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1. Introduction

Soft clay soils commonly have high compressibility,
excessive settlement, low shear strength, and high volume
change properties. Stabilization of these types of soil is
needed for reducing the volume change and increasing
their strength. Many researchers have reported that the
properties of a soil can be changed by mixing with a
chemical agent. The behaviors that can be affected are
plasticity, strength, and volume change. The chemical
agents that are used are lime, cement, fly ash, ground
granulated blast furnace slag (GGBS), and activated
GGBS. The degree of improvement dependents on the
type of clay minerals, the percentage of clay fraction in
the soil, chemical agent type and percentage, temperature,
moisture content, curing time and conditions, and the
organic content.

Lime stabilization has a long history all over the world
especially in warm countries, as it needs a relatively high
temperature to react with clay particles. Lime stabilization
using quicklime is more effective than hydrated lime.
Lime used in soil stabilization may be in many forms such
as quicklime (CaO) or hydrated lime (Ca(OH),). Cement
has been used successfully as a stabilizing agent for a long
time. However, the production of cement requires a
significant amount of energy, and also during its
production a large amount of CO; is emitted to the
environment. To address these shortcomings, in recent
years many researchers have examined the use of other
stabilizing agents such as GGBS or MgO to replace the
cement. GGBS can be used as cementitious materials to
modify and improve certain properties of clay soils. The
use of GGBS is well known in many applications where
it provides good durability, high resistance to chloride
penetration, resistance to sulphate attack, and protection
against alkali silica reaction (ASR). GGBS on its own has
only mild cementitious properties so it needs an alkali to
be fully activated. GGBS can be activated in different
ways but the most common is chemical activation. Many
activators have been suggested to activate GGBS. The

most commonly used activators are lime, calcium
sulphate, ordinary portland cement, and magnesium oxide.
In this study, the stabilization of a clay soil is studied with
cement, GGBS, and activated GGBS (mixture of GGBS
and MgO) through performing different experimental
tests. The tests consisted of Atterberg limits, compaction,
and Unconfined Compressive Strength (UCS). The
impacts of the used agents on the behaviors of soil were
studied at different curing times and various percentages
of these agents. This study also helps to find the chemical
reactions and mechanisms that are happened in the
improving engineering properties of a clay soil.

2. Material and method

The main materials that were used in this work were soil,
cement, GGBS, and MgO. A brief description is as
follows:

A clay soil was used in this work consisted of 27%
sand, 33% silt, and 40% clay. The liquid limit, plastic
limit, and plastic index of it were determined as 46.4, 23.8,
and 22.6 respectively. According to the standard
compaction test, the optimum water content and
maximum dry unit weight of it were 17.5% and 17.7
KN/mé. Based on the grain size distribution and
consistency results it was classified as a clay soil with low
plasticity (CL). Table 1 summarizes the chemical
compositions of it. Based on the results of XRD tests, the
minerals were quartz, calcite, feldspar (Na, Ca), feldspar
(K), and clay minerals. The clay minerals of the soil were
composed of Illite, Chlorite, and Montmorillonite.

Table 1. Chemical composition of soil

Chemical Amount Chemical Amount
component component
pH 8.2 Cl~ (meg/L) 26.2
EC (dS/m) 503 HCO3 3.7
Na* (meg/L) 42 SO, * (meg/L) 19.2
Ca®* (meg/L) 46 CaCO; (%) 4.2
Mg?* (meg/L) 2.2 0.C. (%) 0.2
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Portland Cement Type 1 was used in this work. Its
specific gravity and Blaine fineness were 3.15 and 4100
cm?/g, respectively. GGBS was supplied from Isfahan
Melting Iron Company in Iran and its chemical
composition, according to the information from the
company, was CaO = 41.5%, SiO; = 35.5%, Al,0;3 =
11.5%, Fe,O3 = 0.5%, MgO = 8.0%, K-0 = 0.3%, TiO; =
0.4%, and Na;O = 0.2%. A commercial MgO was bought
from a local chemical supplier. According to the
information from supplier it was composed of 94.2%
MgO, 1.7% CaO, 0.85% SiO,, 0.62% Fe,O3, and 0.16%
Al,Os. The specific gravity, specific surface and mean
size of its particles were 3.55, 250-300 m?%/g, and 60 um,
respectively.

