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ABSTRACT

Soil salinity is becoming one of the most devastating environmental hazards over the years. Soil investigation involves fast,

low cost and non disturbing methods to measure soil characteristics for both construction projects as well as for agricultural

use. The electrical resistivity of saline soils is greatly governed by salt concentration and the presence of moisture in soil

matrix. Experimental results of this investigation highlight that there is a significant relationship between the electrical resis-

tivity of soil samples mixed with chloride solutions (NaCl, KCl, and MgCl2) at various concentrations, and soil physical prop-

erties. Correlations represented by quadratic functions were obtained between electrical resistivity and soil characteristics,

namely, water content, degree of saturation and salt concentration. This research reveals that the obtained correlations between

electrical resistivity, salt concentration, water content and degree of saturation are effective for predicting the characteristics of

salt affected soils in practice, which constitute a governing element in the assessment of saline lands sustaining infrastructure.
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1. Introduction

In recent years, disastrous environmental prob-

lems are caused by the intensification of urbaniza-

tion, industrial and agricultural activities. Soil

salinization is becoming one of the harmful environ-

mental threats that are damaging severely the natural

environment, agricultural crops, human health, build-

ing, facilities and water supply systems [1-3]; Salt

affected soils are developing gradually in many areas

of the world, especially in arid and semi-arid regions.

Recent studies have reported that over one billion

hectares of land are affected by soil salinization [4-7]

with a porftential of 10 to 16% increase/year [8-10].

In the next 30 years, the percentage of the total irri-

gated land affected by soil salinization could be

extended to 50% if left unattended [7,11]. Soil salini-

zation represents the major cause for crop yield

reduction and soil deterioration [3,5]. The excessive

admission of fertilizer and water in vegetable produc-

tion boosts the amount of salts in soil and therefore,

induces damages to plants. Moreover, the presence of

salt can generate many damages on civil engineering

infrastructures. The interaction between soluble salts

in the soil solution and the exchange phase induces

soil modifications, engendering soil strength diminu-

tion, swelling and dispersion, soil erosion and perme-

ability reduction [10,12]. Since investigating the

electrical response of soils is considered as a non

destructive approach allowing precious information

of soil [13-16], large uses have been employed for

electrical measurements in many areas of scientific

and engineering investigations, such as environmen-

tal, geotechnical, groundwater and underground

fields. Specifically, electrical resistivity has been

developed in geotechnical engineering, agriculture

and geology since it is considered as a quick and non

invasive method [17-20]. Soil resistivity values less

than 100 Ωm reveals that soil nutrients are abundant

in this area; however, sites with soil resistivity greater

than 600 Ωm are reported as poor in soil nutrients

[21]. Other investigations show that yields of crops

are damaged by salinity when the electrical conduc-
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tivity value (inverse of resistivity) is in the range of 2

to 8 dS/m [3,22]. Furthermore, electrical resistivity

has been used to assess other soil properties that

affect significantly civil engineering structures.

Previous researches highlighted that electrical

resistivity represents an important tool for determin-

ing soil characteristics, including water content, plas-

ticity index, soil strength and clay content. Archie

[23] developed an empirical law using electrical

resistivity to assess soil porosity. However, the appli-

cation of Archie’s law is limited to a fully saturated

sandy soil and rocks. Moreover, Archie’s law pre-

sumes that the soil matrix is non-conductive. For

clayey minerals, this assumption is no suitable, in

view of the clay’s structure and cation exchange

capacity.

Kolay et al. [24] investigated the relationship

between electrical resistivity and water content of

Kaolinite clay mixed with various percentages of

sand. The results show that at lower moisture content,

the electrical resistivity for kaolinite and kaolinite–

sand mixture changes significantly. Gingine et al.

[25] presented an experimental study in which the

electrical resistivity was measured in different speci-

mens of white kaolin compacted with different voids

ratio. In this study, resistivity charts found using theo-

retical concepts and drawn using experimental data

were compared. Hassan and Toll [26] reported an

inversely proportion exponential relation between the

resistivity and degree of saturation. Mostafa et al.

[27] carried out laboratory tests on calcareous soil

samples for determining their electrical resistivity

after compaction. Relationships were developed for

soil in the studied site between electrical resistivity

and compaction index. Nevertheless, it could be

observed that the derived relations are appropriated

for local soils controlled by the geological constitu-

tion of the site environment and reveal limitations for

their application to different soil classes. In addition,

most of these studies are not applicable to salt

affected soil. Moreover, generalization of the rela-

tionships involving soil resistivity and salt concentra-

tion of fine grained soil mixed with different saline

solutions have yet to be derived.

