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Effects of physical properties on electrical conductivity of compacted lateritic soil
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Natural soils of various types have different electrical properties due to the composition, structure, water
content, and temperature. In order to investigate the electrical properties of lateritic soil, electrical con-
ductivity experiments have been conducted on a self-developed testing device. Test results show that the
electrical conductivity of laterite increases with the increase of water content, degree of saturation and
dry density. When the water content is below the optimum water content, the electrical conductivity
of soils increases nonlinearly and the variation rate increases dramatically. However, when the water
content, degree of saturation, or dry density increases to a certain value, the electrical conductivity tends
to be a constant. In addition, soil electrical conductivity increases with the increase of temperature, and it
is observed that the electrical conductivity decreases with the increase of the number of wetting-drying
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1. Introduction

The electrical conductivity is one of soil properties, which
are associated with the nature of soil composition (particle size
distribution, mineralogy), structure (porosity, pore size distribu-
tion, connectivity), water content, and temperature. Archie (1942)
proposed an empirical relationship (the Archie’s law) based on
laboratory measurements of clean sand stone samples. Never-
theless, the Archie’s law is only suitable for saturated rock or
sandy soil. In clayey soil, the electrical conductivity is related to
the particle size distribution, where the electric charge density
is basically located at the surface of the clay particles. Electri-
cal current in soils mainly depends on the amount of water
remained in the pores. McCarter (1984) and Fukue et al. (1999)
observed through laboratory tests that the electrical resistivity of
soils decreases when water content increases. The structures, i.e.
the void distribution, geometry of pores, connectivity, and poros-
ity, determine the proportion of air to water according to the
water potential. Robain et al. (1996) linked resistivity variations
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with the structure of pedological materials, identifying that the
high and low resistivity values were related to macro- and meso-
porosity, respectively. Temperature can excite and change the
viscosity of a fluid and thereafter influence the electrical conductiv-
ity (Campbell et al., 1949). By conducting laboratory experiments
on 30 samples of saline and alkaline soils, Campbell et al. (1949)
showed that conductivity increased by 2.02% per °C (in the range
of 15-35°C). However, the studies on problematic unsaturated
soils such as expansive soil, lateritic soil, and loess, are rarely
reported.

Lateritic soil is widely distributed in several southwestern
provinces of China such as Hunan, Guizhou, Yunnan, and Guangxi.
Lateritic soil is usually considered as a good natural foundation
and building material. However, the lateritic soil has many unfa-
vorable properties, such as shrinkage, cracks, water sensitivity and
uneven distribution. Thus, usage of lateritic soil as a building mate-
rial leads to various challenging issues in constructions of highway
and high speed railway in these southwestern provinces in China.
In those projects, the crack depth, water content and distribution
are approximately obtained by borehole surveying, exploration
holes, trenching exploration, and pit test. These geotechnical inves-
tigations involved extensive workload, time-consuming and low
effect. Electrical conductivity experiment offers an attractive tool
for describing the subsurface properties without digging, and thus
much time and effort can be saved.

In this paper, a self-developed testing device and a digital elec-
trical system are used to understand the relationships between
the electrical conductivity (or resistivity) and the characteristics
of lateritic soil in Hunan Province, China. The effects of water
content, saturation, dry density, temperature, and soil structure
on the electrical conductivity of lateritic soil are analyzed as
well.
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Table 1
The particles size distribution of lateritic soil samples.

Sample Grain composition (%)
0.075-0.05 mm 0.05-0.01 mm 0.01-0.005 mm 0.005-0.002 mm <0.002 mm
N1 171 41.1 104 7.6 238
N2 17.8 39.3 10.6 8.1 24.2
Average 17.5 40.2 10.5 7.9 24.0
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Fig. 1. The grading curve of lateritic soil samples.

2. Test materials

The lateritic soil samples were taken from the Chenzhou section
of Xiamen-Chengdu Expressway (depth of 0.8-1.5 m). Test results
of the particles size distribution are listed in Table 1, and the grading
curve is shown in Fig. 1.

The basic physical indices, such as natural water content w, bulk
density p, specific gravity Gs, liquid limit wy, plastic limit wp, plas-
ticity index Ip, and free swelling ratio (FSR), are listed in Table 2. The
compaction curve obtained by the standard Proctor test is shown in
Fig. 2. From the curve, the optimum water content (Wopt = 23.2%)
and the maximum dry density (1.66 g/cm3) are obtained.

