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1- Introduction

The interaction between clay soils and contaminated
matter is higher in comparison to granular soil due to their
high specific surface area and cation-exchange capacity.
Phenol is one of the organic pollutants that can harm the
environment due to its toxicity. It is an aromatic compound
with one hydroxyl group attached to a benzene ring.
Phenol is very soluble in water and many organic solvents,
and its mobility is high. As a result, phenol can easily enter
the soil and groundwater as an organic pollutant.
Therefore, the stabilization of soils contaminated with
phenol is considered one of the important challenges in
geotechnical and environmental engineering.

Among conventional soil-stabilization techniques,
chemical additives such as lime and cement have long been
used due to their availability and acceptable performance
in ordinary soils. However, their efficiency decreases in
soils contaminated with organic compounds, as such
contaminants prevent pozzolanic reactions between lime
and clay minerals. Additionally, cement production
involves high energy consumption and significant CO,
emissions, making it environmentally unsustainable. In
recent years, ground granulated blast-furnace slag (GGBS)
has gained attention as an eco-friendly alternative additive.
Chemical activation of GGBS with magnesium oxide
(MgO) leads to the formation of cementitious products
such as calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H), which can strengthen soil
structure and mitigate the adverse effects of organic
contamination.

The main aim of this study is to compare the
performance of lime and MgO-activated GGBS as
sustainable and innovative stabilizers for improving the
physical and mechanical behaviors of phenol-
contaminated clay soil. The effect of each additive on the

behavior of the contaminated soil was compared for
different additive percentages and curing times through a
series of experimental tests.

2- Materials and Methods

A clay soil was collected from a local source, and its
physical and mechanical properties were determined
according to ASTM standards. The results of grain size
distribution revealed that the soil was composed of 3%
sand, 65% silt, and 32% clay. Based on Atterberg limits
and grain size distribution, it was classified according to
the USCS as a low-plasticity clay (CL). The specific
gravity of solids was 2.7, while the optimum moisture
content and maximum dry density of the natural soil were
17% and 18 kN/m3, respectively. X-ray diffraction (XRD)
analysis confirmed the presence of kaolinite and
montmorillonite minerals. The chemical tests were
performed on the soil samples and chemical compositions
of it are shown in Table 1.

Table 1 - Chemical Properties of Soil

No. Characteristic Value
1 pH 7.96
2 EC (dS/m) 2.62
3 SO,42™ (meqg/l) 6.8
4 CI~ (meg/l) 10
5 HCO3™ (meg/l) 12.5
6 Caz* (meg/l) 9.89
7 Na* (meg/l) 17.1
8 Mg?* (meg/l) 0.95
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Contaminated soil was artificially made in laboratory
by mixing the soil by 2000 ppm phenol with purity more
than 99%. Lime and activated GGBS with MgO by ratio
of 3 (GGBS): 1 (MgO). These additives were used as
stabilizers at percentages of 4%, 7%, and 10% by dry
weight. The natural or contaminated soil was mixed with
these additives by hand. Atterberg limits and standard
Proctor compaction tests were performed on these soil
mixtures. The samples for UCS test were prepared from
these materials by static compaction. UCS tests were
conducted on samples at curing times of 7, 14, and 28 days
according to the ASTM D1632-07. Scanning electron
microscopy (SEM) tests were performed on the samples to
examine microstructural changes of soil and cementitious
phase formation.

3- Results and Discussion

A total of 14 Atterberg limit tests, 14 compaction tests, 114
UCS tests, and 6 SEM tests were performed on samples of
uncontaminated and contaminated soils, as well as their
mixtures with different percentages of additives, according
to the corresponding ASTM standards. A comparison of
the Atterberg results of contaminated soil with natural soil
shows that the Atterberg limits increased with the addition
of phenol. The results showed an increase of 2% and 3%
in the LL and PL, respectively, but a 1% reduction was
observed in the PI. It was observed that by adding lime and
MgO-GGBS to both natural and contaminated soils, the
Atterberg limits changed, with the PL increasing as the
percentage of additives increased. The results of standard
compaction tests on natural and contaminated soils with
different percentages of additives are presented in Table 2.
As shown in this table, compared to natural soil, the
contaminated soil exhibited an increase in optimum
moisture content and a decrease in maximum dry unit
weight. The results also indicated that the effect of lime
and activated GGBS caused both a decrease and an
increase in the values of maximum dry unit weight and
optimum water content, respectively, for both soils.
Therefore, the higher the percentage of additives, the
greater the changes in the compaction parameters.

