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Abstract

:

The diagnostics of constructions built with steel fibre reinforced concrete are extremely difficult to conduct because, typically, no information on the actual amount and orientation of the fibres is available. Therefore, it is of great interest to engineers to have the possibility to determine the steel fibre content and, at best, also the orientation of the fibres in existing structures. For this purpose, an easy-to-use test setup was developed and tested, in the course of laboratory investigations. This method can be used for cylinders, for example drilling cores, that can later be taken of existing structures, to determine both the fibre content and orientation. Based on these results, a model for cylindrical specimens was derived, which can be used for varying concrete compositions with steel fibre contents of up to 80 kg/m3. In the case of missing information concerning the concrete composition, it allows an initial estimation for the fibre content. In case additional information about the concrete composition is available, a much higher accuracy of the projected steel fibre content and therefore, an assessment of the building’s condition is possible.
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1. Introduction


Short fibres, especially steel fibres, can be used for the reinforcement of concrete to increase ductility, toughness, resistance to cracking and tensile strength (see, e.g., [1,2,3,4,5,6]). As a consequence, it is possible to reduce or even avoid the use of traditional reinforcements. The mechanical properties of steel fibre reinforced concretes (SFRCs) are highly dependent on the fibre content and the fibre distribution and orientation inside the concrete elements (see, e.g., [1,7,8]). Areas with a very low number of fibres or fibres that are not oriented in the direction of the tensile tension lead to a higher risk of cracking and can cause the failure of the whole structure (see, e.g., [9,10]). For this purpose, during the casting of SFRC, significant quality control measures, e.g., the regular testing of the amount of steel fibres by wash out procedures, need to be applied. Assuming an optimum concrete composition, SFRC typically possesses a longer service life and thus, a lesser need for maintenance. This makes it an interesting material for the repair of reinforced concrete structures (see, e.g., [4,11]). Nevertheless, in the case of SFRC application, the real fibre content and, especially, the fibre distribution are not well known and so, the use of significant safety factors is necessary during the design stage (see, e.g., [12,13,14,15]).



These problems show the need for a test setup that is easy to apply, ideally non-destructive and can be used for rehabilitation processes to determine the fibre parameters, for example (see, e.g., ([16,17,18,19]). Possible methods that were used in different studies are based on computer tomography (CT), microscopic analysis of sectional images or inductivity measurements (see, e.g., [10,17,18,20,21,22,23,24,25,26]). The main problems with CT analysis are its high cost and the limited size of specimens. Furthermore, it is not possible to use this technique in situ on construction sites. The same arguments can be found for cross sectional image analysis, whereas this technique is even less accurate than CT scanning. Inductive techniques are easier to use but are also limited to small specimen sizes.



A technique that is already used for structural concrete monitoring to identify and locate steel rebars is the electric resistivity measurement (see, e.g., [27,28,29,30,31,32]. Based on an easy-to-use test setup, which was already tested in past studies conducted by the authors [33], a new application test based on the analysis of cylindrical specimens is proposed in this research paper. In the first part of the study, the test setup is adjusted and a numerical model is generated to simulate the flow of the alternating current, which enables the comparison and calculation of the resistivity of the different specimen directions that are possible. With help of the proposed setup, cylindrical specimens with fibre contents of up to 80 kg/m3 are analysed and correlations between the electrical resistivity and the fibre content and fibre orientation are developed to enable the use of drilling core samples in the second part [34].




2. Materials and Methods


2.1. Concrete Mix Design


The concrete used in all experiments was the same mixture, which was also used in [33]. It was designed for a good workability, even at high fibre contents, and adherence to the regulations of EN 206 [35]. To investigate both plain concrete (PC) and steel fibre reinforced concrete (SFRC), the basic concrete mix design, shown in Table 1, was used for all mixes. Fibre dosages of 40 kg/m3 and 80 kg/m3 were used, respectively. The macro steel fibre was produced from steel wire with hooked ends and had a length of 60 mm and a diameter of 1 mm, which equals an aspect ratio of 60.



