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Abstract

- Paulo José Rocha de Albuquerque?

Clay soil is typically an electrically charged porous tissue whose behaviour is dependent on possible variations in the composition
and concentration of the interstitial water. Various complex mechanical impacts can be generated from the physicochemical
reactions produced within the compact sets of elongated sheets, often called tactoids. If the chemistry of the used fluids varies
appreciably, the natural response to cation exchange is affected, which results in intense physicochemical effects in the soil. In
this article, five synthetic agents (Al,O3, Fe,O3, NaCl, CaCOj3, and C,HsOH) were included in the kaolin, in different propor-
tions, to explain the influence of the chemistry of these fluids on the chemical-mechanical behaviour of the clay soils. The
artificial inclusion of these agents indicated specific changes in the material structure and the known paths of the fundamental
Atterberg constants, ranging from the substantial reduction in plasticity according to the oxidizing agents to the considerable

increase of this property monohydric solution.

Keywords Atterberg limits - Specific surface - Electrochemical attraction - Diffuse double layer

Introduction

The primitive morphology of soils, their classification, and
characterization have covered the initial structure of research
on soil behaviour for decades, providing possible solution
predictions that are pretty accurate on their response frame-
work (Ponzoni et al. 2014; Xu and Coop 2017). It is relevant
to understand that, to generate these theoretical analyses about
their performance under specific conditions, it is necessary to
place the physical and chemical characteristics of the soil
within narrow limits (Odell et al. 1960). It is feasible to build
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a correlative framework in which the mechanical properties of
soils are directly related to their physicochemical skeleton
(Smith et al. 1985). Studies between physicochemical
(Banin and Amiel 1970), hydraulic, and mechanical properties
(Mortland 1954) expose a strict codependence between par-
ticular parameters of the soils. Volumetric change is a function
of the shear strength at the level between particles (Sridharan
and Rao 1973). The attractive forces operating in a clayey
water system affect the physical components that influence
the swelling behaviour of the clays. These physicochemical
mechanisms contribute substantially to the shear strength of
kaolin. However, it is possible to experimentally cause varia-
tions in these forces by changing the water solution.

The increase in water content in soil with a fine granular
structure brings a transformation of state: semi-solid to
plastic and finally to liquid. The existing boundary be-
tween the semi-solid and plastic states is called the plastic
limit, and the border between the plastic and liquid consis-
tency corresponds to the liquid limit (Jong et al. 1990). The
collective name of this pair is known as Atterberg’s limits.
The Atterberg limits were used in the first investigations on
soil tillage (Dolinar et al. 2007), where the liquid limit was
prescribed in parametric terms of the crop. However, the
primary use of Atterberg limits has been within the classi-
fication of soils for engineering purposes.
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The central importance of determining these limits lies in
the ease of expressing the interaction between the solid and
liquid phases of soils quantitatively. In simple words, it means
studying soils employing a standardized classification based
mainly on their similar mechanical characteristics (Wesley
2003). In most cases, these limits provide some important
information to guess the trajectories of different constitutive
parameters of the soil, such as deformability, hydraulic con-
ductivity, mechanical resistance, and swelling. Within the cur-
rent state of the art of the subject addressed, it is widely known
that Atterberg’s limits commonly depend on the mineralogical
properties of the soil. However, this premise is not applicable
in a global setting. Several investigations (White 1949; Farrar
and Coleman 1967; Rao and Sridharan 1985) observed the
direct relations between the limits and the autochthonous char-
acteristics of certain soils. The results varied considerably and
were valid only for limited samples.

The interparticular chemical-mechanical behaviour can es-
timate the response of soil to variations in chemical composi-
tions or molecular concentrations of interstitial water, produc-
ing alterations at the contact interface between the soil matrix
and porous hydraulics (Sridharan 2014). This range of alter-
ation describes the physical-mechanical properties of fine-
grained soils and strongly influences soil hydromechanics.
Currently, the chemical-mechanical spectrum of clay has re-
ceived considerable attention. Various experimental ap-
proaches have been studied on the shear strength paths and
volumetric strain of clay soils exposed to different saline so-
Iutions (Witteveen et al. 2014; Wahid et al. 2011).

Regarding chemical transport in clays with a high expan-
sivity index, it varies according to the diffusion for anions and
cations. Similarly, this phenomenon is related to the porous
geometry and tubular dimensions that shape clay-ion interac-
tions (Bourg et al. 2003). The approach addressed by Sedighi
and Thomas (2014) evaluates microscopic instability in ex-
pansive clays through geochemical formulations of hydration
and dehydration between smectite layers. Although signifi-
cant advances have been made in the mechanics of unsaturat-
ed soils, physicochemical effects on the clay laminar matrix
are rarely studied.

The physical and chemical properties of any substance de-
pend mainly on the exposed surface area of the contact. In

Fig. 1 The cation exchange

natural soils, properties such as cation exchange capacity
(Figure 1) and conductivity are related to the amount and type
of clay present, in addition to their specific gravity and poros-
ity, i.e., they are directly related to the specific surface area
(SSA) (Mortland 1954). The specific surface area expresses,
in a simple way, the reactive potential of clays, being directly
proportional to water content, suction, and pore size distribu-
tion (Tuller and Or 2005). The relation of Atterberg limits and
the SSA can generate a spatial observation of the behaviour of
the clay in multiple solution compositions. Since, for a signif-
icant number of fine soil types, the water suction values at the
liquid limit are similar to each other (Russell and Mickle
1970). This means that the proportion of water adsorbed by
the specific surface must be approximately the same at the
liquid limit (Dolinar et al. 2007).

