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DESCRIPTION

RESISTIVITY MEASUREMENT CELL MEASURING ELECTRICAL RESISTIVITY
ANISOTROPY OF UNSATURATED SOIL

CROSS REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Patent Application Serial No.
62/497.046, filed November §, 2016, the disclosure of which is hereby incorporated by

reference in its entirety, including any figures, tables, or drawings.

BACKGROUND

During the sedimentation or compaction process of soil, the fabric anisotropy is
gradually formed mainly due to the preferential alignment of non-spherical particles. The
fabric anisotropy in turn gives rise to anisotropic responses of the flow-related soil properties,
such as electrical resistivity (conductivity) anisotropy, thermal conductivity anisotropy, and
permeability (hydraulic conductivity) anisotropy. Since all of these flow phenomena are
analogous processes and the electrical resistivity is relatively easy to measure among these
flow-related properties of unsaturated soils, the electrical resistivity of the soils is often used
as an aid to predict other flow properties, such as hydraulic conductivity and even the
associated anisotropic responses. The existing methods to measure anisotropy electrical
resistivity are costly or difficult for unsaturated soils’ measurement. Traditional four-probe
method can only measure the apparent electrical resistivity of soil and is unable to measure

the anisotropy of electrical resistivity.
BRIEF SUMMARY

Embodiments of the subject invention provide novel and advantageous resistivity
measurement cells that comprise two probes to be inserted into a soil sample, thereby
measuring the anisotropy of electrical resistivity and soil water characteristic curve of
unsaturated soils at the same time.

In an embodiment, a resistivity measurement cell can comprise a first measurement
array arranged in a first direction; and a second measurement array arranged in a second
direction; wherein the second measurement array comprises a first point current source, a
second point current source, a first point potential electrode, and a second point potential

electrode; and wherein each of the first and second point potential electrodes is placed lower
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than each of the first and second point current sources in a third direction.

In another embodiment, a resistivity measurement cell can comprise a first four-probe
array including a first array first point current source, a first array second point current
source, a first array first point potential electrode, and a first array second point potential
electrode in a first direction; and a second four-probe array including a second array first
point current source, a second array second point current source, a second array first point
potential electrode, and a second array second point potential electrode in a second direction;
wherein each distal end of the first array first point potential electrode and the first array
second point potential electrode is placed at a different plane from each distal end of the
second array first point potential electrode and the second array second point potential
electrode in a third direction.

In yet another embodiment, a resistivity measurement cell can comprise a first array
first point current source and a first array second point current source disposed in a first
direction; a first array first point potential electrode and a first array second point potential
electrode disposed between the first array first point current source and the first array second
point current source in the first direction; a second array first point current source and a
second array second point current source disposed in a second direction; a second array first
point potential electrode and a second array second point potential electrode disposed
between the second array first point current source and the second array second point current
source in the second direction; wherein each distal end of the second array first point
potential electrode and the second array second point potential electrode is located lower than
gach distal end of the second array first point current source and the second array second
point current source in a third direction; and wherein the first and second direction are a

horizontal direction and the third direction is a vertical direction.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1(a) shows a schematic of an electrical potential on a half infinite space with
respect to a single point current source.

Figure 1(b) shows a schematic of an electrical potential on a half infinite space with
respect to a first four-probe array M;.

Figure 1(c) shows a schematic of an electrical potential on a half infinite space with
respect to a second four-probe array M.

Figure 2 shows a schematic of a resistivity measurement cell according to an

embodiment of the subject mvention.
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Figure 3 shows correction factors, «; and «;, for the first and second four-probe
arrays, as a function of R;/R;.

Figure 4(a) shows a cross sectional view of a first four-probe array M; according to
an embodiment of the subject invention.

Figure 4(b) shows a cross sectional view of a second four-probe array M» according
to an embodiment of the subject invention.

Figure 4(c) shows a perspective view of a resistivity measurement cell according to
an embodiment of the subject invention with a photo inset.

Figure 5 shows a Soil Water Characteristic Cell (SWCC) device combined with a

resistivity measurement cell according to an embodiment of the subject invention.