There is a considerable scope for developing cor-

relations for soil salinity and electrical resistivity. The

purpose of this study is to characterize the electrical

resistivity of salt affected soil in term of soil parame-

ters namely water content, degree of saturation and

salt concentration. It appears from this study that the

electrical method is a very useful geophysical tech-

nique. The determination of these geotechnical

parameters allowed us to track the salinity of the soil

and consequently improve efficiently its mechanical

properties.

2. Electrical resistivity of soil

The electrical resistivity is defined as the physical

parameter that indicates the ability of a material to

oppose the passage of an injected current. In soil sci-

ence, the major advantages of electrical resistivity are

its speed of acquisition of measurements and its non-

destructive aspect. The principle of electrical resistiv-

ity is based on Ohm’s law according to the following

formula:

(1)

Where R expresses the resistance, I is the electrical

current and V the potential drop.

The current density J represents the amount of cur-

rent flowing through a cross-sectional area A of a

material as follows:

(2)

Electrical resistivity symbolized by r is namely

proportional to the cross-sectional area A, and con-

versely corresponding to the length L as expressed in

the following equation:

(3)

The majority of granular materials are poor con-

ductors, however conduction within a soil matrix is

principally electrolytic in view of the presence of

water inside pores. It is obvious that the nature of the

fluid plays an important role; when the salt concen-

tration of water increases, the fluid becomes more

conductive [21]. Since an electrical potential is

applied between two electrodes, the electric charges

move away from their equilibrium position inducing

conduction phenomena. Furthermore, the presence of

surface charges in fine grained soil minerals caused

by isomorphous substitution within the crystal struc-

ture yields more complex the electrical conduction
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phenomena as double layers involve restrictions on

ion displacements engendered by electrostatic attrac-

tion and repulsion [22] as depicted in Fig. 1.

The electrical resistivity of soil is a function of its

geotechnical characteristics. Several researchers have

attempted to study the relation between electrical

resistivity and soil parameters, such as porosity, min-

eralogy, water content and temperature [13,30-33]. It

has been shown that electrical resistivity is greatly

influenced by the composition of pore fluid as well as

the nature of soil minerals. The aspect of electrically

conductive soil particles made them able to keep and

release water and particle atoms on the surface of soil

minerals via a particle trade process [16,33].

Although various investigations have previously

formulated correlations between the electrical resis-

tivity and soil characteristics [13,20,30-33], neverthe-

less, most of them are not applicable to salt affected

soils. Furthermore, it is well known that salinization

represents essential criteria that affect soil resistivity. 

3. Experimental

3.1 Study area

The laboratory experiments were carried out on

soil samples collected from the basin of Mosta-

ganem, situated in the North West region of Algeria.

The localization of the study area is depicted in Fig.

2. The climate of this region is defined as semi-arid

according to the Köppen-Ceiger classification. July

and August are the driest months, whereas January

and February are the wettest ones. During six months

of the year, the evapotranspiration surpasses 80 mm.

The climate of this region is described as warm-dry

in summer and cold-dry in winter. Over the last

decades, it was characterized by a rainfall deficit withFig. 1. Electrical double layer mechanism

Fig. 2. Location of the studied area
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average annual precipitation that did not exceed 35 mm.

The average temperature was 18.1oC. The soil samples

were collected on 23 March 2021 which was character-

ized by an average temperature of 16oC.

The soil samples were extracted by drilling at four

points at depths of 0.5 to 1 m. There were sealed in

plastic bags, marked and transported to the laboratory

where they were ground to a fine powder after drying

them in an oven at 105oC as suggested by the ASTM

(1991) [34]. Experimental tests were carried out in

order to identify the physical and chemical character-

istics of soil specimens. The obtained results of phys-

ico-chemical parameters such as soil texture, optimal

water content, Atterberg limits, pH and initial ions

concentrations are summarized in Table 1.

