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ABSTRACT

Soils that cause effective damages to engineer structures (such as pavement and foundation) are

called problematic or difficult soils (include collapsible soil, expansive soil, etc.). These damages
occur due to poor or unfavorited engineering properties, such as low shear strength, high
compressibility, high volume changes, etc. In the case of expansive soil, the problem of the shrink-
swell phenomenon, when the soil reacts with water, is more pronounced. To overcome such
problems, soils can be treated or stabilized with many stabilization ways (mechanical, chemical,
etc.). Such ways can amend the unfavorited soil properties. In this review, the pozzolanic materials
have been selected to be presented and discussed as chemical stabilizers. The selected pozzolanic
materials are traditional, industrial, or byproducts, ashes of agricultural wastes, and calcined-clay
types. They are lime, cement, blast furnace slag, fly ash, silica fume, rice husk ash, sugarcane straw
ash, egg ash, coconut husk ash, and metakaolin. In general, the stabilization of expansive soils
with pozzolanic materials has an essential impact on swelling and Atterberg-limits and positively
affects compaction and strength parameters. However, there is a wide range for the percentages of
pozzolanic materials used as stabilizers. The content (15% to 20%) is the most ratios of the
stabilizers used as an optimal percentage, and beyond this ratio, the addition of the pozzolanic
materials produces an undesirable effect.

Keywords: Problematic soils, expansive soil, engineering properties, shrink-swell, pozzolanic
materials, calcined clay.
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1. INTRODUCTION

Expansive clay soils are a term applied to soils that have a significant change in volume due to the
shrinkage and swelling during changes in the climate condition and other factors such as water
content and loading condition (Nelson and Miller, 1992). The upper layer in the active zone of
this soil is the most affected by climate conditions (Nelson, et al., 2015). The depth of this zone
depended on the geo-climatic parameters of this zone (Jones and Jefferson, 2012). The changes
in the volume of these soils cause significant damage to the engineering structures (Fredlund,
2006; Karunarathne, et al., 2012; Ozer and Nihat, 2012; Salahudeen, et al., 2014; Al-
Baidhani and Al-Taie, 2019; 2020). Such damages in engineering structures (due to soil shrink
and swell) cost billions of dollars worldwide. In The united states of America, yearly, the cost of
damages due to swelling problems is exceeded 100 billion dollars, while in the United Kingdom,
the cost exceeded 150 million pounds (Gourley, et al., 1993; Khademi and Budiman, 2016).
Sometimes the replacement of expansive soil at shallow depth can overcome its problem; also, the
controlling of soil moisture content to a constant value can help overcome the damages of
expansive soils (Al-Taie, 2002; Al-Taie and Al-Shakarchi, 2016). Generally, the most usual
practice for swelling problems is the stabilization of the expansive soils using different materials
and additives (Hussein, et al., 2019; Al-Naje, et al., 2020). In the last decades, the utilization of
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different pozzolanic materials for enhancing soils was increased (Al-Naje, et al., 2020). Such
materials are popular due to their cost-effectiveness. Good geotechnical properties of soils can be
achieved using different pozzolanic materials (Hussein, et al., 2021). Such materials are either
natural or artificial, e.g., lime-cement, silica fume, blast furnace slag, fly ash, rice husk ash,
sugarcane straw ash, egg ash, coconut husk ash, metakaolin, etc. (Khatib, et al., 2018; Yusuf and
Zava, 2019; McCarthy and Dyer, 2019). The application of pozzolanic materials in problematic
soils stabilization can solve the problems of these soils, on the one hand. It can solve some of the
issues of the environment, on the other. The application of these materials was shown as
stabilization agents for expansive soils. It was reviewed and discussed in this paper.

