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This article first introduces a new method of characterization of expansive clays after
oedometer test results performed on intact saturated clay specimens. On the presumed
expansive clays specimens, oedometer tests are preceded by the free swelling test from
which the swelling pressure is measured. From current oedometer test results carried out
on expansive and non-expansive clays, the ratio of compression index (C) by the swelling
index (Cg) was determined. A threshold value of the ratio C,/Cg was identified to distinguish
between expansive clay specimens and non-expansive clay specimens. Second, a novel
mitigation method of the swelling phenomena was validated by performing oedometer
tests on expansive clay specimens preceding the measurement of swelling pressure.
Oedometer tests performed on a 53% thickness clay specimen overlaid by a 47%
thickness of sand showed a significant reduction of the swelling pressure compared to
that measured on a full expansive clay specimen. The mitigation solution reduced the
swelling effect by placing a compacted granular layer as an interface between the
expansive clay and the foundation. This solution has been adopted and approved in
forthcoming a lightweight building construction at the Faculty of Sciences of Tunis City.

Keywords: expansive clay, characterization, granular material, swelling pressure, mitigation, oedometer test,
compression index, swelling index

1 INTRODUCTION

Expansive soils typically clays are a problematic soil category, which often poses serious
pathology, especially when lightweight constructions are built on it. Hence, studying the
behaviour of foundations on expansive soils is a theme of high interest, in
particular for many African countries (Kalantari, 2012; Nelson et al., 2015; Sridharan and
Prakash, 2016).

The swelling phenomenon attracted several investigators, first, to explain how it can occur
(Sridharan and Prakash, 2016). Then, which methods are suitable for measuring the swelling
pressure. In this regard, several contributions have been published (Hussain and Dash, 2011; Plaisted
and Zornberg, 2011; Gueddouda et al., 2013; Aniculaesi and Lungu, 2019).

Abbreviations: C.:Compression index; C,: Swelling index; p: unit mass; o: stress; og final applied stress level; og: swelling
pressure; € :deformation; I: thickness of the expansive clay; Al: upward swelling displacement; Hg: thickness of granular
material layer; Hg: thickness of expansive clay layer; D: dimension; ENIT: National Engineering School of Tunis; UTM:
University of Tunis El Manar.
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FIGURE 1 | lllustration of shrink-swell clay, (1) evapotranspiration, (2) evaporation and (3) root absorption (Villey, 2010).

The main issue is to find out how to mitigate the swelling
phenomenon to build foundations, retaining structures in contact
with expansive soils. Chemical treatment of expansive clays and
improvement solutions, like using granular material, were
proposed (Gueddouda et al., 2013; Fattah et al., 2017, etc.). To
prevent the occurrence of the swelling phenomenon, the
peripheral drainage trench revealed a suitable method to
control water evacuation away from structural elements in
contact with these problematic clays.

In North of Tunisia, several projects are in progress where
expansive clays exist from the ground surface and extend to deep
layers. In the three last decades, the repair of several constructions
was affected by extreme damage attributed to the swelling
phenomena (Bouassida et al, 2006). Hence, the Tunisian
Ministry of Equipment, building and infrastructures have
made it a priority of special attention when designing
foundations on expansive clays. Such a decision needs a
research program that aims to characterize expansive clays

suitably and to formulate countermeasures and construction
methods to help civil engineers by conducting safe designs
and for the execution of foundations on this problematic type
of soil.

This article focuses on how the swelling phenomenon is
triggered in expansive clays. There is, then, a brief
bibliographic review of the damage occasioned by expansive
soils, with proposed methods for their classification and
methods of mitigation of the swelling phenomena.

First, the article suggests a new approach for characterizing
expansive soils from oedometer test results and, second, the
mitigation of swelling phenomenon by using a granular
material, as an interface tested in a laboratory, for reducing
the swelling pressure on foundations.

Previous methods of classification of expansive soils have
focused on the use of plasticity parameters and the free-swell
test result. The gap between those existing approaches
appears in the absence of comparison between those
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FIGURE 2 | Schemes of (A) expansion of a clay particle and (B) insertion of cations with their relative dimensions (Civan, 2016).

