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Electrical Resistivity Imaging for Detecting Soil Cracking at the Centimetric Scale

Anatja Samouélian,* Isabelle Cousin, Guy Richard, Alain Tabbagh, and Ary Bruand

ABSTRACT

Electrical resistivity measurements at high resolution (1.5-cm elec-
trode spacing) were performed to detect, from the soil surface, small
cracks developing within the soil. We recorded a vertical electrical
pseudo-section in a decimetric undisturbed homogenous soil block
(silt loam) for different artificial cracking stages. Because of the unusu-
ally reduced electrode spacing associated with an air-dried soil surface,
a specific Cu/CuSO, electrode was designed for precision wet contact
at given points. The apparent resistivity measurements of the pseudo-
section and the interpreted data inverted by using the Res2Dinv
software are discussed. The range of interpreted electrical resistivity
associated with cracking is considerable, (from 168 to 2185 Q m)
because the cracks are filled with air that is an infinitely resistant
medium. Results showed that even small structures cause perceptible
changes in resistivity that can be detected by the electrical resistivity
method. Results also showed that specific software is required to
predict real crack depth.

N ARABLE LAND, soil can be compacted by traffic,

hard setting, and crusting processes. Soil structure
can be regenerated after compaction by tillage opera-
tions, biological processes, and climate processes. With
new agricultural practices such as reduced tillage or
no-tillage, soil structure mostly regenerates via natural
processes. Thus, better understanding of climate effects
is needed, especially the ability for soil to recover poros-
ity by crack formation due to swelling and shrinking.
Voorhees (1983) pointed out the role played by natural
processes, such as soil freezing and thawing, and wetting
and drying, decrease penetration resistance in the tilled
layer of a compacted soil by about 50%, depending on
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soil water content. Mackie-Dawson et al. (1989) studied
the evolution of the cracking system in the first 10 cm
of soil by using vertical image analysis. They observed
significant soil structural changes during an annual cycle
of drying and wetting. Up to now, crack networks have
been described traditionally, either by measuring manu-
ally in the field the crack geometry that forms at the
soil surface (Blackwell et al., 1985; Lima and Grismer,
1992; Ringrose-Voase and Sanidad, 1996; Tuong et al.,
1996), or automatically by using two-dimensional image
analysis (Bullock and Murphy, 1980; Hallaire, 1984;
McGarry et al., 2000; Scott et al., 1986; Stadler et al.,
2000; Stengel, 1988; Velde et al., 1996). Image analysis
was widely used to calculate morphological parameters
of cracks. VandenBygaart et al. (1999) performed mi-
croscopic observations and showed a development of
soil structure with time in an 11-yr chronosequence of
no-tillage. They noticed that the number of horizontally
oriented elongated macropores in the top 5 to 15 cm
increased because of the absence of tillage and of the
combination of annual freeze—thaw processes. McGarry
et al. (2000) assessed soil structure from traditional and
zero-till treatments in a Vertisol. They recorded a
greater volume of large pores (1.5- to 3-mm equivalent
diameter in size) after 8 yr of zero-till and a greater
volume of pores of smaller size (0.74- to 1.0-mm equiva-
lent diameter) after 8 yr of traditional tillage.

Models that are based on these experimental observa-
tions and that describe crack growth are already avail-
able. Horgan and Young (2000) developed a two-dimen-
sional empirical model based on random processes
whose parameters are not directly related to the proper-
ties of a real soil. Perrier et al. (1999) used fractals
to describe the cracking patterns that appeared in a
homogeneous soil. Chertkov and Ravina (1998) devel-
oped a physically based probabilistic model of crack
network geometry and observed a good agreement with
one-dimensional experimental data. Hallaire (1988)
used image analysis to describe a three-dimensional
model with cubic geometry and isotropic shrinking.