Samples of natural soil and soil with cement, GGBS,
and a mixture of GGBS: MgO were prepared. The ratios
of 3 to 1 by weight were considered for the combination
GGBS:MgO. The percentage weights of 5, 10, and 15%
of cement, GGBS, or a mixture of GGBS:MgO (relative
to the weight of air-dried soil) were considered in this
work. The desired amounts of these agents were weighed,
added to the air-dried soil, and mixed by hand. Standard
compaction tests were conducted on the natural soil and
mixtures of soil with each of the agents. The optimum
water content and maximum dry unit weight were
determined for each of them from corresponding
compaction curves. Samples for UCS tests were also
prepared by static compaction for the natural soil and the
mixture of soil with each of the agents. The soil, desired
agent, and water (according to the corresponding
optimum water content) were weighted. First, the soil and
agent were mixed, and then water was added gradually to
it and mixed thoroughly. The prepared mixtures were
compacted by the static compaction method. The prepared
samples with different agents were stored in a curing
cabinet according to the ASTM D1632-07 standard for
curing times of 7, 14, and 28 days.

3. Results and discussion

Table 2 presents the results of the Atterberg limits and
standard compaction tests for the natural soil and mixtures
of soil with different percentages of agents. As shown in
this table, adding 5% of cement, GGBS, or activated
GGBS to the soil increases LL and PL compared to
natural soil. By adding agents to the soil, the pH of pore
fluid increases, which causes additional negative charges
on the edges of clay particles. In this process, clay
particles are attracted to each other in the form of edge-to-
face attraction, resulting in a flocculated structure. In this
form, the open structure can hold more water, which
increases the LL. The results also show that by increasing
the percentage of each agent (10 and 15%), the Atterberg
limits are decreased in comparison with the mixture of 5%
of them. The reason for this is that the soil mass has
flocculated more, which causes the particles to paste each
other and reduce the spacing between the particles and the
specific surface. As shown in Table 2, the value of PL
increases by adding 5% of these agents, particularly for
5% cement after that the reduction in the value of it
happened in comparison with the natural soil. This may

be due to the more exchange ions that occurred between
the soil and agents at 10% and 15% than at the 5%.

Table 2. Atterberg limits and compaction parameters for
natural soil and soil stabilized with different percentages of

agents
Soil Agent | LL PL Pl Yamx Wopt
%) | (%) | (%) | (%) | (kN/m?) | (%)
Natural 0 46.4 | 238 | 22.6 17.7 175
Soil+ cement 5 51 31 20 16.85 | 234

10 | 484 | 287 | 19.7 | 16.83 | 2238
15 | 455 | 265 | 19 | 1681 | 226
Soil+ GGBS 5 53 | 25.7 | 28 | 177 | 19
10 | 496 | 24 | 256 | 17 | 198
15 | 47 | 23 | 236 166 | 21

Soil+ 5 54 | 28 | 26 | 164 | 226
GGBS:MgO 10 | 52 | 26 | 26 | 162 | 216
15 | 48 | 24 | 24 | 161 | 21

The results of the standard compression tests (Table 2)
indicate that mixing these agents with the soil causes
increasing and decreasing in the values of optimum water
content and maximum dry unit weight in comparison with
the natural soil. Addition of these agents to the soil causes
an exchange of ions between agent and soil (based on the
cationic exchange capacity of the soil), thus pasting the
particles with strong bonds to each other and increasing
the degree of flocculated structure in the mass of soil and
used agent. In this case, soil particles are connected to
each other with stronger bonds than the natural soil.
According to the ASTM standard for the compaction test,
the applied energy for each layer is constant. When this
test is used for the mixture of soil and agents, the standard
energy of it is not able to destroy the bonds between
particles. This results in the reduction in the maximum dry
unit weight. It is also observed in this table that the
optimum water content of the stabilized soil increases in
comparison with the natural soil. This is due to the
existence of more space between the particles in
comparison with the natural soil.

