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1 Introduction

For many years mankind was wondering at the instability of earth materials, espe-
ciallymarine clay. Several investigationsweremade on themarine clay to improve its
properties. The properties of saturatedmarine clay differ significantly frommoist soil
and dry soil. Marine clay is micro-crystalline in nature, and clay minerals like kaoli-
nite, chlorite, and illite and non-clay minerals like quartz and feldspar are present in
the soil. Construction on such groundmay result in undesirable settlements due to the
soft nature of the soil. Researchers from various fields have focused on solving envi-
ronmental problems due to the production of wastes. Gidley and Sack [6] suggested
methods of utilization of wastes, such as fly ash, iron slag, waste rock, mine tailings,
and sludge in construction. In this paper three different additives are used to study
the properties of treated marine clay. The additives used are GGBS, fly ash, sewage
sludge, and lime. The reason for using the combination of sewage sludge and lime
is lime reduces the decomposition nature of sewage sludge, when it is mixed with
marine clay. GGBS consists of a substantial proportion of a glassy phase with a
substantial content of Ca, Si, Al, and Mg-based compounds. Sewage sludge is one
of the major unused waste materials, and if it is used directly to combine with the
marine clay then the organic content in sewage sludge may disturb the clay structure.
To reduce the organic content, lime is mixed with sludge in a proportionate manner.

Yi et al. [22] investigated the stabilization efficacy of alkali-activated ground-
granulated blast furnace slag (GGBS) on marine soft clay. The results indicated that
Na2CO3-GGBSmix had no stabilization efficacy for this marine soft clay. Moreover,
NaOH-GGBS-stabilized clay yielded the highest UCS values at 7, 28, and 90 days;
however, the UCS values decreased from 90 to 180 days because of microcracking.
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The performance of GGBS-fly ash-modified soft soils was also evaluated [4, 17, 18,
21] using compaction and California bearing ratio (CBR) tests.

Based on the results, it appears that soft soil can be effectively stabilized with the
addition of fly ash–GGBSmixtures. It is observed that the plasticity index decreased
and unconfined compressive strength (UCS) increased upon addition of slag to the
soil.With the age of curing theUCSvalues increased indicating the chemical reaction
between free lime and soil.

Buva and Wayal [2], Ouyang et al. [14], Mousa et al. [13], Monzó et al. [12], Lin
et al. [10], Li and Lin [9] studied the properties of the incinerator fly ash derived
fromMSW incineration process, which indicated that fly ash is a potential source of
jet-grouting admixture for soil improvement. The use of fly ash as an admixture in
the stabilization of a soft marine clay resulted in stabilized samples with an improved
strength, more than 75 times that of the untreated clay, and reduced both the plasticity
and compression indices by about 69% and 23%, respectively. It is also noticed that
the liquid limit of the marine clay has decreased by 23.88% on addition of 25% fly
ash and it has further decreased by 26.30% when 9% lime is added, and the plastic
limit of the marine clay improved by 6.93% on addition of 25% fly ash and it further
improved by 20.46% when 9% lime is added. It is also found that the MDD of the
marine clay has improved by 14.83% on addition of 25% fly ash and it has improved
by 7.74% when 9% lime is added.

Quicklime and hydrated lime were used [1, 7, 11], to activate ground-granulated
blast furnace slag (GGBS) for stabilization of marine soft clay. The UCS results
demonstrated that hydrated lime-activated GGBS achieved slightly higher 90-day
UCS in stabilized clay than quicklime-activated GGBS. Chandran et al. [3] inves-
tigated the efficacy of lime solution with different concentrations when added to
the soft soil samples for stabilization and cured with water for 7, 14, 21, 28, and
35 days. From the test results, it was found that the unconfined compressive strength
increased up to a curing period of 28 days and thereafter there is no appreciable effect.
Stabilization of marine clay with cement, lime, and fly ash and bagasse ash has been
studied [5, 15, 19] for strength improvement and plasticity behavior. Specimens were
prepared bymixing with varying proportions of lime, cement, and fly ash with clayey
soil separately. The unconfined compression test (UCS) and Atterberg’s limits of the
soil with different percentages of additives were determined separately after curing
specimens for 7 days. The 7-day peak strength of soil-lime specimens was found at
7.5% lime content, although addition of 6% and 12% of lime was suitable.

