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Abstract

In this study, the influence of lead nitrate as a hazardous environmental pollutant was studied through experimental
tests to assess its physicochemical effects in soils. Artificially contaminated soil specimens were prepared using sand and
two kinds of clays. Direct shear, consolidation, electrical resistivity and unconfined compression tests were conducted. In
addition, the influence of lead cation on atterberg limits, pH and particle size distribution of soils was evaluated. Overall,
the presence of lead ion in mixtures including bentonite increased the shear strength due to a flocculated structure and
replacement of sodium cations by hydrogen ions which is along with the reduction of double-layer thickness. However,
due to the broken bonds and rearranging of kaolinite particles to a weaker form, the strength of sand-kaolinite mixtures
decreased with the increase of lead concentration. Based on the obtained results, with the addition of lead concentra-
tion, the compression index and electrical resistivity of all specimens decreased. Due to the acidic nature of positively
charged lead cations, pH of the specimens directly affected and tended to a more acidic range. These findings indicate
that the presence of lead ion improves the strength of some kinds of soils including bentonite and decreases the strength
parameters of soils with kaolinite.

Keywords Contaminated soil - Shear strength - pH - Atterberg limits - Diffuse double layer - Electrical resistivity -
Consolidation - Unconfined compression

1 Introduction on soils could be beneficial to pick a suitable remediation

technique. These contaminants are commonly found in

The growth of the world population and further demand
for resources such as intact water and soil have motivated
humanity to act on earth. However, these actions not only
resolve the needs but it has caused some issues to the
environment. Pollution is the most critical problem in the
environmental sciences that must be highly attended [1].
Heavy metals such as lead, zinc, cadmium, mercury, and
other types of heavy metals are well known for their influ-
ence on the soil engineered parameters and structures
[2-4]. Such pollutants could also permeate within the soils
by wastewater of industries which use such material in the
production process. Although, nowadays, the remediation
techniques are the main subject of interest and concern,
knowing the impact of inorganics like heavy metal ions

several kinds of wastes and landfill leachates. Thus, on the
geotechnical scope in which soil is the base material, the
physicochemical reaction of heavy metal ions and soils
should to be precisely evaluated.

Since, very limited studies have been conducted to
investigate the effect of heavy metal ions on the soil
shear strength and the other geotechnical parameters,
this extent can be investigated more, to subtract the pos-
sible failures beneath of the structures and soil matrix as
well [5]. With the increase of positively charged ions in
soil solution, the shear strength of the kaolinite decreases
due to the dissolution of the hydrogen bonds between the
micelles [6, 7]. Considering the bentonite subjected to the
chemicals, the shear strength increases. This may be due
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to the decrease of the diffuse double layer (DDL) thick-
ness of contaminated bentonite which is along with the
decrease of the dielectric constant of pore fluid. Chu et al.
[5] concluded that the presence of heavy metals such as
lead, zinc, and cadmium increases both the shear strength
and the cohesion. They also carried out a series of elec-
trical resistivity tests to determine how the heavy metals
interact within the soil and found the electrical resistivity
decreases with the increase of the heavy metal concen-
tration. The higher the concentration of heavy metal, the
higher changes in the soil properties are observed.

The presence of the chemicals such as heavy metal ions
in soils causes some changes in atterberg limits [8-10].
This may be due to the changes in dielectric constant of
the pore fluid [11]. According to the classic soil mechan-
ics, the liquid limit (LL) of soils is mainly dependent on
the adsorbed water molecules around the clay particles
[11]. With the addition of the heavy metal ions, the liquid
limit of kaolinite and bentonite increases and decreases,
respectively [6, 12]. However, changes in the atterberg
limits (i.e. LL and PL) depend on the type of clay [13], ion
concentration [8, 9] and used chemical [10]. The clays
with a higher LL have a thicker water film around the par-
ticles and, hence, any alteration in properties of the water
layer, changes the clay behaviour. Li et al. [14] studied the
behaviour of heavy metal contaminated soil with lead(ll)
cations and concluded that with the increase of the lead
concentration, both the diffuse double layer (DDL) thick-
ness and liquid limit decrease and there is a change in
sedimentation behaviour of soil solution [15]. The heavy
metal ion decreases the dielectric constant of the solu-
tion and the thickness of the DDL. Since the lead valence
is double (Pb(ll)), it has more influence on the DDL of the
clay particles than the monovalent ions [16].

