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Clay soils typically have low strength and a high swelling percentage. They are
considered as problematic soils in Civil Engineering projects. This research study
examined the effects of magnesium chloride (MgCl;) solution on the clay soil
improvement through conducting laboratory experiments. The experimental
program included Atterberg limits, compaction, swelling, unconfined
compression strength (UCS) and Scanning Electron Microscopy (SEM) tests.
Available clay soil in the Lab was mixed with MgCl, solution at weight
percentages of 3%, 5%, 7% and 10% Samples for the swelling and strength tests
were made using thestatic compaction method. The moisture and dry unit weight
of the prepared samples were the same as those of thecorresponding compaction
curves. The strength test results showed that the final strengths of the samples
with 3% MgCl, at 7-, 14-, and 28-day curing times were 1401, 2018, and 1848
kPa, respectively. The results also showed that a reduction in strength of the
samples occurred with more than a 3% solution of MgCl, . For samples with 10%
MgCl; solution, the strength decreased until 14 days of curing time, but increased
thereafter. Additionally, the results indicated that the reduction in swelling
percentage compared to natural soil was 4.95%, 3.98%, 2.8%, and 3.9% for
samples with 3%, 5%, 7%, and 10% MgCI, , respectively, showing that the
reduction in swelling depends on the MgCl, percentage. Additionally, the SEM
results showed that the improvement in the soil was due to chemical reactions
between the soil and MgCl, .

Introduction

incorporating reinforcement inclusions into soil
is an effective and reliable way to improve its

Clay soils are considered problematic for
construction projects due to their low bearing
capacity, strength, permeability,
compressibility, and tendency to swell. Several
methods can be used to stabilize soils. These
methods can be categorized as mechanical or
chemical. Reinforcement is a widely used
mechanical method in geotechnical engineering
for constructing road and railway embankments,
stabilizing slopes, and improving soft ground.
Reinforced soil is a composite construction
material whose strength is enhanced by the
addition of reinforcement. In  general,

engineering properties. Estabragh et al. (2011b)
used randomly reinforced soil to improve the
properties of clay soil, stating that this method is
suitable for soil improvement. Chemical
stabilization involves adding agents, such as
lime, cement, or fly ash, to natural soil to
produce new cementitious materials that
enhance the soil's engineering properties. The
quantity of the agent used depends on various
factors, such as the percentage of clay, the type
of clay minerals, the percentage of organic
matter in the soil, and the curing time.
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Researchers such as Bell (1996) and Little and
Nair (2009) used lime and cement as additives to
improve the behavior of clay soils. They
reported that their results were acceptable.
Recently, researchers such as Estabragh et al.
(2022) used MgO to stabilize a clay soil due to
its advantages over cement. They found that its
effect on stabilization is acceptable compared to
cement and lime. Latifi et al. (2015) and Turkoz
et al. (2014) used MgCl, solutions to stabilize
clay soils. They found that this solution
improves the behavior of expansive soils. A
review of the literature shows that investigations
into the effects of MgCl, solutions on stabilized
clay soils are relatively rare. Therefore, this
study focused on examining the behavior of clay
soils mixed with different percentages of
MgCl, solution and curing times through
various tests.

Material and methods

A set of experimental tests was conducted to
study the effects of different percentages of
MgCI, solution on the physical and mechanical
behaviors of a clay soil with low plasticity (CL)
at different curing times. The soil was mixed
with 3%, 5%, 7%, and 10% MgCIl, solution.
The tests included the Atterberg limits,
compaction,  swelling, and  unconfined
compressive strength (UCS). According to
ASTM standards, these tests were conducted on
samples of natural and mixed soils with different
percentages of MgCl, solution. Additionally,
scanning electron microscopy (SEM) tests were
conducted on samples of natural and mixed soils
with MgCl, at different curing times.The SEM
test was conducted to obtain more information
about the microstructure of soil under different
conditions (natural and mixed with different
percentages of MgCl, at various curing times).
The soil samples were formed using the static
compaction method in special molds with a
loading machine. The water content and dry unit
weight of the prepared samples corresponded to
their respective compaction curves. The
dimensions of the mold used to prepare the

samples for swelling tests were the same as the
ring of the oedometer. The mold used for
preparing the UCS (unconfined compressive
strength) samples had a diameter of 50 mm and
a length of 100 mm. Free swelling tests
continued until swelling reached a constant
value.Swell potential is defined as the maximum
swelling that can be achieved by the sample. The
swelling pressure was determined using the
consolidation method. Loading continued until
deformation reached zero, which was exactly the
initial height of the sample. For the UCS tests,
the loading rate was set to 1 mm/min. Loading
continued until sample failure was achieved, and
the load value was continuously recorded. Each
of the aforementioned tests was repeated three
times, and the average results were presented as
the final results.

