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Section headings : Cavity and void detection
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Introduction

Soil cracks, whose formation are associated to natural climate phenomena such as swelling
and shrinking, play an important role in water and gas transfers. Up to now, their 3D structure
was characterised either by serial sections (Cousin, 1996) which is a destructive technique or
X-ray tomography (Macedo et al., 1998) which is applicable on limited size sample. Three-
dimensional electrical resistivity prospecting enables now to monitor crack development and
to characterise their geometry without any destruction of the medium under study. Three-
dimensional electrical resistivity surveys are commonly gathered by a network of in-line
survey arrays, such as Wenner, Schlummberg, or dipole-dipole (Xu and Noel, 1993; Zhou et
al., 2002). As emphasized by Meheni et al. (1996) the resulting apparent resistivity maps are
often different depending on the array orientation related to an electrical discontinuity.
Chambers et al. (2002) underline that in heterogeneous medium 3D electrical resistivity
model resolution was sensitive to electrode configuration orientation. Indeed asymmetric
bodies or anisotropic material exhibit different behaviours depending on whether the current
passes through them in one direction or in another (Scollar et al., 1990). It would be all the
more true for medium having very contrasted resistivities like cracking soil. In that case the
electrical current does not encounter the same resistance when it passes perpendicular or
parallel to the resistant bodies. Measurements of apparent resistivity depend then on the
location and orientation of the current source relative to the body under study (Bibby, 1986).
Studies conducted by Habberjam and Watkins (1967) emphasized that the square array
provide a measurement of resistivity less orientationally dependent than that given by a in-
line array investigation.

Intending to lead a more 3D accurate inversion, we have chosen to focus our attention on a
3D electrical resistivity data acquisition. We present here a three-dimensional electrical
survey carried out by a square array quadripole for characterising the soil cracks network
developing during a desiccation period.

Material and Method

The experiment was conducted on a loess soil block (26 by 30 by 40 cm®in size). It exhibited
a massive structure resulting from severe compaction after wheels traffic in wet conditions. At
sampling, the initial volumetric water content was 0.43 cmcm™. It was then let to dry for 18
days. During this time, the soil porosity increased: cracks appeared at the soil surface and
spread toward the soil at depth.

The electrical resistivity measurements were done by 64 Cu/CuSO, electrodes arranged on 8
lines by 8 columns as shown in fig.1. The electrode spacing “a” was chosen equal to 3 cm,
which was a priori supposed to achieve the detection of millimetre cracks as shown in a
previous experiment at the centimetre scale (Samouélian et al., 2003). The number of data
was 280 measurements spread out 7 pseudo-depths. For each array, 2 measurements were
done, the current being injected in 2 perpendicular directions. The respective apparent



50 electrical resistivity measurements were noted pp- and pgge, if ppe and oo are equal, the
51  sounding medium is homogenous with no electrical heterogeneity.
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56  Figure 1 : Square array configuration and possible modes of connection
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58  Results and discussion

59  Global description of the 3D apparent resistivity data at the end of the experiment

60 Resulting from the two-array orientation o=0° and o=90°, we calculated an apparent
61  anisotropic index (Al) defined by equation [1] : Al _ Po [1]
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63  The determination of electrical anisotropy index was suitable as it may enhance the presence
64  of heterogeneities. It permitted also to summarize for each pseudo-depth the electrical
65  resistivity measurements on a single map (figure 2). The Al revealed major anisotropic zones
66  linked to elevated or low Al values. As expected, they were rather located at the soil surface
67 than at depth: the apparent anisotropic index varied from 0.07 to 9.63 in the first pseudo-
68  depth, in the second and third pseudo depths the variation decreased slightly 0.38 to 0.5 for
69  the minimum values and 7.54 to 4.64 for the maximum values. The deeper pseudo-depths,
70  four, five, and six, did not exhibit large variations, because the size of the array was probably
71 larger than the crack extents.
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85  Figure 2 : Spatial distribution of the Anisotropic Index (Al) at the final stage

86

87  Cracks detection for the first pseudo-depth

88 Al can be considered as an indicator of cracks detection. For the first pseudo-depth, we
89  determined the relation between Al, the mean crack width and the crack orientation for each
90 elementary area. When the crack width was greater than 1 mm, two groups could be
91  distinguished related to the thresholds Icinf and Icsup corresponding respectively to 0.42 and
92  to 3.14. When the relation Icinf < Al <lcsup was verified, the related zone was considered as a
93  no cracking zone; when it was not verified, the related zone was considered as a cracking
94  zone (figure 3). The crack preferential orientation (o = 0° or o = 90°) could also be deduce by
95  the Al value. When it was larger (resp. smaller) than 1, the preferential orientation was o =
96  90° (resp. 0°). Moreover one can notice that cracks that do not cross the MN in-line

97  measurements have an Al value between Icinf and Icsup.