FIGURE 3 | Damages in retaining walls at the National Engineering School of Tunis (Manigniavy, 2021). (A). reinforced concrete wall subjected to active pressures
induced by expansive clays. (B). Unreinforced concrete wall subjected to active pressures induced by expansive clays.

methods. Non-consideration of the current oedometer
parameters can be thought of as a minor limitation that can
be helpful.

The merit of the suggested approach is to consider the soil
parameters of current use, as determined by the oedometer
tests, without consideration of the free-swell test result.
Therefore, the suggested method of classification is
applicable both for expansive and non-expansive soils. The
interpretation of the results and main findings are addressed in
the final section.

2 PROBLEM STATEMENT

2.1 Swelling Mechanism

The swelling phenomenon of soil occurs progressively and depends
on the soil saturation and its clay structure (Medjnoun et al., 2014).
The volume of expansive soils changes according to their moisture
content (Figure 1). When adding water to expansive clays, their
molecules are drawn into the space between the clay particles
(Figure 2). As water is absorbed, the clay particles move apart,
increasing the swelling pressure (Elarabi, 2010).
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FIGURE 4 | Summary of shrink-swell phenomenon.
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TABLE 1 | Oedometer parameters of clayey specimens.

Country Site/Cities Sample Depth
(m)
Tunisia Béja SC1 4.00-4.50
SC2 4.00-4.50
SC3 4.00-4.50
SC4 4.00-4.50
SC5 4.00-4.50
SC6 4.00-4.50
SC7 4.00-4.50
SC8 4.00-4.50
SC9 4.00-4.50
SC10 4.00-4.50
G109-SC1-2 6.60-7.00
G109-SC1-3 9.00-9.40
Centre Urbain du Nord - Tunis SC1-El1-1 7.00-7.50
SC1-El1-2 19.56-20.0
SC2-El2-1 7.50-8.00
Jardin El Menzah 1 - Tunis SC1-EN 4.00-4.50
SC1-El2 8.00-8.50
SC2-El2 7.00-7.50
SC3-EI2 6.50-7.00
SC4-EN 3.50-4.00
SC4-EI3 13.0-13.5
Tunis El Manar University - Tunis SC1-El13 4.30-4.90
SC1-El14 7.40-8.00
SC2-El21 4.50-5.00
SC3-EI31 1.30-1.80
SC3-EI33 4.00-4.50
Algeria Médéa Medjnoun and Bahr, (2016) E-1-1 1.80-2.00
E-4-1 2.00-2.40
E-4-3 5.00-5.50
E-10-1 0.50-1.00

United States Louisiana Wang, (2016)

Cc Cs Cc/Cs Os Expansive Non-expansive
(kPa)
0.160 0.024 6.7 110 X
0.140 0.026 5.4 230 X
0.150 0.018 8.3 90 X
0.180 0.037 4.9 120 X
0.160 0.035 4.6 140 X
0.140 0.010 14.0 40 X
0.150 0.012 12.5 40 X
0.130 0.019 6.8 140 X
0.220 0.030 7.3 130 X
0.180 0.039 4.6 80 X
0.226 0.086 2.6 204 X
0.176 0.035 5.0 108 X
0.158 0.012 13.2 0 X
0.123 0.009 13.7 0 X
0.129 0.008 16.1 0 X
0.140 0.017 8.2 160 X
0.140 0.025 5.6 190 X
0.140 0.017 8.2 150 X
0.140 0.011 12.7 20 X
0.190 0.041 4.6 70 X
0.200 0.061 3.3 180 X
0.124 0.021 5.9 220 X
0.114 0.027 4.2 185 X
0.173 0.009 19.2 0 X
0.055 0.003 18.3 0 X
0.156 0.040 3.9 275 X
0.140 0.045 3.1 400 X
0.400 0.100 4.0 70 X
0.350 0.140 2.5 80 X
0.150 0.100 1.5 420 X
0.360 0.110 3.3 170 X

The swelling phenomenon in expansive clays is complex and
arises from an electrochemical process. The latter affects the
distribution of internal stresses between the soil particles (Kehew,
1995). Clay particles are plate-shaped, having a negative charge on
their surface in presence of the interstitial water solution and water
molecules. The molecules of water are polar, and are attracted to the
surface of the clay particles. This interaction is modelled by two
types of forces: Van der Waals surface forces and the
adsorption forces between clay minerals and water

molecules. Due to the externally applied stress and the
capillary tension in the soil water, an equilibrium can be
reached in the internal electrochemical system (Sahin, 2011).