Results and discussion

The Atterberg limits (LL, PI, and PI) results
for the natural soil and the soil mixtures with 3%,
5%, 7%, and 10% MgCl, solutions are
presented in Table 1. As shown in the table, the
values of the Atterberg limits generally decrease
with an increase in the percentage of MgCl, .
Table 2 shows how the compaction parameters
(maximum dry unit weight and optimum water
content) change with increasing percentages of
MgCl, . As shown in Table 2, there is no
specific trend in the variation of the optimum
water content as the percentage of MgClI,
increases. However, it causes an increase in
maximum dry unit weight. Figures 1 and 2 show
the free swelling and swelling pressure values
for natural soil and soil mixed with different
percentages of MgCl, . As shown in Fig. 1, the
free swelling values were 8.9% for natural soil
and 4.95%, 3.98%, 2.8%, and 3.99%,
respectively, for mixtures of soil with 3%, 5%,
7%, and 10%. A similar trend is seen in Fig. 2.
These figures show that free swelling and
swelling pressure both decrease as the
percentage of MgCl, increases. Figure 3 shows
the variation in final strength for different
percentages of MgCl, at curing times of 7, 14,
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and 28 days. As shown in the figure, the final
strengths of the samples with 3.0% MgCl, at
curing times of 7, 14, and 28 days were 1401,

Table 1. Results of Atterberg Limits Tests

2018, and 1848 kPa, respectively. These strength
values show that strength increases until day 14,
then decreases with increasing curing time.

P1% PL% LL% Sample

11.3 20.7 32 Soil

11.1 20.2 313 Soil + MgCl2 3%
11 20 31 Soil + MgCl2 5%

10.7 19.3 30 Soil + MgClz2 7%

10.6 19.3 29.9 Soil + MgCl2 10%

Table 2. Results of Compaction tests

Maximum Dry unit weight, Optimum water Sample
(KN/m?) Content (%)
17.81 16 Soil
17.51 155 Soil + MgCl2 3%
17.59 15.2 Soil + MgCl2 5%
17.59 15 Soil + MgCl2 7%
18.1 144 Soil + MgCl2 10%
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Fig. 3. Ultimate strength for natural soil and soil mixed with different weight percentages of MgCl, at different
curing times

SEM results (Fig. 4) also indicate that natural between the soil particles and the MgCI,
soil structures differ from those of soil mixtures solution.

with various percentages of MgCl, . This

difference is likely due to the interaction
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Fig. 4. Scanning electron microscopy (SEM) images are at the scale of 20x20 um for natural soil and mixed soil
with different weight percentages of MgCl; (a) natural soil, (b) 3%, (c) 5%, (d) 7% and (e) 10%

The change in soil behavior depends on many
factors, such as changes in the initial soil
structure. This can be explained by the diffuse
double layer (DDL). The DDL is a thin layer of
water around soil particles. Reducing the
thickness of this layer causes flocculation in the
soil structure (Mitchell and Soga, 2005). In a
flocculated structure, particles adhere to each
other, forming coarser particles and reducing the
specific surface area compared to natural soil.
Under these conditions, the capacity to absorb
water decreases, resulting in a reduction in
Atterberg limits values (see Table 1). However,
these changes result in a reduction in Atterberg
limits and swelling potential and an increase in
maximum dry unit weight in compaction tests.
This is due to an increase in the degree of
flocculation of the soil and a reduction in the
particles' specific surface area. As seen in Fig. 3,
variations in strength are a function of curing
time and the percentage of MgCl, . A solution
of MgCl, contains Mgz* and CI~ ions. The
Mg?* ion reacts with the OH™ ion to produce
Mg(OH),, which is called brucite. Brucite reacts

with CO, and water to produce nesquehonite
(MgCOs;, 3H,0), hydromagnesite (4MgCOs,
Mg(OH),, 4H,O), and dypingite (4MgCOs,
Mg(OH),, 5H,0). Yi, Liska, and Al-Tabbaa
(2014) stated that nesquehonite produces higher
strength than the other products (hydromagnesite
and dypingite) during the carbonation process.
These materials have an important effect on the
strength of soil samples. Increasing the amount
of MgCl, increases the amount of these
materials, but their effect on strength is not the
same. Water and CO, play an important role in
the formation of these materials. The results
show that an increase in strength is seen with 3%
MgCl,, but the opposite is observed with 5%,
7%, and 10%. It can be concluded that MgCl,
has a high potential for absorbing water, and at
these percentages, the water content is
insufficient for forming cementitious materials,
resulting in a reduction in strength.

Conclusion
The Mg?" ion reacts with the OH™ ion to
produce Mg(OH), , which is called brucite.
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Brucite reacts with CO, and water to produce
nesguehonite (MgCOs; , 3H, 0),
hydromagnesite (4MgCOs3 , Mg(OH), ,
4H, O), and dypingite (4MgCO; , Mg(OH). ,
5H, O). Yi, Liska, and Al-Tabbaa (2014) stated
that nesquehonite produces higher strength than
the other products (hydromagnesite and
dypingite) during the carbonation process. These
materials have an important effect on the
strength of soil samples. Increasing the amount
of MgCl, increases the amount of these

materials, but their effect on strength is not the
same. Water and CO, play an important role in
the formation of these materials. The results
show that an increase in strength is seen with 3%
MgClI, , but the opposite is observed with 5%,
7%, and 10%. It can be concluded that MgCl,
has a high potential for absorbing water, and at
these percentages, the water content is
insufficient for forming cementitious materials,
resulting in a reduction in strength.
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Fig. 9. Scanning electron microscopy (SEM) images are at the scale of 20x20 pum for natural soil and mixed soil
with different weight percentages of MgCl, (a) natural soil, (b) 3%, (c) 5%, (d) 7% and (e) 10%
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