!?. Typically activated with an alkali, GGBS has been successfully applied in soil treatment
(more suitable than PC), especially in saline soils containing chlorides and sulfates'. It offers higher compressive
strength, lower permeability, and superior resistance to F-T cycles. Yi et al.'* found that lime-activated GGBS
used in marine soil stabilization resulted in reduced porosity and a 90-day unconfined compressive strength 1.7
times greater than that achieved with PC. Similarly, Liu et al.'® applied a lime-gypsum-GGBS stabilizer to saline
soils and obtained excellent unconfined compressive strength and water stability after 28 and 90 days of curing,
meeting the requirements for general engineering foundation stabilization.

In recent years, light-burned magnesia (LBM), also known as reactive magnesia (MgO), has emerged as
a sustainable activator for GGBS, alongside the more commonly used Ca(OH),'. LBM is typically produced
by calcining magnesia at temperatures between 700 and 1000 °C, resulting in low crystallinity, a large specific
surface area, and high reactivity!”. Compared with Ca(OH),, LBM has demonstrated a greater efficiency in
activating GGBS, leading to enhanced strength development in stabilized soils'®. Yi et al.'® found that 5-10%
LBM-activated GGBS improved the 28-day soil strength by roughly 30% compared with Ca(OH), activation,
primarily due to the increased hydrotalcite formation and matrix densification. Furthermore, higher dosages
(10-20%) of LBM-activated GGBS have been shown to produce a greater volume of hydration products, yielding
strengths up to four times higher than those of the Ca(OH),-based systems?’. In China, where most saline
soils are located in the seasonally frozen regions of the northwest, resistance to F-T cycles is crucial. Numerous
studies have demonstrated that soils solidified with LBM and/or cementitious materials exhibit strong resistance
to F-T damage. Wang et al.?! investigated the effect of F-T cycles on the Pb?*-contaminated soils stabilized with
MgO and MgO-fly ash. Their findings showed that soils solidified with just 0.5% stabilizer retained over 75%
of their strength after 11 F-T cycles, meeting specification requirements. Cai et al.?? explored the F-T durability
of the LBM-carbonated soils and found that the strength and modulus of the LBM-carbonated silt were twice
as high as those of the PC-stabilized specimens. However, the existing literature has predominantly focused
on non-saline soils or contaminants other than soluble salts. Research concerning the durability of LBM-
GGBS stabilized saline soil under the rigorous coupled effects of chemical erosion (high salinity) and physical
deterioration (F-T cycles) remains remarkably scarce. Specifically, the stability of chloride-binding hydration
products under cyclic freezing conditions is not yet fully understood, rendering the long-term performance of
this system unpredictable in cold and arid regions.

To address this critical knowledge gap, this study investigated the use of various dosages and ratios of LBM
and GGBS to solidify saline soils under simulated F-T conditions. The unconfined compressive strength, CI~
leaching, and permeability of the LBM-GGBS solidified saline soil before and after F-T cycles were examined.
Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and mercury intrusion
porosimetry (MIP) were employed to elucidate microstructural evolution and chloride stabilization mechanisms.
The novel insights into the chemical and physical stability of the solidified matrix presented herein are expected
to provide a theoretical foundation for the practical application of LBM-based materials in stabilizing saline soils
during frozen seasons.

Materials and methods

Materials

The saline soil was collected from a depth of 20-40 cm in Yulin City, Shaanxi Province, a region characterized by
a typical seasonally frozen arid climate with an average maximum frost depth of 99 cm. The physical properties
of the soil, tested in accordance with the Standard for Geotechnical Testing Method (GB/T 50123 — 2019)%,
are summarized in Table 1. For chemical analysis, soluble ions were extracted using a soil-to-water mass ratio
of 1:5. The suspension was agitated, centrifuged, and filtered through a 0.45 um PES membrane before being
analyzed via ion chromatography (Table 2). Based on the Code for Investigation of Geotechnical Engineering (GB
50021 — 2001)%, the soil is classified as a medium-chloride saline soil. This classification is supported by a total
soluble salt content of 1.4% (determined via the leachate evaporation method) and a ¢(Cl7)/2¢(SO 42‘) ratio

Scientific Reports |

(2026) 16:10928 | https://doi.org/10.1038/s41598-026-46145-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Chemical composition (%)

Raw materials | CaO | SiO, | Fe,0, | ALO, | MgO |K,O | Na,O
GGBS 45.07 | 29.36 | 0.37 13.07 8.16 | 0.37 | 0.48
LBM / / / / >99.00 | / /
Saline soil 4.71 |69.96 | 1.84 9.51 1.95 | 2.09 | 2.15

Table 3. Chemical compositions of raw materials.