The second factor overcoming the swelling behaviour is the
migration of cations. The latter are generally transferred from a
higher to a lower concentration in a solution to ensure that the
ions are evenly distributed. As ions are retained by clay particles
in expansive soils (Figure 2B), there is a movement of water from
low ionic concentration areas to high ionic concentration areas
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TABLE 2 | Classification of expansive soils based on C/Cs ratio and swelling
pressure.

Type of soil Zone in Figure 5 C./Cq os (kPa)
Expansive 1 <10 > 50
Non-expansive 2 > 10 < 50

inside the clay. This water movement generates pressure and,
consequently, induces the swelling of the clay (Sahin, 2011).

Characterization and Mitigation of Swelling Soils

To better illustrate this process, exchangeable cations are
attracted to the surface of the negatively charged clay
particles. Figure 2B shows the effect of cation size on
cation migration into an interparticle. The space between
the clay particles is smaller than the dimensions of some
cations. When cations migrate, the interlayer is shifted
because of the weak liaisons between the clay particles
(Figure 2B). The volume increases (Figure 2A), then
followed by the swelling of the clay. This phenomenon is
reversible when the water content decreases due to
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TABLE 3 | Comparison of C./Cs ratio method to others methods.

Zone 2 in Figure 5. C./Cg
ratio present

method

Co/Cs > 10 and Swelling
pressure os < 50 kPa

Non-expansive  Non-expansive Elarabi, (2010)

Low swell potential Holtz and Gibbs, (1956); 1S:1498, (1970);
Chen, (1975); Snethen et al. (1977); Bowels, (1988)

Slightly expansive Kay, (1990)

Liquid limit (wy)

Characterization and Mitigation of Swelling Soils

Plasticity index (PI)

Non-expansive Federal Highway Administration
Research and Technology, (1999); Elarabi, (2010)
Low swell potential Chen, (1975); Snethen et al. (1977);
Bowels, (1988)
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evaporation, evapotranspiration and absorption by the roots
(Figure 1). Meanwhile, there is a high probability of cracks
appearance in the soil. For instance, the soil swells during the
high humidity season with induced deformation in a retaining

wall. Whilst, in the warm season, the expansive soil shrinks,
then fissures appear (Figures 3A,B) which will be filled by
dust or also by plants growing in it. Figure 4 illustrates the
occurrence of soil cracking in an expansive clay. Among the
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FIGURE 9| (A) An expansive clay sample. (B) A composite sample: 53%
of expansive clay and 47% of granular material.

clay minerals, the smectite group is responsible for soil’s high
swelling properties, in particular montmorillonite (Chen,
1988). This is due to the weakness of layer liaisons. The
swelling and shrinkage behaviour of clay is a very
dangerous phenomenon that leads to several kinds of

FIGURE 10 | Two cored specimens extracted at ENIT, Tunis El Manar

University, Tunisia.

TABLE 4 | S1 expansive clay characteristics.

S1 specimen

Initial water content w; (%) 15.9
Liquid limit wy_ (%) 31.2
Plasticity index Pl (%) 10.9
Unit mass (g/cm®) 1.903
D < 80 pm (%) 91

D <2pm (%) 40

Activity Ac = Pl / (%< 2 ym) 0.27

damage and huge repair costs. Hence, finding methods to
characterize this category of soil is crucial. As for mitigation,
adequate methods to prevent the swell effect should be formulated.

