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Abstract 
 
Geo-electrical survey of masonry is a suitable non-destructive tool for the 
diagnosis of a deteriorated structure, for judging the need of restoration, for 
controlling the efficacy of injections. In the past the analysis of the measurements 
was carried out with the aid of apparent resistivity maps. More recently, the 
interpretation of the measurements was improved by using relative difference maps 
and by the incorporation of influences such as changing moisture content, the 
presence of soluble salts and geometric boundaries.  
This paper describes how the most recent developments in geophysics, within the 
field of geo-electrical survey of soils, can be implemented for the conditions of 
masonry structures. The measurements are carried out to construct a pseudo-
section, which is the graphical representation of the apparent resistivity values for a 
2D-section of the masonry wall.  
Inverse modelling enables to reproduce the resistivity distribution in the masonry 
structure that matches with the obtained data of apparent resistivity (pseudo-
section). Inverse modelling apparently allows visualising the inner condition of the 
structure more accurately. Possibilities and limits of the measuring technique are 
given in order to create realistic expectations. 
The analysis of the data, obtained during two on site measuring campaigns, clearly 
shows that the interpretation of the inverse model is many times easier than the 
interpretation of the apparent resistivity maps (the measured pseudo-section). The 
results of these experiments were verified by endoscopic survey of the measured 
structure. The method also proved to be capable of finding the buttresses at the rear 
side of a historical rampart.  
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1 Introduction 
Geo-electrical survey of masonry is a suitable non-destructive tool for the 
diagnosis of a deteriorated structure, for judging the need of restoration, for 
controlling the efficacy of injections. The limited dimensions of masonry 
structures, contrary to the situation at soil investigation and the high degree of 
heterogeneity complicate the interpretation of the measurements. In the past the 
analysis of the measurements was carried out with the aid of apparent resistivity 
maps. More recently, the interpretation of the measurements was enhanced by 
using relative difference maps and by the incorporation of influences such as 
changing moisture content, the presence of soluble salts and geometric boundaries.   
This paper describes how the most recent developments in geophysics, within the 
field of geo-electrical survey of soils, can be implemented for the conditions of 
masonry structures. The measurements are carried out to construct a pseudo-
section, which is the graphical representation of the apparent resistivity values for a 
2D-section of the masonry wall.   
Inverse modelling enables to reproduce the resistivity distribution in the masonry 
structures that originates in the obtained data of apparent resistivity (the measured 
pseudo-section).  
Two current electrodes (C1 and C2) create an electrical field inside the assessed 
material. Two other probes (P1 and P2) measure the resulting potential. Ohm’s law 
allows calculating the apparent resistivity value ρa. The word “apparent resistivity” 
is used because this value is the resistivity value that would be measured in case of 
a perfectly homogeneous material.  In reality this is not the case.  The underground 
and the wall has an heterogeneous resistivity distribution. 
Various combinations of current and potential electrodes are applied. For each 
electrode configuration a different value of the geometrical factor k gives the 
relation between the resistivity, the injected current and the measured potential 
difference between P1 and P2. Figure 1 shows the dipole-dipole configuration and 
its geometrical factor.  

 
Figure 1: Dipole-dipole electrode configuration with k the geometrical factor 
 
First, the presentation and filtering of the measurements resulting in pseudo–
sections and relative difference maps are given. Secondly, the importance of the 
mathematical inversion of the measurements and the basic principals for successful 
inversions are considered in the second part of the paper.  Finally, the analysis of 
the data, obtained during two on site measuring campaigns, clearly shows that the 



interpretation of the inverse model is much easier and less controversially than the 
interpretation of the apparent resistivity maps.  The results of these experiments 
were verified by endoscopic survey of the measured structure. The inverse 
modelling method also proved to be capable of finding the buttresses at the rear 
side of a historical rampart. Possibilities and limits of the measuring technique are 
given in order to create realistic expectations. 
 
2 Presentation and filtering of the measurements 
2.1 Relative difference map: filtering of unwanted influences 
The measurements are influenced by a number of factors that are disturbing the 
interpretation of the internal state of the structure. In the past two doctoral theses 
were finished at the Reyntjens laboratory dealing with the filtering of the 
measurements so that only the relevant anomalies in the masonry wall remain [1,2].  
The most disturbing factors are the geometric boundaries, changing moisture 
content and the presence of soluble salts in the masonry. To exclude the influence 
of the geometry, the resistivity values are numerically calculated in the 
presumption that all material is perfectly homogeneous. The relative difference 
map is then the visual representation of the difference between measured and 
calculated theoretical resistivity values, relative to the theoretical values. Only the 
present anomalies are visualised now. 

 
Figure 2: The present anomalies in the masonry of the wall around the park 
Arenberg (Leuven) are completely lost by the influence of the interface between 
two different kinds of masonry (left). The relevant anomalies clearly show up using 
the relative difference map (right) [2]. 
 