Sample ID | LBM-GGBS content (%) | GGBS/LBM
CS14-7 14 7:1
CS14-6 14 6:1
CS14-5 14 5:1
CS14-4 14 4:1
CS12-7 12 7:1
CS12-6 12 6:1
CS12-5 12 5:1
CS12-4 12 4:1
CS10-7 10 7:1
CS10-6 10 6:1
CS10-5 10 5:1
CS10-4 10 4:1
CS8-7 8 7:1
CS8-6 8 6:1
CS8-5 8 5:1
CS8-4 8 4:1

Table 4. Mix proportions of solidified saline soil samples.

(calculated based on Table 2) of 2.85, which exceeds the threshold of 2.0. Ground granulated blast furnace slag
(GGBS) was obtained from an iron plant in Wuhan, and Light-Burned Magnesia (LBM) was produced by China
Metallurgical Xindu Alloy Co., Ltd., with a purity of = 99%. The chemical compositions of GGBS, LBM, and
saline soil were tested using an X-ray fluorescence spectrometer (XRF), as shown in Table 3.

Sample preparation

Prior to all experiments, the saline soil was oven-dried at 105 °C, then crushed and passed through a 2 mm
sieve for use. To simulate the wet mixing conditions typically encountered in subgrade stabilization engineering,
the treated saline soil was thoroughly mixed with GGBS and LBM for 2 min. A fixed liquid to solid ratio of 0.3
(approximately 1.4 times the liquid limit) was adopted to create a flowable paste, ensuring homogeneous mixing
and uniform hydration while avoiding density variations from dynamic compaction. After thorough mixing, the
slurry was cast into a @50 x 50 mm plastic mold in three layers, with each layer subjected to 1 min of vibration
to minimize variations in dry density and eliminate entrapped air. After curing for 1 day, the samples were
demolded and sealed in a curing chamber under standard conditions (temperature 23 + 2 °C, humidity > 95%)
for 27 days. Based on prior research findings*>?%, GGBS can be effectively activated at 10% MgO, and the optimal
durability of the solidified soil was achieved at a binder dosage of 10-15%. Consequently, this experiment was
designed with an LBM-GGBS to saline soil mass ratio ranging from 8 to 14% in 2% increments, and a GGBS to
LBM mass ratio varying from 4:1 to 7:1, resulting in a total of 16 groups. The specific mix proportions are listed
in Table 4. The samples were labeled based on the LBM-GGBS content and the mass ratio of GGBS to LBM. For
instance, CS12-7 denotes chloride saline soil (CS) stabilized with a 12% binder dosage and a GGBS to LBM ratio
of 7:1.

Testing methods

Freeze-thaw cycle

After 28-day curing, samples were wrapped in a plastic film and placed in sealed bags to maintain constant
moisture during the test. The samples were then placed in a freezer at -20 °C for 24 h. After freezing, they were
allowed to thaw at 25 °C for 24 h, which constituted one F-T cycle (denoted as N, where N, .._ represents n
cycles of F-T). After reaching the specified number of cycles (2, 4, 6, 8, and 10 times), the unconfined compressive
strength (UCS), CI~ leaching, permeability coefficient, and microstructure of solidified soils were evaluated
subsequently.
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Unconfined compressive strength
The UCS test was conducted using a universal testing machine in accordance with the Standard for Geotechnical
Testing Method (GB/T50123-2019)%. The loading rate was set at 0.5 mm/min, and the UCS was denoted as qu.