The 7-day strength of specimens mix with fly ash was found significantly more
than that of specimen without fly ash. For Wando marine clay improved [20] with
fly ash, and the plasticity index reduced by about 18–26% with an increase of fly ash
content. As the amount of fly ash increased, the composite soil resisted the compres-
sive loading better and consequently showed lesser compressibility. Phanikumar and
Nagaraju [16], Jamaludin et al. [8] conducted a laboratory investigation study to
understand the effect of fly ash on the consolidation characteristics of compacted
clay. The A-7-5 clay was stabilized with fly ash at different contents such as 0%,
5%, 10%, 15%, and 20%. The A-7-5 clay is stabilized with fly ash which causes a
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decrease in the maximum dry density (MDD) and an increase in the optimum mois-
ture content (OMC) because fly ash requires more water during pozzolanic action.
And it was observed that the A-7-5 clay became rough or granular and increased the
rate of consolidation. It was found that the compression index (Cc) values decreased
up to 10% of fly ash content.

2 Materials

2.1 Marine Clay

The marine clay used in this study is collected from Visakhapatnam Port. The index
and engineering properties of marine clay are determined as per IS codes of practice.
Samples are taken separately in a box to determine the initial moisture contents. The
sampleswere tested for physical properties and the results are: specific gravity=2.68,
sand size(%) = 31, fines(%) = 69, field moisture content(%) = 72, liquid limit(%)
= 68, plastic limit(%) = 21, plasticity index(%) = 47, maximum dry density(g/cc)
= 1.50, optimum moisture content(%) = 26.4, Indian standard soil classification =
CH, unconfined compressive strength (kN/m2)= 41.11, California bearing ratio(%)
(unsoaked and soaked) = 2.02 and 1.12, respectively.

2.2 Fly Ash

Fly ash was obtained from NTPC, Visakhapatnam. The chemical properties of the
ash are for the most part influenced by the chemical content of the coal burned. Fly
ash is generally gray in color and in powder form. The fly ash used in this study
consists of silicon dioxide (SiO2) = 43.6%, aluminum oxide (Al2O3) = 16.90%,
ferric oxide (Fe2O3) = 5.80%, calcium oxide (CaO) = 24.30%, magnesium oxide
(MgO)= 4.80%, titanium oxide(TiO2), potassium oxide (K2O)= 1.30%, and sulfur
trioxide (SO3) = 3.30%.

2.3 Lime

Lime mainly consisting of calcium oxide (CaO)= 74.23%, loss of ignition (LOI)=
24.35%, phosphorous oxide (P2O5) = 0.08%, magnesium oxide (MgO) = 0.74%,
calcium sulfate (Ca2SO4)= 0.12%, ferric oxide (Fe2O3)= 0.17%, aluminum oxide
(Al2O3) = 0.11%, and silica (SiO2) = 0.20% was used in this study.
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2.4 Ground-Granulated Blast Furnace Slag

It is a by-product of iron and steel industry. This slag contains calcium, magnesium,
manganese, and aluminum silicates in various combinations. When powder form
of GGBS is used in cement manufacturing industries, the grinding operations are
costlier. For this reason, slag is stacked near iron industries, thus leading to massive
consumption of area. Hence the investigation was undertaken to check the potential
usage of granulated blast furnace slag to improve the geotechnical properties of
marine clay. The GGBS used in this study has calcium oxide (CaO) = (30–50%),
silica (SiO2) = (28–38%), aluminum oxide (Al2O3) = (8–24%), and magnesium
oxide = (1–18%) by weight.

2.5 Sewage Sludge

Sewage sludge is a product of wastewater treatment and it is a diluted suspension of
solids. It consisted of silicon (Si) = 36.7%, iron (Fe) = 16.3%, aluminum (Al) =
14.7%, calcium(Ca) = 13.1%, phosphorous(P) = 11.8%, potassium (K) = 3.66%,
titanium(Ti) = 1.00%, zinc (Zn) = 0.81%, magnesium(Mg) = 0.77%, sulfur (S) =
0.36%, manganese (Mn)= 0.16%, copper (Cu)= 0.13%, and nitrogen(N)= 0.17%.
A constant amount of sewage sludge is added to the soil in combination with varying
percentages of lime.