The influence of the changing moisture content is filtered out of by measuring the 
resistivity value of the used material for various moisture contents. The theoretical 
resistivity values are numerically calculated for the found distribution of moisture. 
Then, a relative difference map is constructed to exclude the influence of the 



moisture content in order to obtain only relevant information about cracks and 
cavities. 
 
2.2 Pseudo-section 
Another more recent approach is the construction of a so-called pseudo-section. 
This is the graphical representation of the apparent resistivity measurements of a 
2D-section of the masonry wall. This technique was developed in geo-physics to 
get an image of the different layers of the underground. A number of electrodes are 
placed into the ground. Every electrode can be either a current or a potential 
electrode.  
The line of electrodes is called the survey line. The further apart the electrodes are 
positioned, the deeper the measured zone of the wall. The measured resistivity 
value is assigned to a fixed point that depends on the electrode configuration and 
the electrode spacing. First a series of measurements is made scanning the survey 
line using a small electrode spacing (n=1 on figure 2).  Then the electrode spacing 
is doubled every time the survey line is scanned (n=2,3,4,…), thus producing a 
pseudo-section (Fig. 3).  
 

 
 
Figure 3: 2D electrical survey; electrode configuration (array) Wenner-alfa; 
necessary measurements to build up a pseudo-section of the underground 
 
This paper describes how this most recent development in geophysics, the 
measurement and interpretation of a pseudo-section, can be implemented for the 
conditions of masonry structures. 
 



3 Inverse modelling 
3.1 Problems with the interpretation of the pseudo-section 
The general problem of the methode is the direct interpretation of the 2D pseudo-
section because this section is de result of apparent resistivity values. Therefore, it 
is not possible to draw conclusions about the real resistivity distribution of the 
underground (internal structure of the masonry) based on the measured pseudo-
section.  
The following example illusttrates this. With the Res2Dmod programme [3] a 
model of a typical historic masonry wall is created (figure 4.b). The air behind the 
wall and the cavity in the wall are modelled as high resistivity material. The 
software [4] is able to calculate the pseudo-section for any electrode configuration. 
In this example the dipole-dipole array is used (see figure 1) with 30 electrodes, 10 
cm electrode spacing. The calculation itself is called forward modelling and is 
based on a numerical sheme. 
Figure 4.a gives the calculated pseudo-section. The cavity in the wall is not visible. 
An interpretation based on figure 4.a concerning the internal structure of the wall 
fails to find the cavity in the model. To obtain a representation of the real resistivity 
distribution it is necessary to “invert” the pseudo-section, as shown hereafter. 
 
3.2 Inversion 
Inverse modelling enables to reproduce the resistivity distribution in the masonry 
structures that originates in the obtained pseudo-section. The programme Res2Dinv 
is actually the most commonly used and most user friendly inversion software, 
based on finite element techniques, for geophysical surveys.  
The philosophy is to construct a model representing a certain distribution of the 
underground (wall) resistivity of which the calculated pseudo-section is the same 
as the measured pseudo-section. The underground is therefore divided in blocks or 
elements and each block is given a certain resistivity value. A least-square fitting 
between the calculated and the measured pseudo-section determines how the model 
parameters (the resistivity values of the different blocks) have to change in the next 
iteration in order to improve the least-square fitting of the calculated and the 
measured pseudo-section [4,5].     
Figure 4.c gives the result of the inversion of the pseudo-section for the dipole-
dipole array as calculated in figure 4.a. The cavity in the wall is clearly visible on 
the inversion. Also the boundary of the leaf at the side of the electrodes can be seen 
in the inversion result. To improve the inversion result, the thickness of the wall 
was fixed at 40 cm. In the first iteration the elements that represent the air behind 
the wall was given a fixed resistivity value of 10 kΩm. This means that the 
software can not change the model parameters for these elements during iteration. 
Note that the layer of natural stone at the rear side of the wall is not clearly visible. 
This gives a first indication about the reduced resolution with increasing depth of 
investigation.     



 
Figure 4: model (b), calculated pseudo-section using dipole-dipole array (a), 
inversion result (c) of a 40 cm thick historic masonry wall build up using an inner 
and outer layer of natural stone filled with a rubble core. 
 