Permeability

The permeability test was conducted using the constant head method with a flexible wall permeameter, in
accordance with ASTM D5084%’. Initially, the samples were vacuumed in a saturation device under a negative
pressure of -100 kPa for 1 h to remove entrapped air. Water was then introduced into the saturator to immerse
the specimens. After a 24-hour saturation period, the samples were promptly removed for the permeability test.
The resulting saturation degree of solidified soil reached 96.4%, meeting the ASTM D5084 criterion (= 95%) for
saturated hydraulic conductivity testing. During the test, the confining pressure was maintained at 80 kPa, while
the inlet water pressure was kept at 60 kPa. Distilled water served as the permeating medium, and the test was
performed at a room temperature of 25 °C. Readings from the inlet pipe were recorded at regular intervals until
the difference between the inlet and outlet pipe readings stabilized.

Microstructures and pore structures

Samples subjected to 0, 2, and 10 F-T cycles were selected for microstructural and pore structure analyses
based on the macroscopic UCS evolution trends: 0 cycles served as the reference; 2 cycles represented the
critical stage of a sharp strength loss; and 10 cycles corresponded to the stabilized residual strength stage. After
removing the peeled surface layer, the central part of each sample was placed in a freezer at -50 °C. The samples
were then dehydrated using a freeze dryer under vacuum conditions for 48 h. The freeze-dried samples were
subsequently cut into blocks for analysis using scanning electron microscopy (SEM) and mercury intrusion
porosimetry (MIP). The microstructures of the solidified soil were analyzed using the TESCAN MIRA LMS
SEM at magnifications of 1000x and 5000x. Meanwhile, the pore structures of the solidified soil were examined
with the AutoPore IV 9520 high-performance automatic mercury porosimeter from Micromeritics.

CI" leaching

The chloride (CI) leaching from the original saline soil and sample CS12-7 after 0, 2, and 10 F-T cycles was
measured using an ion chromatograph. To prepare the suspension, 10 g of the dried saline soil before solidification
and freeze-dried powder of the solidified soil (10+ 10 x LBM-GGBS content) were mixed with distilled water at
a solid-to-water ratio of 1:5. The suspension was then shaken at a speed of 110 strokes per minute on a horizontal
shaker for 8 h and allowed to stand for 6 h. The supernatant was collected using a syringe and filtered through a
0.45 um PES membrane for testing.

Results and discussion

Effect of F-T cycles on UCS

Figure 1a-d illustrate the variation in UCS for samples with different amounts of GGBS and LBM after undergoing
various F-T cycles. It is evident that the strength of the solidified soil increases with a higher LBM-GGBS content
at a fixed GGBS to LBM ratio. For instance, at a GGBS/LBM ratio of 4, the 28-day UCS of solidified soil increases
from 1.94 to 5.54 MPa with increasing the LBM-GGBS content from 8 to 14%. However, when the LBM-GGBS
content increases from 12 to 14%, the strength gains are not significant for all the groups, and the strength of the
CS14-7 group even decreases. At a given LBM-GGBS content, a higher GGBS/LBM ratio generally corresponds
to a higher UCS. Nonetheless, when the GGBS/LBM ratio increases to 7, the strength of the CS10, CS12, and
CS14 groups decreases to varying degrees. This decline is attributed to the excessive presence of GGBS, which
leads to the accumulation of un-hydrated particles within the saline soil structure, thereby adversely affecting
the strength of the solidified soil?®.

The results of the strength changes after the 0 to 10 F-T cycles indicate that the variation in UCS (qu) for all
samples follows a consistent pattern, with the most significant decrease occurring after the second F-T cycle. For
instance, the qu of CS12-6 decreases from 6.53 to 3.17 MPa after the first two cycles, representing a 57% loss.
Although qu fluctuates after the second cycle among different groups, it tends to stabilize, with variations within
arange of 0.5 MPa. After 10 F-T cycles, the qu for samples with an 8-14% LBM-GGBS content ranges from 1 to
2, 1.8-2.6, 2-3, and 3.8-4.8 MPa, respectively. It is clear that increasing the content of LBM-GGBS significantly
enhances the UCS of the solidified soil after F-T cycles. In the CS8-5 group, the qu decreases from 1.94 MPa to
a minimum of 1.06 MPa after 10 F-T cycles, which still meets the UCS requirements for the upper base layer as
specified in the Highway Pavement Subgrade Construction Technical Specifications (JT] 034-2000)°.