The individual contributions of capillarity and surface
forces of adsorption rarely differ in the domain of
Atterberg’s limits. Generally, the water adsorption processes
of clays such as kaolin are closely linked to the structure of the
aqueous solution and its interaction with the specific surface.
Thus, this research deals with Atterberg’s limits in different
scenarios, where the electronegative imbalance of the clay
sheets is alleviated with the artificial inclusion of cations of
different compounds. Such imbalance generated relations
with the boundary conditions of the SSA and the attractive
forces of the kaolin, which lead to identifying their influence
on the plastic properties and the response framework of the
material under engineering loads.

State of the art

In most current constitutive models that try to explain the
mechanical behaviour of the soil through Atterberg limits
(Nagaraj 1986; Wroth and Wood 1978), we can appreciate
the shear resistance in the undrained condition in the liquid
boundary of clay soils. This resistance can be considered
unique and univocal with the plastic limit. If the soil assumes
a distinctive state, then the water volume in liquid and plastic
limit may also be uniquely related. In basic soil mechanics, the
liquid limit is a quantitative indicator to define that soils under
this moisture content have approximately the same undrained
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resistance, around 25 kPa, which is too low (Casagrande
1932). For the most part, these researches have related various
physical-chemical properties of clay soils with mechanical
reactions in their behaviour to identify the degree of influence
on the cation exchange of clays due to the exposure of more
exchange positions and a concomitant increase in the SSA
(Kelley and Jenny 1936; Reeve et al. 1954).

Multiple researchers have prescribed their results in terms
of Atterberg limits, intending to expose soil characteristics
more simply. Saikia et al. (2017) predicted the compaction
characteristics of fine-grained soils as a function of
Atterberg’s limits. Al-Khafaji (1987) proposed a simple meth-
od to determine the optimal moisture quantitatively based on
clay content and liquid limit. Each result is obtained through
equations and constitutive models governed by the laws of
attraction forces and the magnetic configuration of the clay
bodies. In the control of the thickness of the adsorbed water
film, the role of Van der Waals forces leads to the related
postulation of proportionality between the water content and
the specific surface of a certain type of clay (Ross 1978).

The guidance reviewed by Liu (2013) developed a mecha-
nistic model capable of predicting the expansion of bentonite
materials saturated in distilled water and dilute solutions. Ma
et al. (2016) formulated a conceptual constitutive model to
explain the influence of chemistry on clay hydraulics and its
effects on the chemical-mechanical behaviour of unsaturated
cohesive soils. Research by Gratchev and Towhata (2011)
presented a systematic analysis to establish whether acidic
pore fluids can affect the osmotic expansion properties of
clayey soils. Constitutive models based on clay volumetric
differential due to variations in chemical composition have
been widely studied (Loret et al. 2002, 2004; Hueckel 2002;
Gajo et al. 2002; Gajo and Loret 2003; Guimaraes et al. 2007;
and Gens 2010).

Studies based on the percentage variations in the expansive
capacity of clays under specific aqueous conditions (Nagaraj
etal. 1991; Mitchell 1993) express that the hydraulic conduc-
tivities of different clays are approximately equal at the liquid
limit when the proportionality of the solutions is gradually
changed. The plasticity of fine soils in soil mechanics is
expressed by Atterberg limits, which have an inverse relation
with hydraulic conductivity since increasing plasticity
achieves a reduction from this. Nishida and Nakagawa
(1969) established that hydraulic conductivity should be pre-
dicted from the plasticity index. That means that variations in
the solution in which the phenomena of hydraulic conductiv-
ity and capillarity (suction) develop to affect the parametric
reactions of the Atterberg limits.

Numerous techniques are used for different purposes, im-
proving soil behaviour and the elemental composition and
plastic potential (Edil 2003). Soil treatment using synthetic
compounds, mainly oxides derived from metal, calcium, and
sodium ions, can reduce the expansive response of clay soils.

Chen et al. (2020) studied the influence of calcium carbonate
(CaCO3) on the strength and microstructure of red clay using
proportions from 0 to 20% on direct shear tests. On the other
hand, Islam et al. (2020) determined the impact of CaCOj
induction through biologic processes on the plasticity of clays.

Regarding the inclusion of Avant-Garde Materials, Taha
and Ying (2010) reported that carbon nanotubes to kaolinite
soil increase the plasticity index, results that corroborate what
was stated by Taha (2009). Likewise, Majeed and Taha (2012)
explored the effects of nanoclay inclusion in proportions of
0.1%, 0.2%, and 0.3%, on the swelling mechanics of organic
soils with low plasticity, describing a decrease in the values of
the Atterberg limits and the plasticity index (PI). Bahmani
et al. (2014) investigated the impact of nano-silica in quanti-
ties of 0 to 1% with steps of 2% in the Atterberg limits of clay
soils stabilized with cement, showing a reduction of the PL.