Addition of positively charged ions in soils decreases
the pH of soil solution [17]. Acidity environments cause a
denser distribution of positive charges on particle edges
and decrease and increase the plastic properties (i.e. liquid
limit and plastic limit) and the permeability, respectively
[8]. Some laboratory experiments reported that in heavy
metal contaminated clays, the adsorbed heavy metal ions
on the clay surface cause a reduction in the pH of soil [17,
18]. In another word, the heavy metals cations in kaolinite
compete with the hydrogen (H*) ions of the clay structure
and exchange with the cations of the solution [17]. As a
result, the shear strength decreases and particle arrange-
ment changes to a flocculated structure and both the
permeability and the compressibility increase. Palomino
and Santamarina [19] showed that the presence of NaCl
salt with varying concentrations can cause some altera-
tions in clay behaviour, and it has a significant influence
on sedimentation behaviour and the liquid limit. They
also concluded that the kaolinite particles arrangement
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became somewhat disperse in the acidic environment. The
lower the dielectric constant of the pore fluid, the higher
the tendency of the particles to form a dispersed edge
to face (EF) structure [6]. With a decrease of the dielectric
constant of kaolinite solution, particles disperse and both
the porosity and the compressibility increase. Laboratory
results of Wahid et al. [7, 15] showed that despite the com-
plex behaviour of kaolinite, particles solute on the edge
sites in acidic environments and consequently the perme-
ability increases.

Heavy metal contaminated soils have some changes in
consolidation properties compared with uncontaminated
samples. The higher the heavy metal ion concentration of
pore fluid, the higher consolidation changes would occur.
With the increase of the heavy metal ions in soil samples,
the compression index decreases and the permeability
increases [20]. These changes may be because of the par-
ticle rearrangement and changes of the atterberg limits
and the pH [4].

The electrical resistivity (ER) test of soils is a rapid, cost-
effective and reliable test to discover the physicochemical
reactions of pore fluids and clay surface. Some factors may
change the electrical resistivity of soils such as the nature
of the soil [21], degree of saturation [21, 22], porosity [23],
and temperature [22]. According to Archie’s law [24], the
electrical resistivity (ER) of soil increases with the increase
of soil density which is along with a reduction in porosity.
However, the application of Archie’s equation is not suit-
able for clayey soils [25]. With the increase of pore fluid
concentration the electrical resistivity decreases. Reactions
between clay flakes and adsorbed water film facilitate the
current to pass through the specimen and a lower voltage
is required to be applied [23, 26].

Most of the previous studies on heavy metal contami-
nant-soil interaction have been carried out on clayey con-
taminated soils [7, 19, 30]. This study aims to investigate
the effect of the physicochemical changes of sand-clay
mixtures due to the presence of lead ion as a hazardous
inorganic contaminant. Experimental studies were per-
formed on two kinds of artificially lead-contaminated
sand-clay mixtures (i.e. sand with kaolinite and bentonite,
individually) to investigate the effect of lead concentration
and the type of clay mineral on physicochemical proper-
ties of studied soils. For this purpose, a series of laboratory
tests including direct shear, consolidation, electrical resis-
tivity and unconfined compression tests were performed.
In addition, the influence of lead ion on atterberg limits,
pH and particle size distribution of soils was evaluated.
Uncontaminated mixtures are also tested for comparison.
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Table 1 Physical properties of

Type Kaolinite  Bentonite
the used clay minerals P

Gs 2.59 2.6

LL(%) 388 180.2

PL (%) 322 64.3

Pl (%) 6.8 115.9

uscs CL CH
Table 2 Physical properties of the used sand
Parameter Value
Gs 2.65
Particle size (mm) 0.15
Uniformity coefficient 1.61
Maximum dry density )kN/m?3) 16
Uscs SP

2 Materials and methods used
2.1 Soil properties

In this study, sand-clay mixtures are prepared using two
manufactured clays (i.e. kaolinite and Na-bentonite)
and uniform sand. The basic physical properties of used
soils are listed in Tables 1 and 2. The industrial clays are
kaolinite (classified as low plastic or CL based on ASTM
D2487 [27]) and Na-bentonite (classified as high plastic
or CH based on ASTM D2487 [27]) purchased from “Khak
Chini Iran” and “Iran Barit”, respectively. The used sand
was purchased from “Tamin Maseh, Firouzkooh” factory
with the commercial label of “Sand 161" and it is classi-
fied as poorly graded sand (SP) based on ASTM D2487
[27]. The used silica sand particles have a less chemical
reaction with heavy metals due to having quartz and
feldspar in its chemical property.

2.2 Material and specimen preparation

Since heavy metal ions cannot be found in high purity
in nature and the preparation of the pure heavy met-
als is relatively difficult, the heavy metal salt combina-
tion is used. The used contaminant agent is lead nitrate
salt (Pb(NO;),) and purchased from “Merck” company.
Due to the high solubility of nitrate in water and its low
activity with the clay minerals as well as sand particles,
this combination of lead is selected [3]. The used ben-
tonite is Na-bentonite in which the sodium ions are
the exchangeable ions in its structure. The sand-clay
mixture is artificially contaminated in the specified

