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Abstract This study evaluates the influence of nanomaterials
(nano-copper and nano-alumina) on the suction and hydraulic
conductivity of compacted soil-bentonite mixture with differ-
ent plasticity indexes. The soil suction and hydraulic conduc-
tivity of the compacted soil-bentonite mixtures were measured
before and after the addition of nanomaterials. Soil-water
characteristic curves were then developed for compacted soil
samples (with and without nanomaterial) using a pressure
membrane apparatus. It was found that saturated water content
was lower in the soil samples mixed with nanomaterials. The
soil hydraulic conductivity also decreased with increasing
nanomaterial content, except for S3 soil sample with nano-
copper content. The decrease of hydraulic conductivity was
possibly caused by the reduction of the effective porosity due
to pore clogging. The results from testing samples after one to
four drying times show that the largest rise in soil hydraulic
conductivity occurred at first or second drying. Adding
nanomaterials can reduce the soil hydraulic conductivity by
as much as seven times for soil samples with high clay
(bentonite) content.

Keywords Soil-water characteristic curves . Soil-bentonite
mixture . Nanomaterials . Hydraulic conductivity . Cyclic
hydraulic conductivity

Introduction

The flow of water in soil is significantly influenced by the
availability of continuous void spaces or continuous pores
between soil grains. Flow through soil is very important in
the design of earth dams, determination of seepage under hy-
draulic structures, and dewatering of foundations (Das 2008,
2010). Water flow in porous media is traditionally described
by Darcy’s law in which water movement in aggregated soils
largely depends on hydraulic conductivity. Investigators in the
past have reported that soils with low hydraulic conductivity
are commonly used as barriers in landfills, slurry walls, and
similar structures to slow down the movement of contami-
nants because of their higher water absorption capacity
(Cheung 1994; Craven et al. 1999; Peirce et al. 1987).

Hydraulic conductivity changes in landfills have serious
environmental impacts. Landfills produce biogas and leach-
ates as a result of the various biochemical reactions occurring
within the waste body. This can be threatening to the overall
pollution of surrounding soil and groundwater if the hydraulic
conductivity of the soil liner and cap is technically deficient.
One of the most important factors that increase the hydraulic
conductivity is the development of cracks in the soil. The
cracks in clayey soils are due to volume changes that occur
during desiccation and lead to increase of water flow (Daniel
and Wu 1993).

Many studies have been published on the treatment of
cracks occurring in soil using different materials i.e. cement,
lime, fibre, fly ash, and silica fume (Akcanca and Aytekin
2012; Al-Rawas et al. 2005; Dash and Hussain 2012; Guney
et al. 2007; Harianto et al. 2008; Kalkan 2009; Miller and
Azad 2000; Nalbantoğlu 2004; Rifai 2000; Tastan et al.
2011; Walker 1995). In general, these studies have shown that
the cracks in the soil can be suppressed but the soil hydraulic
conductivity will increase. However, pervious researches have
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shown that nanomaterials can reduce the volume change in
soil without increase of the hydraulic conductivity (Taha and
Taha 2012). Nanomaterial is a material having particles or
constituents of nanoscale dimensions, which can be naturally
or produced by nanotechnology, whilst nanoparticles are par-
ticles with sizes between 1 and 100 nm (Auffan et al. 2009;
Kreuter 2007). Nanoparticles can play an important role in the
improvement of engineering properties of many materials i.e.
concrete, pavement, and soil. For example, strength and water
permeability of concrete can be improved by adding SiO2

nanoparticles in the cement paste (Nazari and Riahi 2011).
In addition, nanomaterial can decrease loss of strength by
reducing the moisture susceptibility in asphalt mixtures
(Nejad et al. 2012). Similarly, the dry density and compressive
strength of soils can increase with nanomaterial addition
(Majeed and Taha 2012). Furthermore, the addition of some
nanomaterial (i.e. SiO2 nanoparticles) reduces the soil plastic-
ity index, which in turn reduces the heaviness in the soil sam-
ple (Bahmani et al. 2014).