The lateritic soils before testing were air-dried, crushed, and
sieved through a 2 mm sieve. Hydraulic jack and steel mold (inner
diameter of 61.8 mm) were used when preparing for the specimens.
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Fig. 2. Compaction curve of dry density and water content.

3. Test methods

Contact conditions between the electrodes and the specimens
may affect the measurement accuracy of electrical conductiv-
ity. Therefore, contact resistance should be first calibrated. The
cylinder specimens with the same diameter (61.8 mm), dry den-
sity (1.58 g/cm3), and water content (20%) but different heights
(20-125 mm) are tested for determination of electrical resistance
under temperature of 20°C. A self-developed testing device (see
Fig. 3) and a digital electrical system are used to measure the
electrical conductivity (accuracy of measured voltage and current:
+1%).

Temperature and humidity chamber (accuracy of tempera-
ture measurement: +0.5°C) is used to analyze the relationship
between temperature and electrical conductivity. The lateritic
specimens are sealed by plastic membrane and then are placed in
the chamber, where different temperatures (10-45 °C) are consid-
ered. After three hours, the temperature of the specimens is stable,
and then the specimens are picked out for electrical conductivity
tests.

Electrical conductivities of different soil specimens (diameter of
61.8 mm and height of 20 mm) with five dry densities (1.30 g/cm?3,
1.38 g/cm3, 1.46 g/cm?3, 1.54 g/cm3, and 1.58 g/cm?) and four water

Adjustable screw Specimen Electrode plate
Plastic rigid slab
- -
|-

Insulative cushion block]

Fig. 3. Schematic drawing of testing device.
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Table 2

The physical indices of lateritic soil samples.
Sample w (%) p(glem?) Gs wi (%) wp (%) Ip FSR (%)
N1 39.9 1.61 2.76 60.1 38.2 219 32.0
N2 34.8 1.73 2.74 65.1 34.7 30.5 37.5
Average 37.4 1.67 2.75 62.6 36.5 26.2 3438

contents (14.7%, 19.1%, 23.4%, and 30.8%) are measured. The influ- 0.08 -

ences of the water content, degree of saturation and dry density on

the electrical conductivity are analyzed. z .

Wetting-drying cycles will change the inner structure of the » 0.06

lateritic soil. A lateritic soil specimen with initial dry density -

1.58 g/cm? and water content 20% is dried at constant room tem- )

perature (20 + 1°C) until the weight of the specimen is stabilized. ‘g 0.04 /
And then, vacuum-pumping method is used to saturate the speci- 2

men. After this wetting process, the specimen is dried at room and 38

then electrical conductivity is measured until the water content _:3 0.02 4 //
reduces to 20%. This process is the first wetting-drying cycle and a s — "

total of four cycles are applied. i:_;

Table 3 shows the preparation of specimens for each test. After 0.00 ] ] i ] ]
completion of compaction, all the specimens were wrapped with 0 1'0 2'0 3'0 4'0 5'0
thin plastic film and stored in the curing boxes (204 1°C) until
tested. Temperature (C)

4. Results and discussions

4.1. Electrical resistance of contact conditions between specimen
and electrode plate

Five soil specimens with different heights are tested for deter-
mining electrical resistance. The relationship between electrical
resistance and the height of specimen is shown in Fig. 4. According
to curve-fitting (coefficient of correlation, R% =0.9908), the inter-
cept on the axis of electrical resistance can be obtained, which is
regarded as the contact resistance Ry (Rp=116.99 2). To get the
real electrical resistances, all the tested electrical resistances should
subtract Ry.

4.2. Effect of temperature on electrical conductivity

The electrical conductivity increases when the temperature
increases (see Fig. 5). On the contrary, the electrical resistivity
decreases when the temperature decreases (see Fig. 6). This is con-
sistent with the results of Campbell et al. (1949). But the electrical

conductivity of lateritic soil is different, and it increases nonlin-
early with increasing temperature. As shown in Fig. 5, the electrical

4000 y=31.34x+116.99 =
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Fig. 4. Relationship between electrical resistance and the height of specimen.

Fig. 5. Relationship between electrical conductivity and temperature.

conductivity changes rapidly when the temperature is above 30°C.
Fig. 6 reveals that the electrical resistivity decreases slowly when
the temperature is above 40°C.

