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ABSTRACT

Electrical resistivity is used widely to evaluate various soil behavior and properties.
Furthermore, it controls the power consumption during the electro-osmosis consolidation
process. This paper discusses the modifications made on the conventional odometer test
apparatus to measure the electrical resistivity of a clay specimen undergoing consolidation
at different vertical effective stress levels using the four-electrode Wenner array method.
Extensive numerical calibrations were also conducted to investigate the effect of boundary
conditions of the test set up on the electrical resistivity values and, based on the results
obtained, a general calibration equation is introduced. The validity of the proposed
calibration equation is confirmed experimentally using different materials with known
electrical resistivity values. Finally, three different sets of electrical resistivity results during
the consolidation process are presented and discussed from the modified odometer cell.

Keywords
electrical resistivity, numerical model, laboratory testing, Wenner array

Introduction

Electrical resistivity is a fundamental property of soils. It is a function mainly of moisture content
and several other parameters, such as mineralogy, soil structure, texture, temperature, and salt
content of the pore water [1-8]. Therefore, several studies have attempted to determine, indirectly,
the soil’s physical properties using its electrical resistivity value [9-14].

Electro-osmosis (EO) consolidation is one of the ground-improvement techniques that could
strengthen soft soils by subjecting it to dc electric potential gradients. Under the influence of an
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electric potential, the cations in the body of a saturated soil
mass are drawn to the cathode and the anions to the anode.
Ions carry their water of hydration and exert a viscous drag on
the water around them. This type of soil behavior subjected to
dc electric potential gradient establishes a net water flow toward
the cathode and creates negative pore water pressure that pro-
duces soil consolidation [15-20].

The electrical properties of saturated soft clays, such as
electrical resistivity/conductivity, control the efficiency of EO
consolidation method as it has a direct effect on the power
consumption. Mitchell and Soga [20] state that the EO power
consumption per unit volume of flow can be expressed as:

P AE
q_h = % n
where:

P = the power consumption,

qn = the flow rate,

AE = the applied electrical potential,

p = the electrical resistivity of soil, and

k, = coefficient of electro-osmotic hydraulic conductivity.

According to Casagrande [21] and Mitchell and Soga [20],
k. is almost similar for all types of soils. Therefore, the EO
power consumption per unit volume of flow under a specified
AE is a function of mainly the soil’s electrical resistivity. As the
electrical resistivity is a function of void ratio of the consoli-
dated soils, the evolution of the soil’s electrical resistivity during
the consolidation process, which involves decreasing void ratio,
should be considered in the EO consolidation design process to
assess the required change in power consumption with time.
Modified odometer cells that employ Wenner the four-electrode
method [22-24] to determine the evolution of soil electrical
resistivity as the effective stress (or void ratio) changes were
proposed by several researchers [2,10,11,25-27].

The Wenner four-electrode method is used usually to
measure soil resistivity in the field. The method involves using
four copper electrodes placed in equal separation, a (cm), in a
straight line on the surface. A voltage is applied between the
outer electrodes where the corresponding current, I, and the
voltage drop between the inner electrodes, V, are measured. The
ac or dc source of current can be used in electrical resistivity
measurements [23]. In addition, the electrical resistivity of soil
can be studied based on response of soil to the electromagnetic
field in specific range of frequencies. In such case, any external
electromagnetic interferences should be blocked out [28].

The electrical resistivity, p (Q-m), is then determined as:

14
p =2na T 2

It should be mentioned that the measured p by the Wenner
four-electrode method represents the average resistivity of a

hemisphere of soil of a radius approximately proportional, in
homogenous medium, to the electrode separation, where the
term (27ma) is a geometrical factor defined based on a semi-
infinite boundary condition (half-space).

Some researchers used eight equally spaced electrodes
inserted through the sides of the cell where four probes are used
to make individual resistance measurements as shown in Fig. 1a
[2,11,25,26]. This probe configuration allows eight resistance
measurements where each set of four adjacent probes can be
used to produce a resistance measurement. Consequently, the
eight measurements well represent the whole test specimen
from which an average value can be assigned for the test speci-
men. However, it should be mentioned that the boundary con-
ditions of this cell do not comply with the boundary conditions
of the Wenner method because the cell does not provide the
semi-infinite boundary condition required. Furthermore, the
thickness of the testing specimen (height of the cell) would
not satisfy the hemisphere geometry requirement of the
current flow.

