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Abstract

The swelling potential analytics and the ion exchange reaction of highly expansive soils in a soil
stabilization process have been reviewed. The importance of these factors in deciding suitable
construction materials and chemical additives utilized as alternative or supplementary binders
in clayey soil stabilization has been discussed also. The outcome of this study has shown
that AIF*, Si**, and Ca?* are the most suitable exchangeable cations with OH- as the suitable
exchangeable anion leading to the formation of C-A-S-H, which is the compound responsible for
strengthening. The swelling potential analytics also proposed the expression w_ = 0.00216
x (pizn 1%,144)(22232 D;) as the total swelling potential with respect to the depth of a foundation
material constructed with clayey soil. This study revealed that during the wet season, hydraulically
bound foundation materials experience undesirable volume changes with the highest swelling
potential expected at the surface within the active (unstable) zone of the foundation. Generally,
the treatment of highly expansive soil with very high swelling potential should be concentrated
at the surface and reduced along the depth of the foundation matrix. With this proposed guide,
the utilization of alternative or supplementary cementing materials as construction materials
in the stabilization of clayey soil to improve swelling can be conducted with a more sustainable
approach.
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1. Introduction

Clayey soils have been considered very important
construction materials because of the role they play as
foundation materials in earthworks, flexible pavements,
compacted clay liners, airfields, backfills, etc. local earthen
house builders use clayey soils in their constructions in the
countryside [1-3]. This has shown plastic properties that
enable the soils clog and bond together in the construction of
tach and earthen houses in villages and countryside [4]. This is
achieved by mixing clayey soils with moisture sufficient enough
to make form clogs and flocs holding the mass together to be
used in the local engineering earthworks [5, 6]. This material
is manipulated and handled by mixing it with moisture
without recourse to the reason behind its clogging behavior. In
advanced foundation earthworks, little consideration has been
given to the reactions that lead to bonding together of clayey
soil particle when mixed with moisture to its optimum content
[7]. Itis important to note that the behavior of clayey soils when
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mixed with moisture is of utmost importance to geotechnical
engineering practice [7]. More so, its behavior when mixed
with an admixture during clayey soils stabilization procedure
is more important to the designer. In transport geotechnics,
pavement underlay is built with clayey soil and in most cases,
the clayey soils are of highly plastic and expansive consistency
[8, 9]. These properties make the soils very problematic. Again,
when the foundation is exposed to seasonal rise and fall of
water table, the clayey soil material responds by undergoing
swell and shrink cycle which cause the materials to crack [1, 3,
10, 11]. These cracks may propagate to such undesirable widths
that expose the internal structures of the pavement foundation
to moisture percolation from runoff [1, 10]. The behavior of
hydraulically bound structures during the wet and dry season
deserve a clearer understanding at this stage. The moisture
content increases and attains maximum condition at the
surface of clayey soil mass during the wet season when water
tables rise and moisture reaches the foundation by capillary
rise [12, 13]. For the maximum moisture at the surface, it


https://creativecommons.org/licenses/by-nc/2.0/

épitdoanyag - Journal of Silicate Based and Composite Materials

decreases with depth to a value within the unstable zone or the
active zone [12]. Beyond this clayey soil zone of activity is the
stable or inactive zone. Hydraulically bound structures built
within the unstable or active zone prone to swell and shrink
cycles due to moisture intake and loss as the case may be are
likely to experience undesirable movements according to the
seasons and hence suffer collapse [12]. This is the case with
most vertical and horizontal structures that experience failures
all over the world [1, 12]. These are caused primarily due to
differential movement in both axial and lateral directions. The
mineral contents and more especially the dominant minerals
and exchangeable ions in the clayey soils are responsible for the
microstructural and macrostructural behavior and reactions
that lead to the failure of foundations [12, 14]. Clayey soils are
made of minerals, which are fundamentally responsible for the
behaviors observed when mixed with moisture or any additive
materials during chemical stabilization [14]. There are three
major minerals that may dominate clayey soils, which include
kaolinite, illite and montmorillonite as presented in Table 1.

