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This research study investigated the impact of dimethyl phthalate (DMP) on the
physical and mechanical properties of clay soil through experimental testing.
Additionally, the impact of hydrated lime and magnesium oxide on improving
the properties of clay soil was investigated. The contaminated soil was artificially
produced in the laboratory. Natural and contaminated soils were mixed with the
above agents at percentages of 5.0%, 10.0% and 15.0%, respectively. The
experimental test programme for this study comprised: Atterberg limits,
compaction, uniaxial compression tests (UCS) and scanning electron microscopy
(SEM). Samples for the UCS tests, both with and without additives, were
prepared using the static compaction method and tested at curing times of 7, 14
and 28 days. The results showed that, in general, the Atterberg limit, compaction
parameter (maximum dry unit weight) and UCS values for the contaminated soil
were lower than for the natural soil. The results also indicated a reduction in UCS
values for a mixture of contaminated soil and 10% hydrated lime or magnesium
oxide. A comparison of the final strength values of samples made from a mixture
of contaminated soil and 10% hydrated lime or magnesium oxide showed that the
strength was 34.4% and 63.8% lower than that of a mixture with 5% of these
additives at the same curing time. The E50 values were calculated from the stress-
strain curves of the different tests. Additionally, the SEM results showed that
changes in the properties of the mixture prepared from these agents and natural
or contaminated soil were due to a chemical reaction between the soil and the
additives.

Introduction

chemical additives such as lime and cement have
long been used due to their availability and

Improving the properties of clay soils
contaminated with organic pollutants is an
important issue in the fields of geotechnical and
environmental  engineering,  given  the
detrimental effects that these compounds have
on the soil's physical and mechanical properties.
DMP is one such pollutant that can harm the
environment due to its toxicity. There are many
methods for stabilising and improving the
behaviour of this type of soil. Among
conventional soil stabilisation techniques,

satisfactory performance in natural soils.
However, their effectiveness is reduced in soils
contaminated with organic compounds, as these
contaminants prevent pozzolanic reactions
between lime and clay minerals. Estabragh et al.
(2022; 2025) stabilised a clay soil contaminated
with glycerol using MgO and activated GGBS
with MgO. They reported that they had managed
to improve the behaviour of soil contaminated
with glycerol. Nasiri et al. (2025) investigated
the effect of hydrated lime on stabilising clay
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soil contaminated with crude oil. They
performed a number of tests with different
percentages of lime and curing times, and the
results were satisfactory. Other researchers, such
as Unluer and Al-Tabbaa (2011), Jin et al.
(2015), and Estabragh et al. (2024), have used
MgO as an additive to improve the properties of
various clay soils. They found that MgO can
improve soil properties and replace cement.The
main aim of this study is to compare the
performance of MgO and lime as sustainable,
innovative stabilisers for improving the physical
and mechanical properties of clay soil
contaminated with DMP. The effect of each
additive on the behaviour of the contaminated
soil was examined at different percentages of
additive and different curing times by
conducting a program of experimental tests.

Material and methods

A clay soil was purchased from a local supplier
and its physical and mechanical properties were
determined according to ASTM standards. The
grain-size distribution results revealed that the
soil was composed of 2% sand, 45% silt and 53%
clay. Based on the Atterberg limits and the grain
size distribution, the soil was classified as a low-

plasticity clay (CL) according to the USCS. The
specific gravity of the solids was found to be 2.7,
while the optimum moisture content and
maximum dry density of the natural soil were
found to be 17.88% and 16.94 kN/m3,
respectively.  X-ray diffraction  analysis
confirmed the presence of kaolinite and
montmorillonite minerals. Chemical tests were
performed on soil samples, and the results are
shown in Table 1.Contaminated soil was
artificially created in the laboratory by mixing
soil with 0.003 mg of DMP per kg of soil. Lime
and MgO were selected as additives. These
additives were used as stabilisers at percentages
of 5%, 10% and 15% 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. Samples for the UCS test
were prepared from these materials using static
compaction. UCS tests were conducted on the
samples at curing times of 7, 14 and 28 days, in
accordance with ASTM D1632-07. Scanning
electron microscopy (SEM) tests were
performed on the samples to examine
microstructural changes and the formation of the
soil and cementitious phases.