2. STABILIZATION OF EXPANSIVE SOILS WITH THE INDUSTRIAL POZZOLANIC
MATERIALS

The problems of expansive soils can be reduced using traditional additives such as cement or lime.
Also, the application of "silica-alumina™ or "silica" based materials in wide soil stabilization
represents an economical substitution to traditional materials of cement and lime. These materials
show pozzolanic reactions that produce gel materials that enhance the strength of soils. The
pozzolanic materials can be industrial or byproduct materials such as blast furnace slag, fly ash,
silica fume, etc. (Baalbaki and Blondin, 1994; Khatib, et al., 2018; Hussein, et al., 2019). In
this paper, the mentioned pozzolanic materials have been reviewed and summarized in Table 1.
As presented in this Table, different contents of pozzolanic materials (traditional additives and
industrial or byproducts) have been used to stabilize expansive soils. In the presented studies, the
pozzolanic materials are either one material used alone or mixing of more than one material such
as lime with cement, cement with fly ash, fly ash with lime, fly ash with gypsum, slag with cement.
It can be seen that there are optimum dosages of the pozzolanic materials where the maximum
improvement in the properties of the soils can be reached. The optimum contents have been
recorded as follows: (2% and 4%) for lime, (8%) for cement, (15% and 20%) for fly ash, and 30%
for slag. Furthermore, the use of industrial or byproduct pozzolanic materials reduces the
consumption of traditional additives (i.e., cement and lime), where the last materials are of most
importance in construction materials. In general, the stabilization of expansive soils with
traditional additives and industrial or byproduct pozzolanic materials produces improvements, to
different degrees, in the soils' geotechnical properties (it has an essential impact on swelling and
Atterberg-limits and has a positive effect on compaction-parameters).

Table 1. Application of industrial pozzolanic materials in soil stabilization.

The percentage

References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight
Lime and Cement
Ismaiel, 2004 Expansive soil 10% of lime. The shear strength parameters are directly
proportional to the stabilizer content.
10% of cement.
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The percentage

Type of the used of the . .
. o M |
treated soil stabilizer by the ain Conclusions
soil weight
2.5% to 7.5% of
lime and cement
Ampera and Expansive soil | (2%, 4%, 6%) of | The shear strength of cement-treated samples is larger
Aydogmust, lime. than that of lime-treated samples.
2005

(3%, 6%,9%) of
cement

Lime stabilization is more appropriate than cement
stabilization for construction delay.

Rao, et al., 2018

Expansive soil

(1%, 2%, 4%,
6%) of lime.

Lime has an important impact on swelling and
Atterberg-limits. It has a positive effect on
compaction parameters.

Al-Rawas, et al.,
2005

Expansive soil

Different
percentages and
combinations of
lime and cement

Lime shows better suitability to decrease the swelling
potential of the soil.

Saride, et Organic (3% - 6.5%) for | Reducing the dry density of treated OES due to the
al.,2013 Expansive soil | lime and cement. | soil’s weight decrease.
(OES).
Plasticity decreased in the samples with lime
stabilization larger than in the samples treated with
cement.
Khemissa and Over- Different cement- | California bearing ratio (CBR) values increased for

Mahamedi, consolidated lime mixing the treated samples.

2014 expansive soil ratios.
Optimum values for soaked and unsoaked CBR were
obtained when used lime (2% and 4%) and (8%) for
cement. Also, the best improvement in bearing
capacity was reached at (8%) of cement and (4%)
lime.

Barasa, et al. Expansive soil 4%,5%,6% of The increase in lime decreased the plasticity index of

2015 lime the soil and its swelling and shrinkage when adding
lime.
CBR increasing with the increased amount of lime
significantly.

Silica Fume

Kalkan and Expansive soil Different silica

Akbulut 2004

fume mixing
ratios

The addition of silica fume reduced plasticity index,
permeability and increased the UCS of the soil.




