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1 Introduction
1.1 General context
One of the main goals of S4CE was the assessment of environmental risks in geo-energy subsurface operations such as carbon capture and sequestration (CCS), production of
unconventional hydrocarbons, and enhanced geothermal energy (EGT) production. Among
the risks associated with these technologies, are those caused by fugitive emissions of fluids
from the subsurface. Because practically all geo-energy operations use structures made of
concrete and steel, the emission risks are directly linked to the durability of these materials
and structures, both in operating and abandoned wells.
The S4CE work package 7, Field Testing, is dedicated on field site validation of the novel
technologies developed in S4CE for environmental monitoring and risk assessment in geoenergy sub-surface operations. Deliverable D7.7 – Workflow for the installation of sensing
skins on site – reports the actions and results of Task 7.6 in WP7: Demonstration of the Sensing
Skin Technology. In this task, the special focus is on monitoring the integrity of concrete
structures in wells used in geo-energy operations.
The novel tools presented herein are based on electrical resistance tomography (ERT). ERT is
used here as part of an instrument referred to as sensing skin – a surface sensing tool for
structural health monitoring (SHM). In addition to surface monitoring, we also test the
applicability of ERT to monitoring of concrete inside the metallic structures of well casings. If
successful, these sensing skin / self-sensing tools will give valuable information on the
integrity of well structures.

1.2 Deliverable objectives
The particular aim of this deliverable is to describe the workflow of installing sensing skins on
site. This could be accomplished via access to the field sites available within the S4CE
consortium, and in particular the St Gallen field site. Deliverable D7.7 is closely connected
with two other S4CE deliverables:



D6.2 “Proof of concept laboratory demonstration of EIT based sensing skin for well
cap structures”,
D7.4 “Validation of sensing skin and well integrity monitoring techniques on field
sites”

While D6.2 reports the development of computational methods and laboratory testing of the
sensing skin technique, the present deliverable focuses on the installation of the electrical
imaging based SHM tool in field site conditions. Although the majority of the field site
validation results are left to D7.4, some results are shown also here – to demonstrate the
installation aspects of the sensors. All the field tests reported in this deliverable were carried
out in the geothermal well site of the St Gallen partner of S4CE.
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2 Methodological approach
The instruments used in this work are based on electrical resistance tomography (ERT), where
electrical conductivity of the target of interest is imaged based on series of current injections
and potential measurements (or vice versa) from electrodes attached on the surface or inside
the target. A more technical description – including the mathematical model and its finite
element method (FEM) based approximation as well as the associated inverse imaging
problem – is given in S4CE deliverable D6.2.
In the application described herein, ERT was applied to SHM in two slightly different ways:
electrical sensing skin (described briefly in Section 2.1) and self-sensing of concrete material
(Section 2.2). From the imaging point of view, the main difference between these approaches
is in the dimension of the model: In the sensing skin application, the paint layer is very thin
(in the order of micrometers), and hence, the imaging problem is two-dimensional (2D). In
the self-sensing approach, where the target is the concrete material, the imaging problem is
three-dimensional (3D) (Vauhkonen, 1999). For illustration of this point, we refer to Figure 1,
where the FE meshes used in these two applications are depicted.

Figure 1. FE meshes used in the image reconstructions: the sensing skin application (left) and monitoring of concrete
between the casings (right).

2.1 Sensing skins
For the sensing skin application, a thin layer of electrically conductive paint is applied on the
surface of a solid structure, and the electrical conductivity of the paint layer is monitored
using ERT. As ERT is capable of imaging the spatial distribution of the electrical conductivity
on the paint layer, it can be used for inferring physical/chemical conditions on the surface.
For example, when applied to a surface of a concrete structure; if the concrete cracks, the
paint layer ruptures and the local decrease in conductivity will be detected. In addition to
monitoring cracks (Hallaji, 2014; Rashetnia, 2018), the electrical sensing skin can also be used,
depending on the substrate and the choice of sensor material, for detecting the presence of
chloride ions (Seppänen, 2017) and imaging two-dimensional (2D) temperature distributions
(Rashetnia, 2017) and strain fields (Tallman 2017). For more information on the technology,
we refer again to D6.2.
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2.2 Electrical imaging of concrete
The wellhead of the St Gallen field site is shown in Figure 2 (left). In our experiment, the space
between two casings (pointed with red arrow in the photograph) was filled with concrete.
The idea of the experiment was to embed electrodes inside concrete during the concrete
casting process, and to use ERT to image the three-dimensionally distributed electrical
conductivity within the concrete structure (Karhunen, 2020).
A schematic illustration of the experimental setup is shown in Figure 2 (right). The sketch
shows from top view, how six electrodes rods were placed in the space between the casings.
In each rod, five electrodes were placed in different vertical positions.