Table 1. Soil chemical characteristics

Chemical properties value

PH

EC (umhos/cm)

K* (meg/l)
CL™(meg/l)

S0~ (meg/l)
HCO3 (meg/l)

CoZ- (meq/l)

CaCos (meg/l)

Ca?* (meg/l)

Mg?* (meg/l)

Oc”

8.9
10.74
0.33
60

83

4

0.6
10.2
24

10
0.11%

Results and discussion

A total of Atterberg limit, compaction,
unconfined compressive strength (UCS) and
scanning electron microscopy (SEM) tests were

performed on samples of uncontaminated and
contaminated soil, as well as mixtures of these
soils with different percentages of additives,
according to the corresponding ASTM
standards.. The Atterberg results showed that
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DMP contamination decreased the liquid limit
from 48.3% to 44.48% and the plastic limit from
26.2% to 26.4%, while the plasticity index
decreased from 22.1% to 18%. Adding MgO and
lime to the both natural and contaminated soils
altered the consistency limits; the plastic limit
increased as the additive content increased.

The results of the standard compaction tests for
the natural and contaminated soils and the

Table 2. Compaction properties of samples containing lime and magnesium oxide

mixtures of these with different percentages of
magnesium oxide and lime are presented in
Table (2). According to Table (2), the maximum
dry unit weight and optimum moisture content
for the natural soil are 16.94 kN/m3 and 17.88%,
respectively, but for contaminated soil, these
values are 16.53 kN/m?3 and 18.5% respectively.

Sample Lime Magnesium Maximum dry unit weight water content (%)
(%) Oxide (%) (KN/m”3)
Natural soil 0 0 16.94 17.88
Contaminated soil 0 0 16.53 18.5
5 0 16.61 19.38
Natural Soil - lime 10 0 16.36 19.5
15 0 15.78 21.46
. 5 0 16.48 18.5
Contaminated —soil 0 16.03 19.4
mixed with lime
15 0 15.71 21.4
. 0 5 16.44 16.94
:Ztunr:lium oi(i)clile 0 10 16.22 16.59
g 0 15 16.13 16.21
Contaminated soil O 5 16.26 18.74
mixed with magnesium 0 10 16.20 18.45
oxid 0 15 16.01 17.38

Fig (1) shows the UCS results for natural and
contaminated soil. It is seen from this Figure that
the final strength of both soils is nearly the same
(about 141 kPa). As can be seen from this figure,
the final strength of both soils is almost identical
(approximately 141 kPa). Fig. 2 shows that
adding lime and MgO to natural soil increases its
final strength. The higher the percentage of
additives and the longer the curing time, the
higher the strength achieved. Comparing the
results for the two additives also shows that lime
is more effective than MgO at increasing the
strength of natural soil. The results of the study
on the effect of lime on the strength of
contaminated soil indicate that, for a given
percentage of lime, the increase in the final
strength of contaminated soil is less than that of
natural soil under the same conditions.
Surprisingly, the strength of stabilised

contaminated soil with 10% lime was lower than
that with 5% lime. This trend of variation in
strength is also seen in stabilised contaminated
soil with MgO, particularly at 10% of this
additive. This may be due to incomplete
hydration reactions and the formation of
cementing material, as the surface of some
particles is covered by DMP, preventing
reactions between the soil and the additives.
The SEM images in Fig. 3 indicate that DMP
altered the soil fabric by promoting edge-to-edge
and edge-to-face flocculation. In stabilised
samples, cementitious gel formation, such as
brucite and due to MgO (Fig. 3e), and CSH and
CAH, which are hydration products of lime,
reduced the wvoids in the natural soil.
Microstructural improvements were similar for
both stabilisers, but more pronounced in the 10%
lime samples, consistent with the strength
results.
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Fig. 1. Stress-strain diagram for natural soil and soil contaminated with dimethyl phthalate
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Fig. 3. SEM images of samples a) natural soil b) contaminated soil c) natural soil-lime d) contaminated soil-lime
e) natural soil-magnesium oxide f) contaminated soil-magnesium oxide

As shown in Fig (3-a), the natural soil exhibits a
flocculated structure, with very little space
observed between the particles. The soil particles
are positioned next to one another without any
chemical bonding.