Number 1 Volume 28 January 2022 Journal of Engineering
The percentage
References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight

Negi, et al., 2013

Expansive soil

Different silica

Adding silica fume improves the index parameters of

fume r_mxmg the soil.
ratios
Fly Ash
Al-Dulaimy, Expansive soil different 15% of fly ash produced the minimum swelling.
2003 percentages of fly
ash 5% of fly ash produced the highest value of UCS.
Pandian, et al., Black cotton | 0%-100% (class- | CBR value increased to 20% at 10% of fly ash.
2001 soil. f) fly ash with an
10% increment. | CBR value reduced beyond 10% of fly ash.
Bose, 2012 Expansive soil | Different ratios of | Adding fly ash reduced the plasticity, linear shrinkage,
fly ash moisture content free swell -index, and swelling
pressure while shrinkage limit increased.
20% of fly ash achieved the maximum value of
maximum dry density and UCS. Beyond 20% of fly
ash, the strength decreases.
Hasan, 2012 Expansive soil | Different ratios of | 20% of fly ash decreased all the following properties
fly ash. of the soil:
Liquid limits (74% to 56), Plastic limits from (31% to
25%), Plasticity index (44%-31%),
Maximum dry density (1.697 to 1.275) g/cm3.
20% of fly ash increased the optimum moisture
content from (19.2 to 29.3)%.
Gopala Black cotton | Different ratios of | 3% fly ash and 2% of zycosil achieved the highest
Krishna, et al., soil (class-f) fly ash | value of unsoaked CBR.
2013 and zycosil
4% fly ash and 2% zycosil achieved the highest value
of the soaked CBR.
Ramkrishna Expansive soil Different The swelling properties reduced at a certain amount of
and combined ratios | the stabilizer, but the properties remained stable
Pradeepkumar, of (class-F) fly | beyond this percentage.
2006 ash- Aluminum

chloride and fly
ash- Magnesium
chloride.
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The percentage

References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight
Amu, et al., Expansive soil | Different ratios of | 3% fly ash 9% cement stabilization was better than
2005 A cement and 12% of cement stabilization.

(Class- F) fly ash.

Ray, et al., 2020

Expansive soil

fly ash with lime
and gypsum on
different

percentage.

Using fly ash with lime gave higher CBR values
compared to gypsum.

Cokca, 2001

Expansive soil

0%-25% (class-C)
fly ash

Properties of cured soil samples such as activity,
plasticity index, and swelling potential decreased with
adding fly ash.

There is an optimum value of fly ash, which is 20%.

Blast Furnace Slag

Ortega-Ldpez, Clayey soil Five different Higher volumetric stability, CBR values, and strength
etal, 2014 types of slag at | were achieved.
5% increment
A reduction in the swelling behavior was noted.
Yadu and Soft soil Different ratios of | At 9% of slag, the UCS was increased up to 28%.
Tripathi, 2013 slag.
Mujtaba, et al., Lean clay Different ratios | At 50% of slag, the maximum dry density was
2019 from (0% to 55%) | increased by 10%.
Fat clay of slag.

At 50% of slag, the CBR value increased from (3.2%
to 11.5%) for fat clay, and for lean clay the result was
from (2.4% to 10.7%).

At 20% of slag, the swelling potential reduced from
(5% to 2%) for lean clay.

At 30% of slag, the swelling potential reduced from
(8% to 2% ) for fat clay.

At 30% of slag, the shear strength increased up to
35% with 28 days of curing.

Cokca, et al.,
2009

Expansive soil

Different ratios of
slag and cement-
slag with a
proportion of 5%

Total amount of swelling was decreased.
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The percentage
References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight
to 25% at 5%
increments
Osinubi, et al., Black cotton Different ratios of | The compaction delay decreased the treated soil’s
2009 soil. slag and cement. | strength

3. STABILIZATION OF EXPANSIVE SOILS WITH THE AGRICULTURAL WASTES
POZZOLANIC MATERIALS

The identification of agricultural wastes as pozzolanic materials has been recorded in many
researches. The ashes produced from the burning of the agricultural wastes' materials are of good
pozzolanas properties (Tsado, et al., 2014). Among these agricultural wastes, rice husk ash,
sugarcane straw ash, egg ash, coconut husk ash, etc. Different researchers investigated the
suitability of the ashes of the agricultural wastes as soil additives to replace the classic expensive
additives like cement. The utilization of these ashes in the field of soil improvement can assist in
solving the environmental problems of these waste materials. It can save the cost of soil
stabilization using traditional materials.