3.3 Searching the right configuration: simulation results 
Theoretical analysis, using the simulation technique as described above, was 
carried out to examine different electrode configurations for their suitability to be 
implemented for the conditions of masonry structures [5]. The pole-pole, Wenner-
Schlumberger, Wenner-alfa and dipole-dipole arrays were studied. Analogously to 
figure 4.b different models of historic masonry were constructed using the 
Res2Dmod forward modelling software. The pseudo-section was then calculated 
for the different arrays. The number of electrodes and electrode spacing remained 
constant. The calculated pseudo-section was then imported in the Res2Dinv 
software to invert. This result was compared with the initial Res2Dmod model.  
Figure 4.c already showed that de dipole-dipole array was able to find the cavity in 
the wall. The Wenner-Schlumberger array gave also an inversion result pointing 
out the presence of the cavity, but less clear than the dipole-dipole. Inversion based 
on the pseudo-section produced with the Wenner-alfa array resulted in a rather 
poor increase of resistivity where the cavity was expected. The pole-pole array did 
not perform at all: the resolution of this array seemed very poor.  



This theoretical analysis points out that the dipole-dipole array will probably 
deliver the best results when measurements are done in practice. The Wenner-
Schlumberger array should also be considered. The Wenner-alfa and pole-pole 
arrays are most probably not suited for use on masonry structures. These 
conclusions were verified in two on site measuring campaigns. 
Another important conclusion is that the obtained resolution depends on the 
electrode spacing. The closer the electrodes are placed, the higher the resolution of 
the survey. The number of electrodes (and the number of measurements) quickly 
rises when the electrode spacing is reduced. In practice a survey must compromise 
between number of measurements and wanted resolution.         
 
4 Case studies 
4.1 Determination of the internal structure of a wall 
An old deteriorated limestone wall, part of the surrounding houses of the castle in 
Melsbroek (B), was the subject of a first series of surveys. The aim was the 
determination of the internal structure of the 40 cm thick wall. Three different 
arrays were examined: the Wenner-alfa, the Wenner-Schlumberger and the dipole-
dipole array. All arrays used the same survey line consisting of 30 electrodes (steel 
nails in the joints) with 0,1 m spacing. The total length of the survey line is 2,9 m. 
The model, constructed for simulation purposes in figure 4.b, is an abstract 
representation of this limestone wall. The same model was used to compare the 
surveys and to determine the most convenient measurement configuration. 

Figure 5: left: PC and electrical source, right: dipole-dipole parallel measurement 
with electrode spacing a = 0,2 m and n = 1,2,3,4 and 5 
 
During the survey, some interesting observations were made: 
First, there is the problem of the “self-potential” of the wall. This means that when 
no current is injected in the wall, there is a small potential difference measured 
over the potential electrodes. Subtracting this potential from the potential measured 
with current injected eliminates its influence. The self-potential can also be 



excluded by changing the polarity of the injected current. The latter gave better 
inversion results.  
Another problem is the limited current that can be injected. The reason is probably 
the capacitive action of the wall but this phenomenon has to be investigated more 
detailed. If the voltage over the current electrodes is increased, suddenly the wall 
reacts as a huge resistivity and the injected current drops to zero. This leads to 
unnaturally high apparent resistivity values that have a negative effect on the 
inversion result. Therefore, the current must by evaluated closely when increasing 
the voltage. 
 

 
Figure 6: a: measured pseudo-section and drilling hole positions for endoscopic 
investigation, b: inversion result dipole-dipole without fixed resistivity of air 
behind the wall, c: inversion result dipole-dipole with fixed resistivity of air behind 
the wall 
 
Figure 6.a shows the measured pseudo-section. It is not possible to draw 
conclusions about the internal state of the structure based on this pseudo-section. 
Again, the importance of inversion is obvious. Figure 6.b shows the inversion 



result when no fixed resistivity region is implemented before inversion. The black 
line shows that the dipole-dipole array is able to give a satisfactory idea of the 
thickness of the wall. In reality the wall is indeed 40 cm thick.  
The black arrow on figure 6.b indicates that the found thickness of the wall 
decreases in the left zone of the measured region. In reality, the wall has a constant 
thickness of 40 cm. The reason for this is shown in figure 7. At the rear side of the 
wall a big hole beneath the survey line leads to an increased resistivity in the 
inversion result. Due to the fact that the current distribution in the structure is 3D, 
this geometrical boundary influences the result.   
 

 
    
Figure 7 left: endoscopy of drilling hole 4, right: the hole under the survey line 
influences the measurements 
 
The high resistivity values of figure 6.b at x-positions 2,0 m and 2,4 m were not 
verified by endoscopic examination. At x-position 1,2 m and 1,6 m drill holes in 
the wall showed indeed the presence of cavities that explain the higher resistivity 
values in the inversion result (for example figure 7 left).  
A better result of the inversion was obtained by fixing the resistivity of the area 
behind the wall (figure 6.c). The influence of the hole remains present in the 
inversion. Nevertheless, endoscopic examination confirmed the inversion result for 
drillings 1 to 4. Drilling hole 1 showed a good consolidated masonry. Drillings 2 to 
4 learned that this area is heavily deteriorated resulting in a series of cavities 
present in the centre of the wall (for example figure 7 left).    
The result of the Wenner-alfa and the Wenner-Schlumberger arrays were rather 
poor and will not be discussed here. This confirms the theoretical analysis (see [6]).  
 
