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Abstract

In response to the subgrade diseases caused by salt expansion and frost heave of sulfate saline soil in
cold and arid regions under freeze-thaw environment, acolian sand modification is regarded as an economical
and effective improvement method. However, existing research on the macro-micro mechanical response
mechanism of modified saline soil under freeze-thaw cycles remains unclear, and there is a particular lack of
systematic understanding of the coupled effects of multiple factors and the modification effects of different
particle sizes. To this end, this study takes aeolian sand-modified sulfate saline soil as the research object,
and systematically investigates the evolution law of its mechanical properties and the damage mechanism of
its microstructure by conducting freeze-thaw cycle tests, confined compression tests, scanning electron
microscopy observations, and triaxial shear tests. The experiments set different salt contents, acolian sand
dosages, and particle size gradients to simulate the mechanical responses under multiple freeze-thaw cycles
and different confining pressures. Combined with the Duncan-Chang model, the constitutive model and
volumetric strain equation considering the coupling effect of freeze-thaw and salt were modified. The main
research work and conclusions are as follows:

(1) Systematic experimental research was conducted on the macro-micro mechanical behavior of acolian
sand-modified sulfate saline soil under freeze-thaw environment. Through freeze-thaw cycle tests, the surface
deterioration and skeleton deformation patterns of specimens with different salt contents (0%, 1.6%, 3%) and
aeolian sand dosages (0%, 5%, 10%, 20%) were observed. The modification mechanism and freeze-thaw
damage mechanism were revealed at the microscopic scale using scanning electron microscopy. Furthermore,
the orthogonal experimental design was adopted to investigate the effects of freeze-thaw cycles, salt content,
aeolian sand dosage, and water content on the confined compression characteristics. The results show that
salt content is the primary factor controlling freeze-thaw damage of the soil, and high salt content aggravates
salt expansion and thaw settlement. Incorporating an appropriate amount of aeolian sand (10%) can
effectively optimize the pore structure, inhibit salt migration, and significantly enhance the frost resistance.
The order of influence of various factors on compressive deformation is salt content > freeze-thaw cycles >
aeolian sand dosage > water content. The research findings provide data support for elucidating the
performance evolution of aeolian sand-modified saline soil in freeze-thaw environments.

(2) To investigate the mechanical properties of acolian sand-modified sulfate saline soil under freeze-
thaw cycles, consolidated-drained triaxial shear tests were conducted to systematically examine the effects
of salt content, acolian sand dosage, number of freeze-thaw cycles, and confining pressure on the strength
and deformation of the soil. The results indicate that freeze-thaw cycles reduce the slope of the elastic stage

of the stress-strain curve and decrease the shear strength, with the reduction being more significant at higher



salt contents. The shear strength initially increases and then decreases with the increase of aeolian sand
dosage, reaching its peak value at a dosage of 10%, which represents the optimal improvement effect.
Increasing confining pressure enhances the strength and suppresses lateral deformation, with the volumetric
deformation exhibiting shear contraction characteristics. Freeze-thaw cycles mainly weaken the cohesion
(with a reduction of up to 34.16%), while having a relatively minor effect on the internal friction angle. Based
on the Duncan-Chang model, a skeleton deformation parameter X (N, T) that comprehensively considers the
number of freeze-thaw cycles and salt content was introduced, and a modified stress-strain constitutive model
and volumetric strain model were established. The model predictions are in good agreement with the
experimental values, verifying their reliability. The research findings provide a theoretical basis for saline
soil engineering in freeze-thaw regions.

(3) To investigate the modification effects of acolian sand with different particle sizes on sulfate saline
soil and their mechanical responses under freeze-thaw cycles, aeolian sand with three particle size ranges of
< 0.075 mm, 0.18-0.22 mm, and 0.22-0.5 mm was selected and mixed into sulfate saline soil with a salt
content of 3% at mass ratios of 0%, 5%, 10%, 15%, and 20%, respectively. Unconsolidated-undrained triaxial
compression tests were conducted on specimens before and after freeze-thaw cycles. The results show that
the optimal dosage decreases with increasing particle size: 5% for large particle size (0.22—0.5 mm) and 10%
for medium particle size (0.18—0.22 mm), both remaining stable before and after freeze-thaw cycles; for
small particle size (< 0.075 mm), the optimal dosage is 15% before freeze-thaw and increases to 20% after
freeze-thaw, exhibiting freeze-thaw strengthening characteristics. Under the optimal dosage, the shear
strength of the medium particle size modified soil is superior to that of the large and small particle size aeolian
sand, attributed to its larger specific surface area and uniform distribution, which enable a more effective
stress transfer network. The morphology of the stress-strain curve is jointly controlled by aeolian sand dosage,
confining pressure, and freeze-thaw cycles: as the dosage increases, the curve transitions from strain-
hardening to strain-softening; high confining pressure suppresses softening; freeze-thaw cycles weaken the
soil structure, leading to a transition in failure mode from brittle to plastic. Both cohesion and internal friction
angle initially increase and then decrease with the increase of aecolian sand dosage, reaching their peak values
at the respective optimal dosages. This study provides a basis for optimizing particle size selection in saline
soil subgrades.

Key words: Acolian sand; Triaxial test; Duncan-Chang model; Volume change equation; Different

particle sizes
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