concentrations of lead nitrate. Depending on the type
and source of wastes, the leachates may have undesir-
able levels of concentration of contaminants. To prepare
the artificially contaminated specimens, two specified
concentrations (i.e.15,000 and 30,000 ppm) of the lead
nitrate are selected for all specimens. The selected con-
centration levels of Pb contaminant are sometimes
encountered at severely contaminated sites in urban or
industrial areas as reported in previous studies [3, 4]. The
clay percentages of kaolinite in mixtures are 15, 25, 40
and 60% by dry weight of the specimens and for benton-
ite, 15, 20, 40 and 60% are chosen. To carry out the labo-
ratory tests, first, the compaction tests are run on the
mentioned mixtures and after that, the contaminated
specimens are prepared at the same moisture content
and maximum dry density of the uncontaminated mix-
tures to make an equal condition for all specimens. For
instance, the optimum moisture content of sand-clay
(25% of kaolinite) for the uncontaminated condition is
around 13.5% and this moisture is used to prepare all the
contaminated specimens (sand with 25% of kaolinite).
After preparing the mixtures, they are labelled and incu-
bated in plastic bags for 7 days of curing time. The cured
specimens are left in the laboratory condition at room
temperature (25 °C centigrade) and a humidity of 95%.

2.3 Atterberg limits test

Atterberg limits test is a basic and effective method to
determine how the chemicals react with the clay parti-
cles. The contaminated and uncontaminated kaolinite and
bentonite are individually tested as per ASTM D4318 [28].
Casagrande’s apparatus is used to determine the liquid
limit of the uncontaminated and the contaminated clays.
Portions of the oven-dried clay minerals are soaked in the
specified concentrations (i.e. 0, 15,000, 30,000 ppm) of lead
nitrate for 7 days at the room temperature to ensure the
completed reaction between soil and lead cations. After a
week, the prepared clay pastes are put in the oven (105 °C)
to be dried out before being tested.

2.4 Compaction test

Since the mixtures are prepared in the laboratory, it is nec-
essary to determine the optimum moisture content (OMC)
and the maximum dry density (MDD) of the sand—clay mix-
tures based on ASTM D698 [29]. To carry out the compac-
tion experiment, the uncontaminated sand-clay mixtures
(sand with different percentages of clay) are compacted in
a mould with five equal layers and each layer is compacted
using 25 uniform blows. This procedure is repeated in 5
different moisture contents to plot the compaction curves.
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2.5 Direct shear test

The specimens are compacted in three layers with thick-
nesses of 0.9, 1.0 and 1.1 cm (i.e. the first to the third layers)
in a direct shear box (10x 10 cm) up to 95% of maximum
dry density according to ASTM D3080 [30]. Some random
scratches with a depth of maximum 2 mm are created on
the first two compacted layers to create a uniform struc-
ture and also to obtain the results close to the reality [31].
The experiments are conducted in a strain controlled con-
dition with a shear rate of 0.5 mm/min for all the speci-
mens to simulate a consolidated-drained condition. The
specimens are sheared at three vertical stresses to plot
the failure envelope. The vertical loads of 50, 100 and
200 kpa on the apparatus hanger are chosen. These tests
are repeated three times for each specimen to ensure the
reliability of the obtained results and then the averages of
them are reported.

2.6 Consolidation test

The one-dimensional consolidation test is performed on
specimens with 40 and 60% clay minerals in the mixtures
based on ASTM D2435-04 [32]. The specimens are satu-
rated in deionised water (DIW) in the consolidation cell
for 24 h before the test and then the loading procedure
is continued until there is no significant settlement. The
soil mixtures are compacted in a consolidation cell with a
diameter of 5 cm and a height of 2 cm.

2.7 Unconfined compression test (UCT)

The unconfined compression specimens are prepared in a
5 cm diameter and 10 cm height mould and compacted in
5 equal layers as per ASTM D2166-00 [33]. After 7 days of
curing in the plastic bags, the specimens are tested. Dur-
ing compaction of the specimens, the 2 mm scratches are
also created on surfaces of the first four compacted layers
to make a uniform structure between layers.

2.8 Particle size analysis using the hydrometer

In previous researches, the influence of the heavy metal
contaminants on the particle size is reported [7, 14]. The
determination of the grain size distribution of clay parti-
cles and the changes after contamination is carried out
based on ASTM D421-85 [34]. Furthermore, to investi-
gate the sedimentation behaviour of particles, both the
uncontaminated and the contaminated suspensions are
tested [35]. To run the sedimentary test, 50 g of grounded
soil (contaminated and uncontaminated, individually) is
put into a 250 mL glass jar and its volume is increased
to 250 mL with deionised water (DIW). After stirring the
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solutions for nearly 2 minutes, they are kept unshaken for
24 h to allow the particles to sediment naturally.

2.9 pH measurement

To know how acidic or basic a soil solution is, the pH meas-
urement is used based on ASTM D4972-01 [36]. Soil pH
is measured in a 1:2 soil:water solution ratio agitated for
almost one minute by a Milwaukee Mi151 pH meter. Then,
the prepared solutions are remained unshaken for 16 h to
complete the reactions between soil and the heavy metal
ions. The probe of the pH device is then cleaned and put
in the soil solutions to record the pH.