3 BACKGROUND

3.1 Damages Caused by Expansive Soils
3.1.1 Structural Damages

Expansive soils are among the top natural hazards and phenomena
such as earthquakes, hurricanes, floods and tornadoes (Chen, 1975).
Three (03) main factors control the triggering of swelling
phenomenon and related damages on structures (Holtz and
Kovacs, 1981): the presence of montmorillonite, with natural
water content close to the soil’s plastic limit, and a water source
near a potential expansive soil. The existence of swelling soils can lead
to slope instability, a differential heave buckling of pavement, a
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FIGURE 11 | Disturbed clay sample, S1 sample.

differential settlement of roads or railways, retaining walls’ buckling
(Figures 3A,B), tunnels collapsing, and damages to retaining walls.
Destruction of hydraulic structures such as buried pipelines, drains,
sewage systems and irrigation systems are very dangerous and can be
fatal in certain conditions. Without precautions, canals can be
destroyed by foundations built on expansive clays (Elarabi, 2010).
This could be risky for users.

3.1.2 Cost Damages

Annually, billions of dollars are spent worldwide in repairing the
severe damage that currently affects constructions as a result of the
swell phenomenon. The most reported types of damages are
cracking of pavements, basement walls, floors, foundations and
hydraulic structures. The cost of repairing these damages is quite
high (Osman and Charlie, 1983; Nuhfer, 1994; Azam et al,, 2013).
According to Mostafiz et al. (2021), the high cost associated with
maintenance and repairing is comparable to other sources of
damage (subsidence, inadmissible settlement, etc). To date,
many countries have not yet made financial assessments of the
losses related to expansive soil problems.

3.2 Characterization of Expansive Soils

Boscardin and Cording (1989) proposed a classification based
on structural damages, more precisely on the width of cracks.
According to Sridharan and Prakash (2016), two characterization
types are distinguished. The first type of characterization
considers the knowledge of expansive soils’ mineralogy, such
as X-ray diffraction analysis (Athmania et al., 2010) or differential
thermal analysis, dye adsorption, chemical analysis and scanning
electron microscopy. The second type of characterization uses
data obtained from an inferential test either by direct or by
indirect methods. There is a strong correlation between swelling
characteristics and basic soil parameters (Kim et al, 2013).
Several researchers have found ways to classify expansive soils
by indirect methods: Atterberg limits tests (Holtz and Gibbs,
1956; 1S:1498, 1970; Chen, 1975), activity method (Skempton,
1953; Seed et al., 1962; Sridharan and Prakash, 2016) and the clay
fraction method (Holtz and Gibbs, 1956; Chen, 1965; Holtz et al.,
2011). The characterization is referred to direct methods rather
use data from the oedometer swell test, free swell tests and suction

FIGURE 12 | Oedometer cell with displacement sensor.

measurement. According to Holtz and Gibbs (1956), the
conventional oedometer swell test is the most useful and
reliable assessment of the swell potential.

3.3 Methods of Swell Mitigation

Expansive clays have become a worldwide concern in the field
of geotechnical engineering because of the problems they cause
in several countries. To take full and optimal advantage of the
ideal Smart Cities, improvements are required to mitigate or
adapt to this type of soil. To reduce the swelling pressure, there
are many methods proposed such as the use of piles (Kay, 1990;
Al-Busoda et al., 2017), chemical treatments (Lahmadi et al.,
2013; Mahamedi and Khemissa, 2013) and soil
mixture (Gueddouda et al., 2013; Fattah et al., 2017; Tiwari
et al., 2019).
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FIGURE 13 | (A) Sand and an expansive soil S1 inside the oedometer ring. (B) Case 2 specimen.

Top flange
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(47% Sand + 53% S1)

"""""" Filter paper

Furthermore, soil replacement, use of strong enough structures
and structure isolation from the swelling clay are among the three
most commonly used techniques (Kalantari, 2012).

4 NEW APPROACH

4.1 Characterization of Expansive Soils
Using C./C¢ Ratio

The proposed characterization method is based on the C./C,
ratio by using data collected from four (04) case histories and
selected ones from others countries (Algeria and
United States). Table 1 details those data as determined
from oedometer tests preceded by the measurement of the
swell pressure. Table 2 gives a first classification showing the
difference between expansive and non-expansive soils.
Compression index (C.) and the swelling index (C,) are
determined from an oedometer test during which the tested
soil specimen is permanently submerged, hence full saturation
condition applies for the tested soil specimen during loading
and unloading steps. One can interpret this ratio as an
indicator of volume variation quantifying the degree of the
soil compression (C.) with respect to the soil swell (Cy).