Figure 2. Left: The wellhead in St. Gallen field site. The space between two top casings is pointed with red arrow. Right: A
schematic plan of the experimental setup for testing the ERT based monitoring system for concrete between top casings.

We note that, generally, the problem of electrically imaging conductive volume right next to
metallic structures can be difficult, even impossible to solve, because of the high conductivity
of the metallic structure compared to the low conductivity of the concrete. In the
experimental setup considered in Figure 2, the two casings form large metallic structures that
affect the electrical measurements and reduce their sensitivity to electrical conductivity of
the concrete between them. However, in the design phase, the setup was tested with
numerical simulation studies, which indicated that in this particular case, imaging of the
concrete conductivity (or at least its temporal change) can be possible. For this aim, however,
it is necessary to computationally model the well casings as additional electrodes, and hence,
account for the shunt effect (Cheng 1989) on their surfaces. Furthermore, we can utilize
reference data before the damage, and estimate the change of conductivity between states
before and after the damage – this approach improves the tolerance of the reconstruction to
modeling errors associated with the experiment (Smyl, 2018).

3 Summary of activities and research findings
3.1 Sensing skin applied on a cellar wall
Sensing skins were painted on the concrete walls of the cellar within the St Gallen field site.
The sensor consisted of two paint layers: 1) an electrically insulating layer of acrylic paint
applied on the wall with a brush (the white, square-shaped area in the photograph of Figure
3, left), and 2) an electrically conductive layer of graphite paint applied on top of the acrylic
PU
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paint by spraying (Figure 3, left). The latter one was used as the actual sensing skin material;
the purpose of using the acrylic paint was to electrically insulate the sensing skin from the
moist (and electrically conductive) wall of the cellar.
The finalized sensing skin of size 1m x 1m is shown in Figure 3 (right). Thirty-two electrodes
made of copper plates were attached to it. To ensure proper electrical contact with the
conductive paint layer, these electrodes were attached on the layer with custom made
electrically conductive rubber paint – same material that was used in the laboratory tests in
D6.2. Finally, the electrodes were mechanically secured by gluing plastic strips on top of the
electrodes.
After the paint had dried, the preliminary ERT measurements were carried out as described
in the laboratory tests (D6.2). The reference data was collected from the initial state in which
the sensing skin was still undamaged (Smyl, 2018).

Figure 3. Left: Applying paint on the cellar wall by spraying. Right: The sensing skin painted on the cellar wall (pointed with
red arrow); the yellow arrow points at the ERT measurement system.

To test the effects of environmental conditions on the sensing skin, we sprayed water onto
the bottom right corner of the sensing skin. Figure 4 (top left) shows the position of the
wetted area; the color of the wetted area is darker than its surroundings. After this, the
sensing skin was subjected to cracking. The cracks were made synthetically, without causing
damage to concrete, by scratching the paint surface with a knife. Figure 4 (bottom left) shows
a photograph were one of the crack patterns is highlighted in red color.
The ERT reconstructions of the sensing skin conductivity are shown in the right column of
Figure 4. The image on top right demonstrates the effect of spraying water on the sensing
skin – in the wetted corner of the sensing skin, the electrical conductivity of the graphite paint
has decreased. This was an expected result observed also in laboratory tests prior to this field
experiment. Nevertheless, the effect of conductivity decrease (about 25%) due to moisture is
rather small when compared to the conductivity decrease caused by cracking – indeed, the
ERT reconstruction in Figure 4 (bottom right) shows almost zero conductivity (decrease by
several orders of magnitude) in the areas of cracks.
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Although the reconstruction of the cracked sensing skin (Figure 4, bottom right) does not
reveal all fine details of the crack pattern, it shows its main features reliably. For the rest of
the sensing skin validation results, we refer to S4CE deliverable D7.4.

Figure 4. Sensing skin tests. Top row: Water spraying test. Top left: Photograph of the sensing skin. The dark colour in the
bottom right corner indicates the wetted area of the sensing skin. Top right: Reconstructed image of the conductivity of the
sensing skin. The conductivity has decreased in near the bottom right corner, i.e, in the wetted area of the sensing skin.
Bottom row: Crack detection test. Bottom left: Photograph of the cracked sensing skin. Synthetic cracks are highlighted with
red colour. Bottom right: Reconstructed image of the conductivity of the sensing skin revealing the crack pattern.