2.10 Electrical resistivity test

The electrical resistivity (ER) experiment is conducted
based on ASTM G187-18 [37] using two electrodes to
measure the potential differences. The specimens are
compacted in a box of 10x15x5 cm in width, length
and depth and saturated with deionised water (DIW). A
known DC, with a voltage of 12V, is applied between the
two graphite electrodes mounted on the opposite faces
of the box. Then, voltage drops between the two pins
inserted in the specimen in a specified distance from the
graphite electrodes (i.e. 5 cm) are recorded. It is notewor-
thy that the specimens are prepared in the maximum dry
density and the optimum moisture content of the uncon-
taminated mixtures. Lead nitrate is artificially added to the
specimens in the mentioned concentrations (i.e. 15,000
and 30,000 ppm) and the results are compared with the
uncontaminated specimens.

3 Results and discussion
3.1 Optimum moisture content

Figure 1 shows the obtained results of the compaction test
for the uncontaminated specimens. The standard proctor
compaction tests were carried out on the mixtures with
the kaolinite in the percentages of 15 and 25% by dry
weight of each specimen and 15 and 20% based on dry
weight of specimens for bentonite in mixtures, separately.
The obtained results of the optimum moisture content
were used in the specimen preparation for the direct shear,
the electrical resistivity, the consolidation and the uncon-
fined compression tests in the wet tamping (WT) method
[31]. The consolidation test is used for clayey soils mostly.
Thus, for this purpose, the two other clay contents of 40
and 60% based on the dry weight of the specimens were
selected. As seen in Fig. 1, the increase of plastic particle
contents decreases the maximum dry density while the
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Fig. 1 Compaction curves of sand with the different contents of a
kaolinite and b bentonite minerals

moisture content shifts to the right side of the curve. This
may be due to the fact that the pores in soil are filled with
a higher amount of clay particles and in addition, sand
particles are covered with higher percentages of clay par-
ticles. Thus, the curve shift makes a more plastic behaviour
of the mixtures [11].

3.2 Effect of lead(ll) cations on atterberg limits
The obtained results of the atterberg limits for pure con-

taminated and uncontaminated kaolinite and bentonite
are listed in Table 3. The kaolinite minerals tend to have

Table 3 Atterberg limits

Atterberg limits Lead nitrate concentration (ppm)

0 15,000 30,000
LL (%) K 38.8 404 41.6
B 180.2 102.3 823
PL (%) K 32 333 34.1
B 64.3 48.9 46.6
Pl (%) K 6.8 7.1 7.5
B 1159 534 357

low plasticity behaviour and have a low absorption capac-
ity due to the strong hydrogen linkage between particles
and low cation exchange capacity (CEC) [6]. The results
showed there is no significant change in the atterberg lim-
its of kaolinite contaminated by the lead cations compared
to the uncontaminated specimens. This is due to the less
dependency of kaolinite to the thickness of double-layer
(DDL). In contrast, tangible changes in the contaminated
bentonite were observed. There was a significant decrease
in the LL of the contaminated bentonite for 30,000 ppm
compared to the uncontaminated pastes. This is due to the
reduction of the double-layer water thickness that is along
with the lower dielectric constant of the pore fluid [14,
16]. Hence, in contrast with the kaolinite, the Na-bentonite
showed a dependency on its double-layer (DDL) changes.
Whereas, for kaolinite, the main factor is the hydrogen link-
age between constituent elements and its pH-dependant
behaviour [38]. This reason mostly takes part in the kaolin-
ite chemical reactions. The results of the atterberg limits
are presented in Fig. 2 for both kaolinite and bentonite
minerals.

3.3 Influence of the lead(ll) cations
on sedimentation behaviour

Sedimentation experiment is an empirical test in which
the settling behaviour, as well as the height of sedimented
particles, could be tested. Figure 3 shows the sedimen-
tation behaviour of both kaolinite and bentonite before
and after the contamination. In this experiment, the maxi-
mum concentration (i.e. 30,000 ppm) for lead nitrate was
selected. As expected, the kaolinite had a flocculated
structure before being contaminated and had a lower
deposit height, whereas, with the addition of the lead
cations, the height of the deposit somewhat increased.
This means there is a slightly dispersed structure with the
addition of lead(ll). In another word, the kaolinite struc-
ture changed to an edge to face (EF) from edge to edge
(EE) as reported by other researchers [39]. However, the
particles have a flocculated structure, but in the edge to
face (EF) structure, pore fluid is more allowed to penetrate
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Fig.2 a Liquid limit, b plastic limit and c plasticity index of the
uncontaminated and the contaminated clay minerals with the dif-
ferent lead concentrations (0, 15,000 and 30,000 ppm)

into the clay layers space [12]. In contrast to this, there was
an adverse behaviour for bentonite. Although the uncon-
taminated bentonite is completely dispersed with no set-
tling behaviour, the lead(ll) contaminated bentonite had
a lower deposit height and showed a flocculated struc-
ture with a rapid settling time. Briefly, the contaminated
bentonite settled with a higher sedimentation rate and
kaolinite had a relatively constant height [40].