However, because the tensile and shearing stresses
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Fig. 1. Electrical distribution of current lines (dashed) and equipoten-
tial surface between two current electrodes A and B; measure of
electrical potential across the electrodes M and N in a Wenner con-
figuration.

vary in a soil with depth, we cannot realistically deduce
soil behavior from the description of the surface alone.
As a consequence, geometry of a crack network cannot
be deduced from a two-dimensional description and
geometrical analyses must provide three-dimensional
information. In addition, most studies have used two-
dimensional vertical data obtained with destructive
techniques, thus restricting the potential of these tech-
niques for monitoring crack development. Therefore,
the understanding of the dynamic processes of crack
pattern growth requires the collection of three-dimen-
sional data on a soil volume by using a non-destructive
imaging technique. Electrical resistivity imaging is a geo-
physical investigation tool that has been used for many
decades in hydrogeology, mining, oil and civil engi-
neering, and archaeological prospecting. The technique
is particularly useful in the study of complex geology
(Griffiths and Barker, 1993), and has also been used
for shallow subsurface investigation and environmental
works (Hesse et al., 1986) as well as archaeological (De-
lapierre, 1998) and pedological surveys (Bourennane et
al., 1998; Lamotte et al., 1994; Tabbagh et al., 2000).
Electrical resistivity varies considerably according to the
electrical conductivity of materials and their proportions
in a soil volume. Dannowski and Yaramanci (1999),
Goyal et al., (1996), Hagrey and Michaelsen (1999),
Michot et al., (2000), and Zhou et al., (2001) related
electrical resistivity to soil water content in their experi-
ments. Acworth (1999) used this method to identify
zones of high salt content in a clay layer. In these studies
the electrical anomalies corresponded to large objects
(i.e., larger than a decimetric size). Our objective is to
adapt this method to identify small heterogeneities (i.e.,
objects of millimetric size) related to soil structure and
especially to cracks developing during drying and wet-
ting cycles. Since a crack in a drying context is air-filled,
this structure should be easily detectable because of the
infinite electrical resistivity of air. Consequently, we
examined the ability of electrical resistivity surveys to
distinguish small resistivity anomalies, with specially de-
signed electrodes. This paper describes the first experi-

ment to test the feasibility of electrical resistivity moni-
toring at this scale.

Principle of Electrical Measurement Profile

The general principle behind geophysical exploration
is to collect data external to the medium under investiga-
tion but that are functions of the internal properties of
this medium (Scollar et al., 1990). Andrews et al. (1995)
defined electrical imaging as a picture of the electrical
properties of the subsurface by passing an electrical
current along many different paths and measuring the
associated voltage. In the resistivity method, artificially
generated electric currents are injected into the ground
and the resulting differences of potential are measured
at the surface. In practice, current 7 (A) is injected into
the ground through two electrodes A and B, and an
electrical potential AV (V) is measured across a second
pair of electrodes M and N (Fig. 1). In a homogenous
terrain, the current is distributed in the ground between
Points A and B with a regular geometric shape. In this
distribution, the lines of current linking A and B and the
equipotential surfaces which are close to hemispherical
shape near A and B, cross each other. Current density
is not equal at all points, and the main part of intensity
I emitted between A and B is concentrated in the ha-
chured volume in the neighborhood of the AB segment
(Fig. 1). This zone is related to the “higher sensitivity
region” of the quadripole. This volume becomes larger
as the distance AB increases. Soil apparent resistivity
(p) is calculated for a quadripole electrode (Fig. 1) as fol-
lowing:

_ AV 2m
1 \(I/MA — 1/MB + 1/NB — 1/NA)
AV
- K= 1
i [1]

where pisin (Q m), MA, MB, NB, NA are the interelec-
trode spacing (m), / the injected current, and AV the
measured electrical potential (Scollar et al., 1990). This
equation enables the determination of soil resistivity
from four electrodes placed randomly on the surface.
Constant K is the geometric coefficient of the quadri-
pole. In the case of the Wenner array, the electrodes
are arranged in line and the current and potential elec-
trodes are kept at an equal spacing a (m). Then, the
geometric factor K becomes K = 2ma. The depth of
investigation is a function of the distance between the
nearest potential and current electrodes. The separation
between the electrodes mainly determines the volume
of soil detected by the instrument. The greater is the
electrode spacing, the deeper is the investigation. The
resistivity value is conventionally attributed to the geo-
metric center point of the experimental array.