The stress-strain curves for natural and contaminated
soils are shown in Fig. 1. The results show that adding
phenol to the soil caused a reduction in strength of about
70%.

As shown in Fig. 2, the addition of lime or activated
GGBS resulted in the cementation of soil particles, which
increased the strength of the soil. The results indicated that
the increase in strength and improvement of natural and
contaminated soils are a function of curing time and the
percentage of additives used. A comparison of the results
showed that the additives used were more effective in
increasing the strength of contaminated soil compared to
natural soil, particularly at 7% and 10% additive levels.
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Fig 1 - Stress-Strain Curves of Natural and
Contaminated Soil
Table 2 - Standard Compaction Test results
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Lime 10 19.2 | 21 16.1 | 15.9
MgO-GGBS 4 16 | 20 | 17.3 | 164
MgO-GGBS 7 16.8 | 205 | 17 | 16.2
MgO-GGBS 10 19.1| 214 | 165 16

SEM images indicated that phenol altered the soil
fabric by promoting edge-to-edge and edge-to-face
flocculation. In stabilized samples, the formation of
cementitious gel and reduced voids were observed.
Microstructural improvements were similar for both
stabilizers but more pronounced in MgO-GGBS samples,
which is consistent with strength results.
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Fig 2- Comparison of the Ultimate Strength of
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Additives

4- Conclusion

The stabilization of clay soil contaminated with phenol
using different percentages of lime and activated GGBS
was investigated through a series of tests, including
consistency, compaction, UCS, and SEM. Based on the
experimental results, the following conclusions can be
drawn:

1)

2)

3)

4)

Phenol changes the physical and mechanical properties
of the soil, particularly its strength.

Both additives improved the strength of natural and
contaminated soils, and this improvement depends on
the percentage of additives and curing times.

At the same percentage of additives and curing time,
the strength of contaminated soil improved more than
that of natural soil. A comparison of the results showed
that the effect of activated GGBS was more effective
than lime in improving both soils, particularly at higher
percentages of additives and longer curing times.
SEM results confirmed that the increase in strength and
improvement in soil behavior were due to the chemical
interaction between the soil and additives.
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Comparison of the Effect of Lime Additives and Magnesium Oxide-Activated GGBS in
Stabilizing a Clay Soil Contaminated with Phenol

Meysam Garshasbi Ali Raeesi Estabragh Jamal Abdollahi Ali Beik Gholamali Vakili

Abstract Soil stabilization of clay soils contaminated with organic pollutants is a significant challenge in geotechnical
engineering and environmental engineering due to the detrimental effects of these compounds on the physical and
mechanical properties of soil. In this study, the stabilization of a natural clay soil contaminated with phenol at the
concentration of 2000 ppm was investigated by using lime and ground granulated blast-furnace slag (GGBS) activated
with magnesium oxide (MgO) as additives. The stabilization process was evaluated through conduction a number of
experimental tests on samples of both mixture natural and contaminated soils with 0%, 4%, 7%, and 10% of the above
additives. Atterberg limits and compaction tests were conducted, and additionally, uniaxial compressive strength tests
were performed on the prepared samples at curing times of 7, 14, and 28 days. The results showed that the additives
caused changes in the Atterberg limits and compaction parameters (maximum dry unit weight and optimum moisture
content), and also increased the strength of samples. The results showed that the increase in strength was a function of
the percentage of additives and curing time. Furthermore, a comparison of the strength results revealed that the strength
of the stabilized contaminated soil, at a given percentage of additives and curing time, was higher than that of the
stabilized natural soil. Comparing the strength results between two additives showed that the using of activated GGBS
was superior to that of lime at a given percentages and curing times in the stabilization of contaminated soil. SEM results
indicated that the increase in strength was due to the chemical interaction between soil and additives.

Key words Stabilization, Clay Soil, Contaminated Soil, Phenol, Lime, GGBS, MgO.
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