The concrete was mixed in a compulsory mixer with a nominal volume of 160 L. First, the cement and the aggregates were homogenized for 30 s before the water was added in the ongoing mix process. After a first mixing phase of two minutes, a visual inspection of the concrete was carried out and adhering components on the mixer wall were removed. Afterwards, the concrete was re-mixed for one minute before the consistency was tested via a flow table test. Additionally, the fresh concrete density and the air content were determined in accordance with EN 12350-5 [36], EN 12350-6 [37] and EN 12350-7 [38]. For the SFRC, the fibres were added subsequently and followed by another mixing period of at least one minute.



After the final mixing, six cylinders with included electrodes (see Section 2.2) were produced and compacted on a vibrating table. The specimens were covered with foil to avoid the dehydration of the surface. The specimens were left in the formwork and were stored in a climate of 20 °C and 65% relative humidity, since water storage was suspected to damage the electrical contacts of the electrodes. For each combination of fibre content and electrode array, one specimen was produced and tested. The small number of samples was chosen in order to gain the initial results of the new test setup and to investigate the general suitability of the newly developed method for the detection of fibre content and orientation. Therefore, a statistical analysis of the results was not possible and is planned to be performed in further investigations with a larger number of samples.




2.2. Experimental Setup


The basic setup from [33], consisting of two stainless steel electrodes with dimensions of 200 × 200 mm2 connected to an LCR meter, was adjusted to enable the measurement of cylindrical specimens. The LCR meter used for impedance measurements was an Extech Instruments LCR 200 with a voltage amplitude of 600 mV rms and variable frequencies of the alternating current of 100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz.



For the investigation of the cylindrical specimens, an advanced test setup was developed based on the existing equipment. Therefore, as the first step, a breadboard (see Figure 1) was configured, including the LCR meter, which was directly connected to the different electrodes. With this approach, it was possible to analyse the electrical resistivity, which was calculated from the electrical resistance and the dimensions of the specimens in different directions inside the specimens.



The setup was validated using cylindrical specimens with a height of 200 mm and a diameter of 100 mm with built-in metal oxide coated titanium (MMO) electrodes. Those electrodes were included in PVC formworks with a resulting connection area of 40 × 10 mm2 each and could be connected via a notch to the breadboard from the outside. This setting was chosen in order to ensure a good connectivity between the electrodes and concrete and eliminate the effects of contact pressure. In total, six specimens with electrodes at three different heights with vertical distances of 20 mm each were prepared. Three of the specimens consisted of twelve electrodes with angular distances of 90° and the other three six electrodes with angular distances of 180°. The resulting formwork, consisting of twelve electrodes, and the electrodes themselves are presented in Figure 2.




2.3. Modelling of Current Flow


For the comparison of the resulting values of the measurements with the LCR meter, the electrical resistance must be converted to electrical resistivity considering geometry factors, which depend on the current flow. While the electrical resistivity, measured in Ωm, is a material-specific parameter and is free of any geometrical influences, the electrical resistance, measured in Ω, is a measurable value based on a specific configuration of the test setup and the specimen geometry. For trivial electrode configurations, such as two parallel plates, which have been used for the cubic specimens in earlier studies [33], this geometry factor is easy to calculate, but a simulation of the electrical current flow is necessary for more complex configurations. For this purpose, the software Comsol Multiphysics (version 5.3a, build version 229) was used and a grid model of the cylindrical specimens was generated.