When the soil is not electrically homogeneous, the
current lines and equipotential surfaces are distorted.
Their patterns are no longer as described in Fig. 1. In
this case, the resistivity measurement, obtained from
AV and [, is called the apparent resistivity p,. The latter
is calculated with Eq. [1], and it provides qualitative
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information on the soil considered as a homogeneous
equivalent medium.

MATERIALS AND METHODS
The Soil Studied

The experiments were conducted in the laboratory on an
air-dried soil sample (2.4 by 1.7 by 1.6 dm®) with an initial
massive structure resulting from severe compaction by wheel
traffic. The sample was collected in the tilled horizon of a silt
loam (Typic Hapludalf) located on an experimental site in the
National Institute for Agronomic Research Center at Mons
en Chaussée (Somme, France) (Richard et al., 2001). An ap-
parent vertical two-dimensional electrical resistivity pseudo-
section was first measured along a 21-cm line from the top
surface of the soil block (Stage A with no crack). Then cracks
were made manually. In terms of electrical prospecting, the
crack is air-filled and corresponds to a resistant structure. A
crack of 2-mm width and varying depths (1, 2, 3, and 4 cm
deep) was created artificially with a saw to obtain four cracking
stages (B, C, D, and E) in the soil sample. The physical model
used for soil fractures was intentionally simplistic because
this experimentation consists in a feasibility test of electrical
measurements. All the measurements were conducted on the
soil sample the same day under controlled conditions (room
temperature 22°C). The experiment lasted 4 h and the volu-
metric water content was 0.09 cm’cm~* and remained stable
throughout the experiment. The variation of resistivity was
then related to the variation of the structure alone.

Microelectrodes

Our experiment focused on the top 10 cm of the soil, thus the
electrical array required centimetric interelectrode spacing.
Because of the unusually close electrode spacing associated
with an air-dried soil surface, a specific electrode device was
designed to improve the electrical contact between the dried
soil surface. Indeed, classical electrodes such as metal needles
do not permit a correct electrical contact with a soil when it
dries. We then designed a new electrode that enables a wet
contact between the electrode and the soil surface. Figure
2 shows this specific electrode, manufactured from a small-
saturated cone-shaped ceramic cup (2-mm external diameter)
linked to a Cu/CuSO, complex. The copper wire had a section
of 0.6 mm, and the concentration of the CuSO, solution was
0.05 mol L~". The ceramic cup was joined to a transparent
plastic rigid tube (3-mm external diameter and 2-mm internal
diameter). The saturated ceramic cup placed on the soil sur-
face permitted a wet contact. Blotting paper protected the
soil surface during the installation of the device, so that all
the electrodes reached the soil surface at the same time when
the paper was removed. The measurements were performed
as soon as the electrodes were placed in contact with the soil,
to avoid variation of the electrical response of the soil because
of infiltration of some CuSO, solution in the soil porosity.

Two-Dimensional Vertical Pseudo-Section

To detect the crack, its lateral position and its depth, a 21-cm
line of 15 electrodes each separated by a constant distance a
(1.5 cm) was installed at the soil block surface. The crack was
located between Electrodes 8 and 9. A Wenner array was
used to monitor the electrical potential (Fig. 3). The first four
electrodes 1, 2, 3, and 4 were connected as A, M, N, and B
(Station 1). A second measurement was performed by discon-
necting the first four electrodes and moving the array along
the 21-cm measurement line by a single electrode spacing a

Copper wire

CuSoy solution

0.6 mm

2mm
3 mm

2 mm
~+——— Ceramic cup

Fig. 2. Electrode device.

and connecting the array to Electrodes 2, 3, 4, and 5. The
process was repeated until reaching the end of the line. Then
a second profile was recorded by connecting the electrodes
in a way that A, M, N, and B occupied electrode positions 1,
3,5, and 7 (Station 2). The array was then moved along the
line by a 2a spacing. The process was repeated by increasing
the electrode spacing each time by multiple N of the initial
electrode spacing, which resulted in four depth measurements.
For each measurement, the selection of electrodes connected
to the resistivity meter (Syscal-R1 Plus, Iris Instrument, Or-
1éans, France) was controlled by an automatic computer-con-
trolled switch array (Multinode). Intensity [ injected through
the A and B electrodes varied from 2 to 3.5 mA while the
electrical potential varied from 251 to 3231 mV. With this
configuration, 12, 9, 6, and 3 measurements were performed
as the spacing multiple N increased from 1 to 4. The measured
values were plotted on a measurement map at the intersections
of lines sloping at 45° from the centers of the quadripole. The
values were thus plotted along the depth, which reflects the

