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Abstract 
In this paper, an electrically-based sensing skin for damage detection in concrete structures is developed. The 
sensing skin consists of a thin layer of electrically conductive copper paint that is applied to the surface of the 
concrete. Cracking of the concrete substrate results in a rupture of the sensing skin, decreasing the electrical 
conductivity of the sensing skin locally. The decrease of the conductivity is detected with electrical impedance 
tomography (EIT) imaging. This paper summarizes our recent findings based on experimental studies with 
polymeric substrates and reinforced concrete. We also show new results which suggest that the resolution of the 
reconstructed images can potentially be further improved. 
 
Keywords: Sensing skin, damage detection, reinforced concrete, electrical impedance tomography (EIT) 
imaging 
 
1.  Introduction 
 
In critical infrastructures, such as nuclear waste storage facilities, it would be crucial to have 
an early warning system for the structural deficiency of concrete. With the aid of such a 
system, repair and public safety measures could be implemented before a possible major 
damage in the structure occurs. 
 
Various non-destructive methods for the detection of concrete cracking exist [1, 2, 3]. For the 
continuous monitoring required by an early warning system, electrically based methods are 
attractive, because they are relatively rapid, inexpensive, and they might be also suitable for 
large-scale monitoring. In addition to revealing the occurrence of cracking in concrete, 
electrical measurements can even give information on the dimensions of the cracks [4]. 
Especially, electrical impedance tomography (EIT) has shown potential to imaging crack 
geometries in 3D [5, 6, 7].  
 
Typically, the electrical methods in crack detection use indirect measurements from the 
concrete surface, and detect the change of the electrical conductivity in concrete caused by the 
cracking. An alternative approach is to use a conductive surface sensor, i.e. to apply a thin 
layer of electrically conductive material on the surface of the concrete structure, and to 
monitor changes in the conductivity of this layer: When the surface of the concrete cracks, it 
causes a rupture in the layer, and decreases the conductivity of the layer locally. By detecting 
the changes of the layer’s conductivity, surface-breaking cracks can be localized.  
 
Both one-dimensional (1D) and two-dimensional (2D) sensor geometries have been 
developed for the conductive surface sensors. In [8, 9, 10], narrow, 1D strips of conductive 
silver paint were applied on surfaces of cement-based substrates to detect cracks based on the 
resistance measurements along the strips. In [11], copper-based thin foil films were used as 
conductive surface sensors to study the modes of failure of buried segmental concrete 
pipelines in full-scale experiments. Also a 1D sensing system using nanotube composites has 
been proposed recently [12]. The 2D conductive surface sensors are referred to as sensing 
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skins. In [13, 14, 15], carbon nanotube-based films were applied to the surfaces of 
cementitious materials, and the conductivity changes of these films were monitored during 
loading and cracking of the substrate. The cracks on the 2D film were detected using EIT 
imaging. 
 
Recently, Hallaji and Pour-Ghaz [16] proposed a new EIT-based sensing skin which was 
applied on the surface of a substrate by painting. The experimental results showed that the 
painted sensing skin can reveal the occurrence of cracks on the substrate surface. In [17], the 
accuracy and reliability of the crack detection was improved, via development of advance 
computational methods for the image reconstruction. In this paper, we highlight the findings 
of publications [16, 17], and discuss the applicability of the method to on-line monitoring of 
damage in concrete structures. Moreover, we study preliminarily whether the resolution of the 
EIT-based sensing skin could be further improved. 
 
 
2.  Painted EIT-based sensing skin 
 
The measurement configuration in [16, 17] uses a set of electrodes attached on the surface of 
the substrate. The sensing skin is painted on top of the surface and the electrodes. In [16], the 
sensing skin was made of silver paint; in [17], copper paint was used. In the measurements, a 
set of electric currents is injected between various electrode pairs, and corresponding to each 
current injection, electric potentials on all the electrodes are measured. This set of 
measurement data is used for reconstructing the spatially distributed electrical conductivity on 
the sensing skin. 
 
The described imaging modality is referred to as electrical impedance tomography (EIT) (or, 
electrical resistance tomography, ERT). In most applications, the imaged object is three-
dimensional (3D), and imaging of the 3D conductivity distribution is required. However, in 
the sensing skin application, the object is essentially 2D: the thickness of the sensing skin is in 
the order of micrometers, whereas the other dimensions are measured in centimeters. Hence,  
the effect of the electric current at the direction perpendicular to the surface is negligible. This 
of course requires that the electric current does not enter the substrate, see [17]. 
 