The review of different researches regarding the application of agricultural wastes as pozzolanic
materials in soil stabilization has been conducted and summarized in Table 2. As shown, different
dosages of ashes have been used to stabilize soils. In the reviewed researches, the ashes materials
are either used alone or mixed with other materials such as lime, cement, gypsum, polypropylene
fibers, calcium chloride, quarry dust, and granite powder. It can be noted that there are optimum
contents of the ashes' materials at which the best improvement in the properties of the soils can be
achieved. The recorded optimum content for rice husk ash, sugarcane straw ash, egg ash, and
coconut husk ash is (10% to 15%), (4% to 10%), (3% to 20%), and (4% to 8%), respectively. Also,
one can be noticed that the ashes' materials are highly affected by curing. The development of soil
strength was increased when the treated samples were cured for a suitable period of time, fourteen
to twenty-eight days. In general, the treatment of soils with agricultural wastes (as pozzolanic
materials) causes improvements, to different degrees, in the soils' engineering properties like
bearing ratio values, soils' plasticity, shear strength parameters, swelling properties. The efficiency
of these materials increases when they are mixed with other materials (such as lime, cement,
gypsum, polypropylene fibers, calcium chloride, quarry dust, and granite powder).
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Table 2. Application of agricultural wastes as pozzolanic materials in soil stabilization.

References

Type of the
treated soil

The percentage
used of the
stabilizer by the
soil weight

Main Conclusions

Rice Husk Ash, RHA

Basha, et al.,
2003

Expansive soil
(bentonite).

Different ratios of
RHA and cement.

The optimum amount for stabilization was (10%-
15%) for RHA and (6%-8%) for cement.

Muntohar and
Hantoro, 2000

Expansive soil

Different ratios of
RHA and lime.

Improvements in CBR, plasticity index, strength
parameters, swelling index, etc. was noted

Rao, et al., 2011

Expansive soil

Different ratios of
RHA, lime, and

gypsum

At 3% of gypsum, 5% of lime, and 20% of RHA,

CBR value increased 13 times with 14days curing
period and the UCS five times for 28 days curing

period.

Ramkrishna,
and
Pradeepkumar,
2006

Black cotton
soil

Different ratios of
RHA and cement

The best strength parameters were obtained with
(10% and 8%) RHA and cement, respectively

Alhassan, 2008

Expansive soil

Different ratios of
RHA

Increasing in RHA amount decreased the maximum
dry density and increased the optimum moister
content with a slight improvement in CBR and
UCS values

Sabat, 2013

Expansive soil

Different ratios of
RHA and lime
sludge

At 10% of RHA and 15% of the lime sludge, the
compaction  water content, shear strength
parameters, and bearing ratio were increased. This
increase continued with the curing period.

Maximum compaction density, swelling pressure,
and coefficient of compaction were reduced with
the increasing of the stabilizer, and this reduction
increased with the curing

Sugar Cane Straw

Ash, SCSA

Reddy and
Prasad, 2017

Clayey soil

10%, 15%, 20%
and 25% of
sugarcane and
(0.5%,1% and
1.5%) of
Polypropylene

At 20% of sugarcane only, the MDD values
increased from (1419 kg/m3) to 1690 kg/m3), UCS
from (35 kPa to 44 kPa, and Soaked CBR values
also increased from (1.39% to 2.15%). Beyond this
percentage of the stabilizer, all the results above
were reduced.
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The percentage
References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight
fiber mixed with | The optimum moister content was reduced from
20% of sugarcane | (28.1% to 15.6%) at 20% of sugarcane and then
start to increase again beyond this percentage.
1% of the fiber mixed with 205 of sugarcane, the
Soaked CBR was increased from (1.39 to 3.94) and
then decreased.
UCS was increased from (35 kPa to 134 kPa) at
1.5% of fiber and 20% of sugarcane.
Singh and Black cotton Different of At (7%+7%) of the two stabilizers, many

Sharma, 2017

soil

mixed sugarcane
and wheat husk
ash ratios as
(3%+3%,
5%+5%, 7%+7%,
9% +9%, and
11%+11%)

engineering properties were increased as shown:
Soaked CBR value up to( 29.33).
UCS value to (35.7 MPa).
MDD (1480 kg/m3).
Liquid Limit (39%).
Plastic limit (23%).
Plasticity Index (16%).