FIG.1 Previous electrical resistivity odometer cells in the literature. [Note:
PERP (plane-type electrical resistivity probe) consists of four
electrodes installed based on Wenner array configuration.]
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Kim et al. [10] and Choo et al. [27] attached an electrical
resistivity probe into the bottom porous stone of a specially
designed odometer, as shown in Fig. 1b. As the electrical resistiv-
ity probe is small in size compared to the test specimen, the
measured resistance value represents only a minimal fraction of
the test specimen; therefore, it is not recommended for testing
heterogeneous soils. Furthermore, the effect of having bottom
porous stone on the resistivity measurement should be assessed,
as this boundary should be an electrical insulator in the Wenner
method.

In this paper, a simple modification of the conventional
odometer apparatus is proposed to measure the evolution of
electrical resistivity of saturated soils as the effective stress
changes. To align with ASTM D6431-99 [24], dc source of cur-
rent has been used to measure the electrical resistivity of
the soil. Furthermore, a robust calibration protocol for the pos-
sible effects of boundary conditions on the electrical resistivity
measurements is introduced and validated.

Proposed Modified Electrical
Resistivity Odometer Cell

Fig. 2 shows the proposed modification to the conventional
odometer cell adopted where the specimen ring is made of poly-
vinyl chloride (PVC) and can accommodate a 76-mm diameter
soil specimen with initial height of 20 mm. Four brass electro-
des, equally spaced at 20 mm apart, are embedded into the PVC
top cap to measure the electrical resistivity using the Wenner
method. To allow for drainage during the consolidation process,
a porous stone that rests on a PVC plate is used as the bottom

boundary of the testing specimen. However, the geometric
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boundary conditions of the cell shown in Fig. 2 do not satisfy
the assumptions of Eq 2; therefore, a modified equation is
required to reflect the effect of the proposed cell boundary
conditions. Rasor and Tinker electrical resistivity meter model
SR-2 was used in the tests. It is capable of measuring soil electri-
cal resistivity ranging from 0.1 Q-m to 3.3 MQ-m.

Calibration of the Proposed Cell
and Results

BACKGROUND

The boundary conditions of the proposed cell that could affect
the validity of Eq 2 can be described using the following three
dimensionless parameters: S/D, L/S, and a, where L, S, and D
are the thickness of the soil specimen, spacing between the elec-
trodes, and radial spacing between the outer electrode and the
outer boundary of the tested specimen, respectively, as shown
in Fig. 2. The term « is expressed as:

_ Thypspps

o= (3)
Tthexp

where:

Thy,s = thickness of porous stone,

Thy=total thickness of porous stone and the testing
specimen,

Pexp = experimental electrical resistivity of soil specimen,
and

pps = electrical resistivity of porous stone.

Therefore, the first two parameters (S/D and L/S) describe
the geometric conditions and the last parameter, and «

expresses the effect of the electrical resistivity and thickness of

FIG. 2 Proposed modified odometer cell for measuring electrical resistivity.
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the bottom boundary (porous stone). The deviation of the
measured electrical resistivity, Pexps USINg the proposed cell
and Eq 2 from the actual electrical resistivity, p,., can be
expressed as:

ﬁ — pact ()

Pexp

where:

f=the boundary condition calibration factor, that is
controlled by the proposed three dimensionless parameters
(S/D, L/S, and o).

Therefore, Eq 2 can be modified to determine the actual
resistivity (electrical resistivity) using the proposed cell as:

\4
Pact = 27[ﬁ(17 )

It should be mentioned that when L/S = oo, it follows that
D/S=00, =0 (Wenner method condition), and f=1.0.
A calibration process is conducted in this study to determine
the evolution of f§ as the three dimensionless boundary condi-
tion parameters (S/D, L/S, and «) deviate from the Wenner
method condition.

