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Low-plasticity fine-grained soil (ML) exhibit poor geotechnical stability due to weak
interparticle bonding and moisture sensitivity, while traditional stabilizers like cement and
lime face environmental restrictions in urban areas. This laboratory study evaluates a low-
carbon stabilization approach using a butyl acrylate—methyl methacrylate (BA-MMA)
copolymer emulsion (2%—9% by dry weight) on a fine-grained soil from Sabzevar, Iran.
Specimens cured for 3 hours, 1 day, and 7 days were subjected to Atterberg limits, standard
Proctor compaction, and unconfined compressive strength (UCS) tests. Notably, the
contribution of matric suction was decoupled from the net polymeric strengthening effect.
Results showed that the BA-MMA copolymer modified water-particle interactions and
encapsulated soil grains, reducing the plasticity index by 31% (from 8.4 to 5.8) while leaving
the plastic limit virtually unchanged. Polymer modification enhanced compaction, increasing
maximum dry density by 6% (from 1.69 to 1.79 g/cm?®) and reducing optimum moisture
content by 12%; the optimum compaction efficiency occurred between 5% and 7% polymer
content. Corrected UCS results revealed that the net polymer-induced strength was negligible
initially, but reached 0.38 kg/cm? at 7 days for the 7% dosage (a 1.31-fold increase over the
untreated soil) due to dehydration and interparticle polymer network formation. Beyond 7%,
strength and compaction declined because the increased polymer volume fraction disrupted
the continuity of the mineral soil skeleton. Consequently, the BA-MMA copolymer is an

effective low-carbon stabilizer, with 7% established as the optimum dosage.
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Introduction

Low-plasticity fine-grained soils (ML) are commonly characterized by a dispersed particle
arrangement, weak interparticle bonding, and high sensitivity to moisture variations, which
collectively lead to limited shear strength, relatively high compressibility, and unstable
mechanical performance at the engineering scale. Consequently, slopes and earth structures
composed of such soils are vulnerable to localized instability and shallow failure, particularly
under environmental conditions involving moisture fluctuation. To improve the engineering
behavior of fine-grained soils, chemical stabilization with cement and lime has long been the
most widely used approach. However, despite their effectiveness, these traditional binders are
increasingly questioned because of their high energy demand, considerable carbon footprint,
and increase in environmental alkalinity, and tendency to induce irreversible chemical
changes in the treated soil. In addition, the hardened soil structure produced by mineral
stabilizers may exhibit brittle behavior, which can be disadvantageous in applications
requiring more tolerant and adaptable mechanical response. These limitations have directed
recent geotechnical research toward the development of alternative low-carbon and
environmentally compatible stabilizers. Among them, water-borne polymer emulsions have
attracted growing attention because they can form continuous polymer films around soil
particles, promote interparticle bonding, and generally produce less brittle behavior than
conventional mineral additives. Their performance can also be tailored through copolymer
composition and dosage, making them potentially suitable for a range of problematic soils.
Nevertheless, most previous studies have focused on clays with medium to high plasticity,
whereas the response of low-plasticity fine-grained soils to polymer treatment remains
insufficiently understood. In particular, the combined influence of intrinsic emulsion
characteristics, such as minimum film formation temperature and latex particle size, together
with polymer dosage and curing duration, on the plasticity, compaction, and strength behavior
of ML soils has not yet been systematically clarified. This knowledge gap is more evident for
butyl acrylate-methyl methacrylate (BA-MMA) copolymers, for which published data on ML
deposits remain limited. The BA-MMA emulsion is of particular interest because the butyl
acrylate segment enhances flexibility and facilitates latex particle coalescence, whereas the
methyl methacrylate segment contributes to film stiffness and mechanical stability.
Accordingly, this study experimentally evaluates the effects of BA-MMA emulsion on the
Atterberg limits, compaction characteristics, and unconfined compressive strength of an ML
soil, with emphasis on the interactive roles of polymer dosage and curing time in governing
performance improvement or decline.