3.2 Saline samples preparation

Soil salinization implies the existence of dissolved

salts in aqueous soil samples. The major mineral ions

found in soil solution are sodium (Na+), calcium

(Ca2+), chloride (Cl-), potassium (K+) and magnesium

(Mg2+). Conventionally, concentration of soluble

salts is used to assess soil salinity. This study is based

on artificial salinization of soil specimens with the

three following types of chloride salts NaCl, KCl and

MgCl2 which are predominant in collected soil speci-

mens. Saline solutions were prepared by weighing

and diluting salt ions in distilled water using an elec-

tric stirrer. Subsequently, soil samples were well

mixed with the obtained solutions and left for about

24 hours to ensure the homogeneous dispersion of

salt ions in the soil. During the laboratory experi-

ment, different electrolyte solutions with various con-

centrations were prepared and mixed to soil

specimens in order to reproduce and stimulate the

concentrations of natural saline soils. After that, the

soil samples were placed in the bench-scale and com-

pacted in three equal layers using a laboratory ram-

mer with 25 blows for each layer. The void space

enclosed by particle grains and fissures resulting

Table 1. Physico-chemical properties of studied soil

Properties Value

Specific gravity (Gs)

Water content (%)

Organic matter (%)

2.7

28.67

3.43

Size fraction (%)

Sand (75 µm to 2 mm)

Silt (2–75 µm)

Clay (<2 µm)

9

49

42

Atterberg limits (%)

Liquid limit (LL)

Plastic limit (PL)

Plasticity index (PI)

42.8

22.1

5.51

Chemical soil properties

pH

Electric conductivity (mS/cm)

Cation exchange capacity CEC (meq/100 g)

8.47

3.43

9.2

Initial concentration (mg/kg)

Na+

K+

Ca2+

Mg2+

130

52

29

21

Fig. 3. Schematic representation of the experimental setup
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when putting the soil in the experimental cell, were

removed during this experimental phase. 

3.3 Test procedure

The experiments were carried out in a paral-

lelepiped-shaped cell of 25 cm internal length, 10 cm

internal width and 1 cm thick Perspex sheet. The cell

was fitted with two copper plate electrodes having

similar cross-sectional area as the cell. The experi-

mental setup was connected to an electronic device

allowing the automatic monitoring of data acquisi-

tions such as current and electrical potential. A sche-

matic representation of the experimental set up used

in this investigation is illustrated in Fig. 3.

The electrical resistivity r was measured according

to Wenner method, by applying a direct current DC

to the outer electrodes and measuring the arising dif-

ference of potential between the inner ones [35]. The

value of electrical resistivity is computed through the

following formula:

(4)

Where L1 and L2 represent the spacing and depth of

the electrodes, respectively, and R is the electrical

resistance. The values of potential drop and current

intensity were checked using a digital multimeter.

In this study, electrical resistivity has been used as

an indicator of the influence of different parameters,

such as salt concentration, water content and degree

of saturation of saline soil specimens.

4. Results and Discussion

4.1 Relationship between salt concentration and

electrical resistivity

As time progresses, many factors contribute to the

increase of soil salinity such as irrigation, saline

water intrusion and application of fertilizers [3,36].

Soil salinization affects negatively soil structure and

hydraulic parameters producing damages to civil and

industrial infrastructures. 

Fig. 4 illustrates the effect of salt concentration on

electrical resistivity for different soil samples mixed

with NaCl, KCl and MgCl2 solutions at different con-

centrations.

It appears from Fig. 4 that the salt concentration

has a great effect on the electrical resistivity of soil

specimens. According to the test results, it can be

seen a drastic diminution of electrical resistivity with

the increase of salt concentration. The influence of

salt concentrations on the decrease of the electrical

resistivity is more considerable for saline concentra-

tions lower than 0.6 M. The reason is that the saline

solutions close to this point with the concentration in

excess of 0.6 M, the current flows in soil predomi-

nantly through electrical conduction of salts present

in pore water and exchangeable ions of clay minerals.

Thereafter, across soil matrix where soil particles are

in continuous contact.

The composition of ions in saline soil samples is

affected by the salt composition of soil water. Conse-

quently, high ion concentrations are induced by the

release of Na+, K+, Mg2+ cations and Cl- anions. There-

fore, the electrical resistivity of soil is reduced [37].

Various curves (linear, exponential, polynomial,

etc.) fitting interpolation were assessed. Thereafter,

the approximation with higher coefficient of determi-

nation R2 was chosen. The correlation between salt

concentration and electrical resistivity can be repre-

sented by the following relation:

  (5)

Where C represents the salt concentration; and a1,

b1 and c1 are the statistical parameters as summa-

rized in Table 2.