DETAILED DESCRIOPTION

Embodiments of the subject invention provide novel and advantageous resistivity
measurement cells that comprise two probes to be inserted into a soil sample, thereby
measuring the anisotropy of electrical resistivity and soil water characteristic curve of
unsaturated soils at the same time.

Figure 1(a) shows a schematic of an electrical potential on a half infinite space with
respect to a single point current source. Referring to Figure 1(a), the electrical potential y at
point P induced by a point current source (' on the surface of a half infinite space, has the
same electrical resistivity along the x and y directions (i.e., the horizontal direction, py) but
differs in the z direction (i.e., the vertical direction, py). In addition, the electrical potential ¢

at pomnt P is given as following Eq. (1),

1py, (1)

i =
v 2zr

where 7 is the magnitude of the applied current, py; is the average electrical resistivity

{(py = «/pv - py where py is greater than py in general), 4 is the anisotropic factor (4 =

M), and r 1s the equivalent distance to the current source, r = \/ x2 4+ y? + (12)2.
Figure 1(b) shows a schematic of an electrical potential on a half infinite space with
respect to a first four-probe array M;. Referring to Figure 1(b), the first four-probe array M;
(or the first measurement array) includes four electrodes for probing, in particular, comprises
a first array first point current source (y;, a first array second point current source (', a first

array first point potential electrode £;;, and a first array second point potential electrode Py
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The first P;; and second P, point potential electrodes are located between the first (;; and
second (';» point current sources in a first direction (i.e., x direction). All electrodes are
located on the same plane of the ground suvrface in a third direction (i.e., z direction), and
each electrode is spaced apart from adjacent electrode at a horizontal spacing a, wherein the
ground surface can be a soil sample surface to be measured.

The first array first point current source ('y; provides a current and the first array
second point current source (', recetves the current, thereby forming a current streamline as
shown in Figure 1(b). When the current flows from the first array first point current source
Cy; to the first array second point current source (7, the first array first point potential
electrode P;; and the first array second point potential electrode P;, measure the potential.

When Eq. (1) is applied to the first type of arrangement of the four-probe
measurement, as illustrated in Figure 1(b) and herein called a first four-probe array M;, the
electrical potential difference }; measured between the potential electrodes £;; and P;; is

given as following Eq. (2),

. 1,p, .
W=y, —w,=- » (2}
2ra
where ;; and y,, are the electrical potentials at P;; and P, respectively; /; is the magnitude
of the applied current; and « is the spacing between the electrodes, as also indicated in Figure

1(b). To facilitate the following discussion, Eq. (2) can be written as following Eq. (3),

>

Lop-fo )
I, 2ra

Figure 1(c) shows a schematic of an electrical potential on a half infinite space with
respect to a second four-probe array M>. Referring to Figure 1(c), the second four-probe
array M. is similar to the first four-probe array M; except for the position of point potential
electrodes. In particular, the second four-probe array A4, (or the second measurement array)
comprises four electrodes including a second array first point current source (;;, a second
array second point current source ('3, a second array first point potential electrode P, and a
second array second point potential electrode P,,. The first P;; and second P, point potential
electrodes are located between the first C»; and second (2> point current sources in a second
direction (i.e., y direction) and each electrode is spaced apart from adjacent electrode at the
horizontal spacing ¢. The first P»; and second P> point potential electrodes are placed lower

than the first (';; and second (> point current sources in the third direction (i.e., z direction)
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such that the first P»; and second P, point potential electrodes are inserted into a soil sample
and placed at a vertical spacing b lower than the soil sample surface.

Similar to the point current sources C;; and (7;; of the first four-probe array M;, the
second array first point current source (,; supplies a current and the second array second
point current source (>» receives the current. However, the second array first point potential
electrode P;; and the second array second point potential electrode £, measure the potential
at a position below the current streamline formed by the point current sources (y; and C»».