The idea of using nanomaterials to improve soil volume
changes without increasing the hydraulic conductivity comes
from the concept of interference between particles. In addi-
tion, nanomaterials react more actively with other particles in
the soil matrix due to their smaller dimensions (Majeed and
Taha 2013). According to Montesh (2005). the difference be-
tween the particle sizes contributes to interparticle filling or
interlayer filling, which reduce the void ratio. Moreover, floc-
culation and dispersion of clay particles can play an important
role in hydraulic conductivity. One of the important factors
that increase flocculation is the electrolyte concentration. A
decrease in the diffused double layer due to increasing elec-
trolyte concentration leads to a decrease in the electrostatic
repulsion, which results in moving the clay particles towards
each other and flocculates. This will cause an increase in hy-
draulic conductivity of the clay samples (Kodikara and
Rahman 1997; Schmitz 2006; Schmitz et al. 2004a, 2004b).
Moreover, when two different types of cations are present in
an aqueous system, the mixing of cations in the interlayers can
control the extent of swelling. This is due to the overlapping of
diffused double layers of the particles (Laird 2006).

The research conducted herein examines the effect of two
specific nanomaterials (nano-alumina and nano-copper) on
the soil-water characteristic curves. In addition, the hydraulic
conductivity of the four types of soils with different plasticity
indexes was also studied to look into the beneficial results of
using these nanomaterials for landfill liner.

Materials and methods

The experimental work performed in this study is designed to
evaluate the effect of two different types of nanomaterials on
the soil suction, hydraulic conductivity, and cyclic hydraulic

conductivity for four types of soil. Initially, a natural soil was
taken within the Universiti Kebangsaan Malaysia (UKM)
campus then mixed with bentonite of different contents in
order to obtain four soils with different plasticity indexes.

Materials

Bentonite

The bentonite used in the present investigation is a high-swell
sodium containing sodium montmorillonite and its properties
are listed in Table 1. In general, it has a specific gravity of
2.66, plasticity index of 394.6, and cation exchange capacity
of 90 mEq/100 g. An electronic scanning microscope image
of the bentonite sample is shown in the same table. It consists
mostly of layered particles with thickness around 12 nm and
different length sizes up to 15 μm.

Soil

The soil is residual taken from Universiti Kebangsaan Malay-
sia (UKM) campus in Bangi, Selangor, Malaysia. This soil is
termed as UKM. The soil was sampled from 0.5 to 1 m below
the ground surface. According to the Unified Soil Classifica-
tion System, the UKM soil is sandy with low plasticity index
clay (i.e. CL). The other physical and chemical properties of
UKM soil are listed in Table 1.

Nanomaterials

Two types of nanomaterials were used in this study, i.e. nano-
alumina and nano-copper. Some properties of the
nanomaterials are discussed below.

The nano-alumina material used in this study is Ultrapure
Gamma-Alumina (γ-Al2O3) powder with a purity of 99.99 %,
with high activity and low melting temperature. The gamma
phase nano-alumina with large surface area and high catalytic
activity can be made into microporous spherical structure or
honeycomb structure of catalytic materials. From scanning
electronic microscope image shown in Table 1, the particle
size of gamma phase nano-alumina ranged between 20 and
50 nm. The gamma phase nano-alumina powder was supplied
by Inframat AdvancedMaterials (Manchester, CT, USA). The
general properties are shown in Table 1.

The other nanomaterial used in this study is copper oxide
nanopowder with a purity of 99.99 %, also supplied by
Inframat Advanced Materials (Manchester, CT, USA). The
copper oxide nanopowder is insoluble in water. It dissolves
slowly in alcohol or ammonia solution. It is also soluble in
dilute acids, NH4Cl, (NH4)2CO3, and potassium cyanide so-
lution under high temperature. Nano-copper oxide is a widely
used material. It has been applied to the catalyst,
superconducting materials, thermoelectric materials, sensing
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Table 1 Relevant properties of UKM soil, bentonite, and nanomaterial