Room temperature is kept at 20 + 1 °C by air-conditioner, thus
20°C is regarded as the standard temperature. In Fig. 5, the rela-
tionship between the conductivity o7 (T is the tested temperature)
and o5 can be described by

or = 030 + aexp[B(T — 20)] (1)

Electrical resistivity is the reciprocal of the conductivity, thus
the relationship between the resistivity prand p,g can be described
by
_ £20

1+ paoa exp[ B(T — 20)]

where o and pr are the conductivity and resistivity respectively at
testing temperature T; 09 and p;¢ are the conductivity and resis-
tivity respectively at 20°C; « and S are the tested constants, and
«=0.0012, $=0.1562. It should be noted that the range of test tem-
perature in Egs. (1) and (2) is 10-45°C. Thus all the conductivities

ot (2)
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Fig. 6. Relationship between electrical resistivity and temperature.
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Preparation of specimens for different tests.

Tests Specimen preparation
Size (mm x mm) Dry density (g/cm3) Water content (%) Temperature (°C)
$61.8 x 20
$61.8 x 40
Contact $61.8 x 60
rest $61.8 x 80 1.58 20.0 20
$61.8 x 100
$61.8 x 125
Temperature test $61.8 x 60 1.58 20.0 10, 15, 20, 25, 30, 35, 40, 45
1.30 14.7
1.38 19.1
Water content test $61.8 x 20 1.46 234 20
1.54 308
1.58
Wetting-drying cycles test $61.8 x 20 1.58 20.0 20
0.06 . are significantly influenced by water content, but minor influence
* 1.58 g/em ‘ is observed when the water content is above 23.4%. Taking the
Eo,os L = 154 g/em® specimen with dry density 1.38 g/cm? as an example, the electrical
@ s 1.46 g/cm® conductivities of specimens with different water contents of 19.1%,
2004 F > 138 gem? 23.4%, and 30.8% increase by 63.9%, 143.9%, and 238.1%, respec-
% x 1.30 g/cm® tively, compared with the specimen with water content of 14.7%.
3003 | The gradient of electrical resistivity decreases to 40.5% when the
5 water content increases from 23.4% to 30.8% (see Fig. 8).
.‘_; 0.02 F Degree of saturation, a physical index, can be obtained by
s 0.
E WGs 04
151 S = ——~>2 3
2o | "= Gopw— pa ©)
0.00 o yvhere St is. the degree of saturation, pq is the dry density, and pw
. is the density of water.
10 15 20 25 30 35

Water content (%)

Fig. 7. Relationship between water content and electrical conductivity at different
dry densities.

and resistivities mentioned above should be revised to the standard
room temperature (20°C).

4.3. Effect of water content on electrical conductivity
Fig. 7 demonstrates that the electrical conductivity of lateritic

soil increases when the water content increases. The results in
Figs. 7 and 8 indicate that the electrical conductivity and resistivity

Fig. 9 demonstrates that the electrical conductivity of lateritic
soil increases when the degree of saturation increases. Fig. 10 indi-
cates that the electrical resistivity decreases when the degree of
saturation increases and the electrical resistivity decreases evi-
dently after the water content is above 23.4%.

Three pathways of current flow contribute to the electrical con-
ductivity (Rhoades et al., 1989, 1999). As shown in Fig. 11, the path
2 is the primarily contribution (Rhoades et al., 1999). When the
water occupies the larger pores and are connected, the electrical
conductivity will increase dramatically, suggesting that the electri-
cal conductivity of lateritic soil increases when the water content
and degree of saturation increase. When the water content is above
23.4%, the increment rate of electrical conductivity slows down due
to that the water content is close to saturation.

160
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Fig. 8. Relationship between water content and electrical resistivity at different dry
densities.

Degree of saturation (%)

Fig. 9. Relationship between degree of saturation and electrical conductivity.
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Fig. 10. Relationship between degree of saturation and electrical resistivity at dif-
ferent dry densities.
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Fig. 11. Soil electrical conductance pathways (modified after Rhoades et al., 1989).
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4.4. Effect of dry density on electrical resistivity

The relationship between electrical resistivity and density is
shown in Fig. 12, which demonstrates that the electrical resistivity
of lateritic soil decreases when the dry density increases.