Similarly, for the second type of arrangement of the four-probe measurement, called
as the second four-prove array M, as illustrated in Figure 1(c), the electrical potential

difference }" measured between the potential electrodes Pz;and P> is expressed as following

Eq. (4)

f Lp, i 1
V, =y, —,, =223 ~ :
{ T \/a2+,12b2 \/4C’3+/'~’.2b3 “

which can also be expressed as following Eq. (5)

V, el 1 1
- :Rﬁ :;j( ~ )
L7 7 i ad e ()

where y,; and y,, are the potentials at electrodes P,; and Py, respectively; /1 is the
magnitude of the applied current; ¢ is the horizontal spacing between the electrodes; and 5 is
the vertical spacing between the potential electrodes and the current electrodes.

With respect to the schematics of Figures 1(a), 1(b), and 1{c), the assumptions of the
half infinite space, the point current sources, and the point potential electrodes used to
theoretically derive Egs. (3) and (5) cannot remain valid for the laboratory testing conditions,
where the sample and the electrodes have a certain size and geometry, especially the
boundary effects arising from the finite-sized sample. Therefore, Eqs. (3) and (5) have to be
corrected to compensate for the deviations from the ideal assumptions, and correction factors

are introduced into the following two equations as

P
R=q ‘
R = (a2t L

7T NG+ K Ndat + A 7
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Rl.realit‘y Rz,reality

where ay = —land @, = — 1 are the associated correction factors for the

1,theory 2,theory
measurement arrays AM; and M), respectively. Based on Eqs. (6) and (7), the anisotropic
resistivity of soils, 1.e., py and 4 (or py and py), can be accurately obtained from the two
independent measurements using arrays M; and M> after the two correction coefficients, o
and o, are determined as described below.

In Egs. (6) and (7), R; and R, can be determined experimentally from the applied
current / and the measured voltage ¥, while 4 and pus are the unknown parameters that need
to be determined. Therefore, establishing the relationship between R;/R; and the correction
factors to facilitate the measurement corrections is an intuitive approach. In addition, based
on Egs. (6) and (7), the ratio Ri/R., is independent of the average electrical resistivity oy
when the other parameters are kept unchanged, suggesting that the effect of pyy can be
ignored while exploring the relationship between R;/R; and the correction factors.

Considering that an electrode with a small contact area has a high interface impedance
between the soil and electrode and the high impedance affects the measurement accuracy, an
electrode of 2 mm in diameter can be selected in the designed device, and the method and
designed device of the subject invention can be simulated using FEM (finite element
method), as shown in Figure 2. Figure 2 shows a schematic of a resistivity measurement cell
according to an embodiment of the subject invention, and the schematic is used for
simulation using FEM. Referring to Figure 2, the first measurement array M, is placed in the
first direction x and the second measurement array M- is placed in the second direction y.
The soil sample configured to be measured is disposed in a cell that has a cylindrical shape of
which diameter is 60 mm and height 1s 30 mm. While all electrodes of the first measurement
array M, and the point current sources (»; and (', of the second measurement array M, are
placed on a top surface of the soil sample, the point potential electrodes P»; and P,, of the
second measurement array M are mnserted into the soil sample. All electrodes of the first M/,
and second M, measurement arrays include a silver electrode at each distal end thereof so as
to be in contact with the soil sample. Since the point potential electrodes £»; and P, of the
second measurement array M; are located in the soil sample, the point potential electrodes P»;
and P> further comprise a cable sheath located in the soil sample.

Based on a model configuration for the FEM simulation of Figure 2, the corrections
factors, a; and ap, then can be obtained by using FEM according to their definitions and Egs.
(6) and (7), 1.e., from the difference between the theoretical prediction based on the point

electrode and infinite half space and the FEM simulation results where the effects from the
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boundary and electrode size are considered. The values of o; and «; as a function of R)/R can
be derived and are presented in Figure 3 that shows correction factors, a; and «;, for the first
and second four-probe arrays, as a function of R;/R,. Hence, in the measurements, «; and «a;
can be identified by using Figure 3 to correct the measurement bias after R; and R, are
determined from the two measurement arrays.

Figure 4(a) shows a cross sectional view of a first four-probe array M, according to an
embodiment of the subject invention, and Figure 4(b) shows a cross sectional view of a
second four-probe array A, according to an embodiment of the subject invention. In
addition, Figure 4(c) shows a perspective view of a resistivity measurement cell according to
an embodiment of the subject invention. Referring to Figures 4(a), 4(b), and 4(c), a
resistivity measurement cell device of the subject invention comprises a first array M, and a
second array M,, wherein the first array M is aligned in a first direction x and the second
array M> i1s aligned in a second direction y, and wherein each of the first array M; and the
second array M, comprises four electrodes of which two electrodes function as current
sources and two electrodes function as potential electrodes.