Material Physical properties Chemical composition SEM image

Bentonite

Specific gravity = 2.655

Liquid limit = 464.6

Plastic limit = 70.0

Plasticity index = 394.6

pH = 9.9

Cation exchange capacity = 90.0  

meq/100 g of dry soil

SiO2 = 60.85%

Al2O3 = 14.82%

Fe2O3 =  4.38%

CaO = 3.67%

Na2O = 3.13%

MgO = 3.09%

Other = 1.84%

Heat loss = 8.22%

UKM soil

Specific gravity = 2.607

Plasticity index (%) = 16.96

Linear shrinkage (%) = 8.2

Passing No. 200 sieve (%) = 47.16

Clay content (< 2 µm) (%) = 18

Soil Classification: CL

pH = 4.0

SiO2 = 62.07

Al2O3 = 29.46

Fe2O3 = 5.70

MgO = 0.58%

TiO2 = 1.17%

Other = 0.84%

Heat loss = 0.18

Nano-alumina

Formula : Al2O3

Particle density = 3.6 gm/cm3

Surface area more than150 m2/g

Average particle size from 20 nm to 

50 nm

Solubility in water: Insoluble

Appearance: White to off-white

Odor: Odorless

Al2O3 = 99.99%

Nano-copper

Formula : CuO

Particle density between 6.3 to  

6.49 gm/cm3

Surface area more than150 m2/g

Average particle size = 100 nm

Solubility in water: Insoluble

Melting point = 1326  oC

Appearance: Black powder

Odor: Odorless

CuO = 99.99%
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materials, glass, ceramics, and other fields. A scanning elec-
tronic microscope image for copper oxide nanopowder is
shown in Table 1. The average particle diameter for copper
oxide nanopowder is about 100 nm. The other properties for
copper oxide nanopowder are also shown in Table 1.

Preparation of soil–nanomaterial mixtures

Initially, the UKM soil was mixed with three different benton-
ite contents to obtain soils with different plasticity index. Then
the dry soil was mixed with nanomaterials before adding wa-
ter to the mixture.

In this study, two mixing methods were examined. In the
first method, the nanomaterials were mixed with required
quantity of water and then the mixture was put in a beaker.
The beaker was then placed in an ultrasonic bath of water for
2 h (sonication) by applying sound energy to agitate particles
in the sample in order to loosen particles adhering to surfaces
as was suggested by Bahmani et al. (2014) and Wei et al.
(2002). After ultra-sonication, the suspension was mixed with
the soil. However, it was too difficult to obtain a homogeneous
mixture of the soil-nanomaterial mixture by this method.

In the second method, the dry soil was mixed with
nanomaterials and then the water was added to the mixture.
In this method, mixing was carried out into two stages. The
quantity of soil, initially premixed or hand-mixed (To et al.
2011). was divided into ten portions and each portion was
spread in a square pan (50×50 cm), then the required amount
of nanomaterial was sprayed using sieve number 200 as
shown in Fig. 1.

Each portion was mixed alone manually for 5 min then put
in a bowl, and then the mixture was mixed by a horizontal
cylindrical mixer machine at 139 rpm for 1, 3, 5, and 7 h
(Jones and Parker 2007). It was found that 3 h mixing time
achieved sufficient distribution for particles of the
nanomaterial and no more change in the result after extended
mixing time (Taha and Taha 2012).

In order to avoid the segregation problem, the soil-
nanomaterial mixture was mixed with the required water con-
tent directly, then the entire mixture was placed in a sealed
plastic bag and left for 24 h for hydration. This mixingmethod
was repeated every time it is needed to prepare a new mixture.
This procedure was found to be the best method to obtain
homogeneous samples since homogeneous colour was obtain-
ed after compaction (Fig. 2). However, proper care was taken
to prepare the homogeneous mixtures at each stage. The
amount of bentonite and nanomaterials used in this study are
given in Table 2 with the values of plasticity index (PI), opti-
mum water content, and maximum dry density.

It is clear from this table that from S1 to S4, the (PI) of the
soil increases. Based on results of Taha and Taha (2012). the
optimum content of nanomaterial to achieve minimum shrink-
age and swell strains in the soil was 0.05 % nano-alumina and
0.15 % nano-copper for soil sample S1, 0.075 % nano-
alumina and 0.3 % nano-copper for soil sample S2, and
0.1 % nano-alumina and 0.5 % nano-copper for soil samples
S3 and S4, respectively.