Owing to the specific characteristics of clays, both
kaolinite and bentonite react differently with chemicals.
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Fig.3 Sedimentation experiments of contaminated bentonite,
uncontaminated bentonite, contaminated kaolinite and uncontam-
inated kaolinite (left to right, respectively)

The reaction of the Na-bentonite with the contaminants
is highly dependent on DDL thickness around the parti-
cles, yet, as discussed above, in kaolinite, the influence of
organic and inorganic chemicals is mostly dominated by
the hydrogen bond strength [41]. Because of the unnotice-
able rule of the DDL in kaolinite, there must be a discus-
sion on the strong hydrogen bond between particles to
explain the changes induced by the addition of the chemi-
cals [3]. However, in some researches, it is reported that the
kaolinite is a pH-dependant mineral that its reactions with
heavy metal ions depend on the pH of the solution [42].

3.4 Influence of lead(ll) cations on the grain size
distribution

According to Fig. 4a and b the artificially contaminated
kaolinite tends to have asilty structure and bentonite sig-
nificantly tends to settle rapidly with the addition of the
lead nitrate concentration in solution. With the presence of
the lead cations in the solution, there is a shift in kaolinite
hydrometer curve to a weaker edge to face (EF) flocculated
structure and consequently, the penetration of the cations
within the space of the constitutive layers is facilitated.
Generally, the higher the concentration of the lead cations,
the higher the tendency of the kaolinite flakes to a weaker
structure. With the addition of the heavy metal electrolyte
solution the DDL thickness of bentonite. This behaviour
makes a more interlocked and flocculated structure that
increases the porosity compared to the uncontaminated
soils [7,12, 15, 16].
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Fig. 4 Hydrometer test results of the uncontaminated and the con-
taminated a kaolinite and b bentonite with the different lead con-
centrations (0, 15,000 and 30,000 ppm)

The lead cations cause a particle rearrangement up to
a specified concentration (i.e. threshold concentration)
and the further addition of the cations would not have
a significant effect. This is due to the occupation of the
surface sites by cations and a flocculated structure [5, 15].
Figure 5 shows that the clay contents of the lead contami-
nated clays become less.

3.5 Effect of the lead(ll) cations on the pH

The pH results of the lead(ll) contaminated and the
uncontaminated clays are illustrated in Fig. 6. Regarding
the obtained results, the lead cations caused a pH reduc-
tion of the soil. The dissolved positively charged lead ions
caused an acidic environment which was also reported
in literature [8, 18]. The hydrogen ions (H*) released in

Clay Content (%)

KO
80%

60%

B30 K15

B15 K30

BO

Fig.5 The clay contents of the uncontaminated and the con-
taminated clay minerals with the different lead concentrations (0,
15,000 and 30,000 ppm)

the soil solution is due to the hydrolysis reaction of the
lead cations into the soil and then, alumina and silicate
constituents transformed to another compounds and
dissipated into the solution. Due to the cation exchange
process and increase of the H* ions, the pH decreased. In
this research, once the sand-clay mixtures were used and
then pure clays were tested to know if there are consider-
able differences between these two. The results showed
that the sand in the mixture did not show any significant
influence on the pH of the contaminated soils. This may
be due to the low activity of the sand particles which are
electrically neutral in contrast to the negatively charged
clays. Moreover, the quartz and feldspar of the used sand
do not have a noticeable reaction with the chemicals [43].

According to the results from Fig. 6, as expected, the
lead cation electrolyte solution decreased the pH of both

7.5
7.0
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Fig.6 The pH of the uncontaminated and the contaminated speci-
mens with the different clay contents
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the sand-kaolinite and the sand-bentonite specimens.
The pH reduction of the sand-bentonite mixtures was
lower than the sand-kaolinite mixtures owing to the
higher buffer capacity of pure bentonite clays compared to
kaolinite in an uncontaminated manner. The presence of
sodium ions in the bentonite structure is a reason to have
a higher negative charge than kaolinite clays [17]. In an
acidic condition induced by the solution of the lead nitrate
salt, the pH decreases and in consequence, more rounded
particles forms. According to the theorem of Sposito [44],
the double-layer model introduced by Gouy-Chapman
[16] cannot explain the differences between adsorption
of the chemicals with equal valence and thus, it is essential
to establish a new adsorption mechanism to justify the
experimental observations. The newly introduced mecha-
nism is also related to the water film adsorbed around the
particles defined as inner-sphere and outer-sphere com-
plexes as shown in Fig. 7.

The difference between these two complexes is that
there is an adsorbed water layer between the cations and
the clay surfaces. In the inner-sphere complexes, the ions
chemically adsorb to the particle surfaces and there is no
water molecule in between. Due to the chemical linkage
between the ions and the clay surface, the inner-sphere
complexes bonds are stronger than the outer-sphere com-
plexes [38]. According to the results of Goldberg et al. [45],
the inner-sphere complexes mainly occur in acidified envi-
ronments at a pH range of around 4-5. Moreover, increas-
ing of the anions in the solution that is along with the
increase of pH, would change the inner-sphere complexes
to the outer-sphere complexes. The outer-sphere adsorp-
tion could cause a slight change of particle arrangement
owing to the adsorbed water film between surface and
cation.The inner-sphere adsorption could also change the

Particle surface

Inner sphere complexes @

Outer sphere complexes %

Water film

Fig. 7 Adsorption complexes mechanisms
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particle structure with a reduction in the diffuse double
layer thickness [7, 11]. However, the depiction of both the
inner-sphere and outer-sphere mechanisms needs further
scientific investigations and equipments.