Referring to Figure 4(a), the first array M; includes a first array first point current
source Cyy, a first array second point current source Cyo, a first array first point potential
electrode Py, and a first array second point potential electrode £;,. The first P;; and second
P, point potential electrodes are located between the first C; and second ('}, point current
sources in the first direction x. All electrodes are located on the same plane in a third direction
z. That 1s, distal ends of the four electrodes Cy;, Uz, Py, and Pj> are aligned in the same
position in the third direction z.

Referring to Figure 4(b), the second array M. includes a second array first point
current source (;, a second array second point current source (5, a second array first point
potential electrode P;;, and a second array second point potential electrode P2;. The first Py
and second F, point potential electrodes are located between the first C; and second (7
point current sources in the second direction y. Distal ends of the first P;; and second Py,
point potential electrodes are located lower than distal ends of the first C,; and second (>
point current sources in the third direction z. That is, the distal ends of the first P:; and
second P;; point potential electrodes are spaced apart from the cross frame.

Referring to Figures 4(a), 4(b), and 4(c), the first array M; and the second array A/,
are supported by the cross frame so as to be fixed at predetermined position and the cross
frame is attached to a cell. The cell has a cylindrical shape of which an outer diameter ; is

70 mm, an inner diameter /; is 60 mm, and an outer height / is 40 mm. The cross frame is
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fixed at a top portion of the cell such that an inner space of the cell has an inner height /2 of 30
mm. Thus, a soil sample to be measured can be disposed in the inner space having a volume
defined by a diameter of 60 mm and a height of 30 mm. The cell and the cross frame can be
made by 3D printing.

Each electrode of the first array M; and the second array M> comprises a silver
electrode at a distal end of each electrode, a cable sheath passing through the cross frame, and
a copper rod connected to the silver electrode. The silver electrode has a diameter of 2 mm
and a height of 2 mm, and is made of Silver-Silver Chloride (Ag-AgCl). While the cable
sheaths of the first P»; and second P2, point potential electrodes further extend into the inner
space of the cell to the silver electrodes of the first P»; and second P.; point potential
electrodes, the cable sheaths for other six electrodes do not extend into the inner space.

The first direction x of the first array M, and the second direction y of the second
array M> are different from each other and can be perpendicular to each other in the same
horizontal plane. In addition, the first array M; and the second array M can be placed in
different planes in order to avoid mutual interference.

The measurement of R; and R, and the calculation of py; and 4 based on Egs. (6) and
(7) can be carried out by two independent electrical resistivity measurements by using the
two different four-probe arrays A; and M: as illustrated in Figures 4(a) and 4(b). In addition,
it is better to put the two arrays in different planes to avoid mutual interference. Figures 4(a),
4(b), and 4(c) present the sample cell, which has an outer diameter D; of 70 mm, an inner
diameter D, of 60 mm, an outer height / of 40 mm and an mner height 4 of 30 mm; and the
whole cell can be put into the SWCC device (to be shown later). In addition, there is a cross
frame to install the electrode arrays. A multiple materials 3D printer can be used to print out
the sample cell and the frame. Silver-Silver Chloride (Ag-AgCl) electrodes, 2 mm in
diameter and 2 mm in height, can be used to inhibit corrosion during the prolonged testing
period. Copper rods of diameter 2 mm and various lengths serve as bridges to connect the

electrodes and the resistivity meter.

The subject invention includes, but is not limited to, the following exemplified

embodiments.

Embodiment 1. A resistivity measurement cell, comprising:
a first measurement array arranged in a first direction; and

a second measurement array arranged in a second direction,
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wherein the second measurement array comprises a first point current source, a
second point current source, a first point potential electrode, and a second point potential
electrode; and

wherein each of the first and second point potential electrodes is placed at a
measurement depth different from that of each of the first and second point current sources in
a third direction (e.g., the measurement depth of the first and second point potential
electrodes can be lower than that of the first and second point current sources in the third

direction).