Method

A low-plasticity fine-grained soils (USCS: ML) from the Sabzevar site was characterized and
used as the base material for polymer stabilization. A water-borne butyl acrylate—methyl
methacrylate (BA-MMA) copolymer emulsion with a submicron particle size (0.16 um) and
a minimum film formation temperature of 18°C was selected as the stabilizing agent. Polymer
contents of 2-9% by dry weight of soil were prepared by calculating the required emulsion
volume based on its solid content, followed by uniform mixing and a 24-hour moisture-
equilibration stage. To capture time-dependent film formation, all tests were performed after
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3 hours, 1 day, and 7 days of curing. For Atterberg limits and standard Proctor compaction
tests, the mixtures were air-dried as thin layers (approximately 1 cm) to ensure uniform
evaporation and homogeneous soil-polymer interactions. For unconfined compressive
strength (UCS), cylindrical specimens (5 cm % 10 cm) were compacted using the under
compaction method to match the natural density and moisture of the untreated soil. These
specimens were then cured in intact cylindrical form to maintain realistic moisture gradients
representative of field conditions in stabilized slopes. UCS tests were performed in triplicate
at each curing age, while consistency limits and compaction characteristics were monitored to
evaluate the influence of polymer content and curing time on the engineering behavior of the
treated soil.

Results

The experimental results confirm that BA-MMA copolymer stabilization fundamentally alters
the geotechnical properties of the studied low-plasticity fine-grained soil. Atterberg limits
indicated a distinct, time-dependent plasticity reduction, with the Plasticity Index decreasing
from 8.4 to 5.8 at 7 percent polymer content after 7 days. The stability of the plastic limit
amidst liquid limit reduction implies that the polymer acts as a physical barrier, encapsulating
particles and restricting water absorption rather than engaging in clay-polymer chemical
reactions. This physical modification was mirrored in compaction performance, where the
maximum dry density improved by 6 percent from 1.69 to 1.79 grams per cubic centimeter
and optimum moisture content decreased by 12 percent within the optimal dosage range of 5
to 7 percent, primarily due to enhanced workability and reduced water demand for particle
coalescence. Beyond 7 percent polymer, however, maximum dry density values declined,
indicating that volumetric displacement by the lighter polymer phase and increased elastic
rebound impede densification. The unconfined compressive strength data further validated the
efficacy of the polymeric network. After decoupling the matric suction contribution, the
corrected strength peaked at 0.38 kilograms per square centimeter for the 7 percent polymer
dosage at 7 days, demonstrating the formation of a cohesive, three-dimensional elastomeric
matrix. At higher concentrations of 9 percent, a significant reduction in strength was observed,
suggesting that excessive polymeric film thickness interrupts direct mineral-to-mineral
skeletal contacts, thereby transitioning the soils failure mechanism from a rigid grain-contact
mode to a compliant elastomeric-controlled deformation. Collectively, these findings
establish a 7 percent polymer dosage as the technical threshold for optimizing structural
integrity and physical workability in stabilized low-plasticity fine-grained deposits.

Conclusions

This study evaluated the efficacy of a water-borne BA-MMA copolymer emulsion for
stabilizing low-plasticity fine-grained soil. The experimental findings lead to several key
conclusions. First, polymer treatment significantly reduces soil plasticity, yielding a 31
percent decrease in the plasticity index at a 7 percent polymer dosage after 7 days of curing,
primarily driven by liquid limit reduction while e plastic limit remains nearly unchanged,
likely due to localized polymer-induced stiffening within the soil matrix. Second, the
copolymer enhances soil workability and compaction efficiency, achieving a 6 percent
increase in maximum dry density and a 12 percent reduction in optimum moisture content,
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with the optimum compaction range identified between 5 and 7 percent polymer content.
Third, after decoupling the matric suction effects, the corrected unconfined compressive
strength peaks at 0.38 kilograms per square centimeter at a 7 percent polymer dosage after 7
days, representing a 1.31-fold strength increase over the untreated control. Beyond the 7
percent threshold, both compaction and strength characteristics decline due to polymer phase
saturation and mineral skeleton disruption. Ultimately, while BA-MMA copolymer emulsion
represents a highly effective low-carbon alternative for stabilizing unstable low-plasticity
fine-grained deposits, future research must assess the long-term durability of the polymer-soil
matrix under cyclic wet-dry conditions to ensure its field performance.
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