EIT is a diffusive imaging modality, i.e., the injected electric current is transported through 
the object diffusively. Mathematically, the image reconstruction problem of EIT (and other 
diffusive modalities) is an ill -posed inverse problem [18]. This means that standard solutions 
(such as least squares or maximum likelihood estimates) are non-unique and/or extremely 
intolerant to modelling errors and measurement noise. As a remedy for the non-uniqueness 
and the instability of the estimates, the solutions are often regularized somehow. In Bayesian 
inversion framework, prior information on the conductivity distribution is included in the 
solution. The commonly used generic regularization strategies/prior models promote spatial 
smoothness in the reconstructed images, and partly because of this, EIT is often considered as 
a low resolution imaging modality. If, however, feasible application-specific prior information 
on the conductivity is available, it is sometimes possible to improve the spatial resolution of 
the reconstructions.  
 
In [17], we noted that in the sensing skin application, there is exceptionally valuable prior 
information on the conductivity available, namely: 1) Reference EIT measurements 
corresponding to an intact sensing skin can always be measured; these measurements can be 
utilized in the reconstruction of the damaged sensing skin.  2) The inhomogeneities in the 



conductivity distribution caused by cracks and other damages are sharp-edged; a good model 
for such features is the so-called total variation (TV) prior. 3) The changes of the conductivity 
from the initial state are always non-positive, when they are caused by cracks or other 
damages. This gives us an upper bound for the conductivity values. In [17], the estimates    ̂ 
were computed as a solution of the constrained optimization problem  
  ̂                {‖       )    )‖     )}  

 
where the upper bound      is the estimate for the reference conductivity corresponding to the 
intact sensing skin, L is a known matrix related to measurement noise statistics,    ) is the 
computational (forward) model between the unknown conductivity distribution   and the 
observable quantity V,  the electric potentials on the electrodes. We approximate the model by 
finite element method (FEM) [5,17]. Moreover,   is an approximation error term obtained 
from the reference measurements, and    ) is differentiable approximation of the TV 
functional. This approach was shown to yield feasible reconstructions, which indicate the 
positions of cracks and other damages reliably. For details, we refer to [17]. 
 
In article [16], the so-called difference imaging approach to image reconstruction was taken. 
The difference imaging also utilizes reference measurement data. However, the standard 
difference imaging relies on global linearization of the model    ), and due to this heavily 
approximated model, the reconstructed images do not usually provide very accurate 
information on the spatial properties of the conductivity, and the results are only qualitative in 
nature. On the other hand, difference images can be computed very rapidly, which makes 
them attractive for applications with the need of real-time monitoring. 
 
An obvious limitation of the EIT-based sensing skin is that it is capable of detecting surface 
breaking cracks only. On the other hand, it is particularly suitable for crack detection on dry 
surfaces, which are the most difficult ones for other electrical methods. 
 
3.  Experiments and computational aspects 
 
Figure 1 shows two sensing skin geometries used in the experiments of publication [17]. The 
rectangular sensing skin (Figure 1, left) was applied on one side of a reinforced concrete 
beam. The dimensions of the sensing skin were 45.7 cm × 10.2 cm, and the number of 
electrodes in this setting was 32. The beam was loaded in a four point bending setup. A 3.5 
cm deep notch was cut in the mid-span of the beam and perpendicular to the bottom tensile 
fibre of the beam to aid the formation of a flexural crack before the formation of shear cracks. 
EIT measurements of the sensing skin on the side face of the beam were carried out at 
different stages of loading. The cracking of concrete was also observed visually, and the 
photographs of the beam surface were taken throughout the experiment, for validation of the 
reconstructed EIT images. The photograph shown in Figure 1 is from the end of the 
experiment, when a flexural crack and shear cracks with their branches have already emerged 
and grown in their full sizes. 
 
The circular sensing skin (Figure 1, right) with 16 electrodes on the skin’s perimeter was 
painted on polymeric substrate (plexiglass). In these experiments, the sensing skin was 
damaged by scratching it by a sharp knife. Again, EIT measurements were carried out at 
different states of damage on the sensing skin. 
 



    
 

Figure 1. Two sensing skin geometries used in the experiments. Left: A rectangular sensing skin applied to the 
surface of a concrete beam. Right: A circular sensing skin applied to a polymeric substrate. 

 
 
As noted in Section 2, the solution of the inverse EIT imaging problem requires a model    ) 
that describes the dependence between the conductivity distribution   and the electrode 
potentials V. The model is often approximated by FEM. In the following section, we 
preliminarily study the effect of refining the finite element (FE) approximations in the case of 
the circular sensing skin: While in [17], the electrical conductivity was represented in a 
piecewise linear basis with 970 basis functions, in the present paper the number of basis 
functions is 1897. Also the mesh used for approximating the electric potential in FEM 
solution of EIT model is refined. In [17], the number of elements was 4106 and here, 7300. 
 