Figure 3(b) illustrates the change in soil structure
after the addition of DMP. A comparison with
natural soil shows that the size of the void spaces
between the particles has changed. Adding DMP
to the soil causes the particles to stick together,
forming larger particles. As explained, the
dielectric constant of DMP is lower than that of
water. The lower dielectric constant of dimethyl
phthalatecontributes to the formation of a

flocculated structure, allowing the particles to
bond together and create larger particles. Fig (3-
c) shows the structure of the natural soil mixture
with 10% Lime. The addition of lime induces
pozzolanic reactions between the Ca*™ ions and
the silicates and aluminates that were released
from the clay, resulting in the formation of gels
such as CSH and CAH. These gels (see Figs 3-c
and d), cause the particles to adhere to each other
by increasing the curing time they are changed
to a cohesive and hardened that causes
increasing the strength of soil sample. Fig (3-d)
shows that in the soil contaminated with DMP,
the presence of this substance around the lime
particles hinders the hydration reactions between
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lime and clay particles. Consequently, the
formation of CSH and CAH gels is reduced,
leading to an increase in void spaces compared
to the natural-lime soil condition. Fig (3-e)
illustrates the addition of magnesium oxide to
the contaminated soil. As indicated, the space
between particles has increased in comparison
with the mixture of natural soil and MgO, which
is led to the reduction of strength.

Conclusion

The stabilisation of DMP-contaminated clay soil
using lime and magnesium oxide (MgO) was
evaluated through consistency, compaction,
uniaxial compressive strength (UCS) and
scanning electron microscopy (SEM) tests at
different curing times and percentages of
additives. DMP contamination changes the soil's
physical and mechanical properties. Both
additives improved the behaviour of the soil,
with strength increasing with the percentage of
additives and the length of the curing time. At a
given percentage of additives, stabilised natural
soil exhibited greater strength than contaminated
soil, likely due to chemical reactions between the
soil particles and the additives. Lime exhibited
superior performance to MgO, particularly at
higher concentrations and longer curing times.
The strength variation for contaminated soil at
5% additive is similar to that for natural soil, but
at 10%, the strength trend is lower than with 5%.
The SEM results confirmed that the
development of strength was associated with

microstructural densification and cementitious
bonding. Based on these findings, it can be
concluded that lime is an effective and
sustainable additive for stabilising DMP-
contaminated clay soils.Adding lime to natural
and contaminated soils decreases maximum dry
unit weight and increases optimum moisture
content during compaction. Additionally, the
inclusion of lime increases the strength of natural
soil and the E50 value. The extent of this
increase depends on the percentage of lime used
and the curing time. However, in the case of
contaminated soil, adding lime decreases its
strength.The addition of magnesium oxide to
natural soil alters its compaction characteristics,
resulting in a decrease in maximum dry unit
weight and optimum moisture content. However,
incorporating magnesium oxide into natural soil
enhances the strength and E50 values of the
samples. Comparing the strength changes in
contaminated and natural soils shows that
contaminated soil has lower strength and E50
values at fixed percentages and curing times.
Specifically, adding 10% magnesium oxide
reduces the strength of contaminated soil,
whereas adding 15% increases its strength.The
results of the SEM tests indicate that the
observed changes in the mechanical and physical
properties of natural and contaminated soil are
due to a series of chemical reactions. These
reactions are caused by the materials produced
during the various stages of hydration involving
the additive, the soil and the contaminant.
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Table 1. Physical and mechanical properties of clay soil

Parameter

value

Specific gravity of solids (Gs)

Liquid limit (LL) (%)
Plastic limit (PL) (%)
Plastic index (PI) (%)
Gravel (%)
sand ( %)
silt (%)
clay(%)

Maximum Dry unit weight (KN/m3)
(%) Percent optimum moisture content (Wopt)

Soil classification (USCS)

2.74

48.28
26.21
22.07
0
2
45
53
16.94
17.88

CL

Table 2. Soil chemical characteristics
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Chemical properties value
PH 8.9
EC

(umhos/cm) 10.74
K+
(meg/l) 0.33
CL™
(meqf/l) 60
S0z~
(meg/l) 8
HCO3 4
(meq/l)
Cog- 0.6
(megfl)
CaCoy
(meg/l) 10.2
Ca2+
(meqf/l) 24
2+
Mg 10
(meg/l)
Oc* % 0.11
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Table 3. Chemical properties of Dimethyl phthalate (Estabragh et al., 2023)

Characteristic value
Color Colorless
Molecular mass 194.18 g/mol
Density 1.189 g/cm?®
Melting point 2°C
Boiling point 284°C
Octanol-water partition coefficient log P=1/60
Dielectric constant 8/66
Viscosity (25°C) 1712
Solubility in water 4000 mg/l
! . ‘T’T
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Table 4. Properties of ethanol

