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Abstract

Electrical resistivity method is rapid, non-destructive and a very attractive tool
for describing the geotechnical properties of soil. The main objective of this
research is to evaluate the influence of water content and dry density on the
electrical resistivity for different densities compacted granite residual soils
collected from Taishan section, Guangdong, China based on laboratory
experiments. The results show that the resistivity value decreases with
increasing dry density and water content, and tends to constant at higher values.
The variations of electrical resistivity due to dry density are more pronounced
at low water content but negligible for higher water contents. The water content
is found to have more significant effect on electrical resistivity than dry density.
Based on regression analysis, a mathematical model is also proposed to show
the combined influence of water content and dry density i.e., volumetric water
content on the electrical resistivity of the studied soils. The proposed model is
well agreement with the experimental data and capable of capturing some
intrinsic hydraulic behavior of fine grained soils and might be used for practical
purposes.

Keywords: Electrical resistivity, dry density, water content, granite residual soil,
RWCC.

1. Introduction

Electrical resistivity is an intrinsic physical property of a material and the
measure of it’s resistance to the passage of current through it. It can be
considered as a proxy for the spatial and temporal variability of soil
physical properties and it offers a very attractive tool for describing the
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subsurface properties without soil disturbance that cannot be provided by
more traditional techniques [1-2]. In recent years, electrical resistivity
method has increasingly practiced in geotechnical engineering site
characterization as being non-destructive, rapid and cost-effective.

The electrical resistivity of soils is influenced by external conditions
(temperature, stress state, etc) as well as the internal parameters of soils
(water content, density, soil composition, void ratio, porosity etc). A number
of attempts have been made by researchers to explore the phenomenon of
electrical resistivity in soils and its relationship with other soil properties.
The resistivity of soils decreased with the increase of temperature [3].
Moisture content is identified as one of the major factors that causes change
in soil resistivity. Electrical resistivity decreased with increasing moisture
content in soils and found a non-linear relationship [3-10]. The electrical
resistivity of unsaturated soil is influenced by the cross- sectional area of
conductive path, type and quantity charged ions, and the amount of pore
water in soils as well as the particle size distributions [11]. The other factors
that influenced the resistivity values include porosity, pore fluid composition,
salinity, pore structure or grain matrix structure of soils, crack properties, etc
are also examined by numerous researchers [12-19]. The soil composition
could change the electrical resistivity appreciably and this knowledge
applied successfully as an alternative index for determining hydraulic
conductivity and weathering degree of a soil [20-21]. The correlations
between electrical resistivity and geotechnical parameters of soil (such as
plasticity index, unit weight, compaction, dry density, cohesion, friction
angle, organic content) have also been carried out by numerous researchers
[6, 22-23]. The soil electrical resistivity is influenced by the degree of
saturation and microstructure changes during compaction [24].

The studied soils are granite residual soils which are the weathering
product of their parent material and their engineering properties vary
widely from place to place depending upon the rock of origin and the local
climate during their formation and show significantly different
characteristics in comparison to other natural clay soils [25-26]. These soils
are found in many parts of the world (for example in Bangladesh, China,
India, Malaysia, Singapore, Thailand etc) and are used extensively in
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construction, either to build upon, or as construction material of both
geotechnical and geo-environmental structures such as embankments,
pavements, earth fills and soil barriers. Many geo-engineering problems
(subsidences, slope failures, landslides, collapse of buildings etc.) are also
associated with these soils [27]. Therefore, these kinds of soil from a
particular region need to be characterized individually for an appropriate
assessment of its engineering behavior. The main objective of this study is
to evaluate the variations of resistivity with respect to water content and
dry density of compacted granite residual soils of Kaiping, Guangdong,
China. Based on the laboratory data, a mathematical model is also
proposed to show the combined influence of water content and dry density
on the electrical resistivity of the studied soils.
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Figure 1. Location map of the study area [28].
2. Materials and Methods
2.1. Basic properties of the soil