The model consists of a cylinder with a diameter of 100 mm and a height of 200 mm and represents the concrete specimen. On the surface, there are 12 electrodes at three height levels, 4 on each level, in circular distances of 90° and with a thickness of 1 mm. Each electrode has an area of 40 × 10 mm2 and is simulated as a segment of a circle to enable optimal connection to the cylinder. In this way, the model can be used for various electrode configurations. The FEM model of the test setup is presented in Figure 3a and the resulting grid model for a 12-electrode configuration can be seen in Figure 3b. The model presented was set up using the following assumption: the concrete and steel domain are considered to show homogeneous and isotropic behaviour and the sponge cloths as well as the polarization behaviour of the steel electrodes can be neglected. The latter is considered to be a valid assumption for the alternating current (AC) measurements using the parameters stated above.



With this model, the geometry factors (k) of all applied electrode configurations were determined assuming a specific material resistance for the concrete of 100 Ωm and an electric potential of 0 V for one electrode or set of parallel connected electrodes and 600 mV for the second electrode or set of parallel connected electrodes. Those values were chosen for the simulations as near realistic values for the test setup and materials (see Section 2.2). The simulations resulted in a calculated current by Comsol, which enabled the estimation of the geometry factor using Equation (1). The calculated k factors are mentioned in respective areas for each section of the results.


  k =   I ∗ ρ  U   



(1)




with k: the geometry factor in m



I: the electric current in A



ρ: the electrical resistivity (set to 100 Ωm)



U: the electric potential (set to 1 V)



Since the connection of the MMO grids, embedded in the concrete, illustrate a near optimal connection of electrodes and concrete, the electrical conductivity of the electrodes was set to that of titanium, for MMO, of 2.5 × 106 S/m. The visualisation in Figure 4a shows that unconnected electrodes (at the middle height level) have an impact on the iso-surfaces of the current, which represent locations with identical electric potential, in the case of a good electrical connection between the concrete and the electrodes. The current flow can be supposed to be orthogonal to those iso-surfaces. For the setup with a lower number of embedded electrodes with angular distances of 180°, Figure 4b shows that the iso-surfaces are more parallel in the parts of the specimen where no electrodes are embedded, but less uniformly distributed over the whole specimen. Additionally, for a horizontal current flow, the setup with electrodes with angular distances of 180°, only one direction (y) is measurable, while for the setup with a higher number of electrodes, both directions (x and y) can be analysed. In the later experiments, therefore, it is assumed that both horizontal directions have almost the same electrical resistivity and thus, the relative conductivity of different directions, representing the relative orientation of the fibres (orientation factor), can be calculated.




2.4. Evaluation of the Results


After the calculation of the electrical resistivity of each electrode configuration was carried out, the fibre content and the fibre orientation inside the concrete were analysed using the equation of [5] (Equation (2)).


   σ   σ m    = 1 +    σ   Δ  ∗ Φ  



(2)




with: σ: the electrical conductivity of the SFRC in Ωm



σm: the electrical conductivity of the PC in Ωm



Φ: the fibre volume fraction



[σ]: the intrinsic conductivity (Equation (3))



Δ: the ratio of conductivity of fibres and PC



For steel fibres, the ratio of conductivity of the fibres and plain concrete Δ tends to infinity, so the intrinsic conductivity can be calculated as follows [5]:


     σ   ∞  =  1 3      2 ∗     A R    2    3 ∗ l n   4   A R     − 7   + 4    



(3)




with: AR: the aspect ratio of the fibres



For the given aspect ratio of 60, an intrinsic conductivity of 255.5 can be calculated. By converting Equation (2), the fibre content can be directly determined from the results of the measurements. Therefore, for all types of specimens, a global value of electrical resistivity respectively conductivity has to be determined. For the cylindrical specimens, several combinations were tested to find the optimum result.



When Equation (2) is used with the single direction test results of only one electrode configuration, it can be used to estimate the fibre orientation of this direction in context to the whole specimen by building the ratio to the sum of the other directions or three times the global fibre content.





