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Abstract - This paper presents the swelling potential and compressibility of high plasticity clayey soil stabilized with slag-based
superfine cement (SSC), Portland-based microfine cement (PMC) and ordinary Portland cement (OPC). The swelling potential of high
plasticity clayey soil is significantly reduced by PMC, SSC and OPC stabilizations. Increase in the contents of PMC, SSC and OPC
further reduces the swelling potential of high plasticity clayey soil. While the most influential one among the stabilizers used in
reducing the swelling potential of high plasticity clayey soil is PMC, SSC is the least effective one. The compressibility of high
plasticity clayey soil is reduced ten, eleven and six times by OPC, PMC and SSC stabilizations respectively. Increase in OPC, PMC
and SSC contents slightly decreases the compressibility of high plasticity clayey soil. The compressibility of SSC stabilized high
plasticity clayey soil is slightly higher than those of OPC and PMC stabilized specimens. SSC stabilization is found to be the least
effective one in reducing the compressibility of high plasticity clayey soil. In general, PMC stabilization is more effective than both
SSC and OPC stabilizations in reducing both compressibility and swelling potential characteristics of high plasticity clayey soil.
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1. Introduction

Expansive soils containing minerals such as smectite clays are present throughout the world. Their pronounced
characteristics are high plasticity, low strength, high swelling and shrinkage potentials. Due to these properties, they
frequently bring about bearing capacity problems in structural foundations, infrastructures, highways and airfield
pavements [1]. The cost of damage of expansive soils to structures is roughly calculated as £150 million in the UK, $1000
million in the USA and many billions of ponds worldwide per year [2]. There are several methods to get rid of expansive
soil’s problems. Generally, these methods may be categorized as mechanical and chemical stabilizations. Lime, gypsum,
cement, bottom and top fly ashes, are the main components used in chemical stabilization, which cause a chemical reaction
in soil water system and finally stabilizes the soil.

Cement is one of the oldest and widely used methods in the stabilization of soils all over the world. It was stated that
cement stabilization decreased the plasticity of soil and made it more workable [3]. Its compressive strength and load
bearing characteristics were also improved by cement stabilization. Improvement of clayey soil properties result from soil-
cement reaction which produces primary and secondary cementitious materials in the soil-cement matrix. The primary
cementitious materials are formed by hydration reaction and are comprised of hydrated calcium silicates, calcium
aluminates, and hydrated lime [4]. A secondary pozzolanic reaction between the hydrated lime and the silica and alumina
from the clay minerals leads to the formation of additional calcium silicate hydrates and calcium aluminate hydrates [5].
This soil-cement reaction provides a clear basis by which to explain the improvement of stabilized clayey soil. Several
authors discussed the effect of cement stabilization regarding soil type and its plasticity, cement content, mixing and
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compaction methods, curing condition, particle size distribution and pulverization [6-15]. However, the effects of
various types of cement having different chemical composition as well as particle size on the volumetric behaviour of
high plasticity clayey soils are scarcely evaluated. Therefore, this research was mainly focused on the effect of cement

types and their particle sizes on the consistency limits, compaction, swelling and compressibility characteristics of
high plasticity clayey soil.

2. Clayey soill

Clayey soil used in this study was collected from Golbasi region, Ankara, Turkey. A surficial organic soil layer of
about 0.50 m was clearly removed and then disturbed samples were obtained through sample tubes from a depth of around
1.5 m. Soil samples were then transported to the Geotechnical Laboratory of Gazi University. They were removed from the
tubes and then broken into small pieces, spreaded over the floor and dried in an open air. The particle size distribution (Fig.
1), Atterberg limits, specific gravity and organic content of clayey soil were determined (Table 1) according to ASTM D
422-63 (2002), ASTM D 4318-10el (2010) and ASTM D 854-02 (2002), respectively [16-18]. Clayey soil was classified
as high plasticity clay (Table 1) with respect to USCS [19].

Table 1: Clayey soil properties.