For this research, the disturbed soil samples collected at areas around
Taishan Section (Jiangmen city) of Guangdong province, China which
belongs to the southwest part of Pearl River Delta and near the western
edge of the Shenzhen-Mao high-speed railway (Figure 1). The studied soils
are reddish brown in color and known as granite residual soil which are
mainly composed of clay minerals and quartz with small amount of pyrite
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and gibbsite. Among the clay minerals, kaolinite content is around 95%
and minor amount of illite also presents. The physical properties and grain
size distribution of the soil samples are examined in the laboratory that is
shown in Table 1 and Figure 2, respectively. The compaction curve is
presented in Figure 3 which is determined by using the Standard Proctor
energy. From the curve, the maximum dry density (pama= 1.71 g/cm®) and
the optimum moisture content (Womc= 19.5%) are obtained [28-29;. The
compacted soil samples with four different dry densities (1.71 g/cm®, 1.66
glem®, 1.57 g/cm® and 1.49 g/cm®) at water content of 19.5% are prepared
to analyze the influences of water content and dry density on the electrical
resistivity.

Table 1. Index properties of the studied granite residual soil [28].
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Figure 2. Grain size distribution curve Figure 3. Compaction curve of the
of the studied granite residual soil [28]. studied granite residual soil.

2.2. Experimental Procedures

Electrical resistivity of the compacted granite residual soil samples with
different densities is measured using a self-developed testing device and a
digital electrical system with 6 volts direct current (DC) where two-disc
electrodes are connected to both ends of cylindrical soil samples and also
attached to DC power source (Figure 4). The samples height and diameter
are 80 mm and 39.1 mm, respectively, and are saturated using distilled
water before the test. The samples are periodically turned upside down to
obtain a uniform distribution of the water content during the testing period.
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The resistivity measurements stopped when the water content is nearly at
the residual state or needed more times to drain out. Laboratory
temperature is kept constant at 25£1°C by air-conditioner during the test.
The electrical resistivity (R) of samples is determined by the following
equation:

Where, R is the resistivity of ohms.meter, S is the cross-sectional area of
the soil sample in meter squares, L is the length of soil sample in meters, V
is voltage in volts and I is current in amperes.

Testing device

Figure 4. DZD-6A Multi-function DC Resistivity Meter [29].
3. Results and Discussions

3.1. Effect of Water Content on Electrical Resistivity

The variation of electrical resistivity with gravimetric water content is
shown in Figure 5 and found that the electrical resistivity of soils decreases
with increasing water content and the relationship is non-linear. For
example, the resistivity values decreased about 27.34%, 57.01%, 77.55%
and 87.29% with increasing the water content from 15.79% to 17.13%,
18.85%, 21.28% and 23.72%, respectively, for the soil sample with dry
density of 1.57 g/cm>. At lower water content, most pores are filled with air
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which decreases the effective sectional area of conductive path, so the
electrical resistivity is very large. At higher water content, water forms a
sort of fluid conduction channel, the sectional area of conductive path
increases and reduces the solution viscosity as well as the electrical
resistivity decreases. When the water content saturation increases further,
the water is in continuous state and has little effect on the electrical
resistivity due to it is a conductor, so the change of the electrical resistivity
is very minor and tends to be stable. Therefore, the electrical resistivity is
significantly influenced by water content, but minor influence is observed
when the water content is above 23.5% or nearly at saturated condition.
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Figure 5. Relationship between resistivity and water content of compacted soils.
3.2. Effect of Dry Density on Electrical Resistivity

The relationship between electrical resistivity and dry density (at
w=22.35%) is shown in Figure 6, which demonstrated that the electrical
resistivity of compacted residual soil decreases with increasing dry density
and tends to constant at higher dry density. For example, the electrical
resistivity decreased about 46.7%, 69.5% and 75.7% with increasing drsy
density from 1.49 g/cm® to 1.57 glem®, 1.66 g/cm® and 1.71 g/lcm®,
respectively, at constant water content of 22.35%. It might be due to the
reduction in the large pores or current flow path and breakdown in
flocculated open fabric. This phenomenon is consistent with the contact
conditions of the soil particles as reported by Rhoades et al. [30]. They
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pointed out that the dry density reflects the soil particle compactness to
some degree and reduce pore volume i.e. the higher dry density soils show
better connectivity of Rhoades’ solid pathway consequently decrease the
soil resistivity and when the soil approaches maximum dry density, soil
particles are packed to the closest state, therefore, the electrical resistivity
changes indistinctively or tends to be stable. That is, with increasing dry
density, the particle contacts and pore continuity is improved and
consequently the electrical resistivity decreased.
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Figure 6. Relationship between resistivity and dry density of compacted soils.