Figure 1 shows the stress-strain curves for natural soil
and soil-cement with different percentages of cement at a
curing time of 28 days. It is seen that by adding different
percentages of cement to the soil, more increase in the
final strength of them happens in comparison with the
natural soil. By adding cement to the soil, calcium ions
are released during the initial hydration of cement, and
cation exchange with soil particles is formed. In the
hydration phase of cement, the pH of the solution
increases, which causes the destruction of silicate and
aluminate bonds and solve them in the pore liquid
solution. From the chemical reactions of these materials
with each other, cementitious materials such as Calcium
Silicate Hydrate (CSH) and Calcium Aluminate Hydrate
(CAH) are produced. These produced materials cause the
soil particles to paste with each other and form a solid
mass, which results in increasing the strength of the soil.
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Figure 1. Stress-strain curves for natural soil and soil with
different percentages of cement at curing time of 28 days

Figure 2 presents results for the soil stabilized with 5, 10,
and 15% GGBS at 28 days of curing time. As shown in
this figure, adding GGBS causes an increase in the
strength of samples in comparison with the natural soil.
Regarding this issue, many researchers reported that the
reaction between clay soil and GGBS can be a
cementation process, similar to the cementation of clay
soil with portland cement.
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Figure 2. Stress-strain curves for natural soil and soil with
different percentages of GGBS at curing time of 28 days

Figure 3 shows the results for the soil stabilized with
different percentages of the mixture of GGBS and MgO
for a curing time of 28 days. The figure shows that the
samples with 5, 10, and 15% of the agent have higher
strength than the natural soil. As explained by Jin et al.
(2015), in the mixture of GGBS and MgO that was used
as a soil agent, the first action is to break down the GGBS
bonds such as Ca—O, Mg-O, Si-O-Si, and Al-O-Si.
After that, Mg ions react with Si—O or Al-O and form a
gel. The produced gel pastes the particles to each other
and fills the pore between the particles which increases
the strength of the soil.
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Figure 3. Stress-strain curves for natural soil and soil with
different percentages of GGBS:MgO at curing time of 28
days

4. Conclusion

The stabilization of a clay soil was studied using different
percentages of cement, GGBS, and mixtures of
GGBS:MgO at different curing times and the following
results can be drawn from this work:

1. The Atterberg limits and compaction parameters
of the soil change using cement, GGBS, and
activated GGBS as agents. Their variations
depend on the kind of agent;

2. The strength of soil increases using the used
stabilizing agents. The amount of strength
increasing depends on the type and percentage
of the used agent and the curing time;

3. All mixtures examined in this work are effective
in the stabilization of the soil. GGBS can
increase the strength of soil but activating by
MgO is more effective in increasing the strength
for different percentages of agents at various
curing times;

4. The comparison of the results reveals that the
impact of cement on the stabilization of the soil
is more than other used agents.
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Comparison of the Effect of Cement, Ground Granulated Blast Furnace Slag (GGBS), and
Activated GGBS on the Improvement of the Behaviors of a Clay Soil

Amir Jahani Ali Raeesi Estabragh Hossin Khajepour Mohadeseh Amini

Abstract In this research work, the effect of cement, Ground Granulated Blast Furnace Slag (GGBS), and activated GGBS
with MgO on the treatment of a clay soil was studied through conducting the experimental tests. The ratios of 1:3 was
considered for making the mixtures GGBS: MgO. The used percentages of additives were 5, 10, and 15%. Various
experimental tests such as Atterberg limits, standard compaction, compressive strength (UCS), and Scanning Electron
Microscopy (SEM) tests were performed on the samples with different percentages of additives. Also, UCS tests were
conducted on the compacted samples at curing times of 7, 14, and 28 days. The results of UCS indicated that all used
additives are effective in improving the behaviors of soil, and their amount is dependent on the percentage of used
additives and curing time. In addition, a comparison of the results showed that in a given percentage of additives and
curing time, activated GGBS is more effective than GGBS alone in improving soil samples. Based on the SEM results, it
was found that the increasing strength of stabilized soil is resulted from the interaction between soil particles and additives
materials. An economical evaluation of soil improvement with used additives was also carried out and the best one was
proposed for conducting in the field.

Keywords Clay soil improvement, Cement, GGBS, MgO, activated GGBS.
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