Basic characteristics and description Values
Specific gravity 2.80
Passing No. 200 sieve (<0.075 mm) (%) 98.6
Plastic limit (%) 32
Liquid limit (%) 104
Plasticity index (%) 72
Free Swell (%) 17.7
Soil class CH
Organic material (%) 2.29
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Fig. 1: Particle size distributions of clayey soil, SSC, OPC and PMC.
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3. OPC, PMC and SSC

Cements used in this research were Ordinary Portland Cement (OPC), Portland-based Microfine Cement (PMC) under
the brand name of Rheocem 650 and superfine slag-based cement (SSC) under the brand name of Spinor A6. Rheocem 650
is a microfine cement milled from pure Portland cement clinker. Spinor A6 is a product of ultra-fine blast furnace slag
having a maximum grain size of 6 um. OPC, PMC and SSC particle size distributions were determined by means of Laser
Particle size Analyser and shown in Fig. 1. The grain size distribution of high plasticity clayey soil was also given in Fig. 1
as a comparison. As seen from the figure, the particle sizes of SSC were much smaller than those of OPC and PMC. Table
2 summarized some physical and chemical properties of above mentioned cements. While PMC and OPC have chemical
composition in common, SSC differs from them in that regard. As the calcium oxide in SSC is 45%, it is 62.5% in OPC
and PMC. In addition, SiO; contents in SSC, PMC and OPC are 30%, 19.8% and 18.8% respectively. SSC compared to
OPC and PMC is predominantly slag based product and has a specific surface area of 11,800 cm?/g.

Table 2: Physical and chemical properties of OPC, PMC and SSC.

OPC PMC SSC
SiO, 18.8 19.8 30.0
Al,O3 4.0 4.2 9.5
Fe.O3 53 4.1 1.25
CaO 62.2 62.5 450
MgO 2.0 2.8 5.6
SO3 3.25 2.1 -
Dso (Lm) 12 51 1.7
Dos (M) 60 11.2 4.0
Specific Gravity 3.19 3.10 3.94
Fineness (cm?/g) | 3,836 | 6,250 | 11,800

4. Specimen preparation

The contents of OPC, PMC and SSC were based on the dry weight of clayey soil in the mixture. OPC, PMC and SSC
percentages in the stabilized clayey soil specimens were 8, 10 and 12. The high plasticity clayey soil was mechanically
mixed with the required amount of cement homogeneously. After that the pre-determined amount of water was added to
the mixture and the whole components were thoroughly blended once more and made ready for the following tests.

5. Consistency limits

The consistency limits of clayey soil and cement stabilized clayey soil specimens were determined with reference to
ASTM D4318-10el (2010) standard [17], the results of which were given in Fig. 2.
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Fig. 2: Behaviour of consistency limit with time.
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6. Compaction test

Maximum dry unit weights of OPC, PMC and SSC stabilized clayey soil mixtures were determined by standard
compaction tests [20]. At first, dry cements were mechanically mixed with dry clayey soil before compaction until
homogenous mixtures were obtained. The mixtures were then mixed with a pre-determined amount of water for the
first compaction effort. After that, compacted samples taken out of moulds were broken into small pieces and remixed
with an additional necessary amount of water for each succeeding compaction effort. The whole compaction process

was completed within 45 minutes to avoid the hardening of clay-cement mixture. The compaction test results were
shown in Fig. 3.
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Fig. 3: Compaction curves for OPC, PMC and SSC stabilized clayey specimens.

7. Swelling test

Samples needed for swelling tests were obtained from compaction test specimens by means of consolidometer rings.
The swell potential of clayey soil and the samples treated with different percentages of OPC, PMC and SSC were
measured by conducting swell-consolidation tests with reference to ASTM D 4546 (2008) [21]. OPC, PMC and SSC
Stabilized clayey samples were kept in resealable plastic bags in a humidity room of 20 °C for 28 days and then subjected
to swelling tests. The swell potentials of OPC, PMC and SSC stabilized clayey soil specimens were given in Table 3.
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Table 3: Swell potentials of stabilized clayey soil specimens.

