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Chemical stabilization is a widely used method for improving the engineering properties of
clayey soils. Conventional stabilizers such as cement and lime are effective but costly and
environmentally less sustainable. The use of industrial byproducts with pozzolanic activity
provides a promising and eco-friendly alternative. This study investigates the combined effect
of Type II Portland cement and sodium silicate waste (SSW) on the geomechanical and
microstructural behavior of clayey soil. Laboratory tests, including Atterberg limits,
compaction characteristics, unconfined compressive strength (UCS), and scanning electron
microscopy (SEM), were conducted on untreated and stabilized specimens. Soil samples were
treated with 2—-8% cement and 2—-8% SSW and cured under standard conditions. Results show
that SSW significantly enhances soil performance. The plasticity index decreased from 16.1%
for untreated soil to 6.4% in the 8% cement + 8% SSW mixture. Compaction tests indicated
a reduction in maximum dry density and an increase in optimum moisture content due to
particle refinement and filler effects. UCS values increased considerably with curing time,
reaching 3649 kPa for the 8% cement + 8% SSW mixture after 42 days, a 14.6-fold increase
over untreated soil and 22% higher than cement-only treatment. The 6% cement + 6% SSW
mixture achieved 3420 kPa, offering a more cost-effective option. SEM analysis confirmed
enhanced bonding and reduced porosity through the formation of C-S-H and C-A-S-H gels.
Overall, the combined use of cement and sodium silicate waste provides an efficient,
economical, and environmentally sustainable approach for improving the strength, durability,

and plasticity of clayey soils.

Cite this article: Jalilvand, Mohammad Mahdi., Jahanian, Homayoun., & Azadi, Mohammad. (2026) Mechanical and
Microstructural Performance of Clayey Soil Stabilized with Cement and Sodium Silicate Waste (SSW). Advanced

Modeling in Civil Engineering, 3(1),189-212

© The Author(s).
BY NC DOI:10.22126/amcen.2026.14016.1091

DOI:10.22126/amcen.2026.14016.1091

Publisher: Razi University



https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000

Advanced Modeling in Civil Engineering, Volume 3, Issue 1, 2026 ... 190

Introduction
Clay soils, characterized by high plasticity and sensitivity to moisture, present significant

challenges in geotechnical engineering due to low bearing capacity and shrink-swell behavior.
While traditional stabilization using lime and Ordinary Portland Cement (OPC) effectively
improves mechanical properties like unconfined compressive strength (UCS) and stiffness,
the cement industry's high CO- emissions and production costs necessitate the search for
sustainable alternatives. Sodium silicate (SS) has emerged as a promising alkaline activator
that enhances soil bonding and reduces deformability through geopolymerization and the
formation of silica gels. However, the energy-intensive production of commercial SS limits
its sustainability. Consequently, utilizing sodium silicate waste (SSW) an industrial
byproduct offers an eco-friendly and cost-effective alternative. SSW contains pozzolanic
phases such as zeolites, which react with cementitious compounds to form C-S-H and C-A-S-
H gels, thereby enhancing soil stability while reducing cement reliance. Research indicates
that combining cement with sodium silicate or industrial byproducts significantly improves
uniaxial compressive strength, shear strength, and the California Bearing Ratio (CBR)
compared to pure cement stabilization. Specifically, the pozzolanic activity of zeolites in SSW
helps modify soil mineralogy, reducing swelling potential and increasing durability. Given
the global shift toward alkali-activated materials (AAMs) to reduce carbon footprints,
valorizing SSW aligns with green geotechnical engineering practices. This study investigates
the effectiveness of SSW as a partial substitute for Type II Portland cement in stabilizing clay
soils. The research focuses on improving UCS, reducing plasticity, and optimizing
compaction behavior. By integrating mechanical testing with microstructural analyses (e.g.,
SEM), this work aims to provide novel insights into the mechanisms of soil improvement
using industrial SSW as a sustainable and economical stabilization strategy.