Station 3
f ‘ 1
A N
5 3 “1/‘ 3a .3 ?
Sla!ilon 2
f 1 resistance
A M N B meter with
| 2a 28, 2a swilching
mod!
Station 1
A M N B electrodes
la.tag @ ) 440 PR T W B W
A
N=1 P
1
N=2 @ ¢ e+ e v a2 e e e .
N=38 . . e 4 e . e
3
N=4

Fig. 3. The measurement sequence for building up a pseudo-section.
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Fig. 4. Measurement map of an apparent electrical resistivity pseudo-
section in a Wenner configuration of 15 electrodes.

increasing depth of current penetration as the interelectrode
spacing a increased. It should be noted that the units on the
vertical axis of the measurement map (Fig. 4) are multiple
values of the interelectrode spacing a, from a to 4a. Thus,
there were 30 separate apparent resistivity measurements. As
the interelectrode spacing a increased, the measurements sam-
pled increasingly greater depths and increasingly greater vol-
umes of soil. In other words, the total soil volume affected
by the current injection rose as the interelectrode spacing a
increased. The measurement was plotted beneath the center
of the four electrodes.

Resistivity Inversion

The heterogeneities that are present in a soil disturb the
theoretical current distribution. The electrical measurement
involves a given volume of soil within which the presence of
heterogeneity affects the overall measured value. Thus the
pseudo-section of apparent resistivity gives a qualitative spa-
tial distribution of electrical resistivity in vertical cross-section.
A quantitative approach therefore requires a mathematical
inversion of the apparent electrical resistivity into interpreted
resistivity. Numerical inversion of the experimental apparent
resistivity was performed using Res2Dinv software (Loke and
Barker, 1996). This software is widely used in electrical surveys
(Acworth, 1999; Delapierre, 1998; Michot et al., 2000). This
method is based on the smoothness-constrained least squares
method applied to apparent electrical resistivity. The volume
of influence described by the apparent resistivity is translated
into the depth of investigation related to the interpreted resisti-
vity. The two-dimensional model divides the subsurface into
a number of rectangular blocks as shown in Fig. 5. Regarding
the Wenner array, the thickness of the first layer of blocks is
based on experimental results (Edwards, 1977). The depth
corresponds to the “median depth of investigation” a/2. The
thickness of each subsequent deeper layer is increased nor-
mally by 10%. Figure 6 shows the successive stages of the
inversion method. Initially, an interpreted resistivity pseudo-
section is calculated from the measured apparent resistivity

0.8 S T P Y SRR VA S SR S T N
~ 15
§
523 P Y N W NN T N WO Y
g
8 3, '
4.2

+ Measurement for N=1a A Measurement for N=3a

@ Measurement for N=2a M Measurement for N=4a

] Model block of inverted resistivity

Fig. 5. Arrangement of model blocks and apparent resistivity data
points in a Wenner array.

pseudo-section. The second stage then consists in resolving
the direct problem (i.e., in calculating the apparent resistivity
pseudo-section from the inverted resistivity pseudo-section
previously obtained in the first stage). In the third stage, the
algorithm calculates the difference between the measured and
calculated apparent pseudo-sections. An iterative process is
performed until the difference became small enough. The
optimization method reduces the differences between the cal-
culated and measured resistivity values by adjusting the resisti-
vity of the model blocks. The measurement of this difference
is given by the root mean square error (RMSE) as following:

1 n
RMSE = ; E (pc - pm)2 [2]
i=1

where p., pn, and n are respectively the apparent resistivity
simulated by the Res2Dinv software, the apparent resistivity
measured during the experiment and the number of data
points.