Embodiment 2. The resistivity measurement cell according to embodiment 1,
wherein the first point current source, the first point potential electrode, the second point
potential electrode, and the second point current source are arranged in any types of arrays

(e.g., in series).

Embodiment 3. The resistivity measurement cell according to any of
embodiments 1-2, wherein a horizontal spacing between the first point current source and the
first point potential electrode in the second direction is the same as a vertical spacing between

the first point current source and the first point potential electrode in the third direction.

Embodiment 4. The resistivity measurement cell according to any of
embodiments 1-3, wherein the first direction and the second direction are different from each

other and the third direction is perpendicular to the first and second directions.

Embodiment 5. The resistivity measurement cell according to any of
embodiments 1-4, wherein each of the first point current source, the second point current
source, the first point potential electrode, and the second point potential electrode comprises a
silver electrode, a copper rod electrically connected to the silver electrode, and a cable sheath

surrounding the copper rod.

Embodiment 6. The resistivity measurement cell according to any of
embodiments 1-5, wherein the first measurement array comprises two first array point current
sources and two first array point potential electrodes; and the two first array point current

sources and the two first array point potential electrodes are located in the same plane in the
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third direction.

Embodiment 7. The resistivity measurement cell according to any of
embodiments 1-6, further comprising a cross frame supporting the first measurement array

and the second measurement array.

Embodiment §. A Sotil Water Characteristic Cell (SWCC) device, comprising:
the resistivity measurement cell according to any of embodiments 1-7; and

a chamber surrounding the resistivity measurement cell,

wherein the chamber comprises a plurality of holes through which a plurality of wires

connected to the first and second measurement arrays pass.

Embodiment 9. A resistivity measurement cell, comprising:

a first four-probe array including a first array first point current source, a first array
second point current source, a first array first point potential electrode, and a first array
second point potential electrode in a first direction; and

a second four-probe array including a second array first point current source, a second
array second point current source, a second array first point potential electrode, and a second
array second point potential electrode in a second direction;

wherein each distal end of the first array first point potential electrode and the first
array second point potential electrode is placed at a different plane from each distal end of the
second array first point potential electrode and the second array second point potential

electrode in a third direction.

Embodiment 10. The resistivity measurement cell according to embodiment 9,
wherein the distal ends of the second array first point potential electrode and the second array
second point potential electrode are located lower than the distal ends of the first array first
point potential electrode and the first array second point potential electrode in the third

direction.

Embodiment 11. The resistivity measurement cell according to any of
embodiments 9-10, wherein the distal ends of the first array first point potential electrode and
the first array second point potential electrode are located in the same plane as distal ends of

the first array first point current source, the first array second point current source, the second

10
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array first point current source, and the second array second point current source.

Embodiment 12. The resistivity measurement cell according to any of
embodiments 9-11, wherein the first array first point current source, the first array first point
potential electrode, the first array second point potential electrode, and the first array second
point current source are arranged in series and spaced apart at a horizontal spacing; and the
second array first point current source, the second array first point potential electrode, the
second array second point potential electrode, and the second array second point current

source are arranged in series and spaced apart at the horizontal spacing.

Embodiment 13. The resistivity measurement cell according to any of
embodiments 9-12, further comprising a cross frame supporting the first and second four-
probe arrays, and a cell connected to the cross frame and surrounding the cross frame and the

first and second four-probe arrays.

Embodiment 14. The resistivity measurement cell according to any of
embodiments 9-13, wherein each of the first array first point cwrrent source, the first array
second point current source, the first array first point potential electrode, the first array
second point potential electrode, the second array first point current source, the second array
second point current source, the second array first point potential electrode, and the second
array second point potential electrode comprises a cable sheath passing through the cross

frame.

Embodiment 15, The resistivity measurement cell according to anv of
embodiments 9-14, wherein each of the first array first point current souvrce, the first array
second point current source, the first array first point potential electrode, the first array
second point potential electrode, the second array first point current source, the second array
second point current source, the second array first point potential electrode, and the second

array second point potential electrode further comprises an electrode disposed inside the cell.