 
4.  Results and discussion 
 
The results of the experiment with reinforced concrete beam are shown in Figure 2. These 
results are reproduced from article [17]. For clearer visualization, the cracks in the 
photographs (left column) have been highlighted with red color. In the EIT reconstructions 
(right column), the red color corresponds to a low electrical conductivity, which is an 
indication of a local damage on the sensing skin. Clearly, the occurrence of the cracks can be 
observed in the EIT images. Moreover, in most states of cracking, also the locations and even 
shapes of the cracks are tracked reliably. For a more thorough discussion on these results, we 
refer to publication [17]. 
 
Figure 3 shows results of an experiment with a circular sensing skin. Results from eight 
different stages of cracking are illustrated. Again, the cracks in the photographs have been 
highlighted with red for better visualization. Clearly, the cracks are again tracked reliably. In 
fact, the shapes of the red (non-conductive) stripes in the EIT images (2nd and 4th columns) 
heavily resemble the shapes of the cracks in the corresponding photographs (1st and 3rd 
columns). 
 
 
 
 



 

 

 

 

 
Figure 2. Sensing skin applied to a beam in four-point bending. The left column shows photographs of the 

sensing skin at five different states of loading. In the photographs, the cracks have been highlighted in red. The 
corresponding EIT reconstructions are shown in the right column. 

 
The EIT reconstructions in Figure 3 show a clear improvement in accuracy in comparison 
with publication [17]. To demonstrate this, Figure 4 represents the new EIT reconstructions 
corresponding to two stages of cracking along with those from [17]. The new reconstructions 
(third column) clearly outperform the previous estimates (second column); the new estimates 
reveal several details of the crack shapes missed by the previous ones. In the first row of 
Figure 4, the true crack is formed by three connected line segments. Unlike the previous 
reconstruction, the new image shows the segmented shape quite clearly. In the next state of 
cracking (second row in Figure 4), a small crack branch has emerged from the crossing point 
of the second and third crack segment. In the new EIT reconstruction, this branch is localized 
relatively well, while in the previous reconstruction, the location is missed. 
 
The difference between the EIT images in Figure 3 and in publication [17] is solely due to the 
refinement of the FE meshes discussed in the previous section. For the authors, the level of 
details in the crack shape shown in Figures 3 and 4 was a surprise: Although it might seem 
obvious that the use of more accurate FE models results in higher accuracy in the 
reconstructions, this is not generally the case. We reiterate the fact that EIT is a diffusive 
imaging modality, and the resolution of the reconstruction is generally quite low due to ill-
posedness of the inverse problem – even when the forward model is accurate. In the case of 
this particular application, however, exceptionally elaborate prior information on the 
conductivity distribution is available, and this information together with the refined 
observation model seems to yield exceptionally high accuracy in the EIT reconstructions. 



  

 

 

 
Figure 3. Circular sensing skin applied to a polymeric substrate. The first and third columns show photographs of 

the sensing skin with eight different states of damage. In the photographs, the damages have been highlighted 
with red color. The corresponding EIT reconstructions are shown in the second and fourth columns.  

 

    

    
Figure 4. The effect of mesh refinement. The left column shows the photographs of the circular sensing skin in 
two stages of cracking (cf. Figure 3). The middle and right column show the EIT reconstructions in cases where 

the conductivity is approximated with 970 and 1897 piecewise linear basis functions, respectively. 



5.  Conclusions 
 
This paper discussed EIT-based sensing skins, aiming at damage detection in reinforced 
concrete elements. The sensing skin was made of a thin layer of electrically conductive paint 
that was sprayed on the surface of the substrate. Recently, we have demonstrated that using 
such a setting, cracks and other damages on the substrate’s surface can be detected. 
 
In addition to summarizing the methods and results of our two recent studies, we made a 
preliminary mesh refinement test in one experimental case, to study the accuracy of EIT in the 
sensing skin application. The results showed clear improvement in accuracy, which suggests 
that the limit of resolution for EIT-based sensing skin is not set yet. The accuracy of the 
images will determine the range of feasible applications for the method: In some applications, 
the temporal accuracy is more important than the accuracy in the damage localization (i.e. 
spatial resolution); however, in some other applications, high spatial resolution may be 
required.  Determining the spatial resolution of the method will be focused on in the future 
studies.  
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