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1 INTRODUCTION  

Fissuring forming in desiccated structures such as 
flood embankments can pose a threat to the stability 
and can induce failure of the outward face during 
overtopping (Cooling and Marsland 1954). Their 
study revealed that water infiltration through a net-
work of desiccation fissures resulted in shallow slip-
page, such fissures can be large and visible form the 
surface whereas other can be smaller or obscured by 
vegetation. In both cases fissuring beneath the sur-
face cannot be visualised without trenching into the 
structure itself (Morris 2007, Dyer 2009).  
Geophysical methods, principally ERT have been 
suggested as possible method for detecting, monitor-
ing and characterising desiccation fissures as they 
form. In order to verify the results of future surveys 
where the true extent of fissuring is unknown it is 
necessary to complete some forward modelling over 
simulated fissured soil in the laboratory, to observe 
the resistivity model that would be obtained from in-
version, over a range of arrays and noises. 
Continuous desiccation results in the separation of 
the soil into polygonal blocks, separated by a net-
work of fissures (Corte and Higashi 1964, Kodikara 
et al. 2000). Shrinkage acting on the blocks can re-
sult in shear plane beneath the surface of the soil, re-
sulting in horizontal subsurface fissuring, and lead-
ing to the separation of the desiccated blocks from 
the rest of the soil structure (Konrad and Ayad 
1997).  

 
 
 
 
These fissuring networks provide a flow pathway for 
infiltrating water during overtopping, and accelerate 
the shallow slippage of the landward face of the em-
bankment (Cooling and Marsland 1954, Marsland 
and Cooling 1958). 
Electrical Resistivity Tomography (ERT) is a com-
monly used geophysical method for the imaging of 
shallow sub-surface targets.  
It has been used to assess flood embankments struc-
tures (Sentenac et al. 2013, Zielinski 2014). 
3D resistivity surveys, as with most 3D geophysical 
methods, are used to resolve complex subsurface 
structures where simpler 2D surveys would not be 
sufficient (Jones 2014) 

The most common method for the acquisition of 
data for a 3D survey is the use of parallel 2D line 
surveys (Papadopoulos, et al. 2010) due to the ease 
of implementation in a field survey and simplicity of 
post survey data analysis (Loke 1996a). Data from 
such a survey can be poor as coverage can be low, 
particularly near the surface, depending on the in-
line spacing applied, and the effects of anisotropy 
cannot be easily accounted for. By closely placing 
the parallel lines the results can be greatly improved 
(Papadopoulos, et al. 2010). Many resistivity units 
allow for orthogonal (2 planes) (Chambers, et al. 
2002, Rucker et al. 2009) or even cross diagonal (4 
plane) surveys (Loke and Barker 1996b), allowing 
for data measurement in the X, Y and in two perpen-
dicular diagonal planes, allowing for a relatively 
wide area to be surveyed at one time, while provid-
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ing good coverage and allowing for anisotropic 
anomalies to be reduced (Aizebeokhai 2010). 
 
Resistivity and fissuring 
When considering the electrical resistivity due to fis-
sures or fractures forming in a solid material it can 
be seen that the fissures act to deviate the flow of 
ions, resulting in greater potential losses than would 
be experienced in intact soil. The actual resistivity of 
a fissure can be assumed to be that of air and there-
fore virtually infinite relative to the surrounding ma-
terial, however when considering the apparent resis-
tivity, as measured by resistivity units the value is far 
lower. When considering the shape and size of fis-
sures, it can be assumed that the depth and length of 
the fissure have the greatest influence on the appar-
ent resistivity by creating a largest barrier to the flow 
in the, particularly with increasing depth of meas-
urement. 
Previous studies (Samouelian et al. 2003, 2004,  
Sentenac and Zielinski 2009) have used Electrical 
Resistivity Tomography (ERT) as sensitive to fis-
sures in the soil subsurface. Samouelian first showed 
the sensitivity of ERT in mapping artificially created 
2D fissure in a silty loam. The study used a Wenner-
Alpha Array and used the RES2DINV inversion 
software (Loke and Barker 1996) to identify a con-
trasting area of high resistivity representing the fis-
sure and lower resistivity representing intact soil. 
The authors concluded that in order to accurately re-
solve the desiccation fissures in a 2D resistivity 
model, the creation of dedicated software was neces-
sary. An inversion model for such software was dis-
cussed in a follow up paper by the same research 
team (Tabbagh, et al. 2007). 
In addition to their 2D models, Samouelian, et al. 
(2004) used 3D resistivity monitoring to detect the 
onset of desiccation fissuring on a compacted block 
of compacted material. Square arrays were used in 
the study in order to identify the dip angle of the fis-
sures as they formed. The study showed resistivity 
areas at the surface of the 3D model with high resis-
tivity, relating to the positions of the fissures in the 
soil, although no clear images of the fissuring net-
work were obtained from the resistivity scan. In ad-
dition the study showed an increase in the measured 
resistivity values with drying time, indicating a rela-
tionship between the apparent resistivity and the soil 
moisture. 
(Sentenac and Zielinski 2009) employed the use of 
miniature electrodes in a clay model in order to mon-
itor the onset of desiccation fissures in a 2D plane. 
The material used in the study was compacted boul-
der clay reclaimed from the Thorngumbald flood 
embankment located on the River Humber (England) 
near Kingston upon Hull. In the study, the Schlum-
berger array was used in order to ensure that the sur-
vey was sensitive to both vertical and horizontal fis-
sures forming in the clay (Konrad and Ayad 1997). 