Embodiment 16. The resistivity measurement cell according to any of
embodiments 9-15, wherein each cable sheath of the second array first point potential
electrode and the second array second point potential electrode extends to each electrode of

the second array first point potential electrode and the second array second point potential

11
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electrode inside the cell.

Embodiment 17. A Sotl Water Characteristic Cell (SWCC) device, comprising:

a plate;

the resistivity measurement cell according to any of embodiments 9-16 disposed on
the plate;

a chamber surrounding the resisttvity measurement cell and the plate; and

a plurality of wire passing through the chamber and connected to the first and second

four-probe arrays.

Embodiment 18. A resistivity measurement cell, comprising:

a first array first point current source and a first array second point current source
disposed in a first direction;

a first array first point potential electrode and a first array second point potential
electrode disposed between the first array first point current source and the first array second
point current source in the first direction;

a second array first point current source and a second array second point current
source disposed in a second direction;

a second array first point potential electrode and a second array second point potential
electrode disposed between the second array first point current source and the second array
second point current source in the second direction,

wherein each distal end of the second array first point potential electrode and the
second array second point potential electrode is located lower than each distal end of the
second array first point current source and the second array second point current source in a
third direction, and

wherein the first and second direction are a horizontal direction and the third direction

is a vertical direction.

Embodiment 19. A Soil Water Characteristic Cell (SWCC) device, comprising:
the resistivity measurement cell according to embodiment 18; and

a chamber surrounding the resistivity measurement cell.

A greater understanding of the present invention and it many advantages may be had

from the following example, given by way illustration. The following example shows some

12
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of the methods, applications, embodiments and variants of the present invention. They are, of
course, not to be considered as limiting the mvention. Numerous changes and modifications

can be made with respect to the invention.

EXAMPLE

Figure 5 shows a Soil Water Characteristic Cell (SWCC) device combined with a
resistivity measurement cell according to an embodiment of the subject invention. Referring
to Figure 5, the whole sample cell together with the electrode arrays is put into a chamber of
the Fredlund SWCC device (GCTS testing system, Arizona, USA). The resistivity
measurement cell is disposed on a ceramic plate and surrounded by a chamber. Eight extra
holes are the drilled holes formed by drilling the top wall of the chamber to allow the wires to
pass through in order to connect the electrodes to the resistivity meter; each hole is well

sealed to ensure no air and vapor leaked in or out. The resistivity meter used in this

measurement is SYSCAL JUNIOR SWITCH 48.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be imncluded within the spirit and purview of
this application.

All patents, patent applications, provisional applications, and publications referred to
or cited herein (including those in the “References” section) are incorporated by reference in
their entirety, mcluding all figures and tables, to the extent they are not inconsistent with the

explicit teachings of this specification.
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CLAIMS

What is claimed is:

1. A resistivity measurement cell, comprising:

a first measurement array arranged in a first direction; and

a second measurement array arranged in a second direction,

wherein the second measurement array comprises a first point current source, a
second point current source, a first point potential electrode, and a second point potential
electrode; and

wherein each of the first and second point potential electrodes is placed at a
measurement depth different from that of each of the first and second point current sources in

a third direction.

2. The resistivity measurement cell according to claim 1, wherein the first point
current source, the first point potential electrode, the second point potential electrode, and the

second point current source are arranged in any types of arrays.

3. The resistivity measurement cell according to claim 2, wherein a horizontal
spacing between the first point current source and the first point potential electrode in the
second direction is the same as a vertical spacing between the first point current source and

the first point potential electrode in the third direction.

4, The resistivity measurement cell according to claim 2, wherein the first
direction and the second direction are different from each other and the third direction is

perpendicular to the first and second directions.

5. The resistivity measurement cell according to claim 2, wherein each of the
first point current source, the second point current source, the first point potential electrode,
and the second point potential electrode comprises a silver electrode, a copper rod electrically
connected to the silver electrode, and a cable sheath surrounding the copper rod.

6. The resistivity measurement cell according to claim 2, wherein the first
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measurement array comprises two first array point current sources and two first array point
potential electrodes; and the two first array point current sources and the two first array point

potential electrodes are located in the same plane in the third direction.