Figure 5. Detail of a photograph of a sensing skin painted on a cellar wall where water is dripping from ceiling.
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Finally, we point out that, although the sensing skins seem to be relatively tolerant to external
moisture, care must be taken especially when painting the skin. Figure 5 shows a detail of a
photograph of a sensing skin painted on the wall position where water was dripping from the
ceiling. The vertical stripes are wrinkles in the paint layer caused by water that was running
over the sensing skin during, or soon after it was painted. Such flaws in the sensing skin
material do not necessarily completely ruin monitoring, because their effects can be taken
into account in the image reconstruction by utilizing the reference data from the initial state.
However, if the damages caused by wetting are severe, and especially if they happen during
monitoring, they can deteriorate reconstructions and lead to false alarms resulting from SHM.
In order to make sure that the sensing skin is not deteriorated by external moisture conditions
in long term monitoring, it probably has to be protected with an extra paint layer applied on
top of the sensor layer.

3.2 Electrical imaging of concrete between casing structures
As explained in Section 2.2, the space between the concrete casings was filled with concrete.
Before the concrete injection, this space was emptied by vacuuming. The depth of this space
turned out to be 2 meters.
The electrode array is shown in Figures 6 (right) and 7 (left) before and after its installation,
respectively. The height of the electrode array was 1 m; this was hence the maximum depth
the imaging system could have shown changes in the concrete conductivity. On the other
hand, because causing damages in concrete deeper than 1 meter would have been very
difficult, and even hazardous, by drilling, such experiments were not attempted.

Figure 6. Preparations for monitoring concrete between casings. Left: Injection of concrete to the cellar. Right: The electrode
array.
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Figure 7. Left: Installing the electrode array in the space between the casings. Right: Injecting concrete between the casings.

Figure 8. Left: Wellhead right after concrete casting. Right: A cavity discovered from concrete underneath the surface.

Figure 8 (left) is a photograph of the wellhead immediately after concrete casting. After this,
the concrete was left to hydrate for four days. Before the ERT measurements, the excess
concrete, and the wooden support of the electrode array (cf. Figures 7 (right) and 8 (left))
were removed. This revealed a large flaw in the concrete: We found about 60 cm deep cavity
near one of the electrode rods (Figure 8, right); the width of this cavity was about 25 cm. The
top 30 cm of the cavity was air-filled, while the bottom part of it was filled with slurry. This
was likely a result of the segregation of different components in the concrete mixture: dry,
non-hydrated cement material was found on top of the cavity. Very likely, this phenomenon
was caused by the relatively low temperature on top parts of the casings – the temperature
in the cellar was close to zero Celsius degrees overnight.
Figure 9 represents the reference measurement event, i.e., the first set of ERT measurements
after cleaning up the top of the casing. In the photograph reported in Figure 9 (left), the
above-described cavity observed in one side of the concrete volume is pointed with a red
PU
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arrow. The same position is pointed with a red arrow also in the ERT reconstruction Figure 9
(right). Because of the cavity, and the segregation overall, the electrical conductivity of the
concrete is highly heterogeneous; this is also indicated by the reconstructed conductivity. The
largest inhomogeneities appear in the region where the segregated material and cavity were
observed. The highest conductivity values (around 0.8 S/m) are probably caused by the slurry
component within the cavity. We note, however, that interpretation of this reconstruction
alone is very difficult, especially because we do not have information on how the material
was truly distributed in other parts of the concrete volume.

Figure 9. Left: Photograph from top of the casing. The cavity is right next to one of the electrode rods. Right: ERT-based
reconstruction of the electrical conductivity of the concrete between casings.

Figure 10. Left: Photograph of the cavity in the concrete; removing the slurry from the bottom of the cavity. Right: ERTreconstruction representing the change of electrical conductivity between the initial state (Figure 9) and after removing the
slurry from the cavity.