Synthetic compounds such as CaO used to study the nu-
merical fluctuation of the Atterberg limits are widely reported
in the literature. Bozbey and Garaisayev (2010) evaluated the
mechanical properties of specimens stabilized with CaO in
different amounts. The results showed significant variations
in the plasticity index after the application in expansive clays.
These clays tend to react readily with CaO, losing plasticity
immediately. This behaviour is frequently described in vari-
ous researches (Akbulut and Arasan 2010; Boardman et al.
2001; Consoli et al. 2011; Dash and Hussain 2012).

The use of oxidizing agents as a means of numerical eval-
uation of expansivity has been extensively documented. In
this perspective, artificial stimulation of clays with aluminium
oxide (Al,O3) can increase the utilization of clay in the tech-
nology and construction industry (Esharghawi 2009). Mesrar
et al. (2015) carried out a physicochemical characterization of
clay soils after injecting metallic oxides in proportions of 5%,
10%, and 15%. The results indicated a decrease in the plastic-
ity index in percentages of 5% of Al,O5; and higher contents
(Abdrakhimov and Abdrakhimova 2019), and Abdrakhimov
and Abdrakhimova (2017) explored the behavioural spectrum
of soils with the presence of iron oxide (Fe,O3).

There are still constitutive equations based on functions
that need parameters representing the hydraulic conductivity
in terms of the SSA of clays to predict the behaviour of
Atterberg’s limits (Dolinar 2009; Malusis et al. 2003; Roque
and Didier 2006; Ilek and Kucza 2014). Many of these equa-
tions are based on the assumption that hydraulic conductivity
can be predicted from constituent parameters in the mechani-
cal behaviour of clays. These parameters can be used via cor-
relations to interpret the Atterberg limits. At present, reduced
investigations attempt to express the overall response of clays
through the interaction between the solid and liquid phases.

The diffuse double layer (DDL) behavioural mechanics
and its influence on the expansive properties of clay soils are
well defined since its principle is to preserve electrical neu-
trality when an ionic counter-charge is accumulated on the
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Fig. 2 A particle of kaolinite

surface of the clay (Schmitz 2006). Many response spectra of
clays can be explained and analysed based on the DDL. As the
thickness of this layer is modified, the cation exchange prop-
erties and the internal flow paths fluctuate substantially. The
determination of the DDL provides a spatial observation of the
degree of expansion in the cohesive soils since it has a close
and codependent relation with the SSA (Figure 2) and the
Atterberg limits (Dolinar et al. 2007).

During the last two decades, there has been an intense
effort to develop models capable of describing the innate re-
sponse of DDL, under different frameworks, as a way to ex-
plain the hydromechanics coupled to cohesive soils (Tripathy
et al. 2004; Mitchell and Soga 2005; Likos and Lu 2006;
Schanz et al. 2013; Sedighi and Thomas 2014; Bharat and
Sridharan 2015; Puppala et al. 2017).

Agus and Schanz (2008) exhibited an approach to predict
the volumetric change of bentonites based on thermodynamic
relationships between expansion pressure and suction and
their influence on DDL thickness. Some assumptions used
in this approach were defined in more detail in Tripathy
et al. (2004). Microscopic expansivity effects on hydraulic
behaviour have also been considered using the DDL approach
(Xie et al. 2004).

Approaches centred on DDL theory have long been used to
define the expansivity behaviour of clay structure (Komine and
Ogata 2003; Schanz and Tripathy 2009). However, most of
these models are based on a simplified system of two clay
platelets as a physicochemical concept of interaction. The evo-
lution of DDL thickness is directly influenced by both the water

content chemistry and the dry density of a given clay typology,
as presented in the manuscript by Baille et al. (2010).

Many of the models that relate the DDL and the SSA use
constitutive parameters that are widely studied, such as hy-
draulic conductivity or void ratio. These parameters, which
are currently included in many numerical models, facilitate
interpreting results (Mojid et al. 2007). However, the prescrip-
tion of the constituent models in terms of the DDL depends on
materials’ mineralogical nature and inherent characteristics.
Thus, each numerical analysis must be adapted to different
materials using constitutive correlations (Tripathy et al.
2004; Laird 2006).

Materials and methods
Characterization of the material

The estimation of the particle size distribution was carried
out employing the integral measurement of the pressure in
the suspension (ISP) method to obtain a complete charac-
terization of the physical structure of the kaolin. This
method allows determining particle diameters from
0.00001 to 0.002 mm. The results are presented in
Figure 3. In addition, the value of the specific gravity of
the material is presented.

Kaolin dissociation has been characterized by the X-ray
diffraction (XRD) technique, whose application is one of the
most used methods to study nanocomposites’ structure and
identify the character of dispersion of the clay within the poly-
meric matrix concretely. Table 1 shows the XRD patterns in
the kaolin laminar nanostructure.

To obtain an approximate excitation for a wide range of
chemical components within kaolin, the use of X-ray fluores-
cence (XRF) spectral data considers a set of data based on the
photoelectric effect that identifies the characteristic orbital
paths of a given element and, with the peaks in the spectra,
determines the elemental concentrations. The chemical com-
position is found in Table 2.

Fig. 3 Particle size distribution ~ 100
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Table 1 Mineralogical

composition by XRD Minerals Kaolin (%)
Quartz 52.69
Kaolinite 36.48
Illite 9.75
Montmorillonite 1.08

Table 3 shows the values relative to plasticity in the origi-
nal material, not including any influence of synthetic
compounds.