But these values were decreased beyond these
percentages of the stabilizers.

Optimum moister content was reduced at (7%+7%)
of the two stabilizers, but it increased again beyond
these percentages

Chakraborty, et

Expansive soil

(5%, 10% and

CBR and UCS values were increased at 10% of

al., 2016 15%) of SCSA | SCSA with the increasing of curing days
Osinubi, et al., Black cotton | Different ratios of | A combination of 8% of lime and 4% of SCSA
2009 soil SCSA and lime | produced the highest CBR value

Kharade, et al.,

Black cotton

Different ratios of

The bearing capacity and shear strength were

2014 soil SCSA strengthened at 6% of SCSA
Egg Ash
Kumar and Expansive soil 0.5% to 5.5% 3% was the optimum amount of egg ash, but

Tanilaransan,
2014

ratios of egg ash
at 0.5% intervals

undesirable results occurred beyond this percent.
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References

The percentage

Type of the used of the . .
treated soil stabilizer by the Main Conclusions
soil weight
Amu et al., 2005 | Expansive soil Different 3% lime + 4% ESP was the optimal percentage
B combination which served as control.
ratios egg ash and
lime 7% of lime was better than 3% lime + 4% ESP for

tests like UCR, CBR, undrained triaxial test, and
maximum dry density

Barazesh, et

Expansive soil

Different ratios of

The addition of the egg ash produced a positive

al.,2012 egg ash effect on the engineering properties of the soil
Paul, et al., Clayey Soil Different ratios of | Atterberg’s Limits and shear strength increased with
2014 egg ash and the egg ash increasing to 20%, and they were
Quarry Dust reduced.
(QD).

Maximum dry density, angle of friction, and
cohesion were decreased with the increase of the egg
ash, but the OMC was increasing.

Maximum dry density, angle of internal friction, and
shear strength were increased with the addition of
QD at 20% of egg ash.

Atterberg’s limits, optimum moisture content, and
cohesion decreased with the addition of QD at 20%
of egg ash.

30% of the QD was the optimal percentage

Coconut Husk Ash, CHA

Oluremi, et al., Poor lateritic | (2%, 4%, 6%, 8% | The addition of the CHA increased the CBR values
2012 Soils and 10%) of and plastic limit but reduced the plasticity index.
coconut ash
Vysakh and Lateritic Soils | Different ratios of | The addition of CHA improved the strength
Bindu, 2012 coconut shell, properties. The optimum CHA content was 7%.
leaf and husk ash
Ikeagwuani, e Lateritic Soils Different A combination of 5% CHA and 4% lime improved
al., 2015 combination soil's compressibility properties.
ratios of CHA
and lime

Ikeagwuani, et
al., 2017

Lateritic Soils

4% lime+(4% to
20%) of CHA at
4% intervals

The combination of 8% of CHA and 4% and lime
increased the cohesion from 38 kPa to 52 kPa.

10
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The percentage
Type of the used of the
treated soil stabilizer by the
soil weight

References
Main Conclusions

The angle of internal friction was slightly affected.

16% CHA and 4% lime increased the MDD from
1510 kg/m?® to 1650 kg/m?.

4. STABILIZATION OF EXPANSIVE SOILS WITH THE CALCINED-CLAY
POZZOLANIC MATERIALS

The calcined-clay pozzolanic material is a type of pozzolanic material. This type of pozzolanic
material is not industrial or waste; its production requires high energy. The metakaolin is an
example of calcined clay produced by calcinating the kaolin clay (Khatib, et al., 2018). The use
of metakaolin as a pozzolanic material increased the recent decades [64]. Metakaolin can be
considered as an alternative pozzolanic material used to improve the geotechnical properties of
soils. The use of metakaolin reduces the negative effect of problematic soils. This review shows
the importance of using metakaolin in the field of geotechnical soil stabilization. Table. 3
summarizes the reviewed papers that show the effects of adding metakaolin on the geotechnical
properties of clay soils. Different contents of metakaolin have been used in literature (from 0% to
20%). According to the literature available in Table 3, it is clear that the metakaolin reduces some
soil properties such as specific gravity, the compaction moisture content, the free swell, plastic
limits, and linear shrinkage. At the same time, other properties show an increase in their values,
such as maximum dry density, unconfined strength, CBR value, and ultimate bearing capacity.