3 Laboratory Experimentation

The effectiveness of GGBS, fly ash, lime, and sewage sludge as stabilizers was
studied using several laboratory tests. First, all the tests were conducted on marine
clay alone, and later the tests were conducted on the marine clay mixed with 10%
GGBS by weight of soil. Later, the percentage of GGBS was increased to 20%,
30%, and 40%. And the same increment was used in the case of fly ash too. In the
case of sewage sludge and lime combination, the sludge was kept at a constant of
10% and lime was varied as 5%, 10%, 15%, and 20% by weight of marine clay,
respectively. The tests were conducted in the laboratory to investigate the change in
the characteristics of marine clay when compared with untreated marine clay. All the
tests were conducted as per the procedures laid down in various parts of IS: 2720.
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4 Results and Discussions

4.1 Effect of GGBS, Fly Ash, Sewage Sludge, and Lime
on Atterberg’s Limits

Liquid limit reduced from 68% to 59%, 57%, 51%, and 39% and the plastic limit
increased from 21% to 23.5, 24.5, 26, and 28% when soil is replaced by GGBS
in percentages of 10, 20, 30, and 40, respectively. Eventually the plasticity index
decreased as shown in Fig. 1, and the same trend was observed for fly ash. The liquid
limit decreased from 68% to 59, 53, 45, 40% and the plastic limit increased in the
case of fly ash as shown in Fig. 2.

In the case of combination of sewage sludge and lime when mixed with the soil,
the liquid limit decreased from 68% to 64%, 60%, 54%, 50% and the plastic limit
increased from 21% to 28%, 31%, 34%, and 36%when the replacement percentages
of lime are 5%, 10%, 15%, and 20% (keeping the sewage sludge of 10% as constant),
respectively. Eventually the plasticity index decreased from 47% to 40%, 37%, 29%,
and 26% as represented in Fig. 3.

4.2 Compaction Test

First, with increase in replacement with GGBS, the OMC decreased from 24% to
18%, 16%and14%, and theMDD increased from1.50 g/cc to 1.82 g/cc, 1.90 g/cc and
2.04 g/cc with replacements of 10%, 20%, 30%, and 40%, respectively. On further

Fig. 1 Variation of Atterberg’s limits of GGBS-treated clay
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Fig. 2 Variation of Atterberg’s limits of fly ash-treated clay
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Fig. 3 Variation of Atterberg’s limits of sewage sludge + lime + clay mixes

increase in GGBS by 10% the OMC decreased to 12% and the MDD decreased to
1.79 g/cc as shown in Fig. 4. However, Fig. 5 shows the compaction test results for
clay–fly ash mixes.

First, with increase in replacement with fly ash the OMC (%) decreased from
24% to 20%, 18% and 16% and theMDD increased from 1.50 g/cc to 1.90 g/cc, 1.95
g/cc and 2.05 g/cc with replacements of 10%, 20%, 30%, and 40%, respectively.
On further increase in fly ash by 10% the OMC decreased to 14% and the MDD
decreased to 2 g/cc as shown in Fig. 5.
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Fig. 4 Compaction curves of clay + GGBS mixes

Fig. 5 Compaction curves of clay + flyash mixes

When sewage sludge and lime combination is used as an additive, the OMC
increased from 24% to 26%, 28%, 30%, 32% and the correspondingMDD increased
from 1.50 g/cc to 1.95 g/cc, 2.12 g/cc, 2.24 g/cc, 2.30 g/cc with the replacements
of 5%, 10%, 15%, and 20% of lime (keeping sewage sludge of 10% as constant)
(Figs. 6 and 7).
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Fig. 6 Unsoaked CBR results for different additives