The configuration of DDL and SSA in kaolin is due to the
aqueous solution and its internal composition, reflecting the
variations in the thickness of the DDL (Olarte and Ruge
2020). When the thickness of the DDL increases, the adsorp-
tion capacity of the clay will grow proportionally. The differ-
ent current imaging techniques allow a dimensional and spa-
tial approach; in general, it is about the processes that occur in
the microstructure of the clay body. Figure 4, in a micro-
dimensional approach, shows the contact interface between
kaolin and Fe,O3 molecules (iron oxide) in a 40% solution,
in addition to its mineral construction of large particles in the
form of sheets stacked together in agglomerates. The Fe,0;
corpuscles inhibit the increase in thickness of the DDL, so the
plasticity index (PI) of kaolin shows a tendency to decrease
the solution’s higher percentage.

The soil particle distribution tends to be randomly narrow in
the sample without synthetic disturbances (Figure 4, left).
However, it can be seen that the structural assembly loosens
when iron oxide is added (Figure 4, right). The figures show
that the circular-shaped iron oxide particles and the clayey
tactoids have different shapes. When iron oxide is incorporated
into the kaolin microstructure, these molecules become embed-
ded in the soil layers, destroying the original laminar layer and
reducing the particular plastic configuration of the soil.

Plasticity tests

The geotechnical characteristics of kaolin are identified by
measuring Atterberg limits. For this case, through empirical
tests based on the standard ASTM D4318-17el (2017), both
the plastic limit (PL) and the liquid limit (LL) were calculated
under different types of solutions (Figure 5).

Table 2  Chemical balance according to the results of XRF

Table 3 Physical

properties of the kaolin Kaolin

LL (%) PL(%) PI(%)

36.7 239 12.7

In the local context, the standards analogous to ASTM are
those structured and organized by the Instituto Nacional de
Vias (INVIAS): INV E-125-13 for “Determination of the Soil
Liquid Limit” and INV E-126-13 for “Plastic Limit and
Plasticity Index of Soil”. The competence was gradually in-
creased for these solutions, from 10 to 40%, following the
procedural standardization regulated. However, for the iron
oxide (Fe,0Os3) and the aluminium oxide (Al,O3), it was calcu-
lated in powder by weight at the same percentage and mixed
with kaolin. The proportions of oxygen in these compounds
coerce their oxidation, transforming them to their insoluble
state. The experimental stage includes the variation of solution
percentages (10, 20, and 40%) to identify the behaviour of
DDL, which is affected by the dosages used, and the values
of Atterberg limits evidence these.

The competence of each synthetic compound in trial-and-
error prototypes was gradually increased, from 10 to 40% with
steps of 10% in distilled water. For each test of the Atterberg
factors, five (5) replicas of each agent were used by percentage
to obtain enough information on the plasticity of the kaolin of
each one of the controls after the tests (Figure 5).

Results and discussion

Figures 6, 7, and 8 show the LL and PL results executed as
dictated by ASTM D4318-17¢l. This, to capture realistic re-
sults in the material evaluated, it was decided to plot the results
using two ratios (LL vs PL, LL vs PI) because these charts
define the plasticity of the material, as is done in the traditional
soil mechanics.

Interestingly, almost all the materials included artificially
(10%) produce a slight decrease in LL, except for inclusion
with pure ethanol, which is usually known as alcohol (2-
C,HsOH). This can be explained logically since the addition
of hematite or iron oxide (O-Fe,Os) and alumina or alumini-
um oxide (v-Al,O3) is done by a dry path. Adding a granular
form material is almost like adding fine sand to the mixture.

Oxides retained (%)

SlOz A1203 Fe203 CaO

NazO P205 TlOz

61.16 18.92 3.71 0.12

1.70 1.67 091 0.95 0.53
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Fig. 4 SEM image of the soil
studied (left) and SEM image of
the soil with iron oxide (right)

This clearly impacts the plasticity of the kaolin, decreasing its
LL and LP.

The presence of common salt or sodium chloride (o-NaCl)
in the mixture and its incidence in the decrease of plasticity is
clearly explained, due to the sodium which is an element that
generates dispersion in clayey materials, even it is used when
you want to impose deflocculating in the sample as in
hydrometric tests. Similar results were reported by Marks 111
and Haliburton (1970) and Singh and Das (1999), with reduc-
tions of 5% in NaCl contents of 1-5%. The results showed
optimal values of NaCl content to modify clays with high
plasticity in compaction tests.

Five replicas
for combination

[ -
’ NaCl

Competence of each 1
0 synthetic compound I
10%, 20% and 40%, |
with kaolin at liquid limit

Synthetic
compounds

Swelling validation
through the Atterberg

Laboratory process

Likewise, with the addition of calcium carbonate or calcite
(©-CaCO0s;), this response was expected since it is a material
that is added to stabilize the cation exchange of clays.
Regarding ethanol, it is suspected that this inclusion generates
an increase inside the clay material within cation exchange
capacity (CEC), and ethanol ions become part of the attraction
of DDL, causing a slight increase in LL. However, the in-
crease in PL is a little more noticeable.