Table 3. Application of metakaolin as pozzolanic materials in soil stabilization.

The percentage
References Type of the used of the Main Conclusions
treated soil stabilizer by the
soil weight
Ahmed and Expansive soil | Different ratios of | The addition of metakaolin reduced the specific
Hamza, 2015 metakaolin. gravity from (2.78 to 2.72).
The maximum dry density was increased with the
addition of a stabilizer, and the optimum moisture
content and free swell were decreased.
The addition of 10% metakaolin increased UCS,
but UCS was decreased beyond this content.
Abba and Black cotton (0%_15%) of At 15% of metakaolin, the free swell was decreased
Abubakar, 2019 soil metakaolin at 3% | from (59% to 29%) and the plastic limit was reduced
increments. to 33.33%.

11
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The percentage

References
Type of the used of the . .
treated soil stabilizer by the Main Conclusions
soil weight

Linear shrinkage was reduced to about 2.54% at
15% of metakaolin.

At 12% of MK, the durability was improved to
36.1%.

Prakash, etal., | Expansive soil | (10%, 20% and | With 30% additive, the liquid limit and plastic limit
2018 30%) of was decreased from (80% to 19%) and (25.51% to
metakaolin and | 9%), respectively.

granite powder.
OMC was decreased from (12 to 7)%, while the

CBR value was increased from (9.2 to 12)% with
30% of the stabilizer.

Venkateswarlu, Soft clay Different ratios | The optimum amount of the stabilizers were 15% of
etal., 2021 and combinations | MK and (9% + 1%) of MK + calcium chloride.
of MK and

calcium chloride | At 15% of MK, the soaked CBR was increased to
about 78% and to 80% when treated with (9%+1%)
of MK and calcium chloride.

The ultimate bearing capacity was increased to
44% at OMC when treated with MK and increased
to 53% at OMC when treated with MK + calcium
chloride.

5. CONCLUSIONS

The application of pozzolanic materials in problematic soils stabilization can solve the problems
of these soils, on the one hand, and can solve some of the problems of the environment, on the
other. The application of these materials was shown as stabilization agents for expansive soils. The
pozzolanic materials shown in this paper are traditional (lime and cement), industrial or byproduct
(blast furnace slag, fly ash, silica fume), ashes of agricultural wastes (rice husk ash, sugarcane
straw ash, egg ash, coconut husk ash), and calcined-clay (metakaolin). These materials have been
reviewed and discussed and concluding the following points:

. Using the pozzolanic materials to stabilize the expansive soil is very important for
improving the soil properties and, are cost-effective than other stabilization methods.
. The use of industrial or byproduct pozzolanic materials reduces the consumption of

traditional additives (i.e., cement and lime), where the last materials are of most
importance in the field of construction materials

. There is a wide range for the percentages of pozzolanic materials used as stabilizers
were (ranged from 1% to 100%), but the most effective contents occur in the range
from 1.5% to 30%. Also, the content of 15% is the most ratio of the stabilizers used as

12
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an optimal percentage, and beyond this ratio, the addition of the pozzolanic materials
produces an undesirable effect. However-type of the stabilizer used also depends on
the area of the work and the availability of the stabilizer.

In general, the stabilization of expansive soils with pozzolanic materials produces
improvements, to different degrees, in the soils' geotechnical properties (it has an
important impact on swelling and Atterberg-limits and has a positive effect on
compaction and strength parameters.

NOMENCLATURE

MDD= maximum dry density.
CBR= California bearing ratio

OES = organic expansive soil

RHA = rice husk ash

SCSA= sugar cane straw ash.

UCT = unconfined compression test.
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