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ABSTRACT

This study investigates the geotechnical improvement potential of
bentonitic clay using recycled glass powder without the application of any
chemical activator. For this purpose, soil-glass powder mixtures
containing 3, 6, 9, 12, and 15% glass powder by dry weight of soil were
prepared. Atterberg limits, standard compaction, direct shear, and CBR
tests were conducted without considering curing time, whereas unconfined
compressive strength and consolidation tests were performed after curing
periods of 7, 28, and 60 days. In addition, SEM/EDS analyses were
carried out to examine changes in the soil microstructure. The results
showed that adding glass powder up to 12% significantly improved the
engineering behavior of the soil, reducing the optimum moisture content
by 13.3% and increasing the maximum dry density by 3.5%. At this
dosage, cohesion and internal friction angle increased by 14.7% and
35.7%, respectively, while the CBR value improved by 37%. Moreover,
the unconfined compressive strength of the sample containing 12% glass
powder after 60 days of curing was 140% higher than that of the
untreated sample. The compression index also decreased with increasing
glass powder content and curing time, indicating improved settlement
behavior. SEM/EDS results further revealed reduced porosity, enhanced
matrix continuity, and the formation of silica/alumina-rich gel-like
products. Overall, short-term soil improvement was mainly attributed to
filler and particle interlocking effects, while long-term improvement
resulted from the gradual formation of bonding gels. Therefore, recycled
glass powder can be considered an effective, low-cost, and
environmentally friendly option for the improvement of clayey soils.
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Introduction

Bentonitic clay is widely recognized as a
problematic geomaterial in  geotechnical
engineering due to its high plasticity,
pronounced swelling—shrinkage behavior, high
compressibility, and relatively low shear
strength. These adverse characteristics often
result in excessive settlement, reduced bearing
capacity, and instability in foundations,
embankments, and pavement subgrades.
Conventional stabilizers such as lime and
ordinary Portland cement have long been
employed to improve weak clayey soils;
however, their widespread use is increasingly
guestioned  because of high energy
consumption, significant carbon emissions,
and associated environmental impacts. In
response, growing attention has been directed
toward sustainable and low-carbon alternatives
derived from industrial and municipal waste
streams. Among these, recycled glass powder
(RGP) has emerged as a promising candidate
because of its high amorphous silica content,
broad availability, and potential reactivity.
Nevertheless, most existing studies have
examined RGP in conjunction with alkaline or
chemical activators. The present study
investigates the feasibility of using RGP alone,
without any chemical activator, to enhance the
geotechnical performance of bentonitic clay
under natural curing conditions.

Methodology

To evaluate the stabilizing potential of
RGP, bentonitic clay was amended with 3, 6,
9, 12, and 15% RGP by dry weight of soil. A
comprehensive laboratory testing program was
designed to assess the influence of additive
content and curing duration on the physical,
mechanical, and microstructural behavior of
the treated soil. Index and compaction
properties were determined through Atterberg
limits and standard compaction tests. Shear
strength and bearing performance were
evaluated using direct shear and California
Bearing Ratio (CBR) tests, while Unconfined
compressive strength (UCS) tests were
conducted to quantify the evolution of
compressive strength with curing time.

Consolidation tests were also performed
to examine changes in compressibility and
swelling-related behavior. To capture the time-
dependent nature of the stabilization process,
specimens were tested after 0, 7, 28, and 60
days of curing. In addition, scanning electron
microscopy (SEM) and energy-dispersive
spectroscopy (EDS) analyses were carried out
to characterize changes in soil fabric and to
identify possible reaction products responsible
for the observed improvements.

Results and Discussion

The results demonstrated that RGP
markedly improved the engineering properties
of bentonitic clay up to an optimum content of
12%. At this dosage, the optimum moisture
content decreased by 13.3%, whereas the
maximum dry density increased by 3.5%,
indicating more favorable  compaction
characteristics. This behavior can be attributed
to the partial replacement of fine clay particles
with rigid, non-plastic glass particles, which
reduced water demand and promoted denser
particle packing. Mechanical performance also
improved significantly. At 12% RGP,
cohesion increased by 14.7%, the internal
friction angle by 35.7%, and the CBR value by
37%, reflecting enhanced shear strength and
bearing capacity. The UCS results exhibited a
clear curing-dependent trend, with strength
increasing progressively over time and
reaching up to 140% above that of the
untreated soil after 60 days. This substantial
gain suggests that the role of RGP extends
beyond immediate physical modification and
includes longer-term physicochemical
interactions. Consolidation testing further
revealed a reduction in the compression index
Cc and a slight decrease in swelling tendency,
indicating improved volumetric stability. SEM
observations indicated a denser, more
homogeneous matrix with reduced pore space,
and the SEM/EDS results were consistent with
the possible  formation of secondary
aluminosilicate gel-like phases; however,
definitive  phase identification  requires
complementary tests (e.g., XRD and FTIR).
Collectively, these findings indicate that
improvement occurred through a combined



mechanism involving short-term filler and
interlocking effects and longer-term gel
formation. At 15% RGP, however, the
improvement trend diminished, likely due to
the excessive presence of non-cohesive glass
particles.

Conclusion

This study confirms that recycled glass
powder can serve as an effective, low-cost,
and environmentally sustainable stabilizing
agent for bentonitic clay without the use of
chemical activators. Among the tested
mixtures, 12% RGP vyielded the most
favorable overall performance in terms of
compaction, strength, bearing capacity, and
compressibility. The observed improvements
were governed by a dual mechanism
comprising immediate physical densification
and gradual formation of binding gel phases
during curing. These results highlight the
potential of RGP as a viable alternative to
conventional stabilizers and support its
application in sustainable ground improvement
and waste reutilization strategies.
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Spectra: SMPLE S-0-EDS A.spx

eV
Element Series unn. C norm. C Atom. C
0+
[wt.-% [wt.-%] at.-
a Fe M@ Oxygen K series 39.18 59.23 72.45
94 KO Na Al B Kica Fe
Sodium K series 0.89 1.35 1.15
Magnesium K series 1.52 2.29 1.85
0 Aluminium K series 4.85 7.33 5.32
n K 15.14 2.88 1 )
ll hlorir K seri 1.93 2.92 1.61
' - \ : AL, S - Potassium K 0.03 05 ).02
2 4 10
alcium K seri 1.32 1.99 0.9
cpsleV Spectra: SMPLE SG12-60-EDS B.spx
T Element Series unn. C norm. C Atom. C
[wt.-%] [wt.-%] [at.-%]
1 Ca Mg =i ¢ ’ ad
O Na A (] Ca Oxygen K series 42.36 65.31 77.10
4 Sodium K series 3.97 6.11 5.00
4 Magnesium K series 0.59 0.92 0.71
5] Aluminium K series 1.95 3.0C 2.09
Silicon K series 10.8 6.73 11.26
5 ‘l A Chlorine K series 1.08 1.67 0.88
o= T T T T
0 2 4 6 10 3 >
- Calcium K series 4.06 6.25 2.92
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17- Scanning Electron Microscope
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18- Energy-Dispersive X-ray Spectroscopy
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