Taking the specimens with water content of 23.4% as an exam-
ple, the electrical resistivity of specimens with increasing dry
densities (1.38 g/cm3, 1.46 g/cm?3, 1.54g/cm3, and 1.58 g/cm?) is
decreased by 29.1%, 44.3%, 58.2%, and 62.0%, respectively, com-
pared to the electrical resistivity of specimen with the dry density

160 . 14.70%
140 . = 19.10%
E 120 + 5 4 23.40%
5 x 30.80%
S 100 F
=
B 60 -
G
& 20 F
0 1 1 1 L] 1 1 1 1 1 J
1.2 1.3 1.4 1.5 1.6 1.7

Dry density (g/cms)

Fig.12. Relationship between dry density and electrical resistivity at different water
contents.
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Fig. 13. Relationship between wetting-drying cycle and electrical conductivity.

of 1.30 g/cm3. The increment rate of the electrical resistivity slows
down and tends to be constant. It can be described by the contact
conditions of the soil particles: the more densely the lateritic soil
is compacted, the better the conductive performance is. When the
density of soil approaches the maximum dry density, soil particles
are packed to the closest state, therefore, the electrical resistivity
changes indistinctively approaching the maximum dry density.

4.5. Effect of inner structure on electrical conductivity

Previous studies indicate that cracking occurs when the ten-
sile stress induced by the developed suction exceeds the tensile
strength of the specimen (Morris et al., 1992; Miller et al., 1998;
Péron et al., 2009). During wetting-drying cycles, volume shrink-
age and cracking evolution would change soil fabric and destroy the
integrity of lateritic soil. Thus, the tensile strength of specimen is
further reduced, and more cracks are generated. The changes of soil
inner structure will affect the electrical conductivity of the speci-
mens. Fig. 13 shows the changes of electrical conductivity during
wetting—drying cycles. It indicates that the electrical conductiv-
ity decreases rapidly during the first three wetting-drying cycles,
and no major change is observed in the fourth wetting-drying
cycle. Fig. 14 shows the changes of electrical resistivity during
wetting—drying cycles, and a similar trend is observed. For instance,
in the first three cycles the electrical resistivity is increased by
199.3% compared to the specimen without wetting-drying cycle,
whereas it only accounts for 4.9% (in the fourth wetting-drying
cycle) higher than that in the third wetting-drying cycle.

80
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30 |
20 F
10
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Electrical resistivity (Q-m)

Weting-drying cycle

Fig. 14. Relationship between wetting-drying cycle and electrical resistivity.
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In fact, wetting-drying cyclic process caused by alternating cli-
mates is far more than four cycles. It can be consider as repeated
unloading and reloading cycles of matric suction. Previous studies
(Lu et al., 2009; Fang et al., 2011; Tang and Shi, 2011) show that
the strength parameters and deformation of expansive soil tend
to be smooth after 3-5 wetting—drying cycles. The test results in
present work indicate that the electrical conductivity of lateritic
soil presents a similar tendency during wetting—drying cyclic pro-
cess. However, the variation of inner structure is influenced by
many factors, such as initial water content, the rate and amplitude
of suction, and stress state. Therefore, the effect of inner structure
on electrical conductivity may be much more complex, and further
study is needed.

5. Conclusions

Summarizing the effects of physical properties on electrical con-
ductivity of compacted lateritic soil is the first step to use the
electrical conductivity to describe the state of density, the genera-
tion and developmental degrees of cracks. In this paper, the contact
resistance is first obtained, and then standard temperature revised
equationis estimated. Moreover, the relationship between physical
properties of lateritic soil (water content, saturation, dry density,
and soil structure) and the electrical conductivity is analyzed. The
following conclusions can be drawn:

(1) The electrical conductivity of lateritic soil increases nonlin-
early with increases of temperature, which is different from
the results of saline and alkaline soils. The electrical conductiv-
ity and resistivity are significantly influenced by water content,
but it decreases after the water content is above 23.4%, which
is close to the optimum water content. The phenomenon can
be explained by the theory of the soil electrical conductance
pathways.

(2) The dry density reflects the soil particle compactness to some
degree: the bigger the dry density is, the better the connectiv-
ity of Rhoades’ solid pathway is (Rhoades et al., 1989), which is
the reason that the electrical resistivity decreases with increas-
ing dry density. However, once the dry density approaches the
maximum one, the decrement rate of the resistivity slows down
and tends to be stable.

(3) The change of electrical conductivity of soils during
wetting-drying cycles indicates that electrical conductiv-
ity decreases rapidly during the first three wetting-drying
cycles, and no significant change is observed during the fourth
wetting—drying cycle. It is because that, in the first three
wetting—drying cycles, the volume shrinkage and cracking
evolution are developed rapidly, which results in the change
of soil fabric and the destruction of the soil integrity.

(4) Inthis paper, all the results are obtained by single factor analysis
method. However, effects of physical properties on electri-
cal conductivity are actually working in a combined pattern.
How to describe the soil structure quantificationally and to
describe the relationship between shear strength, deformation
and electrical conductivity is still a challenging issue, which
needs further study.
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