We can observe from Table 2 that the regression

reflects strong relationship between electrical resis-

tivity and salt concentration, with coefficient of

2
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Fig. 4. Variation of the electrical resistivity as function of

salt concentrations for different soil samples mixed with

NaCl, KCl and MgCl2 solutions
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determination R2 varying between 0.96 and 0.99.

As reported by Corwin and Lesch [38], the current

flows in the soil according to three pathways. The

first consists of the electrical conduction, based on

the movement of salt ions enclosed in pore fluid of

soil matrix. The second pathway is attributed to the

exchangeable ions at the surface of fine grained soils.

The latest pathway takes place when soil particles

have permanent and close connections [20,37]. When

soil samples are submitted to electrical current, salt

cations and chloride anions move toward the elec-

trode with opposite charges. These migrations induce

modifications in the soil solution. 

Electrolysis refers to chemical reactions that

involved with the electrical gradient near the elec-

trodes [2,10]. Based on electrolysis theory, the fol-

lowing reactions occur:

Anode:  (6)

Cathode: (7)

At the vicinity of the anode, 2 electrons are pro-

vided by 2 chloride anions. However, at the cathode,

hydrogen ions are produced from water. The migra-

tion of ionic species through the soil matrix induces

modifications in the electrical resistivity. Restrained

studies highlight the effect of salt concentration on

the variation of electrical resistivity in saline soils,

which constitute a governing element in the assess-

ment of saline lands sustaining infrastructure devel-

opments.

4.2 Relationship between water content and elec-

trical resistivity

Direct measures are usually used to estimate soil

water content. Laboratory measurements involve

weighing soil samples pre and post oven drying.

Recent investigations appeared that the use of geo-

physical methods, and particularly of electrical resis-

tivity, for assessment of soil water content is fast,

economic and does not result in disturbances in soil

structure [39-42]. In this study, the soil specimens

blended with saline solutions at different concentra-

tions were compacted to varied water contents.

Fig. 5 shows the variation of the electrical resistiv-

ity of soil specimens mixed with NaCl, KCl and

MgCl2 solutions at different concentrations of 0.2,

0.6 and 1 M. Previous investigations reported that the

electrical resistivity of fine grained soil were not pos-

sible to define at water content below 8% [43-45].

This can be explained by the fact that the electrical

2
2 2

− −→ ↑ +Cl Cl e

2
2 2

+ −+ → ↑H e H

Table 2. The statistical parameters a1, b1 and c1

a1 b1 c1 R2

NaCl 0.339 -0.892 1.124 0.96

KCl 0.321 -0.846 1.128 0.99

MgCl2 0.643 -1.081 1.018 0.97

Fig. 5. Variation of electrical resistivity as a function of

water content for soil mixed with different salts. (a) NaCl,

(b) KCl, (c) MgCl2 
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resistivity of soil is associated to the volume of inter-

stitial pore water present in soil matrix [33,45].

Opposite to sandy soils, where interstitial pore fluid

is easily accessible for the electrical conduction; the

electric charges, that composed the double layer at

the surface of fine grained soils, leading to reduce the

quantity of free interstitial water available for con-

duction [30,45].

According to the test results, a decrease of the elec-

trical resistivity r with the increase of water content

value w can be noticed. The same trend was observed

for soil samples mixed with NaCl, KCl and MgCl2
solutions with different concentrations. At the begin-

ning of the curves, a fast decline can be seen. There-

after, the variation of electrical resistivity becomes

irrelevant when the values of water content are higher

than 38%. The Molecular attraction force in the film

capillary zone is greater than the capillary force [46].

Therefore, the electrical resistivity becomes indepen-

dent of water content since the mobility of electrical

charges becomes dissociated from the migration of

water and salt ions. As a result, the variation of elec-

trical resistivity is relatively insignificant.

A positive correlation was observed between water

content and electrical resistivity. It can be represented

by the quadratic function as follows:

(8)

Where a2, b2 and c2 represent the statistical param-

eters summarized in Table 3.

In addition, the ionic mobility of water and salt par-

ticles in pore spaces promotes the conduction of elec-

trical current [20,41] which lead to the diminution of

soil resistivity. This report indicates that the salt con-

centration is one of the major prominent factors on

variation of electrical resistivity.