3.6 Shear strength of the lead(ll) contaminated soil

The direct shear tests were carried out on the specimens
after 7 curing days in laboratory conditions. According
to Fig. 7, the shear strength of the sand-kaolinite mix-
tures reduced with the addition of clay mineral from 15
to 25%. The increase of the kaolinite percentage caused
a somehow cohesion and less particle contacting. As can
be seen in Fig. 83, the sand-kaolinite contaminated speci-
mens, show a reduction in the shear strength while the
sand-bentonite mixtures show an increase in the shear
strength according to Fig. 8b. This procedure is more
affected with the increase of the lead(ll) concentration
until there is a threshold in which the strength does not
considerably change afterwards.

As mentioned earlier, the bond between the flakes is
a factor that plays a significant role in kaolinite after sub-
jecting to the positively charged lead cations. In another
word, the linkage between the particles in the uncon-
taminated specimens is stronger than the contaminated
mixtures. Therefore, the shear strength decreased in the
contaminated kaolinite clay. On the other side, the lead
cations increased the shear strength of the contaminated
sand-bentonite specimens owing to the reason related to
the double-layer around the fine particles. It is proved that
the bentonite particles are less dominated by their van
der Waals forces but the double-layer thickness changes
are more effective [6]. The reduction in the strength of the
contaminated specimens is shown in Fig. 8a. This is due to
the weakening of the bonds between clay micelles when
they are imposed to the lead cations.

In the kaolinite, the adsorbed water molecules can
hardly penetrate through the 1:1 kaolinite structure. The
lead(ll) cations have a larger ionic radius (1.19 nm) than
the hydrogen ions (0.300 nm). The larger ionic radii apply
a sudden stress to the particles and change the strength
and the structure [15, 46].

There are a few kinds of research on studying the
behaviour of the contaminated sand with heavy metals
ions. The utilised sand in the present study is a standard
and pure type of sand that has been formed basically
with quartz and feldspar in its structure. Thus, the sand
particles carry the least electrical charge and have the
least reaction with the lead cations and other chemicals.
When the concentration reaches a threshold, the sand
particles are expected to be destructed. Hence, it is more
likely that the sand particles take part in the chemical
reactions with the heavy metal ions and therefore, the
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Fig. 8 The peak strength of the sand with a 15 and 25% of kaolinite
and b 15 and 20% of bentonite under various vertical loads (50, 100
and 200 kPa)

particle shapes would change to a rounder edge shape
with grooves on surfaces [47]. However, this phenom-
enon is not considered in the present study since the
concentration of cations is not such high.

Figure 9 shows the failure envelope of the sand with
15 and 25% of kaolinite, respectively. With the increase
of the clay content, a reduction of about 10% in the shear
strength of the uncontaminated mixtures was observed.
The contaminated specimens (15,000 and 30,000 ppm)
also showed a reduction of about 14 and 13% in the
shear strength, respectively for the sand mixtures with
the 25% of kaolinite compared to the 15% of kaolinite.
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Fig.9 Failure envelop of the sand with a 15% and b 25% of the
kaolinite (uncontaminated and contaminated) with the different
lead concentrations (0, 15,000 and 30,000 ppm)

As shown in Fig. 10, there is an increase in the shear
strength of sand-bentonite mixtures with the increase of
the lead(ll) cations. The addition of the heavy metal elec-
trolyte causes a reduction of the dielectric constant of pore
fluid. Thus, the higher the salt valence and concentration,
the higher the DDL suppression occurs. The strength of the
mixture with 15% of bentonite in both the concentrations
of 15,000 and 30,000 ppm increased about 14 and 18%,
respectively. Increasing the clay content of the mixture to
20%, caused an increase of about 13 and 18% for both
concentrations of 15,000 and 30,000 ppm, respectively.
In addition, the uncontaminated sand-kaolinite mix-
tures showed dilative behaviour. With the addition of the
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Fig. 10 Failure envelop of the sand with a 15% and b 20% of the
bentonite (uncontaminated and contaminated) with the different
lead concentrations (0, 15,000 and 30,000 ppm)

contaminant, a transition to a contractive behaviour was
observed in the sand—kaolinite contaminated mixtures. An
adverse response was observed for the bentonite includ-
ing mixtures which is due to the flocculated structure of
the contaminated that causes a more particle interlocking
during shear [6, 15, 16].