RESULTS
Apparent Resistivity Interpretation

Figure 7 shows the apparent electrical resistivity
pseudo-sections for the cracking Stages A, B, C, D, and
E. The set of five profiles describes the artificial growth
of the crack located between Electrodes 8 and 9. Map
representations are only based on experimental values.
No interpolated values were added. Consequently, each
mesh represented a data point value corresponding to
a Wenner array. Stage A represented the initial soil
massive structure, without any crack. The corresponding
electrical pseudo-section exhibited a homogeneous ap-
parent resistivity of 47 () m. The further Stages B, C,
D, and E, presented electrical differentiations directly
above the crack between Electrodes 8 and 9. The deeper
was the crack in this configuration, the higher was the
apparent resistivity. The resistivity range varied from
52 to 77 Q2 m. Another demonstration of the resistivity
modification can be represented by positive electrical
anomaly (Fig. 8). The resistivity anomaly was calculated
as following:

Apa _ (Pa,x - pa,A) [3]
pa,A

where p, » and p,x were respectively the apparent resisti-
vity of the initial Stage A and the apparent resistivity
of the different cracking growing stages (X = B, C, D,
or E). All four individual pseudo-sections showed a
similar anomaly distribution. Directly above the crack,
the positive anomaly varied from 38 to 104% respec-
tively for Stages B and E. Our results also showed that
not only the amplitude of the apparent resistivity anom-
alies increased as the crack grew, so did also its down-
ward extension. The classical reversed V-shape on the
map corresponded to a vertical plane electrical disconti-
nuity. Both the apparent resistivity and the anomalies
(Fig. 7 and 8) remained constant outside the area of
crack influence. This is consistent with no variation of
the water content in the soil block throughout experi-
mentation and confirms that the electrical resistivity
measurement was affected by variation of the soil struc-
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Fig. 6. Mathematical inversion of Res2dinv model.

ture alone in our experiment. As expected, the positive
anomaly corresponded to the electrical crack signature,
as a resistant object that could be detected by resisti-
vity measurement.

Quantitative Resistivity Interpretation:
Resistivity Inversion

The measured apparent resistivity pseudo-sections
were analyzed by using the Res2Dinv software to calcu-
late interpreted resistivity pseudo-sections. The latter
are shown in Fig. 9 for Stages A, B, C, D, and E. In
our case, five iterations for the inversion were usually
enough to derive a model distribution producing a result
with an RMSE lower than 5%. Initial soil block resisti-
vity at Stage A was relatively homogenous being equal
to 37 Q m. For Stages B, C, D, and E, the calculated
interpreted resistivity clearly showed zones of higher
electrical resistivity, from 168 to 2185 () m between the
Electrodes 8 and 9. This high resistivity was directly
correlated with the growing crack 1 to 4 cm deep. The
highest heterogeneity amplitude was located at 0.8-cm
depth. The magnitude of the interpreted variation de-
creased as the electrode spacing increased.

Figure 10 illustrates the vertical sensitivity of interpre-
ted resistivity during cracking stages. The variation of
crack depth from 1 to 4 cm influenced electrical resisti-
vity distribution. The interpreted resistivity, in the first
0.8-cm depth, increased from 168 to 2185 () m as the
crack grew from 1 to 4 cm. The electrical resistivity in
the second horizontal layer (0.8- to 1.5-cm depth) rose
by 10% between Stages B (32 2 m) and E. Beyond the
1.5-cm depth layer, resistivity remained stable even for
a 4-cm crack depth. The first horizontal layer was the
most sensitive to structural changes.

Figure 11 illustrates the horizontal sensitivity of inter-
preted resistivity during cracking stages for the first
depth layer (0-0.8 cm). Stage A, represented the initial
soil structure without any crack or any significant electri-
cal variation. Directly above Electrodes 8 and 9, the
electrical signature of the crack increased as the crack

451

problem

Unt eecirede spacg 1.5em

grew, as shown in Fig. 10. The lateral sensibility is re-
lated to the following point measurement, 1.5-cm apart.
Progression was the same for all cracking stages, B, C, D,
and E, characterized by decreased electrical resistivity in
the crack site. The decrease was highest for Stage E,
corresponding to a fall of 98% at the 1.5-cm distance.
The resistivity contrast between the crack and the soil
was abrupt. The lateral influence of the 2-mm width
vertical crack was negligible.