Swell potential
(%)
clay 9.82
OPCl/clayey s0il=8% 0.35
OPCl/clayey soil =10% 0.25
OPCl/clayey soil =12% 0.15
PMCl/clayey soil =8% 0.30
PMC/clayey soil =10% 0.15
PMCl/clayey soil =12% 0.10
SSClclayey soil =8% 0.45
SSClclayey soil =10% 0.35
SSClclayey soil =12% 0.20

8. Compressibility test

Specimens for compressibility tests were also procured from compaction test specimens through consolidometer rings.
They were placed in resealable plastic bags and let to cure for 28 days in a humid room of 20 °C. After curing, each
specimen was removed from the plastic bags and put into the consolidometer cells with filter papers and porous stones on
both ends of the specimen. The specimens’ moisture content losses during swell tests were prevented by filling odometer
cells with water. Thereafter, compressibility tests were run in accordance with ASTM D4546 (2008) standard and the test
results were shown in Fig. 4 [21].
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Fig. 4: Compressibility characteristics of OPC, PMC and SSC stabilized clayey soil specimens.
9. Results and Discussion

9.1. Consistency limits

The liquid limit of clayey soil was reduced with OPC, PMC and SSC stabilizations with time. It was reported that
divergent trends for two soils, with the more plastic soil (containing montmorillonite) showing a significant decrease in
liquid limit after 7 day curing, and a less plastic soil showing a corresponding increase [22]. The general trend appears to
be one of decreased liquid limit if the untreated soil was highly plastic and increased liquid limit in soil of low plasticity.
At the end of 28 day curing period, while the plastic limit values of all contents of PMC and OPC stabilized clayey soils
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were higher than that of host clayey soil. It was suggested that one possible reason for this increase is aggregation and
cementation of particles into larger size clusters [23]. Another possible reason is the water trapped within intra-aggregate
pores. The presence of this intra-aggregate water increases the apparent water content without really affecting interaction
between aggregates [24]. While the highest liquid limit value was obtained from SSC stabilized clayey soil specimens,
PMC stabilized clayey soil specimens resulted in the lowest liquid limit value. Similarly, as PMC stabilized clayey soil
specimens lead to the highest plastic limit value, SSC stabilized clayey soil specimens yielded to the lowest plastic limit
value. In general, as the percentage of cement increased, liquid limit decreased and plastic limit increased. Similar findings
were also reported by other researchers [25]. Furthermore, though OPC and PMC have similar chemical composition,
PMC with finer particles were more effective in further decreasing liquid limit and increasing plastic limit than OPC. SSC
having the finest particles among other cements was not as effective as PMC since it was mainly slag-based cement with
much less CaO content.

9.2. Compaction characteristics

It was not possible to obtain the Characteristic compaction curve for cement stabilized clayey soil specimens. For this
reason, optimum moisture content (OMC) of host clayey soil was used as a criterion for the addition of cement to clayey
soil specimens and then compaction tests were carried out accordingly. It was observed that the dry unit weight of clayey
soil was increased with the increase of OPC, PMC and SSC contents (Fig. 3). Similar findings were also reported earlier
[25-27]. Nevertheless, the dry unit weights of PMC and SSC stabilized specimens were lower than those of OPC
stabilized samples. This may be owing to the fact that as the specific surface area increases, hydration reaction increases
leading to more flocculation of the clay particles thus increasing the porosity of the clay matrix.