The amount of the percentage of the solution was gradually
increased in each test. This increment can be found in Figs. 7
and 8, where the influence of the components reaches 20%
and 40%, respectively. In particular, the behaviour of soil

Experimental results

Kaolinitic clay L.
\ Distilled water

+ 7~ N Y/ N
+ +
v\ ) w(%o)
Ll L) ©
y A PL(%)
< // PI(%)

Overlapping of
difusse layers

Data curation

e

limits and coefficient of
variability between samples

Fig. 5 Methodology for the solution design
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located in the frame of the Casagrande plasticity chart moves
from a medium to a low plasticity zone. However, this pre-
mise does not apply to the solution of ethanol since it is simple
monohydric alcohol. In other words, it has only one hydroxyl
group, and it responds as the mechanism responsible for the
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Fig. 8 Results for artificial material content of 40%
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interlaminar retention of non-ionic polar molecules, which
increases the plasticity of the clay.

When the representativeness of the compounds addresses
high percentages, the status of clay is potentially affected since
the behavioural trend is directed to the low band of line A,
where the structural characteristics of the silts predominate. In
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the graphs that correlate the LL with LP, as the percentage of
CaCOj increases, the LL is reduced because the Ca ions dis-
place the fixed ions from the clay surface and trigger, in turn, a
reduction of the electrical potential, maintaining the concentra-
tions of the soil solution over the flocculation levels of the clay
particles (Keren and Ben-Hur 2003; Montejo et al. 2018).

In high proportions, the Al atom is more efficient than Fe to
reduce the expansivity of clays since Fe ions must attack the
clayey lattice to diminish the CEC. This can be seen in

Figures 6, 7, and 8 of LL vs PL. In most cases, the LL de-
creases considerably and, in others, remains constant.
Consequently, plasticity decreases. The percentage reduction
of approximately 3.5% in the final plasticity index for the
samples added with A1203 is comparable with the reduction
obtained by Mesrar et al. (2015) for an A1203 injection of 5%
in Miocene soils.

The relationship achieved between each of the percentages
concerning the synthetic is shown in Figure 9. The trend of

45
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40 R 0381 g , @
3 @ -
< 35
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: 30 5 R =073 B @
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Fig. 9 Trends between relationships LP/LL vs quantity of compounds
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decrease in the plastic potential of kaolin in 80% of the syn-
thetic compounds used can be observed by using a descriptive
examination. Based on the equations set out in Figure 9, the
regression relationships for each compound were evaluated by
means of the coefficient of determination, R?. The intersection
term forced to zero of the results in the comparison points (LL
and PL) shows good agreement, with R values greater than
70% in all correlation lines, which indicates that the trend of
numerical clustering between replicates for the evaluated
Atterberg factors is significantly similar. The appropriate cor-
relation within the data set in each compound can be attributed
to the fact that this statistic is determined under the same
procedural principle, so that the influences generated by the
intrinsic errors of the standard are minimal.

This reduction varies approximately in a range of 5 to
6.5%, the highest being the one obtained using 40% of
CaCO0s;, indicating a significant decrease in the thickness
of the DDL. However, in the case of C,HsOH, this trend
is increasing by the growth in the content of C,HsOH in
the solution, since, during the cation exchange process,
the alcohol molecules with a single hydroxyl group are
particularly responsible for interlaminar retention of non-
ionic polar molecules, which increases the PI, the LL, and
the size of the DDL.

The data obtained for the scattering of the samples provided
additional information on the expansivity behaviour of the ka-
olin and synthetic compounds, with values of 5-25% variation
for each Atterberg factor. On average, the mechanics of the
results ranged substantially for the plasticity index (PI) in each
of the solution arrangements, with this being the highest range
of variability among all samples. This physicomechanical re-
sponse of the clay is primarily due to the nature of the porous
flow. The higher the percentage injected into the interparticular
medium, the greater the variation between synthetic compo-
nents, and therefore, the scatter between tests increases
(Figure 10).

30

~~
NN ™)
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> B [ ]
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Q20+ °
g Individual samples—g
> | [ ]

o0
s o % o e
S0k o* ¢
.8 ° [
Q o
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O LL | PL | PI
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Fig. 10 Coefficient of variability between samples

The replicas for each agent corresponding to the liquid
limit, in general, coincided quite well between the values
obtained experimentally, so there is low numerical differ-
entiation. Regarding the plastic limit, the degree of vari-
ability between repetitions for all percentages was neither
the highest nor the lowest but constant, which means that
the chemical composition of the flow affects the expan-
sivity in the same proportion, regardless of its level of
applicability.

Conclusions

It was effectively evidenced that the addition of artificial ma-
terials to a kaolinitic clay produces changes in the microstruc-
ture of the DDL, directly influencing the values of physical
parameters such as the LL and LP. This was accentuated as the
artificiality gradually increased in percentage.

In general, the thickness expansion properties of the
DDL tend to be affected because, in the field of interac-
tion, condensation occurs on the surface of the clay; this
was a product of hydrolysis at the moment of contact.
These coatings in the surface area of the clay body inhibit
the proliferation of sufficient ions from carrying out cat-
ion exchange. For this reason, when the concentration of
the solution increases, the expansive mechanics of the
clay decreases, being such a decrease more substantial
by these sesquioxides (Fe,O3 and Al,O3). For this reason,
when the concentration of the solution increases, the ex-
pansive mechanics of the clay decreases, being such a
decrease more substantial by these sesquioxides (Fe,O;
and Al,O3), due to these compounds present hydrolyzing
capabilities that affect in more significant proportion the
clayey tissue systems.