Test procedures

Suction measurements

The determination of soil-water characteristic curves was car-
ried out according to the ASTM D 6836-02 standard method
using Pressure Extractor Chamber apparatus. It consists of
saturated porous ceramic plate inside a pressure chamber. Sat-
urated soil samples were placed on top of the plate during
testing. Suction was applied on the soil samples by controlling

Fig. 1 Spraying of nanomaterial on the soil layer
Fig. 2 Colour of soil samples after compaction: the light colour sample
without nano-copper and the dark colour sample with 0.5 % nano-copper
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both pore air pressure and pore water pressure, and the differ-
ence between the two pressures is the matric suction. It is the

most commonly used method for determining soil-water char-
acteristic curves. The maximum differential pressure, which

Table 2 Contents of soil, bentonite, and nanomaterial of the examined samples and their basic properties

Sample symbol Soil fractions (%) Nanomaterial content (%) Plasticity index Optimum water content (%) Maximum dry density (kN/m3)

UKM soil Bentonite Nano-
alumina

Nano-
copper

S1 100 0 0.00 0.00 16.96 14.75 18.10

0.05a 0.00 16.89 14.46 18.37

0.075 0.00 16.728 14.90 18.22

0.10 0.00 16.45 15.00 17.99

0.15 0.00 16.33 15.20 17.90

0.30 0.00 16.12 15.35 17.85

0.00 0.15a 16.90 14.89 18.34

0.00 0.30 15.98 15.09 18.10

0.00 0.50 14.57 16.08 17.85

0.00 0.70 13.26 16.29 17.45

S2 95 5 0.00 0.00 28.25 16.01 17.69

0.05 0.00 26.89 15.98 17.70

0.075a 0.00 25.57 15.70 17.77

0.10 0.00 23.67 15.89 17.72

0.15 0.00 23.43 16.00 17.65

0.30 0.00 21.89 16.58 17.45

0.00 0.15 26.78 15.89 17.78

0.00 0.30a 23.78 15.67 18.01

0.00 0.50 18.45 16.12 17.50

0.00 0.70 17.03 16.50 17.22

S3 90 10 0.00 0.00 36.18 18.62 16.93

0.05 0.00 35.69 17.57 17.08

0.075 0.00 35.23 17.55 17.13

0.10a 0.00 34.98 17.53 17.22

0.15 0.00 34.56 17.87 16.99

0.30 0.00 31.39 18.03 16.70

0.00 0.15 34.22 18.00 17.10

0.00 0.30 27.00 17.45 17.57

0.00 0.50a 22.85 15.89 17.90

0.00 0.70 19.89 16.34 17.45

S4 80 20 0.00 0.00 69.01 20.30 16.12

0.05 0.00 68.78 19.98 16.23

0.075 0.00 68.50 18.78 16.29

0.10a 0.00 67.99 18.74 16.42

0.15 0.00 67.88 19.98 16.16

0.30 0.00 67.23 22.96 15.81

0.00 0.15 67.99 20.22 16.29

0.00 0.30 65.55 20.12 16.51

0.00 0.50a 61.25 19.20 16.85

0.00 0.70 58.34 20.70 16.36

a Optimum percentage of nanomaterial to get maximum dry density and minimum volume change
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can be applied across the plate before cavitation, is
constrained by the air entry value of the plate. Suctions of
10, 50, 100, 300, 500, 1000, and 1500 kPa were used to define
the soil-water characteristic curves.

Hydraulic conductivity test

The soil was compacted according to the standard test method
(ASTM D698) for both unamended soil and soil with
nanomaterials. After compaction, cylindrical specimens with
a diameter of 70 mm and a height of 35 mm were prepared
from the mixtures compacted by standard compaction energy
at optimumwater content. Then its hydraulic conductivity was
determined following ASTM D5084, i.e. using flexible mem-
brane apparatus. Porous stones and filter paper were placed
against the ends of the samples to distribute de-aired water to
permeate across the entire end area of the sample. Once the
sample has been prepared in the test cell, the cell was filled
with water and the specimen was saturated by applying pres-
sure gradually step by step in two directions i.e. back
pressuring from the bottom and cell pressuring surrounding
the sample to force water to enter the sample for saturation

until the back pressure reaches 215 kPa and cell pressure
reaching 240 kPa, giving the degree of saturation of more than
98 % (Black and Lee 1973; Head 1998). After the saturation
was completed, 10 kPa pressure differences were applied (hy-
draulic gradient=31), and the readings of inlet and outlet bu-
rette were taken until the measured hydraulic conductivity
reached a relatively steady-state condition.