CALIBRATION METHODOLOGY

In general, the calibration process involves testing samples of
known property value using the proposed measuring tech-
nique to establish a relationship (calibration equation)
between the measured property and the known property value
of the tested sample. In other words, the calibration process
involves generating an extensive, well-trusted experimental
database for the problem under consideration. Then, exploit-
ing this database we can develop a strong mathematical
expression between the output of the proposed measuring
technique and the known property of the tested samples,
using a robust statistical data-processing tool. The success of
the developed calibration equation is usually assessed by its
accuracy in determining the known value of the tested mate-
rial from the output of the proposed measurement technique
and its ability to consider precisely the effect of boundary con-
ditions’ changes.

In this study, generating the calibration database by experi-
mental means is not an easy task (costly and time consuming)
because the proposed calibration factor, f3, is affected by several
parameters (S/D, L/S, and «); thus, a different approach should
be considered. In this study, the calibration database is gener-
ated by conducting an extensive numerical experimental pro-
gram as it offers both time and cost saving. Furthermore, it also
eludes the following uncertainties that might affect the out-
comes of the investigation if a laboratory experimental
approach is used: homogeneity of the tested soil specimens and
repeatability of the measurements, and level of saturation of the

tested soil specimen.

NUMERICAL CALIBRATION PROGRAM
To develop the required calibration database in this study,
72 numerical experiments were conducted using different
combinations of the three dimensionless boundary-condition
parameters (S/D, L/S, and o) to investigate their effect on the
calibration parameter, 5. Based on the electrodes’ configuration
in the top cap, as shown in Fig. 2, the geometric boundary-
condition parameter D/S was set constant at a value of 0.4. Fur-
thermore, to cover most of the practical cases, the numerical
study for the calibration purposes is limited to the conditions,
where 0.25 <L/S< 2 and 50 Q-m < pp < 500,000 Q-m.

The finite-element solver FlexPDE was used to solve the
following governing equation for the three dimensional steady
state electricity flows in soils:

FE = LEV(—(DE) (6)

where:
' = electrical current,
Lg = conductivity of electrical flow, and
®p = electrical gradient.
The boundary conditions for the conducted numerical sim-

ulation can be described as follows:

* Constant electrical potential is applied at the outer
electrodes.

* No current flow boundary is located at the top of the
specimen, sides of the testing specimen, and the bottom
porous stone.

The following assumptions were also adopted in this study:

* No voltage losses between the electrodes and the soil
(perfect contact condition).

e Ohm’s law is applicable.

e The electrical properties of the considered porous
medium are isotropic and homogenous.

NUMERICAL CALIBRATION RESULTS

Fig. 3 shows the effect of o« and L/S on calibration factor, f3, for
D/S=0.4. The results indicated that for different L/S, the cali-
bration factor, f§, remains constant for «>1. However, for
o < 1, the calibration factor, f3, increases as « decreases for dif-
ferent L/S values. As Thy> Thy, and pey, is a function of p,q
and pp, the condition of «>1 represents the case where
Pact < Pps- Thus, « =1 would be a threshold value and beyond
that, electrical resistance of the bottom porous stone will have
insignificant effect on the current flow configuration; conse-
quently, f§ remains constant for o > 1. On the other hand, in the
case of < 1, decreasing the electrical resistance of the bottom
porous stone will affect the current flow configuration; conse-
quently, f# changes for o < 1. Furthermore, the results shown in
Fig. 3 show that at constant o, as L/S increases, f increases.
Fig. 4 shows the evolution of f as L/S increases for D/S=0.4
and o > 1. This can be explained in terms of the ratio between




FIG. 3 Relationship between « and calibration factor,  (D/S=0.4).
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the thickness of the tested specimen, L, and the effective depth
of Wenner method, d,, that can be defined as the depth below
which insignificant current is passing through the soil. For the
Wenner condition, the ratio L/d, = oc. Therefore, as L increases,
L/d, increases, and the value of f§ should move closer to Wenner
condition (ff =1). Thus, f§ will increase as L/S increases.