4.2 Handbogenhof Leuven: finding the buttresses at the rear side of a historical 

rampart 
Another measuring campaign was made on the 12th century city wall 
“Handbogenhof” in Leuven. Figure 8 shows the front side and the rear side of this 
wall. Also the survey lines are indicated as the red and black lines on the pictures. 



The aim of the experiment was not to determine the inner state of the structure, but 
to find the buttresses at the rear side of the historical rampart.  
 

 
 
Figure 8: Front side (left) and rear side (right) of the city rampart Handbogenhof  
 
Two survey lines were measured. The red measurement line is designed to find the 
two buttresses in the inversion result. This line has a length of 11,6 m using 30 
electrodes with 40-cm spacing. The second survey line concentrates on one buttress 
in the middle of the line. This line has a length of 9,6 m using 25 electrodes with 
40-cm spacing. In the latter case the number of measurements is reduced. 
Simulations as in chapter 3 indicated that the dipole-dipole array would give the 
best results. Based on the positive practical experience, this array was selected to 
carry out this experiment. Simulations indicated that an electrode spacing of 40 cm 
should be sufficient to detect the contours of the wall with a limited number of 
measurements [5].   
The influence of the self-potential is excluded by changing the polarity of the 
injected current. This gave better inversion results compared to subtraction of the 
zero potential. Again, the current was closely monitored to prevent current drop out 
(capacitive action of the wall) so that normal apparent resistivity values could be 
measured. 
The pseudo-section (figure 9.a) fails to show the buttresses at the rear side of the 
wall. Inversion is required. Comparing figures 9.b and 9.c learns that the method 
proved capable to indicate the presence of both buttresses (yellow areas of lower 
resistivity), but their contours do not match perfectly with the real horizontal 
section of the wall (figure 9.c). Two drilling holes were endoscopically examined. 
As expected, the electrodes were too far apart (40 cm) to get relevant information 
about the inner state of the masonry. For aiming to find the contours of the wall, 
the survey proved sufficient, but the poor resolution failed to provide information 
on the deterioration of the wall. The niche (in the centre figure 9.c) is not 
recognised for the same reason. These niches are old shooting holes. 
    



 
 

Figure 9a: measured pseudo-section, b: inversion result; both buttresses are found, 
c: on scale section of the real wall  
 
A second series of data points were located with one buttress in the middle of the 
survey line. The inversion result clearly proves the presence of the buttress as the 
yellow area in figure 10b. Both niches on both sides of the buttress can now be 
recognised. The thickness of the wall however, is underestimated (50 to 60 cm 
instead of the expected 80 cm). The problem of the self-potential was well resolved 
by alternating the current, but this method has the drawback that it nearly doubles 
the measuring time. 
 



 
 

Figure 10: a: on scale section of the real wall, b: inversion result; the buttress and 
two shooting niches 
 
 
5 Conclusions 
The new developments in geophysics were successfully implemented in geo-
electrical survey of masonry. A new step forward is taken towards the refinement 
of the geo-electrical method. The benefit of inverse modelling is illustrated. The 
inversion enables to reproduce the resistivity distribution in the masonry structures 
that originates in the obtained pseudo-section. The analysis of the data, obtained 
during two on site measuring campaigns, clearly shows that the interpretation of 
the inverse model is much easier than the interpretation of the apparent resistivity 
maps (the measured pseudo-section). The results of these experiments were 
verified by endoscopic examination of the measured structure.  
Theoretical and practical experience is gained with the inversion technique. The 
dipole-dipole array leads to the best theoretical and practical results. The method 
also proved to be capable of finding the buttresses at the rear side of a historical 
rampart. 
Some practical problems were encountered. There was the problem of the “self-
potential” of the wall. Another problem was the limited current that could by 
injected. This is probably due to the capacitive action of the wall but this 
phenomenon has to be investigated more detailed in the future.  
Great potential is expected for the method, but further research will be necessary to 
improve the performance. The average survey time can be reduced using an 
automatic source that sequentially powers the electrodes and measures the 
potentials.  The inverse modelling has to be extended from 2D to 3D survey. 



Measuring parallel survey lines simultaneously could do this. Finally, it is 
worthwhile to examine the opportunities of a possible combinatio with the Cross-
borehole method: this technique originally uses two boreholes provided with 
electrodes. In one borehole current is injected while in the other borehole the 
potential is measured providing apparent resistivity values. When the wall is 
accessible from both sides, this technique could provide a constant resolution for 
the area between the boreholes (the resolution of the inversion in the previous 
chapters decreased with increasing dept).  
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