Cyclic hydraulic conductivity test

Samples that showed evidence of cracking when dried were
subjected to hydraulic conductivity test after each dry cycle to
determine howmuch the hydraulic conductivity increased due
to cracking. Cyclic hydraulic conductivity tests were carried
out only at samples mixed with optimum nanomaterial con-
tent. After the first hydraulic conductivity test, the samples
were desiccated in the oven at 35±2 °C for a period of ap-
proximately 5–10 days depending on the sample type. At the
end of the drying period, each sample was weighed, and the
diameter and height were measured. The samples were then
placed back inside the flexible-wall membrane and permeated
with water until saturation was achieved. Each sample was
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Fig. 3 Effect of nano-alumina on soil-water characteristic curves for soil samples a S1, b S2, c S3, and d S4
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saturated at least for four times (including the initial satura-
tion) and dried at least three times (Albrecht and Benson
2001).

Results and discussion

Effect of nano-alumina and nano-copper content
on the soil-water characteristic curves

The soil-water characteristic curves (Figs. 3 and 4) show that
the gravimetric water content decreases after mixing the soil
with optimum value of nanomaterials. Looking at Fig. 3a, the
red colour curve (the soil sample S1 without additive) is
higher than the purple curve (the soil sample S1 with 0.075
nano-alumina), where 0.075 nano-alumina is the optimum
value additive for S1 soil samples. A similar behaviour for
other soil samples was noted. This reduction in water content
indicates that the amount of water required for saturation also
decreases, thus reducing the suction in soil samples. For soil
sample S1 (100 % soil), there is no significant difference be-
tween the soil-water characteristic curves as shown in Figs. 3a
and 4a. In addition, low amount of gravimetric water content

was noted in soil samples S1 with and without nanomaterials.
This is due to the amount of clay which is the lowest for
sample S1 (Table 1).

Moreover, the same behaviour was noted for soil samples
S2 (5% bentonite) and S3 (10% bentonite) after adding nano-
alumina as shown in Fig. 3b, c. For soil sample S4 (20 %
bentonite), the difference between the curves increases
(Fig. 3d). However, there is some decrease in the gravimetric
water content with certain nano-alumina content. The greatest
drop was noted at 0.075 % nano-alumina content for soil
samples S1 and S2 and at 0.10 % nano-alumina content for
soil samples S3 and S4.

For soil samples with nano-copper, there is a significant
decrease in the gravimetric water content for soil samples
S2, S3, and S4. Moreover, the decrease in the gravimetric
water content after mixing the soil samples with nano-
copper was bigger than the decrease in the gravimetric water
content when nano-alumina was used especially for soil sam-
ples S3 and S4. This may be due to the increase in dry density
and the reduction in plasticity index. It can be observed from
Fig. 4 that the highest reduction in the gravimetric water con-
tent occurs at 0.15% nano-copper for soil sample S1 (Fig. 4a),
0.30 and 0.5 % nano-copper for soil sample S2 (Fig. 4b), and
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Fig. 6 Effect of nano-copper content on the hydraulic conductivity for soil samples a S1, b S2, c S3, and d S4
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0.5 % for soil samples S3 and S4 (Fig. 4c, d). In general, soils
with high clay content (bentonite) have more water distributed
in its many small size pores. Therefore, the required amount of
nanomaterial to fill the pores to obtain best improvement will
also increase.

The addition of nanomaterial increases the amount of fine
particles. Generally, the increase in fine particles content in-
creases the water content of samples possibly due to greater
adsorption of water by fine particles (i.e. bentonite content)
(Tay et al. 2001). On the other hand, the increase in soil den-
sity reduces the gravimetric water content in soil samples
(Ahn and Jo 2009; Dixon et al. 1985; Komine 2008). Further-
more, the soil-water characteristic curves were more sensitive
to changes in dry density (Miller et al. 2002). Thus, due to the
high specific gravity, small quantity, and well distribution of
nanomaterials, the nanomaterials can fill the microvoids lead-
ing to increase in soil density which in turn leads to lower
gravimetric water content.