4.3 Relationship between degree of saturation and

electrical resistivity

The assessment of the degree of saturation Sr pro-

vides important information of soil behaviour. Vari-

ous investigations have attempted to study the

influence of electrical resistivity on water content for

2

2 2 2
= + +ρ a w b w c

Table 3. The statistical parameters a2, b2 and c2

Salt 

concentration
a2 b2 c2 R2

NaCl

0.2 0.013 -1.182 27.536 0.99

0.6 0.013 -1.084 22.095 0.93

1 0.008 -0.657 13.664 0.94

KCl

0.2 0.008 -0.777 19.824 0.98

0.6 0.007 -0.605 13.76 0.96

1 0.0037 -0.328 7.683 0.96

MgCl2

0.2 0.0114 -0.0946 19.802 0.93

0.6 0.0087 -0.715 14.574 0.92

1 0.0037 -0.316 6.997 0.97

Fig. 6. Variation of the electrical resistivity as a function of

the degree of saturation for soil mixed with different salts.

(a) NaCl, (b) KCl, (c) MgCl2 
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soil. Nevertheless, plotting the degree of saturation

with electrical resistivity can be used to estimate the

water content [44]. In this research, the variation of

electrical resistivity as function of the degree of satu-

ration for saline soil samples was investigated. The

obtained results are depicted in Fig. 6. It can be

observed from these figures a gradual diminution in

electrical resistivity with the increase of the degree of

saturation for different soil specimens mixed with

saline solutions NaCl, KCl and MgCl2 at different

concentrations of 0.2, 0.6 and 1 M. According to the

test results, electrical resistivity is reduced from 16.8

to 1 Ωm for saline soil sample at 0.2 M of NaCl,

which represents a decrease of initial value of 16.8

times. The observed reductions become smaller with

increasing concentrations. The same trend was

observed for soil samples mixed with different solu-

tions at different concentrations. The observed

decreases ranged between 12.3 and 9.8 times in soil

specimens mixed with KCl solution, 12.8 and 5.63

times for MgCl2 solution, respectively.

A strong quadratic correlation between electrical

resistivity and degree of saturation of saline soils was

identified. It can be described by the following equa-

tion:

  (9)

  
Where a3, b3 and c3 are the fitting parameters sum-

marized in Table 4.

The maximum strong correlation was noticed for

soil specimen with 0.2 M NaCl (R2 = 0.99). The

reduction in the degree of saturation is relative to the

weakening of bridging between saline soils particles.

The dielectric air void increases at lower degree of

saturation, involving then the diminution of the link-

ing of the pore network [44,47]. Consequently, the

current flux through the soil is restricted by the

reduction of moisture connectivity, developing thus

high electrical resistivity [44]. Additionally, Fig. 6

shows a sharp reduction of electrical resistivity with

increase of salt concentration for all soil specimens.

The mixtures of soil with different saline solutions

induced high ion concentrations as a result of the

release of chloride anions and salt cations in soil

solution [37].

5. Conclusions

Soil salinization is an environmental threat that

affects soil parameters especially in arid and semi-

arid regions. The electrical resistivity represents a

key factor which can be used to characterize salt

affected soils. Additionally, investigating the electri-

cal response is considered as quick, time consuming

and non destructive. 

In this study, laboratory tests were carried out on

soil samples mixed with three types of chloride salts

NaCl, KCl and MgCl2 at various concentrations, in

order to investigate the effect of soil characteristics

on electrical resistivity of saline soil specimens.

An inexpensive setup for measuring the electrical

resistivity was developed in laboratory based on

Ohm’s law application. The results revealed a big

potential of employing the electrical resistivity to

predict engineering soil properties. Strong and

important relationships between electrical resistivity

and saline soils parameters such as water content,

2

3 3 3
= + +

r r
ρ a S b S c

Table 4. The statistical parameters a3, b3 and c3

Salt concentration a3 b3 c3 R2

NaCl

0.2 0.0032 -0.5873 27.486 0.99

0.6 0.0034 -0.554 22.415 0.93

1 0.0021 -0.343 13.98 0.95

KCl

0.2 0.002 -0.391 19.919 0.98

0.6 0.0018 -0.315 13.981 0.96

1 0.001 -0.17 7.732 0.97

MgCl2

0.2 0.001 -0.162 7.083 0.97

0.6 0.002 -0.375 14.946 0.93

1 0.0031 -0.5 20.336 0.93
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degree of saturation and salt concentration, were

identified. 

Further researches including the use of the mixed

solutions of NaCl, KCl and MgCl2 electrolytes with

different concentrations, are highly needed for mim-

icking real soil samples. Moreover, the authors rec-

ommended to validate the finding models using

additional soil samples originated from different salt

affected areas.
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