3.3. Relationship between electrical resistivity and volumetric water
content

To analyze the combined influence of water content and dry density on the
electrical resistivity of the studied soils, the relationship between electrical
resistivity and volumetric water content (0=gravimetric water content x dry
density) is drawn which is shown in Figure 7. It is also found that the
electrical resistivity of soils decreases with increasing volumetric water
content and the relationship is non-linear. For example, the resistivity value
decreased about 16.30%, 44.02%, 69.53%, 85.31% and 90.68% with
increasing the volumetric water content from 20.84% to 22.68%, 25.44%,
28.29%, 32.21% and 35.26%, respectively, for the soil sample with dry
density of 1.66 g/cm®. It reveals that for the same degree of soil water
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content, there is a noticeable decrease of soil resistivity with increasing dry
density or vice-versa. The variations of electrical resistivity due to dry
density are more pronounced at low water content but negligible for higher
water contents. The water content is found to have more significant effect
on electrical resistivity than dry density. Therefore, the water content alone
cannot be used as a criterion on which to base the resistivity of soil because
soil samples may have identical water contents but different dry density
(i.e., different void ratio or porosity).
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Figure 7. Relationship between resistivity and volumetric water content
of compacted soils.

Based on regression analysis and taking Fukue et al. [16] micro-structural
model of fine grained soils as consideration, it is found that the relationship
between resistivity and volumetric water content for different densities
compacted granite residual soil can be described by a sigmoid function and
the model named as Resistivity-volumetric water content characteristic
curve (RWCC). The proposed mathematical function of the model is-

T

R =g 4 Rs R
RG]
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Where, Ry is the resistivity with respect to volumetric water content, R
and R, are saturated and residual resistivity respectively, X, is the x-value
of the sigmoid’s midpoint, b is the structural factor which depends on the
compaction, porosity and particle distributions of the solid phase.
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Figure 8. RWCC fitting curves of different densities granite residual soils.

Table 2. Fitting parameters of Resistivity-water characteristic curves.

Dry density, pg RWCC Fitting parameters R’
(g/cm?) R; (Q.m) R, (Q.m) Xo b
1.71 233.42 5225.04 0.2427 10.09 0.9962
1.66 242.36 5667.15 0.2485 9.53 0.9903
1.57 257.23 6214.25 0.2553 8.91 0.9891
1.49 274.37 7057.56 0.2646 8.03 0.9839

The obtained RWCCs and corresponding fitting parameters are shown in
Figure 8 and Table 2, respectively, and found that the curves shift
downwards with increasing dry density. It is important to note that when
the soil is well saturated, the liquid phase consists mainly of free water
which is almost all connected. Then the average resistivity of the soil is
closely related to that of free water. At unsaturated condition, the liquid
phase is largely depending on bound water. Though the studied soils have
similar mineralogical and fluid composition, the saturated resistivity (R;)
values varied due to variations of water content and dry density. The other
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parameters are also varied due to the variations of de-saturation rate with
time, porosity and dry density. With increasing dry density, the effective
sectional area of the conductive path increased but the void ratio and
porosity of the soils decreased consequently the value of R, Ry, and X, also
decreased. The value of b increased with increasing dry density which
reflects the uniform pore size distributions at higher density soils and
controls the resistivity increasing rate due to desaturation. It can also be
seen that there is a decreased of resistivity increasing rate at a certain range
of water content which is termed as adsorbed water content by Fukue et al.
[16] and the corresponding resistivity values are termed as residual
resistivity (R;). The obtained results using proposed equation are also
consistent with that of Kibushi clay and bentonite clay [16]. The validity of
the proposed resistivity-suction model is preliminarily verified by the
laboratory test data. This model may provide a new approach to solving the
problem related to fine-grained unsaturated soils which will be time-saving
and cost-effective.