Effect of nano-alumina and nano-copper contents
on the hydraulic conductivity

The hydraulic conductivity of the soil sample S1 (Fig. 5a)
decreases when nano-alumina content increases to 0.05 %,
whilst at 0.075 % nano-alumina content no significant change
noted. Further increase in nano-alumina (0.1% by dry weight)
caused a slight increase in hydraulic conductivity. Then, a
small decrease was noted at 0.15 % nano-alumina content.
Finally, the hydraulic conductivity tends to increase with in-
creasing the nano-alumina content to 0.3 %. However, there is
a clear difference between the hydraulic conductivity of S1
soil sample without nano-alumina (0% nano-alumina) and the
hydraulic conductivity of the S1 soil sample with nano-alumi-
na. In addition, the regression fit line for the hydraulic con-
ductivity data of Fig. 5a shows slight decrease with increasing
nano-alumina content which can consider insignificant de-
crease. In general, the results (Fig. 5) show that increase of

Nano-copper
particle

Fig. 7 Overlap between soil
sample S1 and nano-copper
particles

Filling the voids
by nano-copper
particles

Fig. 8 Distribution and
interparticle of nano-copper
particles in soil sample S3
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nano-alumina content in soil sample S1 does not result in
significant reduction in hydraulic conductivity, whilst for soil
sample S2, the decrease in hydraulic conductivity was more
notable than for soil sample S1 as nano-alumina contents were
increased. Furthermore, the decrease in hydraulic conductivity
for soil samples S3 and S4 was greater than that for soil sam-
ples S1 and S2 as shown in Fig. 5. This is due to the content of
bentonite in S3 and S4 soil samples higher than that in S1 and
S2 soil samples.

Similarly in Fig. 6a–d, the data show that the addition of
nano-copper content in soil samples S1 and S2 results in a
small reduction in hydraulic conductivity, whilst increasing
in nano-copper content for soil sample S3 does not reduce
hydraulic conductivity. However, there is significant drop in
hydraulic conductivity for soil samples S4 as nano-copper
content increases. This is possibly due to the increase in sam-
ple density as nano-copper content increases.

Generally, the hydraulic conductivity of soil decreases as
the bentonite content increases due to the pore clogging
caused by reduction in the effective porosity (Francisca and
Glatstein 2010). Thus, the hydraulic conductivity of soil sam-
ple S4 is much less than that in soil samples S3, S2, and S1.
Inversely, the soil suction of soil samples increases as the
bentonite content is increased.

According to Ahn and Jo (2009). the maximum dry density
decreased and the optimum water content increased with in-
creasing cation exchange capacity of clay due to an increase in
the swelling pressure, which in turn increases suction in soil.
The hydraulic conductivity of soil reduced with increasing
cation exchange capacity of clay possibly due to the larger
double-layer thickness (Laird 2006). Thus, the increase in clay
content increases the suction in soil, reducing its hydraulic
conductivity. However, in this study, the use of nanomaterial
can decrease the suction in soil at the same time reducing the
hydraulic conductivity and the crack development in soil sur-
face (Taha and Taha 2012).

Consequently, the idea behind the technique of using
nanomaterial in soil is that the nanomaterial could fill up the
space in between soil particles thus reducing the voids in soil
samples. Furthermore, small-size nanoparticles aid in overlap-
ping the nanomaterial between soil particles causing voids
clogging as shown in Figs. 7 and 8, which in turn decreases
the hydraulic conductivity. In addition, nanomaterial with
high particle density can increase the maximum dry density
of the soil causing decrease in soil voids and possibly increase
soil strength (Taha and Taha 2012). However, as the nanopar-
ticle size increased the soil hydraulic conductivity increased as
well. A similar behaviour was noted by Bahmani et al. (2014).

From another standpoint, the Na bentonite has a pH of 9.9
(Table 1). However, the zero-point charge of copper oxide
(CuO) and alumina oxide (Al2O3) is 9.5 and 8 to 9, respec-
tively (Lewis 2000). Thus, the surface ions of nano-copper
and nano-alumina have positive charge which possibly allows

the bentonite particles to attract nano-copper and nano-
alumina particles. In order to understand this in greater detail,
the effect of nanomaterials on pH value was investigated. In
addition, a zeta potential test was carried out on all types of
soil before and after mixing with some specific nanomaterials.
Zeta potential values can provide an indication on the swelling
ability of the soil sample (Iwata et al. 1994). If all particles in
suspension liquid have a large negative or positive zeta poten-
tial, then they tend to repel each other and there will be no
tendency for the particles to come together. However, if the
particles have low zeta potential values, then there will be no
force to prevent the particles coming together and flocculat-
ing, and thus, the storage of water is reduced within the soil
sample.