In order to assess whether the electrical imaging system could detect changes in the electrical
conductivity within the concrete as a consequence of loss of integrity, we intentionally
modified the conductivity in the part where the material was accessible – that is, we
excavated a large portion of the slurry from the bottom of the cavity. Obviously, the removal
of the electrically conductive material from the cavity reduces the electrical conductivity
locally. This is exactly what the ERT reconstruction representing the change of the electrical
conductivity (Figure 10, right) expresses – indeed, the electrical conductivity has decreased in
the depth of 30-50 cm in the location of the cavity. Based on this observation, we conclude
PU
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that ERT is capable of imaging conductivity changes in concrete, despite fact that the
background conductivity is highly heterogenous (and also despite the uncertainties in the
positions of the electrodes used in the measurements; see Section 3.3). In the further tests,
the concrete was damaged by drilling; those results are described in deliverable D7.4.

3.3 Effects of uncertainty in electrode positions
In addition to concrete heterogeneity, we also observed that the electrode rods used in the
concrete monitoring application (Section 3.2) were severely dislocated after concrete
injection. Although the top parts of the rods were visible, their exact orientations within the
concrete could not be observed. For this reason, the locations of electrodes were highly
uncertain. Such uncertainties can cause large bias in the ERT reconstructions (Kolehmainen,
1997).
To study the effects of electrode location uncertainties in cases where electrode rods in a 3D
system are dislocated, we conducted a laboratory test as illustrated in Figure 11. Here, a tank
was filled with tap water and a cylindrical plastic rod was used as an inclusion creating
contrast in the electrical conductivity within the tank.

Figure 11. Left: Schematic picture illustrating the setup of the laboratory test. The turquoise colour represents surfaces of a
hard foam lid on top of the water layer. Right: Photograph of the experimental setup. Holes were drilled to the hard foam lid
to set the positions of electrode rods. The plastic inclusion inserted into water vertically is pointed with the yellow arrow.

Four electrode rods were placed in the tank for ERT, as shown in Figure 11. Two sets of
measurements were carried out: One where all four electrode rods were vertically placed in
accurately specified positions, and another where positions of two of the rods were changed.
The shifts in the electrode rod positions are illustrated in Figure 12 (right).
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Figure 12 also illustrates the results of this laboratory test. When the electrode positions are
known, the ERT reconstruction shows the shape of the inclusion (cylindrical plastic bar) very
clearly (Figure 12, left). On the other hand, when the electrode positions are miss-specified,
the shape of the same inclusion is heavily distorted (Figure 12, right). Interestingly, in D7.4,
where ERT of the concrete after drilling is considered, the distortions in the reconstructions
are very similar to those in Figure 12 (right).

Figure 12. Laboratory test, two ERT reconstructions representing the conductivity change from the stage before inserting the
plastic rod into the tank. Left: Reconstruction in a case where positions of electrode rods (four blue bars) are modelled
correctly. Right: Reconstruction in a case where two of the electrode rod positions are modelled incorrectly. Here, red bars
illustrate the true positions of the shifted electrode rods, while the model corresponds to the locations of the blue bars.

4 Conclusions
The purpose of this report was to describe how to install sensing skins and electrical imaging
instruments in a field site. In this project, ERT systems were installed in the St Gallen site, and
electrical tomography was applied for monitoring concrete wall in a cellar of St Gallen well,
and for imaging concrete cast between well casings.
We summarise the following points regarding the workflow for the installation of the sensors:
 The sensing skins are not extremely sensitive to environmental conditions. At least in
the crack detection application, the conductivity changes caused by wetting of the
sensing skin are minor compared to those caused by cracking.
 However, attention must be paid when applying the paint – if the surface gets wet
before the paint has dried, the sensing skin can get damaged, and SHM can lead to
false alarms.
 The ERT reconstructions of concrete between the casings are prone to
misspecification of electrode positions.
 However, despite the high uncertainty in the electrode positions and (unintentionally
caused) high heterogeneity of the background conductivity, the ERT reconstruction
representing the change of conductivity is feasible. This result suggests that ERT could
be suitable for SHM applications, where the aim is to monitor changes in the structural
health of the material.
The S4CE project has improved the understanding on the limits and potential of ERT. Indeed,
before the project, the possibility of imaging concrete structures withing well casings had not
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been considered. However, the findings reported in D7.7 and D7.4 suggest that ERT is suitable
for this purpose and could thus provide a new tool for monitoring the integrity of wells.

5 Publications resulting from the work described
J. Jauhiainen, M. Pour-Ghaz, T. Valkonen, A. Seppänen: “Non-planar electrical resistance
tomography -based sensing skins for structural health monitoring, Computer-Aided Civil and
Infrastructure Engineering, Submitted.
The data collected from St. Gallen experiments will be further used in two journal publications
that will be prepared in 2021; first paper using the sensing skin data and the second using the
casing data.
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