98

99  Figure 3 : Crack detection and orientation for the first pseudo-depth evaluated by
100  the Al The white represented the no-cracking area, the grey and light grey
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represented the cracking area, respectively with cracks preferential orientation 0° and 90°
Cracks detection of the all the pseudo-depth

a) Calculation of a new index
The apparent anisotropy index, Al, presented previously can be used as an indicator of
discontinuities like cracks yielding both position and orientation. Nevertheless it is directly
calculated by the mean experimental data and as a consequence, the thresholds values given in
this paper cannot be generalized to another dataset that would be obtained either on another
soil or in different experimental conditions. Thus, we have calculated a second index. To look
for the preferential anisotropic orientation, we searched the o-array orientation corresponding
to the maximum apparent resistivity values also called amax-array orientation. The primary
data set was transformed into a calculated data set with the help of the rotational tensor R
expressed in the equation [2].
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Thus a calculated data set was obtained by the equation [3] :

p a p 0°
(ngmj ‘ ‘(pgooj B

where : p, and p ,+90- Were the calculated data set obtained for o value varying by 5° steps
between 0° and 90°. The rotational tensor highlighted particular features such as the position
and orientation of a resistivity discontinuity.

b) Calculation of the amax Values on the experimental dataset
As summarized in table [1], the distance between the minimum and maximum values of the
amax-array orientation decreased as the pseudo-depth increased. Moreover the values were
converging to a=45°, corresponding to a medium without electrical heterogeneities.

PP1 PP2 PP3 PP4 PP5 PP6

Mini 5 10 10 20 35 45
Max 85 70 65 65 65 50
Table 1 Extremes values of ouyex-array orientation.
The figure 4 exhibits the spatial distribution of the amax. For the first pseudo-depth, the o
values ranging between 40 and 50 corresponded to the elementary area where Icinf < Al
<lcsup. They were associated with an isotropic medium. The o values ranging in the interval
0-35 and 55-90 were associated with an anisotropic medium, corresponding to the cracks
network. Between the first and the second pseudo-depths, the electrical heterogeneities
orientation were preserved or shifted to 45° but never inverted. Depending on the quadripole
position the cracks larger than 1mm were detected. Cracks spread out the soil depth with a
preferential orientation initiated from the surface. One can also supposed that as the mean
crack width increased the corresponding crack depth increased too. For the third pseudo-depth
we focused only on the crack mean width larger than 1 mm. Only the triple point was then
partially recorded. The crack oriented at 90° was the best detected. As observed at the soil
surface, the mean width of this crack nevertheless was the highest: 2.57 mm. The following
pseudo-depths four, five, and six displayed an orientation o converging to 45°.
In summarize, the studied soil depth does not exhibit any electrical anisotropy and the
cracking zone was mainly located at the surface. With an inter-electrode spacing of 3cm,
cracks of Imm width were detected at the soil surface. When the inter-electrode spacing
increased from a to 2a (second pseudo-depth), only the major cracks were distinguished. The
widest cracks were detected until the third pseudo-depth. As the pseudo-depth increased, the
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sounding soil volume increased too and the related influence of cracks decreased. The
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Conclusion

These results indicated that electrical resistivity measurement was as expected dependent on
the electrical heterogeneities and the variation of signal was even detectable at this scale. The
Icinf and Icsup thresholds resulting of the anisotropic index Al and the amax-array orientation
are two methods useful for detecting electrical heterogeneities. The first one was calculated
for a specific electrical device, related to a specific soil texture and experimental condition.
Nevertheless they can be applied to electrical acquisition corresponding to the temporal
monitoring of the desiccation experiment. The second method required time for calculation
but presented the advantage to be generalisable to the whole soil volume. The calculation of
these 2 indexes gives ideas on the structure of the medium prior to the data inversion.
Nevertheless for the both method, cracks oriented near a=45° or cracks who do not cross the
in-line measurement MN were not detected. One suggestion is to collect the electrical
measurement for in-line measurement along diagonal, which would also increase the
acquisition time of about 20 min.
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