The most significant numerical decrease in the plastic
potential was obtained using the 40% CaCOj; solution,
reporting a final value of less than 20%, that is, a reduc-
tion of approximately 4.5% for the material’s value.
Choobbasti et al. (2019) recorded a similar behaviour,
with a 2.5% reduction in the PI after the addition of cal-
cium carbonate. This significantly reductive trajectory is
mainly due to the increase in pH in the solution because
of the precipitation of carbonates, behaviour demonstrated
by Barbedo (2011), where the plasticity of kaolin clay
decreases substantially when the pH increases.

The practical results obtained using different com-
pounds show decreases in the LP. The higher the percent-
age of addition in the solution, the tendency subtle and
without distortion. The decrease in LP has a fundamental
importance in engineering practice because it affects the
process of mixing the soils, making them less friable, less
resistant, and more cohesive. However, the LP of kaolin
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with competition from ethanol remains constant under any
level of influence.

There is an absolute correlation between the decrease of the
LL and the increase in the concentration in the cases studied.
When the NaCl solution increases, the surface tension rises,
which generates reductions in the LL, in a proportion of 2%
for each 10% solution. However, when NaCl is added in large
doses, the dissolution process will be more laborious, which
crystallizes the corpuscles on the kaolin surface and reduces
the concentration of adsorbed and higher valence ions.

Acknowledgements We are grateful to Universidad Militar Nueva
Granada for the support in the research.

Author contribution Not applicable
Data Availability Not applicable

Code availability Not applicable

Declarations

No human or animal participant was involved or harmed in any way
during this research.

Conflict of interest The authors declare no competing interests.

References

Abdrakhimov VZ, Abdrakhimova ES (2017) Study by Mossbauer spec-
troscopy of iron oxides in ceramic brick on the basis of inter-shale
clay and brown coal tailings. St. Petersburg State University
Bulletin. Phys Chem 4(62)

Abdrakhimov VZ, Abdrakhimova ES (2019) Study of the distribution of
iron oxides in intershale clay and oil sludge porous filler with
Mossbauer spectroscopy. Theor Found Chem Eng 53(4):703-707

Agus SS, Schanz T (2008) A method for predicting swelling pressure of
compacted bentonites. Acta Geotech 3(2):125-137

Akbulut S, Arasan S (2010) The variations of cation exchange capacity,
pH, and zeta potential in expansive soils treated by additives. Int J
Civ Struct Eng 1(2):139

Al-Khafaji AN (1987) A simple approach to the estimation of soil com-
paction parameters. Q J Eng Geol Hydrogeol 20:15-30

Bahmani SH, Huat BB, Asadi A, Farzadnia N (2014) Stabilization of
residual soil using SiO2 nanoparticles and cement. Constr Build
Mater 64:350-359

Baille W, Tripathy S, Schanz T (2010) Swelling pressures and one-
dimensional compressibility behaviour of bentonite at large pres-
sures. Appl Clay Sci 48(3):324-333

Banin A, Amiel A (1970) A correlative study of the chemical and phys-
ical properties of a group of natural soils of Israel. Geoderma 3(3):
185-198

Barbedo D, (2011) Consideration of the percolating fluid in liner design.
MSec thesis. Instituto Superior Técnico, University of Lisbon.

Bharat TV, Sridharan A (2015) Prediction of compressibility data for
highly plastic clays using diffuse double-layer theory. Clay Clay
Miner 63(1):30-42

@ Springer

Boardman DI, Glendinning S, Rogers CDF (2001) Development of
stabilisation and solidification in lime-clay mixes. Geotechnique
50(6):533-543

Bourg IC, Bourg A, Sposito G (2003) Modeling diffusion and adsorption
in compacted bentonite: a critical review. J Contam Hydrol 61:293—
302

Bozbey 1, Garaisayev S (2010) Effects of soil pulverization quality on
lime stabilization of an expansive clay. Environ Earth Sci 60(6):
1137-1151

Casagrande A (1932) Research on the Atterberg limits of soils. Public
Roads 13(8):121-136

Chen L, Chen X, Yang X, Bi P, Ding X, Huang X, Wang H (2020) Effect
of calcium carbonate on the mechanical properties and microstruc-
ture of red clay. Adv Mater Sci Eng 2020(5298186):8

Choobbasti AJ, Samakoosh MA, Kutanaei SS (2019) Mechanical prop-
erties soil stabilized with nano calcium carbonate and reinforced
with carpet waste fibers. Constr Build Mater 211:1094—1104

Consoli NC, Lopes LS, Prietto PDM, Festugato L, Cruz RC (2011)
Variables controlling stiffness and strength of limestabilized soils.
J Geotech Geoenviron Eng 137(6):628-632

Dash SK, Hussain M (2012) Lime stabilization of soils: reappraisal. J
Mater Civ Eng 24(6):707-714

Dolinar B (2009) Predicting the hydraulic conductivity of saturated clays
using plasticity-value correlations. Appl Clay Sci 45(1-2):90-94

Dolinar B, MiS§i¢ M, Trauner L (2007) Correlation between surface area
and Atterberg limits of fine-grained soils. Clay Clay Miner 55(5):
519-523

Edil TB, (2003) Recent advances in geotechnical characterization and
construction over peat and organic soils. Proceedings 2nd
International Conference on Advances in Soft Soil Engineering
and Technology 3-25

Esharghawi A (2009) Elaboration de matériaux poreux a base de mullite
par procédé SHS (Doctoral dissertation, Limoges).