Importantly the study revealed improvements in the 
RES2DINV inversion software allowing the vertical 
fissures to be accurately resolved. The study accu-
rately resolved the positions of the vertical fissures 
as they formed, and revealed possible horizontal dis-
continuity owing to fissuring beneath the shear 
plane.  
 
2. EXPERIMENTAL METHODOLOGY 

2.1 Material  

Models were created using material of embankment 
clay. The soil used was reclaimed from the inactive 
part of the Thorngumbald embankment on the Hum-
ber estuary near Hull (England).  

2.2 Array Comparison, Schlumberger and Dipole 
Dipole 

Convention dictates that Pole-Dipole (three elec-
trodes) or Pole-Pole (two electrodes) arrays are best 
used in a small 3D survey (12 by 12 grid or smaller) 
in order to improve the data coverage at the edges of 
the model. Such arrays are difficult to re-create in 
the laboratory due to the necessity of an infinite elec-
trode. Arrays using 4 electrodes do not require infi-
nite electrodes and can be easily scaled down to a 
miniature level. In this study a comparison of 
Schlumberger and Dipole-Dipole arrays and discuss-
es the appropriateness of each to surveying fissures 
in a full scale embankment. 
Schlumberger arrays place the current electrodes at 
opposite ends of the array with the potential elec-
trodes placed centrally (Figure 1). Increasing depths 
are measured by expanding the spacing between the 
current and potential electrodes by a factor of n. The 
configuration creates an array which has its highest 
sensitivity in the centre of the array between the po-
tential electrodes. At low values of n, the array is 
most sensitive to changes in the horizontal plane, 
whereas when n increases the array is increasingly 
sensitive to vertical changes. This allows the 
Schlumberger to be sensitive to both horizontal and 
vertical structures. When considering the 3D sensi-
tivity, the array displays a narrow range resulting in 
low coverage of data outside the main survey line, 
making the Schlumberger less suitable for 3D sur-
veys employing parallel lines, particularly when the 
lines are not closely spaced. Additionally the 
Schlumberger has low data coverage at the edges of 
the survey when considering a 3D grid and this prob-
lem is increased as greater depths are surveyed. 
Dipole-Dipole array places the two current and two 
potential electrodes forming a pair of dipoles at op-
posite ends of the array. As with the Schlumberger 
array, increasing depths are measured by expanding 
the spacing between current and potential electrodes. 
The highest sensitivity values are located between 



the two current and potential dipoles, resulting in 
high sensitivity to horizontal changes in resistivity 
and subsequently lower sensitivities to vertical 
changes. When considering the 3D sensitivity the 
Dipole-Dipole array has a much broader range out-
side the main line of strike than other four electrode 
arrays. This factor can affect the accuracy of a 2D 
survey where non in-line objects can results in inter-
ference but makes Dipole-Dipole arrays more suited 
to 3D surveys using parallel lines of electrodes. The 
configuration of the Dipole-Dipole array results in 
greater data coverage than the Schlumberger over the 
same survey, although the array also suffers from 
poor data coverage at the edges of the model in a 3D 
grid. Additionally the increased data coverage can 
result in far increased survey times. Another factor 
which should not be discounted when considering 
the Dipole-Dipole array particularly for ERT moni-
toring is the necessity for good contact between the 
electrode and the soil: dry soil would act to reduce 
the contact resulting in more erroneous data points, 
highly saturated soils would also have the same ef-
fect; corrosion of electrodes with time would also re-
sult in errors. 