4. Conclusions

This paper is aimed to evaluate the variations of electrical resistivity with
respect to water content and dry density of compacted granite residual soils.
From the test results, it is found that the resistivity of compacted residual
soil decreases with increasing water content and tends to be constant at
higher water content. A minor influence is observed when the water content
is above 23.5% or nearly at saturated condition. Similarly, the values
decrease with increasing dry density. There is a noticeable decrease of soil
resistivity with the increase of dry density for the same degree of soil water
content. The variations of electrical resistivity due to dry density are more
pronounced at low water content but negligible for higher water contents.
The results also revealed that the volumetric water content is a more
reliable factor than the gravimetric water content to correlate with the
resistivity of the soil. A non-linear sigmoid model named as Resistivity-
water content curve (RWCC) is proposed to develop a relationship between
resistivity and volumetric water content is this study. The proposed model
is in good agreement with the experimental data as well as reflects the
physical characteristics and hydraulic behavior of the compacted studied
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soils. However, resistivity test is conducted only for limited number of
granite residual soil samples which is a special kind of regional residual
soil, more laboratory tests with different kind of fine grained soils should
be performed to verify the general formula further.

Acknowledgement

The authors would like to acknowledge financial support from the National
Natural Science Foundation of China (Grant No. 41372314) and the
Science and Technology Service Network Initiative of the Chinese
Academy of Sciences (Grant No. KFJ-EW-STS-122). The first author
gratefully acknowledges the PhD scholarship from CAS-TWAS
President’s Fellowship Programme.

References

[1] Zhou, Q. Y., Shimada, J. and Sato, A. Three-dimensional spatial and
temporal monitoring of soil water content using electrical resistivity
tomography, Water Resources Research, 2001, 37(2), pp. 273-285.

[2] Samouelian, A., Cousin, I., Tabbagh, A., Bruand, A. and Richard, G.
Electrical resistivity survey in soil science: a review, Soil and Tillage
Research, 2005, 83, pp. 173-193.

[3] Bai, W., Kong, L. W., and Guo, A. G. Effects of physical properties on
electrical conductivity of compacted lateritic soil, Journal of Rock
Mechanics and Geotechnical Engineering, 2013, 5(5), pp. 406-411.

[4] McCarter, W. J. The electrical resistivity characteristics of compacted clays,
Geotechnique, 1984, 34(2), pp. 263-267.

[5] Kalinski, R. and Kelly, W. Estimating water content of soils from electrical
resistivity, Geotechnical Testing Journal, 1993, 16(3), pp. 323-329.

[6] Giao, P. H., Chung, S. G, Kim, D. Y., and Tanaka, H. Electric imaging and
laboratory resistivity testing for geotechnical investigation of Pusan clay
deposits, Journal of Applied Geophysics, 2003, 52(4), pp. 157-175.

[71 Cosenza, P., Marmet, E., Rejiba, F., Jun, C. Y., Tabbagh, A. and Charlery,
Y. Correlations between geotechnical and electrical data: a case study at
Garchy in France, Journal of Applied Geophysics, 2006, 60, pp. 165-178.



12

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Sayem and Kong

Pozdnyakov, A., Pozdnyakova, L. and Karpachevskii, L. Relationship
between water tension and electrical resistivity in soils, Eurasian Soil
Science, 2006, 39(S1), pp. 78-83.

Ozcep, F., Tezel, O. and Asci, M. Correlation between electrical resistivity
and soil-water content: Istanbul and Golcuk, International Journal of
Physical Sciences, 2009, 4(6), pp. 362-365.

Kibria, G. and Hossain, M. S. Investigation of geotechnical parameters
affecting electrical resistivity of compacted clays, Journal of Geotechnical
and Geoenvironmental Engineering, 2012, 138(12), pp. 1520-1529.

Jia, H. J., Li, S. Q. and Li, L. The Relationship between the Electrical
Resistivity and Saturation of Unsaturated Soil, Electronic Journal of
Geotechnical Engineering, 2014, 19, pp. 3739-3746.

Guyod, H. Use of geophysical logs in soil engineering, American Society
for Testing and Materials: Symposium on Soil Exploration, 1964,
351(Special Technical Publication), pp. 74-85.