Farrar DM, Coleman JD (1967) The correlation of surface area with other
properties of nineteen British clay soils. J Soil Sci 18(1):118-124

Gajo A, Loret B (2003) Finite element simulations of chemomechanical
coupling in elastic-plastic homoionic expansive clays. Comput
Methods Appl Mech Eng 192(31-32):3489-3530

Gajo A, Loret B, Hueckel T (2002) Electro-chemo-mechanical couplings
in saturated porous media: elastic-plastic behaviour of heteroionic
expansive clays. Int J Solids Struct 39(16):4327-4362

Gens A (2010) Soil-environment interactions in geotechnical engineer-
ing. Géotechnique 60(1):3-74

Gratchev I, Towhata I (2011) Compressibility of natural soils subjected to
long-term acidic contamination. Environ Earth Sci 64(1):193-200

Guimardes L, Gens A, Olivella S (2007) Coupled thermo-hydro-
mechanical and chemical analysis of expansive clay subjected to
heating and hydration. Transp Porous Media 66(3):341-372

Hueckel T (2002) Reactive plasticity for clays during dehydration and
rehydration. Part 1: concepts and options. Int J Plast 18(3):281-312

Ilek A, Kucza J (2014) A laboratory method to determine the hydraulic
conductivity of mountain forest soils using undisturbed soil samples.
J Hydrol 519:1649-1659

Islam MT, Chittoori BC, Burbank M (2020) Evaluating the applicability
of biostimulated calcium carbonate precipitation to stabilize clayey
soils. ] Mater Civ Eng 32(3):04019369

Jong ED, Acton DF, Stonehouse HB (1990) Estimating the Atterberg
limits of southern Saskatchewan soils from texture and carbon con-
tents. Can J Soil Sci 70(4):543-554

Kelley WP, Jenny H (1936) The relation of crystal structure to base
exchange and its bearing on base exchange in soils. Soil Sci 41(5):
367-382

Keren R, Ben-Hur M (2003) Interaction effects of clay swelling and
dispersion and CaCO3 content on saturated hydraulic conductivity.
Soil Res 41(5):979-989



Arab J Geosci (2021) 14:1581

Page 11 of 11 1581

Komine H, Ogata N (2003) New equations for swelling characteristics of
bentonite-based buffer materials. Can Geotech J 40(2):460-475

Laird DA (2006) Influence of layer charge on swelling of smectites. Appl
Clay Sci 34(1-4):74-87

Likos WJ, Lu N (2006) Pore-scale analysis of bulk volume change from
crystalline interlayer swelling in Na+-and Ca2+-smectite. Clay Clay
Miner 54(4):515-528

Liu L (2013) Prediction of swelling pressures of different types of ben-
tonite in dilute solutions. Colloids Surf A Physicochem Eng Asp
434:303-318

Loret B, Hueckel T, Gajo A (2002) Chemo-mechanical coupling in sat-
urated porous media: elastic-plastic behaviour of homoionic expan-
sive clays. Int J Solids Struct 39(10):2773-2806

Loret B, Gajo A, Simdes FM (2004) A note on the dissipation due to
generalized diffusion with electro-chemo-mechanical couplings in
heteroionic clays. Eur J Mech A Solids 23(5):763-782

Ma T, Wei C, Xia X, Chen P (2016) Constitutive model of unsaturated
soils considering the effect of intergranular physicochemical forces.
J Eng Mech 142(11):04016088

Majeed ZH, Taha MR (2012) Effect of nanomaterial treatment on geo-
technical properties of a Penang soft soil. Journal of Asian Scientific
Research 2(11): 587

Malusis MA, Shackelford CD, Olsen HW (2003) Flow and transport
through clay membrane barriers. Eng Geol 70(3-4):235-248

Marks III BD, Haliburton TA (1970) Effects of sodium chloride and
sodium chloride-lime admixtures on cohesive Oklahoma soils.
Highw Res Rec (315)

Mesrar L, Akdim M, Lakrim M, Aroussi OE, Akhrif I, Jabrane R (2015)
The physico-mechanical characteristics of the clays in and after
doping with metal oxide Al,O; in The region of Fez (Morocco).
Present Environ Sustain Dev 1:103-110

Mitchell JK (1993) Fundamentals of Soil Behavior. John Wiley and Sons,
New York

Mitchell JK, Soga K (2005) Fundamentals of soil behavior. John Wiley &
Sons, New York

Mojid MA, Rose DA, Wyseure GCL (2007) A model incorporating the
diffuse double layer to predict the electrical conductivity of bulk
soil. Eur J Soil Sci 58(3):560-572

Montejo A, Montejo A, Montejo A (2018) Estabilizacion de suelos.
Ediciones de la U, Bogota

Mortland MM (1954) Specific surface and its relationships to some phys-
ical and chemical properties of soils. Soil Sci 78:343-347

Nagaraj TS (1986) Prediction of soil behaviour. In International sympo-
sium on recent developments in laboratory and field tests and anal-
ysis of geotechnical problems 337-360