9.3. Swell potential

The swell percentage of host clayey soil samples preserved in resealable plastic bags for 28 days was about 9.82
percent (Table 3). While the swell percentage of OPC stabilized clayey soil specimens were in the range of 0.35% and
0.25%, the swell percentage of PMC stabilized clayey soil specimens were in between 0.30% and 0.10%. In addition, the
swell percentage of SSC stabilized specimens ranged from 0.45% to 0.20%. In general, OPC, PMC and SSC stabilizations
reduced the swell potential of high plasticity clayey soil significantly. Zhao et al. (2013) reported that swelling of high
plasticity clay dropped greatly with curing time and almost lost swelling property after 7 day curing period [28]. The swell
potential of high plasticity clayey soil was further reduced with the increase in OPC, PMC and SSC cement contents (Table
3). As the PMC stabilization brought about the lowest swell potential, SSC stabilization yield to the highest swell potential.
Addition of Portland cement reduces the swelling potential of the improved clay [29]. Even though OPC and PMC have
similar chemical composition, PMC with finer particles were more effective in further decreasing swelling potential than
OPC. However, SSC having the finest particles among other cements was not as effective as PMC. This may be due to the
higher CaO content of PMC causing a binding force between clay particles in addition to its fineness.

9.4. Compressibility

The total compressibity of high plasticity clayey soil compacted at its OMC was about 21.7 percent as seen in Fig. 4.
As the total compressibility of OPC stabilized clayey soil specimens were in between 2.7% and 2.1%, the total
compressibility of PMC stabilized clayey soil specimens were in between 2.2 % and 1.6% and that of SSC stabilized
clayey soil specimens were in the range of 4.4% and 3.3%. The compressibility of high plasticity clayey soil was reduced
tenfold, elevenfold and sixfold by OPC, PMC and SSC stabilizations respectively. Further increase in OPC, PMC and SSC
contents slightly reduced the compressibility of stabilized clayey soil specimens. The compressibility of clayey soils was
effectively improved by cement stabilization [30-33]. The compressibility of SSC stabilized specimens was slightly higher
than those of OPC and PMC stabilized clayey soil specimens. In addition, the compressibility of PMC stabilized clayey
soil specimens were slightly lower than those of OPC stabilized specimens. Even though OPC and PMC have similar
chemical composition, PMC with finer particles was more effective in further decreasing compressibility than OPC. On the
other hand, SSC having the finest particles among other cements was not as effective as PMC. This may be because of the
fact that SSC contains less CaO content needed for hydration as well as pozzolanic reaction.
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9.5. Possible errors associated with the results
It should be born in mind that temperature variation, curing condition, precision of the contents of materials used and
laboratory technicians in carrying out tests are all factors in effecting test results.

10. Conclusion
The main conclusions of this research are as follows:

The liquid limit of high plasticity clayey soil is reduced with all contents of OPC, PMC and SSC stabilizations
with time. While the plastic limit values of all contents of PMC and OPC stabilized clayey soils are higher than
that of host clayey soil.

As the cement content increases, the dry unit weight of host clayey soil increases whether the cement type used is
OPC, PMC or SSC. In addition, the dry unit weights of SSC and PMC stabilized specimens are lower than those of
OPC stabilized samples.

OPC, PMC and SSC stabilizations reduces the swell potential of high plasticity clayey soil significantly. In
addition, the swell potential of high plasticity clayey soil is further reduced by the increase in OPC, PMC and SSC
cement contents. As the PMC stabilization brings about the lowest swell potential, SSC stabilization yields to the
highest swell potential.

The compressibility of host clayey soil is significantly reduced by OPC, PMC and SSC stabilizations. Increase in
OPC, PMC and SSC contents slightly decreases the compressibility of stabilized specimens. The compressibility
of SSC stabilized specimens is slightly higher than those of OPC and PMC stabilized clayey soil specimens. In
addition, the compressibility of PMC stabilized clayey soil specimens are slightly lower than those of OPC
stabilized specimens.

Although OPC and PMC have similar chemical composition, PMC is more effective in decreasing compressibility
and swell potential than OPC. SSC having the finest particles among other cements is not as effective as PMC.

It is observed that fine-grained cement would be more effective than those with coarser particles in the volume
change control of high plasticity clayey soils. Furthermore, Fine-grained cements with higher CaO content seem to
be more effective.
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