Mineral "iq:/iLd(;")“it' P'a:,t:‘zog;““’ Activity, A
Kaolinite 35-100 20-40 0.3-0.5
lllite 60-120 35-60 0.5-1.2
Montmorillonite 100-900 50-100 1.5-7.0
Halloysite 1 50-70 40-60 0.1-0.2
Halloysite 2 40-55 3045 0.4-0.6
Attapulgite 150-250 100-125 0.4-1.3
Allophane 200-250 120-150 0.4-1.3

Table 1 Values of liquid limit, plastic limit and activity of some clay minerals [14]
1. tdbldzat  Egyes agyagdsvdnyok folydsi hatdrértéke, képlékeny hatdrértéke és aktivitdsa [14]

It is important that in earthworks, clayey soils are handled by
impregnating the mass with moisture to its optimum content
as molding moisture [1, 8]. When this happens, the clayey soils
respond by the dispersion of the particles and swelling occurs
[2, 11]. During this hydration reaction stage, the minerals in
clay are polarized and the dipole ions migrate to either the
surface or the edge [12]. The negative ions of the inundated
clay minerals are attracted to the surface of the clayey soil
and a film of moisture interface is formed, which is called the
adsorbed moisture (see Fig. I) [7]. When this happens, the soil
experiences swelling caused by the weakening of the van der
Waal’s forces holding the particles together [7, 12, 14]. Around
each clayey particle as they separate from each other and as
they lose their interparticle force is formed a diffused double
layer (DDL) [6, 9, 12, 15, 16]. This keeps the particles apart and
the gap increases as there is further hydration of the clayey soil
[7]. Conversely, if dehydration takes place by any means, the
diffused double layer reduces and the particles tend to come
closer again but the crystalline structure of the clayey soil
may be lost due to cracks. This is one the properties of highly
expansive soils, which are also called black cotton soils [12]. The
swelling cracks in most cases widen to a maximum of 20mm
and moisture travel deep through these cracks into the ground

[12]. The highly expansive soils swell and shrink in a regular
cycle and this brings about severe movements in soil mass and
structures built atop are affect by these undesirable behaviors.
There is recorded recurring cracking and progressive damage
of structures built on these problematic soils [12]. In a polarized
clayey soil due to hydration, ions like Al**, Si*, Ca?*, Fe**, O
and OH-" are observed with Na*, K* and Mg** depending on the
dominant clay mineral in the studied clayey soil. Further, ion
exchange reaction takes between the exchangeable ions.

Net negative charge Particles surface

A
V " I + + +
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Fig. 1 Release of ions and cations migration and exchange reaction in the adsorbed
complex [7, 14]
1. dbra  Ionok és kationok felszabaduldsa és cserereakcidja [7,14]

The primary focus of the work is to review the possible
exchange reactions that take place during clayey soils
stabilization procedure utilizing additives with emphasis on
swelling potential analytics [12]. This is important because
of the role it plays in the reversal of swell condition of
clayey soil, strengthening of highly expansive soils and the
achievement of stable and sustainable foundation structures.
This aspect of geoenvironmental engineering investigation
and more especially soil stabilization and improvement has
been neglected by researchers and designers. Without a good
understanding and utilizing the knowledge it possesses there
will never be any successful stabilization process more so on
problematic soils and highly expansive clayey soils would have
been useless to earthworks. This review hopes to illuminate
this aspect and close the knowledge gap.

2. Discussion of relevant literatures

2.1 Exchangeable ions in soil stabilization

Clay minerals have atomic structures built of two fundamental
crystal sheets, which are the tetrahedral or silica sheet and the
octahedral or alumina sheet [8]. It is the metallic ions in the
crystals as they are stacked differently with different bonding
forces that determine the lattice structure of the clay mineral
[12, 14]. As soon as clayey soils are hydrated as a result of
water percolation in hydraulically bound structures or during
a stabilization procedure, hydration reaction takes place and
exchangeable ions are released with the ionic composition of
the pore water. The exchangeable ions available from clay for
kaolinite clay mineral (hydrated) with the chemical formula
(OH)4~A14Si4010~4HZO are AP, Si**, H*, OH and O, for
montmorillonite clay mineral with chemical formula (OH),,
Al 4SigOzonHzO are Al*, Si*, H*, OH, and O™ and for the illite