2.3 Experimental setup 

The container was designed to simulate a small sec-
tion of embankment: the top surface was exposed 
while the restraining membrane simulated the re-
straining effect of a massive compacted structure.  
144 Electrodes were fabricated using 0.65mm diam-
eter steel pins: the diameter was kept deliberately 
small in order to minimise the impact of the elec-
trode on the surrounding soil so as not to influence 
the formation of the fissures and to ensure the theo-
retical “point source” of current desired in resistivity 
measurements was as closely simulated as possible. 
The electrodes were connected to the multicable via 
small diameter gold-plated pins, which allowed 
quick connection and disconnection for easy move-
ment of the active survey lines.  
The electrodes were placed in a 12 by 12 grid sepa-
rated by 4.5cm in both the x and y directions, this 
created three discrete 12 by 4 electrode sections 
which could be measured individually by the resis-
tivity unit (Figure 1). The Resistivity Unit used was 
a standard ARES unit from GF Instruments, Brno, 
Czech Republic. The unit conducts 3D surveys using 
the cross diagonal method. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Miniature electrodes  and their grid arrangement, with posi-

tions of discrete resistivity sections. 

2.4 Experimental procedure 

The Thorngumbald model was initially saturated for 
a period of 3 days and allowed to desiccate freely. 
Resistivity measurements were taken at regular in-
tervals over the three sections with both the Schlum-
berger and Dipole-Dipole arrays:  the period between 
scans was increased as observed model changes re-
duced. The multicable was disconnected from the 
electrodes between readings, in order to document 
the evolution of the fissuring network and to allow 
the pins to move with the shrinking soil blocks so as 
not to influence the formation of fissures (Figure 2). 
Measurements were discontinued after 1560 hours of 
drying, when no further evolution of fissuring was 
observed. The individual resistivity files for each of 
the three discrete sections were combined into a sin-
gle file and processed using RES3DINV inversion 
software. The files were inverted as Schlumberger 
and Dipole-Dipole models as well as a combined 
file. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 2. Models with positions of dissections and exposed fis-

sures numbering   

3. RESULTS 
 
From the results of both models it can be observed 
that both the Schlumberger and Dipole-Dipole arrays 



can provide fairly accurate imaging of anomalies in 
the subsurface. Figure 3 show orthogonal planes of 
the resistivity models for the Thorngumbald model. 
As can be seen in both cases the Schlumberger mod-
el provides an accurate resolution of the surface fis-
suring, as with the coupled model (Figure 3a and 
Figure 3c). The Dipole-Dipole (Figure 3b) model 
shows large inaccuracies in the mapped surface for 
the model. The reason for the errors can perhaps be 
due to poor contact between the electrodes and the 
soil in the model. The electrodes in the model were 
left inserted for the duration of the experiment and 
any corrosion would have resulted in reduced con-
tact. Also included in Figure 3 is the approximate 
position of the subsurface fissure found to bisect the 
model, Fissures C, E and G. Based on these images 
it could be concluded that the Schlumberger model 
provided excellent resolution of the model in the 
subsurface as the fissure positions are well matched, 
however as observed the fissures are overestimated 
in terms of their depth. From these results it was 
possible to conclude that a miniature resistivity array 
with dense spacing using a cross diagonal 3D survey 
can accurately map the spatial distribution of fissures 
forming on the surface of a desiccating section of 
clay. A coupled survey using both the Schlumberger 
and the Dipole-Dipole array produced the most accu-
rate resistivity maps, based on the surface fissures 
and on the observations made of exposed fissure 
post dissection. The Schlumberger method was 
found to be the better of the two and is recommend-
ed by the authors for future mapping of fissured 
networks, due to its shorter survey time and suffi-
ciently good resolution. 
 
 

 
 
Figure 3. Depth slices for Thorngumbald 3D lab model after 
1056 hours showing relative position of bisecting fissures (a) 
Schlumberger (b) Dipole-Dipole (c) Coupled mode 

 
It was found that intense dryness of the soil results in 
poorer signal to noise ratio at depth resulting in re-
duced imaging accuracy in the final two scans.  
 