According to Fig. 11a, an increase of the lead concen-
tration to 15,000 and 30,000 ppm in the sand with 15%
of kaolinite caused a reduction in the internal friction
angle of about 8 and 17% compared to the uncontami-
nated specimens, respectively. The results of the cohe-
sion strength showed an increase of about 3 and 15% for
specimens with 15,000 and 30,000 ppm concentrations,
respectively. In the specimens with 25% of kaolinite, a
reduction of about 13 and 24% for the friction angle was
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Fig. 11 Effect of lead cations on shear strength parameters of sand
with a 15% and b 25% of kaolinite

observed as shown in Fig. 11b. Furthermore, the cohesion
of the contaminated specimens (15,000 and 30,000 ppm)
increased by 17 and 219%, respectively.

As discussed earlier, because of the lower specific sur-
face area of the kaolinite than the bentonite, the behav-
ioural changes of the kaolinite minerals are less dependent
on DDL. The significant factors which play basic roles in the
kaolinite are the pH and the dielectric constant changes of
the solutions. In the acidic environment of the lead nitrate
salt, alumina and silicate of the kaolinite dissolve, and the
edge sites break down [48].

The internal friction angle of the sand with 15% of
the bentonite increased by 15 and 21% for 15,000 and
30,000 ppm concentrations, respectively. It can also be
seen from Fig. 12a, that the cohesion of the sand with 15%
of the bentonite decreased by 12 and 15% compared to
the uncontaminated specimens. With the addition of 20%
of the bentonite in specimens, the internal friction angle
increased by 12 and 20% for 15,000 and 30,000 ppm con-
centrations, respectively (Fig. 12b). The cohesion -that is a
factor for contractive behaviour- decreased by about 11
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Fig. 12 Effect of lead cations on shear strength parameters of sand
with a 15% and b 20% of bentonite

and 16% for the sand with 20% of the bentonite compared
to the uncontaminated mixtures.

3.7 Influence of the lead(ll) cations
on consolidation properties

The carried out consolidation tests results on the sand speci-
mens with 40 and 60% of the kaolinite and the bentonite are
presented in Figs. 13 and 15. In this series of experiments, the
maximum cation concentration (30,000 ppm) was used. The
consolidation tests results indicate that the adsorption of
the lead ions on the kaolinite basal surfaces causes a reduc-
tion in the compression index (C;) of about 14% as shown in
Fig. 14.This is in a good accordance with the results obtained
from the pH measurement, atterberg limits, direct shear
tests and the other researchers work results. As presented
in Fig. 13, the sand with the 40% of the kaolinite has a slightly
higher porosity than the sand with the 60% of the kaolinite
based on the fact that the sand particles are less surrounded
by the clay flakes and can be easily compacted. The spaces
between the clay constituents are somewhat open and

1.0
091 ===
081
071
061
051
04r
031
021
0.1r1

0.0 L
0 1 10 100

Pressure (kg/cm?3)

—@— K40-0
- @ - K40-30
—&— K60-0
- 4 - K60-30

Void Ratio (e)

Fig. 13 e-log(p) of the sand with 40 and 60% of the kaolinite with
the different lead concentrations (0 and 30,000 ppm)
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Fig. 14 Compression index of the sand with 40 and 60% of the kao-
linite with the different lead concentrations (0 and 30,000 ppm)
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allow a more cation exchange process in the microstruc-
ture [15]. The obtained results from the sand mixtures with
40 and 60% of the bentonite are shown in Figs. 15 and 16.
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The compression index (C¢) for the sand-bentonite mixtures
decreased by 11% averagely.

3.8 Effect of the lead(ll) contamination
on permeability

The unavoidable leakage of the landfills leachate is one
of the most important factors which must be considered
in the landfill design. According to the consolidation test
results presented in the previous section, the permeability
of the sand mixtures for both the kaolinite and bentonite
increases with the increase of the lead cations concentra-
tion in the solution. The increase of the permeability was
not obvious in some applied pressures and that is a reason
for the complex behaviour of the kaolinite exposed to the
chemicals. In other words, the adsorption of the heavy
metal cations on the clay surfaces causes some chemi-
cal changes in the mineral itself and the exchanging of
the contaminants with larger ionic radii than hydrogen
(i.e. addition of lead ions) creates a rearranged structure.
Due to the cation exchange procedure, more water mol-
ecules could penetrate within the clay interlayer space.
The obvious reason for the permeability reduction might
be because of the pore-clogging associated with the rear-
rangement of the particles [15].

According to the results presented in Table 4, the
permeability of the contaminated sand-clay mixtures
increased due to the particle rearrangement. The data
were extracted using Terzaghi's method to obtain the per-
meability coefficient using the consolidation results [11].