Nagaraj TS, Pandian NS, Narasimha Raju PSR (1991) An approach for
prediction of compressibility and permeability behaviour of sand-
bentonite mixes. Indian Geotech J 21:271282

Nishida Y, Nakagawa S (1969) Water permeability and plastic index of
soils. Land Subsidence IASH-UNESCO Publ 89(2):573-578

Odell RT, Thornburn TH, McKenzie LJ (1960) Relationships of
Atterberg limits to some other properties of Illinois soils. Soil Sci
Soc Am J 24(4):297-300

Olarte MC, Ruge JC (2020) Analysis of the relationship between the
water retention curve, particle size and pore size distribution in the
characterization of a collapsible porous clay. Respuestas 25(1):33—
43

Ponzoni E, Nocilla A, Coop MR, Colleselli F (2014) Identification and
quantification of transitional modes of behaviour in sediments of
Venice lagoon. Géotechnique 64(9):694-708

Puppala AJ, Pedarla A, Pino A, Hoyos LR (2017) Diffused double-layer
swell prediction model to better characterize natural expansive
clays. J Eng Mech 143(9):04017069

Rao SM, Sridharan A (1985) Mechanism controlling the volume change
behavior of kaolinite. Clay Clay Miner 33(4):323-328

Reeve RC, Bower CA, Brooks RH, Gschwend FB (1954) A comparison
of'the effects of exchangeable sodium and potassium upon the phys-
ical condition of soils. Soil Sci Soc Am J 18(2):130-132

Roque AJ, Didier G (2006) Calculating hydraulic conductivity of fine-
grained soils to leachates using linear expressions. Eng Geol 85(1-
2):147-157

Ross GJ (1978) Relationships of specific surface area and clay content to
shrink-swell potential of soils having different clay mineralogical
compositions. Can J Soil Sci 58:159-166

Russell ER, Mickle JL (1970) Liquid limit values by soil moisture ten-
sion. J Soil Mech Found Div 96(3): 967-989

Saikia A, Baruah D, Das K, Rabha HJ, Dutta A, Saharia A (2017)
Predicting compaction characteristics of fine-grained soils in terms
of Atterberg limits. Int J Geosynth Ground Eng 3(2):18

Schanz T, Khan MI, Al-Badran Y (2013) An alternative approach for the
use of DDL theory to estimate the swelling pressure of bentonites.
Appl Clay Sci 83:383-390

Schmitz RM (2006) Can the diffuse double layer theory describe changes
in hydraulic conductivity of compacted clays? Geotech Geol Eng
24(6):1835-1844

Sedighi M, Thomas HR (2014) Micro porosity evolution in compacted
swelling clays—a chemical approach. Appl Clay Sci 101:608-618

Singh G, Das BM (1999) Soil stabilization with sodium chloride. Transp
Res Rec 1673(1):46-54

Smith CW, Hadas A, Dan J, Koyumdjisky H (1985) Shrinkage and
Atterberg limits in relation to other properties of principal soil types
in Israel. Geoderma 35(1):47-65

Sridharan A (2014) Fourth IGS-Ferroco Terzaghi Oration: 2014. Indian
Geotech J 44(4):371-399

Sridharan A, Rao GV (1973) Mechanisms controlling volume change of
saturated clays and the role of the effective stress concept.
Geotechnique 23(3):359-382

Taha MR (2009) Geotechnical properties of soil-ball milled soil mixtures.
In Nanotechnology in Construction. Springer, Berlin. Heidelberg 3:
377-382

Taha MR, Ying T (2010) Effects of carbon nanotube on kaolinite: basic
geotechnical behavior. Proc. of the 5rd international symposium on
nanotechnology in construction, Czech Republic: 377-382

Tripathy S, Sridharan A, Schanz T (2004) Swelling pressures of
compacted bentonites from diffuse double layer theory. Can
Geotech J 41(3):437-450

Tuller M, Or D (2005) Water films and scaling of soil characteristic
curves at low water contents. Water Resour Res 41(9)

Wahid AS, Gajo A, Di Maggio R (2011) Chemo-mechanical effects in
kaolinite. Part 1: prepared samples. Géotechnique 61(6):439-447

Wesley LD (2003) Residual strength of clays and correlations using
Atterberg limits. Geotechnique 53(7):669-672

White WA (1949) Atterberg plastic limits of clay minerals. Am Min J
Earth Planet Mater 34(7-8):508-512

Witteveen P, Ferrari A, Laloui L (2014) An experimental and constitutive
investigation on the chemo-mechanical behaviour of a clay.
Géotechnique 63(3):244-255

Wroth CP, Wood DM (1978) The correlation of index properties with
some basic engineering properties of soils. Can Geotech J 15(2):
137-145

Xie M, Agus SS, Schanz T, Kolditz O (2004) An upscaling method and a
numerical analysis of swelling/shrinking processes in a compacted
bentonite/sand mixture. Int J Numer Anal Methods Geomech
28(15):1479-1502

Xu L, Coop MR (2017) The mechanics of a saturated silty loess with a
transitional mode. Géotechnique 67(7):581-596

@ Springer



	Influence of the inclusion of synthetic compounds on the plasticity of kaolinitic clays
	Abstract
	Introduction
	State of the art
	Materials and methods
	Characterization of the material
	Plasticity tests

	Results and discussion
	Conclusions
	References