To more clearly illustrate the variation in UCS (q,) after F-T cycles, the strength residual coefficient (q,) is
defined. This coefficient is the ratio of the strength after n F-T cycles (where n = 2, 4, 6, 8, and 10) to the strength
before any F-T cycles. A higher q, corresponds to less damage to the sample after F-T cycles. Figure 2a and b
show the variation of q, for the 12% and 14% LBM-GGBS incorporated samples, respectively. It can be observed
that after 2 F-T cycles, the change in q, is not significant. For series CS12, q,, ranges from 0.3 to 0.5 as GGBS/
LBM increases from 4 to 7; for series CS14, it ranges from 0.55 to 0.8. This indicates that a higher GGBS/LBM
ratio enhances the resistance to F-T damage. Figures 1c and 2b demonstrate that after 10 F-T cycles, the residual
strength of CS12-7 still reaches 3 MPa, which is four times that of the UCS requirement for the upper base
layer specified in the “Highway Pavement Subgrade Construction Technical Specifications” (JTJ 034-2000)%.
Compared with LBM, GGBS is more cost-effective. Thus, considering both the strength and economic factors,
CS12-7 was determined to be the optimal mix proportion and was selected for the subsequent microstructural
testing and analysis.

Figure 3 presents the stress-strain curves of series CS12 after 0 and 2 F-T cycles. Before undergoing F-T
cycles, all samples display stress-strain curves typical of strain softening, with the failure strain stabilizing
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Fig. 2. Residual strength of samples with 12 and 14% LBM-GGBS after F-T cycles.

between 2 and 3%. During the elastic deformation stage, the stress increases rapidly with strain. After reaching
the peak strain, stress drops sharply, indicating significant brittleness. This brittleness is attributed to the brittle
framework formed by the hydration products of GGBS and LBM within the solidified soil, which imparts high
strength®®. After 2 F-T cycles, as shown in Fig. 3b, the peak stress decreases significantly, and the slope of the
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Fig. 4. Relationship between strength and deformation modules before (a) and after (b) F-T cycles.

elastic deformation stage becomes less steep. The sharp peak associated with qu becomes less pronounced, the
strain softening effect weakens, and the ductility of the solidified soil increases.

To investigate the variation in the deformation resistance of the solidified saline soil before and after F-T cycles,
the deformation modulus E was introduced for analysis. This modulus is the secant modulus corresponding to
the point on the stress-strain curve where the strain is half that of the failure strain. Figure 4a and b illustrate the
linear relationship between the UCS and the deformation modulus before and after F-T cycles. Before F-T cycles,
the relationship is expressed as E, =11.6UCS+22.78, which changes to E, =20.98UCS~2.08 after the F-T
cycles. The increased slope of the linear fit after F-T cycles indicates that for a given change in qu, the increase
in the deformation modulus is greater, suggesting that the ability of the solidified soil to resist deformation is
reduced after undergoing the F-T cycles.

Effect of F-T cycles on permeability coefficient

Permeability coefficient tests were performed on series CS8 and CS12 to evaluate the effect of LBM-GGBS
content on the permeability coefficient after 0 and 10 F-T cycles, as shown in Fig. 5. Both series CS8 and CS12
demonstrate a trend of decreasing permeability coefficients with an increase in both the LBM-GGBS content
and GGBS/LBM ratio. After 10 F-T cycles, the permeability coeflicients for CS12 (-4, -5, -6, -7) increase from
2.48x1077, 2.22%x1077, 1.78 %1077, and 5.23x10~® cm/s before F-T to 1.23x107%, 8.67x1077, 5.56x 1077,
and 4.33x 1077 cm/s, respectively, with changes remaining within one order of magnitude. This stability is
attributed to the fact that, although the F-T process partially damages the structure of the solidified soil, the
hydration products formed during the process exhibit good resistance to F-T cycles, resulting in relatively stable
permeability coeflicients (as detailed in Sect. 3.5). In comparison, CS8 shows significantly higher permeability
coeflicients after F-T cycles than CS12. This is because higher LBM-GGBS content leads to the formation of
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more hydration products and a denser structure, thereby mitigating the impact of F-T cycles on the permeability
performance of the solidified soil.