Using the results shown in Fig. 3, a correlation equation
using MATLAB is developed to predict f§ as follows, where the
correlation factor, Rz, is 0.93:

L, L
B =03885 - 0.128()" + 0.1570( ¢ | —0.629

L
+0.48 <§> +0.202 %)

On the other hand, for « > 1, the following equation could be
obtained where R* = 0.999:

FIG. 4 Calibration curve for «>1(D/S=0.4).
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L\? L
B =—0.132 5) +0.586( <) —0.029 ®

Note that as mentioned above, the above equations are valid for
the experimental setup used in the tests, i.e., D/S=0.4. For cell
dimensions different from the one employed here, the proposed
calibration approach could be extended and used to develop
suitable calibration equations. However, it is worthy to mention
that subsequent analyses showed that within normal range of
D/S (i.e., 0.2 <D/S <1.0), the values of electrical resistivity are
not significantly affected by changes in D/S.

Experimental Validation of the
Numerical Results

CASE OF 0.>1

To check the validity of the proposed numerically generated cal-
ibration factor for the case where o > 1, a special test setup was
designed as shown in Fig. 5. To allow assessing the effect of
changing L/S on f, a liquid of known electrical resistance is
used as the testing material. In addition, the data from Rinaldi
and Cuestas [29] and ASTM D6431-99 [24] are used for
comparison.

The test setup involves the use of PVC inner odometer ring
and the modified PVC top cap that includes the Wenner four-
electrode arrangement. The top cap is attached to the bottom of
the odometer ring as shown in Fig. 5 and the top boundary of
the odometer ring is open to the air (perfect electrical insulator);
therefore, o > 1.0.

The odometer ring was filled with different types of
deaerated water with varying salinity levels (i.e., distilled water,

FIG. 5 Experimental apparatus for calibrating the electrical resistivity in the
laboratory (o >1.0).

Testing liquid

20 mm

| .
' - :‘" 20 mm
I
I

— Wires

Electrical resistivity meter

1265


http://www.astm.org/Standards/D6431

1266

Journal of Testing and Evaluation

FIG. 6
Evaluation of numerical calibration factors for 1000 -——— Y — — — — — —
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with 0.1 M NaCl, and with 0.2 M NaCl). The height of water in
the ring varies between 5 to 19 mm to assess the effect of L/S on
p. Tests were conducted at a room temperature of 20°C. Fig. 6
shows a comparison between p,.-L/S relationships produced in
this study (measured experimentally and calibrated numeri-
cally) and previous literature [24,29] for different solutions. As
good agreement can be observed, the validity of the numerical
calibration method is confirmed for the case of o > 1.0.

CASE OF 0 <1

To evaluate the calibration factors for « <1, the proposed
odometer cell in Fig. 2 was used. Reconstituted specimens made
of New Zealand kaolin clay compacted at different moisture
contents were used for the calibration purpose. The tested
specimen was installed in the setup shown in Fig. 2 where differ-
ent bottom boundary conditions (i.e., PVC, saturated porous
stone) are used. The electrical resistivity of the saturated porous
stone is determined using the setup shown in Fig. 5.

The validation process involves using the PVC bottom
boundary condition (electrical insulator) to determine the
actual electrical resistivity value of the tested soil specimen. In
this case, «>1.0 and the calibration equation is already
validated in the previous section. Then, the PVC bottom bound-
ary condition was replaced by the saturated porous stone and
the calibrated electrical resistivity under this condition using
Eq 6 is compared with the actual electrical resistivity value of
the tested soil specimen. As the values of electrical resistivity of
the tested specimens are different because the tested specimens
have different moisture contents, o for each tested specimen is

different. Fig. 7 shows the measured p.,;, and the corresponding
o for each testing specimen. Fig. 8 shows the results of the vali-
dation process where the calibrated electrical resistivity values
using PVC and porous stone are compared at different moisture

contents and good agreement can be observed.

Application Experiments

With the proposed robust calibration factors, the modified
odometer can be trusted to measure the electrical resistivity of
soils during the consolidation processes. To illustrate this,
several series of consolidation experiments were conducted to

FIG. 7 Relationship between geophysical number () and apparent electrical
resistivity for pure New Zealand kaolin clay and porous stone.
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FIG. 8 Evaluation of numerical calibration factors for different types of soil
for a>1PV-0 is electrical resistivity of pure kaolin with PVC plate at
the bottom (non-conductive boundary) and PS-0 is electrical
resistivity of pure kaolin with porous stone at the bottom.
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examine the changes in electrical resistivity because of changes
in effective stress levels.