DISCUSSION

This experimental survey focuses on electrical resisti-
vity response from subsurface varying structures. Ana-
lyzing the vertical interpreted pseudo-sections revealed
the presence of high resistivity contrasts in a vertical
zone located at the position of the crack, between Elec-
trodes 8 and 9. This demonstrated the effect of soil
structure on the electrical resistivity measurement. The
new ceramic cup electrodes enabled efficient electrical
monitoring in dry soil. Although the shortest interelec-
trode spacing was 1.5 cm the principle of point source
electrical measurement was respected owing to the wet
contact at the soil surface through the small (millime-
ter) electrodes.

Experiment conditions warranted stable water con-
tent during measurements. Gobel et al. (1993), Hagrey
and Michaelsen (1999), and Michot et al. (2000) studied
the variation of electrical resistivity in the subsurface in
water infiltration experiments. The range of interpreted
resistivity measurement varied from low resistivity 10
Q) m, corresponding to wet conditions, to 200 ) m for dry
conditions. In our experiment, high and abrupt electrical
resistivity measurements ranging from 48 to 2185 ) m
were recorded and attributed to the artificial crack. The
crack was filled with air and represented a resistant
structure in terms of electrical prospecting. The inter-
preted resistivity pseudo-sections permitted detection
of crack location between Electrodes 8 and 9, on the
one hand, and crack vertical orientation on the other
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Fig. 7. Apparent resistivity pseudo-section for the five stages, crack
localization between the Electrodes 8 and 9.

hand. We did not expect variation of the top centimeters
of the soil between the following cracking stages, though
we did expect agreement between crack electrical signa-

B-A

! | ENENEE ERTERH 2558 Bl
0 1 5 10 25 50 85 100%

Fig. 8. Resistivity anomalies during the different stages along the
profile.

ture and crack depth. The highest interpreted electrical
resistivity was recorded in the top 1.5-cm depth, whereas
the crack developed down to 4 cm. Similarly, Griffiths
and Barker (1993) observed that detection and resolu-
tion both decreased with depth, setting limits on the
degree of geological complexity. The actual interpreted
data permitted to detect the presence of the crack, but
did not allow predicting its depth. Crack depth variation
was represented with a significant variation of the inter-
preted resistivity at the subsurface. These results led us
to reconsider the inversion model: the Res2Dinv soft-
ware cannot totally succeed in detecting abrupt struc-
ture geometry variations and strong electrical resistivity
gradients because the numerical resolution of the math-
ematical algorithm is based on a regular mesh and a
smoothness condition. However, this study suggests that
even small structures, such as millimetric cracks, cause
a significant change in resistivity distribution.
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Fig. 11. Lateral variation of interpreted resistivity as a function of
crack localization, for the first depth layer 0 to 0.8 cm.

CONCLUSION

The electrical resistivity image method is a relatively
rapid method that can be used to investigate soil struc-
ture. The method produces a two-dimensional vertical
section of interpreted electrical resistivity from the mea-
surement of apparent resistivity. Our results demon-
strate the effectiveness of electrical resistivity prospect-
ing in characterizing soil cracks that form during
shrinking and swelling phenomena at the centimetric
scale. The Cu/CuSO; electrodes combined with a satu-
rated ceramic cup permitted a correct electrical contact
of the electrode with the soil surface. Regarding subsur-
face formation, the electrical images obtained from
these electrodes enable detection of structures at the
millimeter scale. This experiment is a first step in crack
detection by using the electrical resistivity method.

Compared with other crack determination studies,
the electrical resistivity method permits non-invasive
measurements. These first results based on artificial
cracks with two-dimensional imaging exploration are
encouraging, but they confirm the need for future work
on the inversion of the apparent resistivity data. Future
work will consist in adapting this electrical monitoring
to a soil block under desiccation condition to monitor
a real crack network as it grows. Nevertheless, more
detailed analysis of crack network requires appreciation
of the entire volume of soil and not only of a two-
dimensional section. Thus we will also develop a three-
dimensional electrical resistivity set-up.
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