Effect of F-T cycles on Cl~ leaching
Figure 6 illustrates the Cl~ leaching of CS12-7 after 0, 2, and 10 F-T cycles. Initially, the Cl~ leaching from the
saline soil before solidification was 404.1 mg/kg, which decreased to 230.8 mg/kg (a reduction of 42.9%) after
28 days of curing. As the number of F-T cycles increases, Cl~ leaching initially decreased and then stabilized,
indicating that the LBM-GGBS effectively solidifies Cl~. More importantly, further repeated F-T cycles did not
induce no obvious leaching of more CI".

Pore structure

Figure 7 illustrates the pore structure characteristics of CS12-7. As shown in Fig. 7a, the pore volume of solidified
saline soil is primarily concentrated in the range of 0.1 to 1000 pm. It is noteworthy that the cumulative pore
volume curves maintained high consistency across the test groups. This stability is attributed to the formation
of a dense reticulate structure by the hydration products of the LBM-GGBS system. The strong cementing
bonds provided sufficient resistance against internal stresses, thereby preventing the significant alteration of
the pore geometry or the propagation of micro-cracks. According to Shear®!, soil pores can be classified into
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four categories based on their size: intra-particle pores (diameter < 0.014 um), inter-particle pores (diameter
between 0.014 and 1.800 pm), intra-aggregate pores (diameter between 1.800 and 70 pum), and inter-aggregate
pores (diameter between 70 and 4000 um). Figure 7b shows that most pores within the solidified soil fall in the
diameter range of 0.01 to 0.1 pm, corresponding to intra- and inter-particle pores. After 2 F-T cycles, an obvious
peak centered at 10 um shifts to 2 pum, indicating a decrease in the size of intra-aggregate pores. Conversely,
larger pores peaking at 40 pm increase significantly after 10 F-T cycles. Based on the porosity and proportion
of each type of pore (Fig. 7¢), it is evident that the total porosity of samples gradually increases from 36.62
to 39.51% as the number of F-T cycles increases. However, a similar pore structure is observed for samples
subjected to 0 and 2 F-T cycles, while the volume of inter-particle and intra-aggregate pores changes significantly
from 62% to 26% to 71% and 18%, respectively.

Microstructure
Figure 8 illustrates the microstructures of the LBM-GGBS solidified saline soil after different F-T cycles. As
can be seen from Fig. 8a, before any F-T cycles, the solidified soil displays a dense structure with a smooth
surface, and microcracks are present between the particles. The soil particles are closely bonded to the hydration
products through point-to-face and face-to-face interactions. As the number of F-T cycles increases, the small
soil particles transform into larger aggregates with a flocculent surface (Fig. 8d and f). The microcracks between
particles gradually disappear and instead form small pores. This transformation occurs because the primary
hydration product of Mg?* in the LBM-GGBS stabilized soil is hydrotalcite (Ht), which features a rose-like
layered network structure with a large specific surface area®. This structure not only fills microcracks within
the soil but also creates a few larger pores between and within the particles. Despite these changes, the needle-
like, lamellar, and flocculent hydration products remain clearly visible and maintain a dense network structure.
This suggests that the hydration products are minimally affected by the F-T cycles, allowing the solidified soil to
retain a good strength even after these cycles.

To identify the specific phases resulting from the hydration reaction, EDS analysis was conducted in
conjunction with SEM. The analysis reveals a high silicon (Si) content in the needle-like and lamellar phases
(points 1 and 2). This is likely because the diameter of the detection point is larger than the size of the chloride
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(CI") containing compounds, leading to the inclusion of C-S-H gels in the detection points. To minimize the
influence of C-S-H gels, it is assumed that the calcium-to-silicon (Ca/Si) ratio of C-S-H is 1, and all Si initially
forms C-S-H gels. After accounting for the Si and Ca required for C-S-H gels, the average atomic ratios of the
remaining elements of Ca: Al: S: Cl in points 1 and 2 are 7.87: 3.94: 1: 1.98, as shown in Table 5, which closely
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Elements [¢] Na |Mg | Al Si |S Cl |Ca
Total element content(%) 37.14 | 0.46 | 1.41 | 12.03 | 3.85 | 1.96 | 5.64 | 37.51
Spot 1 | Content of Ca & Siin C-S-H gel(%) | - - - - 385 | - - 5.49
Content of remaining elements(%) | 37.14 | 0.46 | 1.41 | 12.03 | 0 1.96 | 5.64 | 32.02
Atomic ratio of remaining elements | - - - 717 | - 1 26 |13.05
Total element content(%) 47.56 [ 1.05 | 1.45 | 7.27 | 6.68 | 4.36 | 1.59 | 30.3
Spot 2 | Content of Ca & Si in C-S-H gel(%) 6.68 9.54
Content of remaining elements(%) | 47.56 | 1.05 | 1.45 | 7.27 | 0 4.36 | 1.59 | 20.76