Characteristic value
Chemical formula C2HsOH
Density (20°C ) 0.8 gricm?®
Boiling point 78-79°C

pH <10
Solubility Miscible
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Table 5. Lime specifications (Ansar Shourijeh et al., 2023)

Characteristic value
Specific gravity of solid particles (Gs) 2.75
Sand (%) 14
Silt (%) 37
Clay(%) 49
Liquid limit (LL) 88
Plastic limit (PL) 31
Plastic index (PI) 57
Acidity (pH) 10
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Table 6. Physical and chemical properties of magnesium oxide (Estabragh et al., 2022)

Characteristic

value

Molar mass
Density
Specific surface area
Particle size
Solubility

40.30 g/mol
3.58 g/cm3
300-250 m?/g
< 20um
0.0086 g/100mL
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Table 7. Atterberg limits of samples containing lime and magnesium oxide

. Magnesium Oxide Liquid Limit Plastic Limit Plasticity
Sample Lime (%) %) %) %) Index(%)
Natural soil 0 0 48.3 26.2 22.1
Contaminated soil 0 0 44.48 26.47 18.01
5 0 46.59 30.1 16.49
Soil - lime 10 0 48.24 31.6 16.63
15 0 48.45 32.6 15.85
. L 5 0 45,57 31.9 12.82
Contam_lnatgd soil mixed 10 0 48.13 3275 1538
with lime
15 0 48.45 33.07 14.44
0 5 62.76 31 31.76
Soil - magnesium oxide 0 10 54.5 32.01 22.49
0 15 53.02 33.35 19.67
) - 0 5 50 29.8 20.1
Cc_mtamlnate(_:l soil mlxed 0 10 495 315 18
with magnesium oxide
0 15 49.16 31.69 17.47
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Table 8. Compaction properties of samples containing lime and magnesium oxide

Sample Lime  Magnesium Oxide Maximum dry unit weight water content (%)
(%) (%) (KN/m”3)
Natural soil 0 0 16.94 17.88
Contaminated soil 0 0 16.53 18.5
5 0 16.61 19.38
Natural Soil - lime 10 0 16.36 195
15 0 15.78 21.46
5 0 16.48 18.5
Contam.lnatgd soil mixed 10 0 16.03 194
with lime
15 0 15.71 21.4
Natural Soil - magnesium 0 > 16.44 16.94
e g 0 10 16.22 1659
0 15 16.13 16.21
_ o 0 5 16.26 18.74
Cor?tamlnated.son m|>.<ed 0 10 16.20 18.45
with magnesium oxid
0 15 16.01 17.38
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Table 9. Production process of magnesium oxide carbonation products (Cai and Liu., 2017)

MgO + H,0 = Mg(OH);

Brucite

Mg(OH), + CO, + H,0 = MgCO3,3H,0

Nesquehonitw

Mg(OH); + CO2 + H20 = Mgs(CO3)4,5H20 Dypingite

5Mg(OH); + 4CO; = Mgs(CO3)4(OH)2,4H,0 | Hydromagnesite
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Table 8. Values of stress and strain for-mixture soil-samples with lime and magnesium oxide at different curing times

Sample Lime Magnesium Curing time Axial strain (%) Compressive strength

(%) Oxide (%) (days) (kPa)

Natural soil 0 0 0 2.8 141
Contaminated soil 0 0 2.9 139
7 2.7 541

14 2.75 720

> 0 28 25 860

7 2.1 558

Natural Soil - lime 10 0 14 2.4 835
28 2.64 906

7 4 580

15 0 14 4 891
28 4.1 1070

7 3 345

14 2.65 245

S 0 28 4 542

Contaminated soil mixed ! 32 170
with lime 10 0 14 26 138
28 2.7 173

7 25 193

15 0 14 245 243

28 2.45 258

7

1.6 195

0 > ;g 2 339

1.25 364

Natural Soc;(lild-emagnesmm 174 23 397
0 10 28 2.3 487

1.95 490

7 1.95 499

0 15 14 2.05 530

28 2.7 585

174 2.9 118

0 5 )8 25 191

1.8 145

. L 7

Contaminated soil mixed 14 2 59

with magnesium oxid 0 10 28 2.8 69
0.75 146

7 3 420

0 15 14 2.2 443

28 2.7 585
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