Vol. 73, No. 3 = 2021/3 = . 87
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clay mineral with chemical formula (OH) 4Ky(Sig_yAly)(Al Mg
Fe4~Fe6)O20 are K, Al’*, Si**, Mg*, Fe**, H*, OH and O  [8, 12,
14, 17]. The availability of the exchangeable ions can be seen
presented in Figs. 2, 3, and 4. However, research results have
shown that by Xray Fluorescence (XRF) and Xray Diffraction
(XRD), clayey soil chemical oxide composition is composed
also of small proportion of oxides of calcium and oxides of
sodium in the case of montmorillonite and this is responsible
for its highest degree of expansivity compared to the other
three clay mineral components [17]. This means that Ca** and
Na* are also available as exchangeable ions either during clayey
soil hydration or in a case of soil stabilization.

0.0 0 O O O
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Fig. 2 Structure of kaolinite mineral [8]
2. dbra A kaolinit-dsviny szerkezete [8]
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Fig. 3 Structure of illite mineral [8]
3. dbra Azillit dsvdny szerkezete [8]
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Fig. 4 Structure of montmorillonite mineral [8]
4. dbra A montmorillonit dsvdny szerkezete [8]
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However, in a clayey soil stabilization procedure, additives
are utilized due to the exchangeable ions available, which
constitute Ca?t, AI**, S*, and Fe?, which are the cations
responsible for the binding properties that ordinary Portland
cement and other supplementary and alternative binders
possess [18-20] and CO,*, which is the anion responsible for
carbonation reaction in stabilization operation [7, 21]. Clayey
soils of highly expansive consistency are not suitable for
earthworks due to their high tendency to swell and shrink due
to moisture changes [22-25].

2.2 Hydration, adsorbed moisture and cation exchange
reaction in soil stabilization

Hydration is the inundation or the impregnation of soil
and more especially clayey soil in this case, with moisture
to trigger ionization in aqueous medium [3, 7]. This takes
place either through the rise in water table that foundation
materials are exposed to moisture ingress or when moisture
travels through cracks and percolate into the foundation level
[7, 12]. Clayey soils take in moisture and this causes volume
changes known as swelling. As moisture is absorbed, a film of
surface is formed in the lattice structures of clay to form what
is known as absorbed moisture. The adsorbed moisture in clay
is responsible for the dipolation of clay composition ions and
the availability of exchangeable ions [7, 23, 24]. The dipole ions
from clayey soil are separated into cations and the anions. The
anions are concentrated at the surface of the clay particles and
attract the cations from the dipole ions from additives during
the hydration reaction [7]. The cation exchange reaction takes
place with respect to the arrangement of the metallic ions in
the electrochemical series. In a montmorillonite dominant
clayey soil tetrahedral sheet, AP* from chemical additive
exchanges Si** in clayey soil while either Mg, K*, Fe*, Li*
or Zn* exchanges AI** in the octahedral sheet [7, 12]. During
the utilization of additives with sufficient calcium-based
components in a soil improvement exercise, Ca** also exchanges
other weaker cations in the adsorbed complex. These exchange
of cations with those that are stronger in the chemical series
leads to the formation of clay flocculants responsible for the
formation of calcium aluminate hydrate (C-A-H) and calcium
silicate hydrate (C-S-H) or even a composite compound
known as calcium aluminate silicate hydrate (C-A-S-H) [1, 7,
10, 26, 27]. These compounds are responsible for the gain in
strength in clayey soil by the strengthening of the interparticle
bonds. When clayey soils swell, with higher degree of swelling
potential on the surface of a clayey soil mass, this can be cured
through the impregnation and mixing of the swollen soil with
such additives rich in exchangeable ions like Ca**, AI’** higher
in the electrochemical series that can exchange sodium or
magnesium ion to reduce the double diffused layer in swollen
soils [6].