Atomic ratio of remaining elements - 1.99 | - 1 033 | 3.82

Table 5. EDS results of CS12-7.
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Fig. 9. Reaction mechanisms of LBM-GGBS with saline soil.

matches the composition of 3Ca0-Al,0,:(0.5CaCl,-0.5CaSO,)-12H,0, known as Kuzel salt (Ks). In an alkaline
environment, the chloride salts in saline soil can chemically interact with silicate and aluminate in GGBS to form
3Ca0-AL0,-CaCl,-10H,0, also known as Friedels Salt (Fs)*. However, the presence of SO 42’ in saline soil may
cause partial substitution of Cl-, leading to the formation of multiple complex compounds. Based on the EDS
results, it can be concluded that the compounds formed at points 1 and 2 are Ks.

Existing research has shown that the reaction between MgO and GGBS can produce compounds such as
calcium silicate hydrate (C-S-H), magnesium silicate hydrate (M-S-H) gel, and Ht**. In the LBM-GGBS solidified
saline soil, Mg?* primarily contributes to the formation of M-S-H and hydrotalcite (Ht). In Fig. 8f, point 3 shows
a Mg to Al atomic ratio of 1.85, whereas the typical Mg to Al atomic ratio in Ht compounds is 3. Additionally,
the Mg to Si atomic ratio at this point is 2, compared with the standard ratio of 1.5 in M-S-H?°. Therefore,
it is concluded that point 3 represents a mixture of M-S-H and Ht. Figure 8b,d,e illustrate the formation of
a substantial amount of lamellar and needle-like Ks, along with flocculent hydration products of C-S-H and
M-S-H. The rose-like layered Ht and the flocculent fibrous C-S-H and M-S-H gels are interwoven with each
other, consistent with the findings of Bo* and Jin et al.*®.

Discussion

The mechanisms for solidifying saline soil using LBM-GGBS involve several key steps: (1) the dissolution of LBM
and saline soil in water releases OH-, Na*, K+, Mg?* and Ca?* ions, creating a favorable alkaline environment for
the activation of GGBS**%’; (2) the breaking of Al-O and Si-O bonds in GGBS due to the erosion of OH™; (3) the
combination of Ca?* and Mg2+ ions with Al-O and Si-O bonds to form compounds such as C-S-H, M-S-H, and
Ht, as illustrated in Fig. 9a. The primary hydration reaction equations are as follows:

MgO + H,0 < Mg®™ + 20H™ (1)
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Ca’" 4+ Si—0 4+ 20H > C—-S—H )
Mg*t + Si— 0O + OH™ «+ M —S —H + 2H,0 (3)

Mg?" + GGBS + OH™ «» C—S —H + Ca0 - Al,O3 - xH,0 (C— A —H) + MggAly(OH),,COs - H,O (Ht) (4)

Additionally, GGBS can be chemically activated by the NaCl present in saline soil. This occurs through the
reaction between Cl~ ions and calcium aluminate in GGBS, resulting in the formation of Fs, as shown in Eq. (5).
However, the presence of SO 42‘ in the saline soil causes mutual substitution between Cl~ and SO 42‘, leading to a
transition of hydration products from Fs to Ks, as depicted in Eq. (6).