The changes in electrical resistivity during consolidation
were evaluated in specimens of pure kaolin, M1 and M2 mix-
tures, as listed in the Table 1. In the table, LL is the liquid limit,
PI is the plasticity index, G; is the specific gravity, Ds is the
mean grain size, and CEC is the cation exchange capacity. The
electrical resistivity was measured using the previously dis-
cussed modified odometer and calibrated by the proposed cali-
bration factors. The values obtained are plotted versus the soil’s
void ratio in Fig. 9. The results show an exponential trend con-
sistent with the modified Archie’s law, that has been developed
for clays [1,30,31].

Soil electrical resistivity depends on the water content,
electrical resistivity of water, and surface conductivity of bulk
soil [5,12,32-35]. In this experimental program, the electrical
resistivity of water was maintained constant during the consoli-
dation tests, and as a result, the electrical resistivity deviation
can be attributed to the water content and surface conductivity.
As the void ratio decreases during the consolidation process,
the water content drops, and, consequently, the electrical

TABLE 1 Physical properties of tested soils.

Soil FC CC Ds CEC
Type LL Pl G, (%) (%) (mm) (meq/100g)
Kaolin 71 27 255 100 0 — 10
Mercer River sand — — 2.65 0 100 0.8 —

M1 — — 257 90 10 — —

M2 — — 257 80 20 — —

*Fines content (kaolin).
Coarse content (Mercer River sand).

NAGHIBI ET AL. ON ELECTRICAL RESISTIVITY OF CLAYS

FIG. 9 Electrical resistivity during consolidation M1 is mixture of kaolin clay
and 10 % Mercer river sand and M2 is a mixture of Kaolin clay and
20 % Mercer river sand.
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resistivity increases. For instance, a reduction of ~15 % in the
porosity of kaolin clay causes ~20 % increase in electrical
resistivity.

In addition, negative charges on the clay surfaces attract the
cations from soil water and form a high concentration of electri-
cally unbalanced layer of counter ions called diffuse double
layer (DDL) close to the clay surfaces [32,33,36-38]. The exis-
tence of DDL layer around clay structures causes surface con-
duction. Adding sand to pure kaolin clay, the amount of surface
charges per unit volume of soil as well as the amount of ions
and volume of water in DDL layer within that specified volume
will decrease. Consequently, the surface conductivity decreases
and the bulk soil electrical resistivity increases, as shown in
Fig. 9 for the two mixtures.

As these experiments have been conducted in the saturated
phase in the odometer cell and fully calibrated by well-verified
calibration factors, the measured values for electrical resistivity
can be used directly to predict the EO consolidation efficiency
(Eq 1). In addition, the amount of power consumption can be
accurately predicted during the electro-osmosis consolidation
process to efficiently design the electro-osmosis improvement

program.

Conclusions

A modified electro-odometer was developed using the configu-
ration of the Wenner four-electrode field-testing method to
measure the change in electrical resistivity of soil as the effective
stress changes. A coupled numerical-experimental calibration
approach was proposed in this study to account for the effect of
the deviation of the proposed cell boundary conditions from the
Wenner methods. Three dimensionless calibration parameters
were used to describe the cell boundary conditions. Two of
these parameters described the relation between the size of the
specimen and the configuration of the electrodes (S/D and L/S),
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whereas the third parameter expressed the relative thickness
and electrical resistance of the bottom porous stone compared
to the test specimen (o). For o> 1.0, the boundary calibration
factor (f5) solely depends on the L/S; however, for o <1 the
parameter f§ was influenced by the values of L/S and . There-
fore, two zones were identified to take boundary effects into the
account. A calibration equation was introduced and validated
for each zone. Moreover, the calibration equations were applied
to the modified odometer cell, which was utilized in this study.
However, for cell dimensions different from the ones used here,
the proposed calibration approach in this study could be
extended and used to develop suitable calibration equations.
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