2.3 Swelling potential analytics and stabilization

The work of H. B. Seed et al. [11] suggested the expression
for swelling potential for clayey soils as presented in Equation 1;
w,=0.00216 x [ 4 (1)
where I = plasticity index and w, = swelling potential.
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From the findings of V. N. S. Murthy [12], hydraulically
bound foundations built with clayey soils and within the active
(unstable) zone experience lattice structure impairments due
to moisture intake. The active zone ranges from the clayey
soil surface to the depth D_beyond which the clayey soil
belong to the inactive (stable) zone. Volume changes take
place within the active zone when foundation materials of
clay absorb moisture. During the wet seasons as the water
table rises into the active zone, moisture content increases and
reaches a maximum at the surface of the compacted mass of
clayey soil foundation material [12]. This implies that swelling
potential, which is directly proportional to the water intake
decreases from maximum at the surface with depth (D, [12] to
a steady moisture content at the boundary between the active
and inactive zones. Consequently, the integral of the swelling
potential with respect to the inverse of the depth (x, D) of the
foundation matrix is presented in Equation 2.

S ws=[70.00216 * 134+ * dx )

This operation gives Equation 3 measured along the points of
the depths (D, D,, D, ... D,) of the foundation soil. And from
the findings of V. N. S. Murthy [12], Equation 4 is derived.

W@y = 0.00216 * 13* + (x, ™))" x™%: Dy, Dy, Dy ... Dy (3)
Where;
1/x1= Dl’ 1/x2 = DZ’ 1/X3 = D35 1/x4_: D4, 1/x5 = DS

1, - (4)
.............. x, = Dn

In this case, the point D, is measured from the active-inactive
zone boundary as x, and this point gives the maximum
swelling potential at the surface of the foundation material.
This shows that 1/x1> 1/x2 >1/x3 > 1/x4 > 1/x5 > 1/xn as
presented in Equation 4. Substituting the depth values of D
into Equations 5, 6, 7, and 8, the swelling potential at depths
Dy, Dy, D5, ... D, are evaluated.

w, = 0.00216 * 13** « (D;) (5)
wg, =0.00216 * I3 « (D,) (6)
wg, =0.00216 * I3 « (D) (7)
wg, = 0.00216 * I3* « (D,) (8)

It can also be established that the maximum swelling
potential is evaluated using Equation 5 with the highest depth
value measure from the reactive zone boundary of compacted
soil. And finally, the total swelling potential is computed with
Equation 9.

Wy, = 0.00216 * (T2 134) (D) D): i3 1,230 n )

From the above mathematical analysis, it can be observed
that the swelling potential at the surface of the compacted clayey
soil mass is maximum due to the highest amount of moisture
needed for hydration reaction and further formation of the
double diftfused layer in the clayey soil particles. This further
increase the interparticle distances in the clayey soil mass and
consequently reduces the van der Waal’s force existing between
the particles. This also implies that the van der Waals forces
increase with reduced moisture content along the depth of the
foundation clayey soil mass. As the mass of compacted clayey
soil is inundated with molding moisture or moisture from
capillary rise or runoff ingress, the more the exchangeable ions

in clayey soils become available for ion exchange reactions and
increased double diffused layer and decreased interparticle
forces within the clayey soil mass.

3. Conclusions

In this work, the ion exchange and swelling potential analytics
were reviewed based on previous relevant studies. Swelling
in highly expansive soils utilized as construction materials in
geoenvironmental engineering and transport geotechnics is
an important factor in earthworks. A full understanding of the
swell-shrink behavior of highly expansive soils as construction
materials is an important phase in the design and construction
of foundations. In this review, the exchangeable ions available in
a clayey soil utilized in construction were studied. Secondly, the
behavior of foundations of clayey soil mass at different depths
of the foundation were also discussed. It was established that
the use of additive binders rich in exchangeable ions high in the
electrochemical series is of utmost important. This leads to the
formation of strengthening compounds in a soil stabilization
protocol. It was also noted from the swelling potential analytics
that in a stabilization procedure, the mixing of chemical
additives should be more on the surface of the soil mass and
reduced along the depth of the mass. This is to accommodate
the highest swelling depth of the foundation soil mass.
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