7. The resistivity measurement cell according to claim 2, further comprising a

cross frame supporting the first measurement array and the second measurement array.

8. A Soil Water Characteristic Cell (SWCC) device, comprising:

the resistivity measurement cell according to claim 7; and

a chamber surrounding the resistivity measurement cell,

wherein the chamber comprises a plurality of holes through which a plurality of wires

connected to the first and second measurement arrays pass.

9. A resistivity measurement cell, comprising:

a first four-probe array including a first array first point current source, a first array
second point current source, a first array first point potential electrode, and a first array
second point potential electrode in a first direction; and

a second four-probe array including a second array first point current source, a second
array second point current source, a second array first point potential electrode, and a second
array second point potential electrode in a second direction;

wherein each distal end of the first array first point potential electrode and the first
array second point potential electrode is placed at a different plane from each distal end of the
second array first point potential electrode and the second array second point potential

electrode in a third direction.

10.  The resistivity measurement cell according to claim 9, wherein the distal ends
of the second array first point potential electrode and the second array second point potential
electrode are located lower than the distal ends of the first array first point potential electrode

and the first array second point potential electrode in the third direction.

1. The resistivity measurement cell according to claim 9, wherein the distal ends
of the first array first point potential electrode and the first array second point potential
electrode are located in the same plane as distal ends of the first array first point current

source, the first array second point current source, the second array first point current source,
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and the second array second point current source.

12. The resistivity measurement cell according to claim 11, wherein the first array
first point current source, the first array first point potential electrode, the first array second
point potential electrode, and the first array second point current source are arranged in series
and spaced apart at a horizontal spacing; and the second array first point current source, the
second array first point potential electrode, the second array second point potential electrode,
and the second array second point current source are arranged in series and spaced apart at

the horizontal spacing.

13. The resistivity measurement cell according to claim 9, further comprising a
cross frame supporting the first and second four-probe arrays, and a cell connected to the

cross frame and surrounding the cross frame and the first and second four-probe arrays.

14, The resistivity measurement cell according to claim 13, wherein each of the
first array first point current source, the first array second point current source, the first array
first point potential electrode, the first array second point potential electrode, the second array
first point current source, the second array second point current source, the second array first
point potential electrode, and the second array second point potential electrode comprises a

cable sheath passing through the cross frame.

15.  The resistivity measurement cell according to claim 14, wherein each of the
first array first point current source, the first array second point current source, the first array
first point potential electrode, the first array second point potential electrode, the second array
first point current source, the second array second point current source, the second array first
point potential electrode, and the second array second point potential electrode further

comprises an electrode disposed inside the cell.

16.  The resistivity measurement cell according to claim 15, wherein each cable
sheath of the second array first point potential electrode and the second array second point
potential electrode extends to each electrode of the second array first point potential electrode

and the second array second point potential electrode inside the cell.

17. A Soil Water Characteristic Cell (SWCC) device, comprising:
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a plate;

the resistivity measurement cell according to claim 16 disposed on the plate;

a chamber surrounding the resistivity measurement cell and the plate; and

a plurality of wire passing through the chamber and connected to the first and second

four-probe arrays.

18. A resistivity measurement cell, comprising:

a first array first point current source and a first array second point current source
disposed in a first direction;

a first array first point potential electrode and a first array second point potential
electrode disposed between the first array first point current source and the first array second
point current source in the first direction;

a second array first point current source and a second array second point current
source disposed in a second direction;

a second array first point potential electrode and a second array second point potential
electrode disposed between the second array first point current source and the second array
second point current source in the second direction,

wherein each distal end of the second array first point potential electrode and the
second array second point potential electrode is located lower than each distal end of the
second array first point current source and the second array second point current source in a
third direction, and

wherein the first and second direction are a horizontal direction and the third direction

is a vertical direction.
19. A Soil Water Characteristic Cell (SWCC) device, comprising:
the resistivity measurement cell according to claim 20; and

a chamber surrounding the resistivity measurement cell.

20. The SWCC device according to claim 19, further comprising a ceramic plate

on which the resistivity measurement cell is disposed.
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