The pH values of the four examined samples are shown in
Figs. 9 and 10. It can be seen from the figures that the pH
value of S1 and S2 soil samples treated with nano-alumina and
nano-copper increased when the percentage of nanomaterials
increased due to low pH values of S1 and S2 soil samples (4.0
and 6.81, respectively).Moreover, the increase in pH value for
samples treated with nano-copper was higher than nano-
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Fig. 9 Effect of nano-alumina on pH value
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alumina because the content of nano-copper is more than that
of nano-alumina. For S3 and S4 soil samples, the pH values
were 9.05 and 9.83, respectively, at zero nanomaterial content,
and the pH values for nano-alumina and nano-copper were 7.3
and 8.64, respectively. Therefore, a small increase in the pH
value of S3 and S4 soil samples was noted after mixing with
nano-copper because mixing two alkaline materials increases

the concentration of hydroxide ions, i.e. OH−, or alkalinity
(Pacheco-Torgal et al. 2008). A small reduction of pH values
was instead noted in S3 and S4 soil samples after mixing with
nano-alumina because the aluminium oxide is an amphoteric
substance; it can react with both acids and bases, acting as an
acid with a base and a base with an acid, neutralising the other
(Doshi et al. 2008; Wilson 2011). However, one of the
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indications of increasing the cementation of colloidal particles
is the increase in pH value (Muhunthan et al. 2008).

Some decrease in the absolute zeta potential values was
noted in Fig. 11 for S1, S2, and S3 soil samples after mixing
with nano-copper. The similar behaviour was noted for S1 and
S2 soil samples after mixing with nano-alumina. Moreover,
zeta potential values for S2, S3, and S4 soil samples are much
more than that for S1 soil samples due to the presence of the
bentonite. However, nano-alumina has high positive zeta po-
tential value at pH less than 8 and nano-copper also has high
positive zeta potential value at pH less than 9.5. Therefore,
some reduction in zeta potential values occurred after mixing
with the nanomaterial. For S3 and S4 soil samples mixed with
nano-alumina, a small increase in zeta potential was noted.
However, zeta potential increase was observed only when
mixing nano-copper with S4 soil sample. Due to the increase
of pH value of the mixtures beyond the zero point of charge of
nano-alumina and nano-copper, the mixtures are expected to
have larger negative zeta potential value. This is in addition to
the fact that the soil sample is negatively charge. The zeta
potential value of S3 soil sample (−48.06 mV) becomes more
negative (−48.73 mV) after adding nano-alumina. Similarly,
for S4 soil sample, the zeta potential value which was
−47.4 mV becomes more negative (−47.6 and −47.7 mV)
after adding nano-alumina and nano-copper, respectively.
This behaviour was also noted on other materials by other
researchers (Au and Leong 2013; Castellote et al. 2006;
Grover et al. 2013; Hussain et al. 1996; Tunç and Duman
2008).

Effect of the number of drying cycles on soil

Since hydraulic conductivity tests require a long time, only
the samples with optimum nanomaterial content were se-
lected for the test. According to Taha and Taha (2012). the
optimum contents of nano-alumina were 0.05, 0.075, 0.1,

and 0.1 % for soil samples S1, S2, S3, and S4, respectively,
whilst the optimum contents of nano-copper were 0.15,
0.3, 0.5, and 0.5 % for soil samples S1, S2, S3, and S4
respectively. The results in Fig. 12a show that there is no
difference in soil sample S1 before and after adding nano-
alumina possibly because of the low amount of nano-
alumina content. However, there is a clear increase in hy-
draulic conductivity ratio (Kr) with nano-copper relative to
soil sample S1. The Kr is the ratio between the hydraulic
conductivity of soil at first, second, and third cycles to the
zero cycle hydraulic conductivity, respectively. The in-
crease in Kr for soil sample S1 after each drying cycle
possibly comes from slow discharge of nano-copper during
the water flow as indicated in Fig. 13, which shows that the
sample surface colour had changed to black (colour of
nano-copper) at the end of the hydraulic conductivity test.
The nano-copper material actually gathered between the
surface of the specimen and the filter paper at the top of
the samples during hydraulic conductivity test leading to
losses in nano-copper after every cycle of testing. Howev-
er, discharging of the nanomaterials during the hydraulic
conductivity is very low and can be considered safe for the
environment. According to Varanasi et al. (2007). a nano-
particle can absorb persistent organic pollutants such as
polychlorinated biphenyls (PCBs). In addition, the use of
nanoparticles in the composition of cement results in sig-
nificant reductions of CO2 pollution (Olar 2011). Thus, the
use of nanoparticles in the contaminated soils can reduce
soil pollution and enhance the engineering properties of
soils.