Method

In the present study, a comprehensive investigation was conducted to evaluate the influence
of cement and sodium silicate waste on the mechanical behavior and strength characteristics
of stabilized clayey soil, employing the Unconfined Compressive Strength (UCS) test as the
primary evaluative tool. The experimental procedure commenced with the determination of
the optimum moisture content (OMC) and maximum dry density for each specific mixture—
including the untreated pure clay and clay blended with varying proportions of cement and
sodium silicate waste—through a series of standard compaction tests.

To ensure a homogeneous distribution of the stabilizing agents within the soil matrix, the
components were subjected to a rigorous manual mixing process for a duration of °minutes,
thereby eliminating any potential agglomerations and ensuring a uniform mixture. A critical
adjustment was made during the preparation phase to optimize the incorporation of sodium
silicate waste: to minimize energy dissipation and maintain the precision of the water-to-
binder ratio, the inherent moisture content of the waste was meticulously accounted for and
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subtracted from the calculated optimum moisture content. This approach facilitated the direct
integration of the sodium silicate in its plastic (paste) form, ensuring better compatibility with
the soil.

The resulting stabilized mixtures were then compacted into cylindrical metal molds, with
dimensions of 50 mm in diameter and 100 mm in height, using a systematic four-layer
compaction method. To mitigate the risk of interlayer discontinuity and enhance the overall
structural integrity of the specimen, the surface of each compacted layer was lightly scratched
with a pointed tool before the application of the subsequent layer. Immediately following the
compaction process, the specimens were carefully demolded, and their precise weight and
geometric dimensions were recorded to calculate the exact bulk density.

To safeguard the specimens against moisture evaporation and premature drying, they were
hermetically wrapped in multiple layers of cling film. These specimens were then stored under
strictly controlled laboratory conditions. The curing process was carried out for predefined
intervals of 7, 14, 28, and 42 days at a constant ambient laboratory temperature, maintaining
the initial moisture conditions to accurately assess the time-dependent strength gain of the
stabilized soil.

Results

The combination of cement and sodium silicate waste (SSW) significantly enhanced the soil's
physical and mechanical behavior. The plasticity index (PI) dropped from 16.1% to 6.4% in
the 8%C/8%SSW mixture, while compaction tests revealed that blended mixtures yielded the
highest maximum dry density (MDD). Mechanical testing showed a substantial increase in
UCS, with the 8%C/8%SSW mixture peaking at 3648.94 kPa after 42 days due to the
formation of dense C-S-H and C-A-S-H gels via pozzolanic reactions. Additionally, SSW
moderated the brittleness induced by cement, increasing failure strain from 0.5% to 1% and
promoting semi-ductile behavior. SEM imaging validated these results, revealing that SSW
particles serve as fillers and reactive agents that bond the soil matrix into a dense, continuous
network, thereby improving overall stability and long-term durability.

Conclusions

The results from UCS tests, chemical analyses, and SEM imaging collectively confirm that
the synergistic use of cement and sodium silicate waste (SSW) significantly enhances the
stabilization of clayey soils. The most notable outcome was achieved with a mixture of 8%
cement and 8% SSW, which reached a UCS of 3649 kPa after 42 days, approximately 14.6
times higher than untreated soil and 22% higher than 8% cement alone. This improvement is
attributed to pozzolanic reactions between cement-derived calcium and reactive phases in
SSW (such as analcime and anorthite), leading to the formation of dense C-S-H and C-A-S-
H gels .Beyond strength, the incorporation of SSW shifted the failure mode from brittle to
semi-ductile, increasing failure strains from 7% to 9% and lowering the normalized ductile
index (NDI), which improves energy absorption and deformation tolerance. From a practical
and environmental standpoint, SSW allows for a reduction in cement consumption; for
instance, a 6% cement and 6% SSW blend outperformed an 8% cement-only mixture. SEM
observations further validated these findings, revealing reduced porosity, denser matrices, and
enhanced particle bonding .In conclusion, combining cement with SSW provides an optimal
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balance between strength gain and ductility. This approach offers a technically viable, cost-
effective, and sustainable strategy for stabilizing expansive clays by reducing cement reliance
and valorizing industrial by-products.
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