Performing an oedometer test, those two indices can be
determined for any saturated soil either expansive or non-
expansive. From collected data, Figure 5 plots the variation of
the swell pressure vs C./C; ratio. From this figure, it is seen that
data of non-expansive soils, characterised by a swell pressure
lower or equal to nearly 50 kPa belong to the side where C./Cs
ratio is greater than 10. Also, it is noted when C./C; ratio
exceeds 15, the swell pressure is almost zero. In turn, when C./
C, ratio is lower than 8 one can identify expansive soils for
which the swell pressure is in the range of 75-400 kPa. Data
comprises Tunisian and two non-Tunisian soils. This method
of characterization is in accordance with Chen (1988) who
stated the swell potential is low when the swell pressure is
lower than 50 kPa.

The plasticity chart in Figure 6 reveals that data collected for
non-swelling clays are located in the low plasticity zone.

Therefore, the classification method herein presented is in
good agreement with several methods for the characterization of
expansive soils (Table 3).

Figures 7A,B show the difference between the respective
oedometer curves of a non-expansive soil and an expansive
soil, however without having any notice about the
measurement of the free swell. During the unloading phase,
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TABLE 5 | Experimental results.

Thickness of expansive Upward swelling displacement Total applied vertical Ratio Al/I
clay I (mm) Al (mm) stress to prevent
swelling (kPa)

Clay specimen only 19 0.54 11.85 0.028
Clay-sand specimen 10 0.22 0.43 0.022

Frontiers in Built Environment | www.frontiersin.org 11 March 2022 | Volume 8 | Article 836277


https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Bouassida et al.

comparison between Figures 7A,B indicate that the increase in
thickness of the expansive soil specimen is not only attributed to
the release of vertical stress, the second fact is attributed to the
swell induced by the infiltrated water within the soil specimen.

4.2 Use of a Granular Layer to Mitigate the

Swelling Phenomenon

Mitigation of the swelling phenomena can be attained by
using a granular layer separation between the foundation
and the swelling clay. This layer plays, first, the role of an
absorber of the swelling pressure. Second, the drainage role is
facilitated by the high permeability of the granular material.
This design, as shown in Figure 8A, was chosen because the
load distribution (swelling pressure of soil) on the foundation
is different to that on a granular layer, which is non-
continuous loading (Figure 8B). This is because the
contact between the granular material particles can be a
point, line or surface.

4.2.1 Oedometer Test

To analyze the effect of the granular for mitigating the swelling

pressure, two oedometer tests were performed on a pure clay

specimen. As shown in Figure 7B, the compression index C. and

the swelling index C; are determined from the oedometer curve.
In this study, two distinct oedometer tests are proposed:

- only with expansive clay sample (Figure 9A)
- with expansive clays sample plus a granular layer (Figure 9B)

Finding the optimum efficiency and thickness of the
granular layer to reduce the swelling pressure is the
objective.

Two cored samples, noted S1 and S2 (Figure 10; Table 4),
have been extracted at the site of the National Engineering School
of Tunis at a depth of 0.6 m (Figures 3A,B).

Case 1: ( Only S1 expansive clay)

An intact sample from the S1 core, of water content 15.9%,
is placed in the oedometer ring as shown in Figure 11. The
unique load on the sample is the mass of the porous stone
which is converted to a pressure of 0.25 kPa. The oedometer
cell is filled with water to ensure the soil saturation and
continuous circulation of the water. A displacement sensor
enables the recording of the evolution of swelling pressure
(Figure 12). The temperature in the distilled water in the lab
was 24°C.

Case 2: ( Sand + S1)

This case, illustrated in Figures 13A,B, 1 cm of the oedometer
ring thickness is filled with expansive soil S1 and 0.9 cm
remaining with compacted sand (ps,nq = 1.806 g/cm3; Wisand =
5%; 1 mm < D < 1.250 mm). Oedometer swell test is applied to
Case 2. In this experiment, the clay layer covering the bottom
1 cm of the ring thickness, under porous stone and sand layer, is

Characterization and Mitigation of Swelling Soils

loaded with a total of 0.43 kPa. Indeed, the mass of sand layer and
porous stone is 167.2 g and the oedometer ring diameter is 7 cm.
A filter paper is used to separate the sand layer and the expansive
clay layer.