The similar behaviour occurred for soil sample S2 with less
discharge of nanomaterial (Fig. 12b). Generally, as the ben-
tonite content increases, the nanomaterial becomes a more
effective material for improvement, especially for nano-
copper particles. It can be seen from Fig. 12c that the Kr
decreased after adding nano-alumina and nano-copper for soil
sample S3. The reduction in Kr was much better for soil sam-
ple S4 after adding the nanomaterials (Fig. 12d). The maxi-
mum reduction in hydraulic conductivity of the treated sam-
ples exposed to drying cycle was observed in the soil sample
S3 by as much as two times using nano-alumina and nano-
copper. However, in soil sample S4, the reduction in hydraulic
conductivity is about five times when using nano-alumina and
seven times for nano-copper. For all of the specimens, the
hydraulic conductivity of cracked specimens increased by as
much as ten times. The most significant increase in the hy-
draulic conductivity took place after the first or second drying
cycle because most cracks in the specimens occurred during
the initial drying cycles. It was also observed that a few addi-
tional cracks were formed during subsequent drying cycles.
Therefore, a slight increase in hydraulic conductivity was ob-
served. The similar behaviour was noted by Albrecht and
Benson (2001).

Fig. 13 Nano-copper materials assembled at the surface of soil sample
S1 after hydraulic conductivity test
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Conclusions

This work provides an insight into the role of nanomaterials
(nano-alumina and nano-copper) on the improvement of soil-
water characteristic curves and hydraulic conductivity behav-
iour of the four types of soils with different plasticity indexes.
Compacted soil specimens with optimum nanomaterials con-
tent subjected to cyclic hydraulic conductivity test were also
examined.

The results showed that the gravimetric water content in
soil retention curves decreases measurably after mixing
with the optimum nanomaterials (nano-alumina and nano-
copper) content due to the increase in dry density, especial-
ly for soil samples with the highest plasticity index. The
soil-water retention curves for nano-copper were lower
than that of nano-alumina. Otherwise, the hydraulic con-
ductivity of samples mixed with nano-alumina was less
than hydraulic conductivity of samples mixed with nano-
copper. In general, the hydraulic conductivity of
compacted samples decreased as the nanomaterial (nano-
alumina and nano-copper) content was increased, except
for S3 soil sample with nano-copper content. This is due
to the pore clogging and interparticle interaction by the
nanomaterials. Thus, a potential method to reduce soil hy-
draulic conductivity without increase in soil suction is by
the use of nanomaterials. Moreover, the results show that
the nanomaterials are more appropriate for soils with high
clay content (bentonite).

The pH value of S1 and S2 soil samples increased as nano-
alumina and nano-copper increased. The pH value of S3 and
S4 soil samples increased slightly after mixing with nano-
copper. Conversely, the pH value of S3 and S4 soil samples
decreased slightly after mixing with nano-alumina. The zeta
potential value is a direct relation to pH value. The value of
zeta potential become less negative after mixing with
nanomaterial as the pH value reaches below the point of zero
charge of the nanomaterial. However, when the mixture of soil
nanomaterials has pH value greater than the point of zero
charge of the particular nanomaterial, then the zeta potential
value of the mixtures becomes more negative. This behaviour
is similar for the other additives as well.

Testing of cracked specimens after drying indicated that the
hydraulic conductivity increased by as much as ten times, and
the largest increases in hydraulic conductivity occurred after
the first or second drying cycles. Thus, two drying cycles
appear enough to damage the compacted clay severely.
Nano-copper was discharged during the water flow after first
or two drying cycles in low bentonite content soil samples,
leaving more continuous voids which in turn increase the hy-
draulic conductivity. Nano-alumina and nano-copper reduced
the increase in hydraulic conductivity from drying cycle for
highly bentonite content soil samples by as much as five times
and seven times, respectively.
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