3.9 Influence of the lead(ll) cations on unconfined
compression strength

A series of the unconfined compression strength tests
(UCT) was carried out on the sand specimens with the 40
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Table 4 Permeability of

. ith : Perme-  Lead nitrate con-
mlxtureswnlt varying ability centration (ppm)
concentrations (m/s)

30,000
K40 2.66E-08 3.51E-08
K60 2.03E-08 2.12E-08
B40 2.08E-08 2.29E-08
B60 1.87E-08 2.31E-08

and 60% of the kaolinite and the bentonite, individually,
on both the contaminated (i.e. 15,000 and 30,000 ppm)
and the uncontaminated specimens. The results of the
UCT are presented in Fig. 17. As shown, the UCT of the
sand-kaolinite lead(ll) contaminated specimens decreased
by 9 and 36% approximately for the concentrations of
15,000 and 30,000 ppm for the sand with 40% of the kao-
linite, respectively. A reduction of the UCT was observed
in the sand with 60% of the kaolinite of about 38 and 73%
for the 15,000 and 30,000 ppm of the contamination,
respectively. In contrast, there was an increase in the UCT
for the contaminated sand-bentonite specimens. For the
mixtures with 40% of bentonite, there was an increase of
14 and 31% for the 15,000 and 30,000 ppm concentrations,
respectively. The UCT curves peak points of the sand with
60% of bentonite also increased by 8 and 25% for the con-
taminated specimens in the concentrations of the 15,000
and 30,000 ppm, respectively.

3.10 Influence of the lead(ll) cations on electrical
resistivity

Flowing of the electricity throughout soils is highly
dependent on saturation degree, type of soil and its chem-
ical properties. A current was applied to the compacted
sand-clay mixtures through two graphite electrodes and
the voltage drop was determined between the two points
within the sand—-clay mixture. While the particles adsorb
water molecules, the measured potential drops across
the two inner pins increases. Soil particles cannot convey
the current solely. The water molecules are known as an
electrical conductor. With the addition of the heavy metal
concentration, the amount of the adsorbed water around
the particles decreases and thus, the electrical conduc-
tivity (EC) and the electrical resistivity (ER) increases and
decreases, respectively [22, 24].

As shown in Fig. 18a, for the specimens with the 40%
of the kaolinite there is a reduction in electrical resistiv-
ity of 12.5 and 18% with the 15,000 and 30,000 ppm of
the lead(ll) contamination, respectively. The reduction
of the electrical resistivity for the specimens with 60%
of the kaolinite for the same concentrations (i.e. 15,000
and 30,000 ppm) is correspondingly about 15% and
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and the different lead concentrations (0, 15,000 and 30,000 ppm)

20%. Furthermore, a reduction in the electrical resistiv-
ity was observed about 18 to 27% for the sand-ben-
tonite specimens (Fig. 18b) that follow the results of
other researchers [5, 22, 23]. This may be due to the ion
exchange process on the clay surfaces. The higher the
ion valence, the more conductive clay surfaces. How-
ever, the reduction of the electrical resistivity appears to
reach a threshold in which there would be no significant
alteration in the electrical resistivity afterwards [23, 26].
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Fig. 18 The electrical resistivity of the sand mixtures with various
contents of a kaolinite and b bentonite

4 Conclusion

In this study, the effect of the lead cations was investi-
gated on the sand-clay mixtures. Since the different levels
of contamination could occur in severe conditions, two
concentrations (i.e. 15,000 and 30,000 ppm) of the lead
nitrate salt and two types of clay mineral with varying
percentages (i.e. kaolinite and Na-bentonite) were chosen
to prepare the artificially contaminated mixtures. Based
on the findings, the atterberg limits (i.e. liquid limit and
plastic limit) of the lead contaminated kaolinite and Na-
bentonite slightly increased and significantly decreased,
respectively. Moreover, the sedimentation behaviour of
kaolinite was somewhat unchanged. Although, for Na-
bentonite, a rapid settlement occurred. The addition of the
lead cations decreased the pH of soil solutions due to the
release of the hydrogen ions within the solution. Accord-
ing to the results, the shear strength of the contaminated
mixtures with different percentages of the two types of
clay minerals (i.e. kaolinite and bentonite) decreased and
increased, respectively. The increase of the cohesion for
the sand with 15% of the kaolinite was about 6 and 16%
in the concentrations from 15,000 to 30,000 ppm, cor-
respondingly. The strength of the contaminated sand
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mixtures with 25% of the kaolinite decreased to 19% in the
maximum level of concentration, and, the friction angle
decreased by 14 and 24% in the concentrations of 15,000
and 30,000 ppm, respectively. For the sand-bentonite mix-
tures, with the increase of the heavy metal concentration,
a more interlocked structure formed. The shear strength
of the sand with 15 and 20% of the bentonite increased by
about 17 and 20% compared to the uncontaminated spec-
imens, respectively. The consolidation test results showed
a reduction in the compression index (C) by averagely
14% with the increase of the lead concentration in both
the sand-kaolinite and sand-bentonite specimens. The
unconfined compression of the contaminated specimens
decreased and increased in specimens with the kaolinite
and bentonite, respectively. There was also a tendency to
decrease of the electrical resistivity (ER) with the increase
of the heavy metal cations concentration in the all speci-
mens. This study was conducted on laboratory prepared
specimens to simulate the field condition and findings
of the present work can be extended to field practices as
a rule of thumb. Authors recommend a further study on
single or multi heavy metal contaminated soils for a bet-
ter understanding of soil-chemical interactions and also
remediation techniques.
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