3.1 Virtual model 
To verify these results and to assist future field sur-
veys where the true extent of fissuring is unknown, 

virtual soil models were created using the 3-D resis-
tivity forward modelling package RES3DMODx64 
from Geotomo software. For each of the models, 
simple resistivity distributions were used with blocks 
of 1000 ohm-m representing the high resistivity fis-
sures and, blocks of 20 ohm-m representing the in-
tact surrounding soil. The forward model simulated 
the apparent resistivity that would be obtained from 
a survey over a structure as modelled, in this case 
over fissured soil. The output will depend on the 
chosen array modelled and can be affected by the 
level of noise added. 
In the theoretical model, the arrays used were limited 
as before to the Dipole-Dipole and Wenner-
Schlumberger methods, since these were possible to 
reproduce in the laboratory unlike arrays requiring 
the infinite electrode (Pole-Dipole, Pole-Pole) where 
an electrode is required to be placed at a distance of 
100 times the array length. In addition apparent re-
sistivity values were obtained for models with 0, 20 
and 40% noise to observe the effect of the noise on 
the subsurface model produced.  
Dipole-Dipole 
Resistivity models for the inversions using full 3-D 
data sets for the Dipole-Dipole data are shown in 
Figure 4. The models show a similar distribution to 
those obtained with the 2-D inversion, with a hori-
zontal anomaly appearing in each model, with the 
exception of the fissure at 0.1m. The fissuring depth 
is improved. However on the model with the fissure 
at 1m, as a zone of elevated resistivity (30 to 50 
ohm-m) can be seen to extend from the high resistiv-
ity anomaly at the centre of the model, at the posi-
tion of the fissure. The anomaly extends to a depth 
greater than 1m which is the modelled depth of the 
fissure, similar to the Schlumberger models.  
The addition of noise to the data set can be seen to 
have the same effect as in 2-D inversions, where the 
overall fissuring depth is reduced. This is particular-
ly noticeable for the model with the 1m fissure, 
where the extended anomaly reaches a depth of 
much less than 1m (Figure 4b and 4c). 
Schlumberger 
Resistivity models for the inversions using full 3-D 
data sets for the Schlumberger data are shown in 
Figure 5. The models show a similar distribution to 
those obtained with the 2-D inversion, with a hori-
zontal anomaly appearing in each model, with the 
exception of the fissure at 0.1m. The fissuring depth 
is similar to that resolved with the 2-D inversions. 
The addition of noise does not appear to affect the 
depth of fissuring for the 3-D model, as the fissuring 
depths are consistent throughout the models regard-
less of noise levels. This is particularly true for the 
model with the 1m fissure, where the anomaly ex-
tends to a depth greater than 1m consistently to the 
2-D inversions.  
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Dipole-Dipole model for 3-D simulated data with (a) 0% noise added (b) 20% noise and (c) 40% noise, showing 

modelled fissures of (i) 0, (ii) 0.1m, (iii) 0.5m and (iv) 1m for each noise level 

Figure 5. Schlumberger model for 3-D simulated data with (a) 0% noise added (b) 20% noise and (c) 40% noise, showing 

modelled fissures of (i) 0, (ii) 0.1m, (iii) 0.5m and (iv) 1m for each noise level 

 

 



4. CONCLUSIONS 

For the laboratory 3D experiments, the Schlumberg-
er method was found to be the better of the two and 
is recommended by the authors for future mapping 
of fissured networks, due to its shorter survey time 
and sufficiently good resolution. It was found that 
intense dryness of the soil results in poorer signal to 
noise ratio at depth resulting in reduced imaging ac-
curacy.  
The modelling shown here indicates that complex air 
filled fissures in a conductive matrix can be imaged 
with ERT, using 3-D inversions. The quality of the 
image and the dissemination of the structures will 
depend to some extent on the inversion routine em-
ployed. The 3-D inversion was found to be the most 
reliable in terms of recreating the input model as is 
expected given its ability to model out of plane ef-
fects. Both the Schlumberger and Dipole-Dipole ar-
rays produced reasonable models of the subsurface. 
The addition of noise into the model resulted in a 
loss of resolution for fissures in the subsurface, par-
ticularly horizontal fissures, which is an expected re-
sult. 
In general the results obtained from the inversion are 
comparable with results obtained from previous 3-D 
laboratory models investigating shallow subsurface 
fissures. The results need to be compared with larger 
scale field results to confirm that the models are val-
id for deeper target structures. 
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