Fig. 7 Soaked CBR results for different additives

4.3 California Bearing Ratio (CBR) Test

Unsoaked and soaked CBR values were found from the tests. The CBR values of
the soil in soaked and unsoaked conditions are 1.12% and 2.02%, respectively. The
soaked CBR values increased to 4.04%, 8.15%, and 11.80% with the replacements
of 10%, 20%, and 30% of GGBS, and the CBR values decreased in both soaked and
unsoaked conditions with a replacement of 40% GGBS. The soaked CBR values
increased to 2.45%, 5.31%, and 7.04% with the replacement of 10%, 20%, and 30%
of fly ash and the CBR values decreased in both the soaked and unsoaked conditions
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Fig. 8 Variation of UCS values for different curing periods for clay-GGBS mixes

with the replacement of 40% fly ash. The soaked CBR values increased to 3.09%,
6.40%, and 8.12% with the replacement of 5%, 10%, and 15% of lime (keeping
10% of sludge as constant) and the CBR values decreased in both the soaked and
unsoaked conditions of 20% replacement of lime.

4.4 Unconfined Compressive Strength (UCS) Test

The UCS values increased with increase in the percentages of additives for curing
durations of 0, 7, 14, and 28 days. For GGBS-mixed soil, the increase in UCS values
is shown in Fig. 8. The UCS values decreased for 40% replacement of GGBS after
0, 7, 14, and 28 days of curing. The UCS values decreased at 40% replacement of
GGBS after 0, 7, 14, and 28 days of curing.

In the case of fly ash, there is an increase in UCS values up to 30% of soil replaced
with fly ash and the UCS values decreased at 40% replacement of fly ash for 0, 7,
14, and 28 days of (curing) testing as shown in Fig. 9.

A similar trend was observed in the case of clay–lime–sewage sludge mixes
(keeping 10% sewage sludge as constant), as shown in Fig. 10.
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Fig. 9 Variation of UCS values for different curing periods for clay–fly ash mixes
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Fig. 10 Variation of UCS values for different curing periods for clay–sewage sludge–lime mixes
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5 Conclusions

On the basis of experimental investigation, the following conclusions are drawn:

1. With the addition of any type of admixture used in this study and by the replace-
ment of clay in 10, 20, 30, and 40 percentages, the liquid limit and the plasticity
index values gradually decreased. When clay is treated with GGBS, the liquid
limit and plasticity index values decreased appreciably by 42.6% and 76.5%,
respectively, when compared with that of the untreated clay.

2. When clay was replaced with various admixtures in 10, 20, 30, and 40 percent-
ages, the plastic limit values increased. Amongst all the additives used, the
performance of sewage sludge–lime combination was the best, which resulted
in an appreciable increase of 71% in the plastic limit value when compared with
that of the untreated clay.

3. When clay was replaced with GGBS in percentages of 10, 20, 30, and 40, it
was observed that with decrease in OMC values, the MDD values increased
correspondingly. The same trend was observed when fly ash was used in the
same percentages as mentioned above. But in the case of clay treated with
sewage sludge–lime combination, an increase in MDD values was observed
with a corresponding increase in OMC values. Hence, the sewage sludge–lime
combination is not a suitable additive to improve marine clay.

4. The highest shear strength value of clay treated with GGBS is 340 kPa for 30%
replacement. The value of 350 kPa was obtained for 30% replacement using
fly ash. Similarly, the value of 770 kPa was obtained for replacement of 10%
sewage sludge + 15% lime.

5. The California bearing ratio (CBR) value of clay treated with GGBS is 11.80%
in soaked condition for 30% replacement by GGBS. Similarly, a value of 7.04%
was obtained for 30% replacement using fly ash in soaked condition. In addition,
a value of 8.12% was obtained for 30% replacement using 10% sewage sludge
+ 15% lime in soaked condition, whereas for untreated clay the CBR value is
1.12% in soaked condition. The CBR value of 30% GGBS as replacement is
more than the CBR value of 30% fly ash as replacement. The cost of bituminous
road constructed usingfly ash-treatedmarine clay ismore economical than using
GGBS. Therefore, it may be concluded that GGBS and fly ash are effective
stabilizers. According to the performance aspect, GGBS is better, but fly ash is
better from an economic standpoint.
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