Ca0 - AlO3 (CA) + Ca(OH), + 2NaCl + 2CaO + 10H,0 = 3CaO - Al,O3 - CaCls - 10H,0 (FS) + 2NaOH  (5)

0.5S504%
3Ca0-Al;03-CaCly-10H20 (FS) (%)3CaO~A1203(0.5CaC12~0.5CaSO4)~12H20 (6)

For natural saline soil, the repeated crystallization and dissolution of salts during F-T cycles can cause structural
damage?®. Similarly, when solidified soil freezes, the pore water between soil particles and the remaining pore
salt solution freeze into ice, causing volume expansion and exerting stress on the surrounding soil particles.
This results in F-T cracks and structural damage, which will not completely disappear after the ice melts®.
Consequently, the strength of the solidified soil decreases after F-T cycles, the porosity increases, and the
permeability coefficient rises. The increase in the LBM-GGBS content could effectively enhance the overall
production of various reaction products, resulting in a denser structure and higher UCS of the solidified soil.
This significantly improves its resistance to F-T cycles. The optimal ratio can be achieved at 12% LBM-GGBS
content and the GGBS/LBM of 7. Under these conditions, the solidified soil maintains a strength of 3 MPa even
after 10 F-T cycles. Furthermore, when the LBM-GGBS content exceeds 10%, the strength remains above 1.3
MPa after multiple F-T cycles. However, adding excessive GGBS reduces alkalinity within the system, leading
to the accumulation of unreacted GGBS. This may adversely affect the strength of the solidified soil. Comparing
the solidification effects of curing agents reported in the literature for saline soils, the combination of LBM and
GGBS proves to be the most effective. This performance surpasses the UCS of saline soils solidified with lime
(584 kPa)*’, cement (475 kPa)*, and a combination of lime and fly ash (1130.25 kPa)*..

Figure 8d and f illustrate that even after undergoing F-T cycles, the LBM-GGBS stabilized soil retains
prominent needle-like and flaky hydration products. These needle-like structures (Ks), formed prior to the F-T
process, demonstrate excellent F-T resistance. As curing progresses, the quantity of hydration products such
as M-S-H and C-S-H increases, creating a flocculent fibrous network interwoven with rose-like layered Ht,
which provides robust cementation (Fig. 9d). This structural integrity ensures that the samples remain largely
undamaged after F-T cycles, with only a slight increase in small pore sizes within the aggregates. Additionally,
as the number of F-T cycles increases, there is a noticeable decrease in Cl~ leaching from the stabilized soil,
suggesting that Cl™ actively participates in the hydration reaction throughout the F-T process. Measurements
of the height and diameter of the samples after F-T reveal no volume expansion, indicating that while repeated
F-T cycles may inflict some microstructural damage, the superior F-T resistance of the Ks hydration products
significantly mitigates such damage. Unlike the detrimental effects of Cl™ in the un-stabilized soil during F-T
cycles, within the LBM-GGBS system, Cl~ instead contributes positively to the stabilized soil’s performance.

Conclusions

This study elucidates the deterioration mechanism and stabilization efficacy of LBM-GGBS solidified saline soil
under freeze-thaw (F-T) cycles. Based on the mechanical and microstructural evaluations, the key findings can
be summarized as follows:

(1) The samples designated as CS12-7 (12% binder dosage, GGBS/LBM ratio of 7) demonstrated superior du-
rability. Even after 10 F-T cycles, it retained a residual strength of 3 MPa, which is four times greater than
the standard requirement for highway pavement upper base layers (JTJ034-2000). This confirms that the
CS12-7 mix offers an optimal balance of cost-effectiveness and mechanical performance.

(2) The solidified soil exhibited typical brittle failure characteristics, characterized by strain-softening behav-
ior. The soil subjected to F-T cycles altered this behavior; specifically, the peak stress decreased, the elastic
modulus degraded, and the failure strain increased, reflecting an improvement in ductility beyond the peak
stress.

(3) The incorporation of LBM-GGBS significantly mitigated chloride leaching, achieving a 43% reduction
(from 404.1 to 230.8 mg/kg) compared to the original saline soil. Crucially, the leaching concentration con-
tinued to decline with ongoing F-T cycles, indicating that the chemical binding capacity of the hydration
products outweighs the physical leaching effects caused by structural damage.

(4) The LBM-GGBS solidified saline soil exhibits a dense structure, with C-S-H, M-S-H and hydrotalcite (Ht)
as the primary hydration products. The CI" and SO,* in the soil could react with GGBS to form hydration
products Friedel’s Salt (Fs) and Kuzel’s Salt (Ks). These hydration products exhibit excellent resistance to
degradation during F-T cycles, ensuring that the solidified soil retains excellent strength and CI- stabiliza-
tion after multiple cycles.

Data availability
All data supporting the findings of this study are available from the author upon request from the corresponding
author.
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