4.2.2 Experimental Results and Interpretations

4.2.2.1 Identification Test Results

The extracted specimen comes from the National Engineering
School of Tunis site, nearby the retaining wall shown in Figures
3A,B. According to the classification by Chen (1975), the physical
parameters of this sample, given in Table 4, indicate that it has a
medium swell potential.

By referring to Sridharan and Prakash (2016), this specimen
has low activity and a low probability to swell. Activity, noted A,
is calculated as the ratio between the plasticity index and the
percentage of particles of dimensions less or equal to 2 pm.
Therefore, based on those two classification methods the
swelling characterization is not confirmed.

Given the swelling behaviour of this sample, an oedometer
swell test was performed and discussed hereafter.

4.2.2.2 Comparison of the Results for the Two Case Studies
Expansive clay sample S1 grain size distribution shows that the
dimensions of 91% of the particles is inferior to 80 pm. After
observed results, the specimen swelling is noticed (Figures
14A,B). The two cases do not have the same swelling rate or
the same behaviour. The compacted sand layer acts as a shock
absorber to reduce the swelling pressure effect of the soil.

Case 1: For the first hour and a half, it is clear that case one’s
curve, shown in Figure 14A, keeps the swelling at a medium
rate, approximately 38.4 nm/s. After 01 h 38 min from the
beginning of the free swell test, the applied load to the
specimen is increased to the observed swelling. Each time,
the swelling evolution attains a plateau corresponding to the
end of swelling. The oedometer cell is filled to ensure
saturation and to compensate for the amount of absorbed
water. The soil swelling continued until 0.54 mm upward
displacement after 24 h, subject to 11.85kPa vertical stress
(Figure 15A). Then, the swelling stabilized during 02h
30 min. Then, the specimen settlement started.

Case 2: Upward vertical displacement vs time displayed in
Figure 14B shows a different evolution as recorded for the
specimen case 1 (Figure 14A). During time, the swelling rate
decreases; in fact, in the intervals time (0; 2000 s); (2000;
4,500 s); (4,500; 5,000 s); (5,000; 6,000 s), the swelling rates
are equal to 22.4 nm/s, 38.5nm/s, 17.1 nm/s, 36 nm/s and
15 nm/s, respectively. An explanation of such behaviour might
be the friction resistance induced between the sand particles.
Five hours after the beginning of the test, the upward vertical
displacement equals 0.22 mm (Figure 15B). Then, the
specimen stabilized at this deformation level.

Table 5 illustrates the vertical displacements and the final
stress levels for both cases. A reduction in deformation of 21.4% is
observed, then, follows the decrease in the swelling pressure
compared to the tested specimen case 1.
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Deformation in case 1: gy = Al / Iy = 0.54 / 19 = 0.028
Deformation in case 2 : gy = Alp) / Iy = 0.22 / 10 = 0.022,
which approximates 78.6% of &).

5 CONCLUSION

This paper addressed the study of the classification and
mitigation of expansive soils. Based on oedometer curves,
when the C./C; ratio exceeds 10, the soil is concluded to be
either non-swelling or its swelling potential is negligible. Whilst
when the C./C;<10, one should consider calculating the swelling
pressure. Compiled data of about Thirty-one (31) specimens
mostly collected from four Tunisian sites and two sites
(Algeria and United States), revealed that soils with C./C < 8;
their swelling pressure exceeds 50 kPa.

The present study also showed, after experimental laboratory
investigation, that the use of a granular material layer (sand) as an
interface between the foundation and an expansive clay layer
reduces the swelling of tested specimen, in oedometer condition,
to 21.4%, for a Hg/Hjg ratio equal to 0.9 (Hg: the thickness of the
granular layer and Hg: the thickness of an expansive soil).

The novelty of the present study relies on adopting a different
analysis, as compared to existing methods, based on oedometer
data, especially the compression and swelling indices.
Throughout the ratio C./C; value, one can perceive if the
tested soil is expansive or non-expansive, without the need for
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