Rhoades, J. D., Raats, P. A. C. and Prather, R. J. Effects of liquid phase
electrical conductivity, water content and surface conductivity on bulk soil
electrical conductivity, Soil Science Society of America Journal, 1976,
40(5), PP. 651-655.

Arulanandan, K. and Muraleetharan, K. Level ground soil-liquefaction
analysis using in-situ properties- 11, Journal of Geotechnical Engineering,
1988, 114(7), pp. 753-770.

Thevanayagam, S. Electrical response of two-phase soil: theory and
applications, Journal of Geotechnical Engineering, 1993, 119(8), pp. 1250-
1275.

Fukue, M., Minato, T., Horibe, H., and Taya, N. The microstructures of
clay given by resistivity measurements Engineering Geology, 1999, 54(1e2),
pp. 43-53.

Liu, G. H., Wang, Z. Y., and Huang, J. P. Research on electrical resistivity
feature of soil and its application, Chinese Journal of Geotechnical
Engineering, 2004, 26(1), pp. 83-87.



Effect of Water Content and Dry Density on Electrical Resistivity of Granite ... 13

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Mojid, M. A. and Cho, H. Estimating the fully developed diffuse double
layer thickness from the bulk electrical conductivity in clay, Applied Clay
Science, 2006, 33(3/4), PP. 278-286.

Kong, L. W., Bai, W. and Guo, A. G. Effects of Cracks on the Electrical
Conductivity of a Fissured Laterite: A Combined Experimental and
Statistical Study, Geotechnical Testing Journal, 2012, 35(6), pp. 870-878.

Yoon, G. L. and Park, J. B. Sensitivity of leachate and fine contents on
electrical resistivity variations of sandy soil, Journal of Hazardous Materials,
2001, B84, pp. 147-161.

Son, Y., Oh, M. and Lee, S. Estimation of soil weathering degree using
electrical resistivity, Environmental Earth Sciences, 2009, 59(6), pp. 1319-
1326.

Abu-Hassanein, Z. S., Benson, C. H., and Blotz, L. R. Electrical resistivity
of compacted clays, Journal of Geotechnical Engineering, 1996, 122(5), pp.
397-406.

Siddiqui, F. I. and Osman, S. B. A. B. S. Simple and multiple regression
models for relationship between electrical resistivity and various soil
properties, Environmental Earth Sciences, 2013, 70(1), pp. 259-267.

Hassan, A. A. and Toll, D. G. Water content characteristics of mechanically
compacted clay soil determined using the electrical resistivity method, in:
Proceedings of the XVI ECSMGE, Geotechnical Engineering for
Infrastructure and Development, 2015, pp. 3395-3400.

Fookes, P. G. Report on tropical residual soils, Quart Jour Eng Geol, 1990,
23, pp. 103-108.

Rahardjo, H., Aung, K. K., Leong, E. C. and Rezaur, R. B. Characteristics
of residual soils in Singapore as formed by weathering, Engineering
Geology, 2004, 73, pp. 157-169.

Sayem, H. M., Kong, L. W. and Yin, S. Effect of drying-wetting cycles on
saturated shear strength of undisturbed residual soils, American Journal of
Civil Engineering, 2016, 4(4), pp. 159-166.



14 Sayem and Kong

[28] Sayem, H. M. and Kong, L. W. Influence of dry density on Soil-Water
Characteristic Curve of compacted granite residual soils of Taishan section,
Guangdong, China, Bangladesh Geoscience Journal, 2019, 25, pp. 63-73.

[29] Kong, L. W., Sayem, H. M., Zhang, X. W. and Yin, S. Relationship
between Electrical Resistivity and Matric Suction of Compacted Granite
Residual Soil, In PanAm Unsaturated Soils 2017: Swell-Shrink and
Tropical Soils, Geotechnical Special Publication (ASCE), GSP 303, 2018,
pp. 430-439.

[30] Rhoades, J. D., Manteghi, N. A., Shouse, P. J. and Alves, W. J. Soil
electrical conductivity and soil salinity: new formulations and calibrations,
Soil Science Society of America Journal, 1989, 53(2), pp. 433-439.