3. Results and Discussion


3.1. Validation of the Test Setup


3.1.1. Impact of the Frequency of the Alternating Current


In the first series of six specimens, one of each fibre content and electrode array, with fibre contents of 0, 40 and 80 kg/m3, the test setup was assessed in combination with the FEM model, where the electrical conductivity of the electrodes was set to that of titanium (2.5 × 106 S/m). The corresponding geometry factors are given in Table A1 and Table A2 in Appendix A. The specimens were left covered with foil in the formworks and were tested at 9 days and 38 days of age. The different test dates were chosen to see whether changes in the pore structure of the concrete, based on hydration, show significant influences on the results of the electrical resistivity measurements. The age of 9 days represents a very early stage of the concrete, where the hydration process has not yet been finished but an initial investigation of concrete structures would be possible because partial demoulding could be performed, depending on the structure itself. The age of 38 days was chosen because it was assumed that the hydration process would be almost complete and the drying process of the concrete should not have taken place, so a comparison of the results of both ages will provide information about the influence of the hydration process and will not be affected by the different saturation of the specimens. For each specimen, the electrical resistivity in the horizontal and vertical direction was determined with several electrode configurations and the five possible frequencies of the alternating current (100 Hz, 120 Hz, 1 kHz, 10 kHz, 100 kHz). As presented in several previous studies (see, e.g., [5,33]), the frequency of the alternating current influenced the electrical resistivity, where a higher frequency led to slightly lower resistivity values. While for the PC there was almost no influence and a change in frequency from 100 Hz to 100 kHz only resulted in a decrease in the resistivity of about 2 %, for SFRC, depending on the fibre content, a decrease of 10 to 20% was observed (see Figure 5).



To identify effects based on the specimen’s direction, the age of the specimen and the number of electrodes inside the specimen, the calculated resistivity of the concrete, based on a measurement with an alternating current frequency of 1 kHz, was used throughout the study. With this approach, we were able to exclude polarisation and induction effects. Afterwards, the results of all frequencies were evaluated according to Section 2.4 to estimate the fibre content and the orientation of fibres inside the specimen.




3.1.2. Electrode Array with Angular Distances of 180°


The results of the three specimens with an electrode array of only six electrodes with angular distances of 180° show that a higher fibre content results in a lower electrical resistivity of the composite material (see Figure 6), which is in line with several studies (see, e.g., [30,39,40,41]). This behaviour is the same for every direction that was analysed within this study. In the horizontal direction, the maximum area that was possible to analyse was investigated using a parallel connection of the electrodes at all three height levels on each side of the specimen (blue column). Compared to the measurements of single electrodes in the horizontal direction (red column) which means that the electrical resistance between both electrodes at height level one, level two and level three was measured, there is almost no difference in the electrical resistivity of the plain concrete, while for the fibre reinforced concretes, higher differences were observed. This can be explained by the inhomogeneity of the concrete and fibres and the anisotropy of the fibres, which are of a higher consequence if a smaller volume of materials is analysed.



For the electrical resistivity in the vertical direction, the same behaviour is detected, with higher electrical resistivities of the single electrode measurements (violet column) compared to the full area measurements (green column). Here, the full area measurements were performed using a parallel connection of each of the two electrodes at a height level and the current flow to the electrodes on another height level, while the single electrode measurements were based on a vertical current flow from one electrode to the other on the same side of the specimen at another height level. The slightly higher resistivity in the vertical direction, which can be seen for the fibre reinforced concretes, is probably caused by the compaction of the concrete on the vibrating table, which leads to the preferred orientation of the fibres in the horizontal direction and thus, an increased conduction ability in the horizontal direction.



When comparing the results of the same specimens at the age of 38 days (see Figure 7), it can be observed that the higher age of the concrete leads to a higher electrical resistivity, which is based on the development of the pore structure that gets finer through a higher degree of hydration. This effect is already described in several studies (see, e.g., [42,43,44,45]). In addition, as a result of the storage conditions, the drying process of the concrete itself takes place, which results in a lower pore saturation and thus, also increases the electrical resistivity of the concrete (see, e.g., [31,46,47]). Since the aging effect seems to be almost constant for all fibre contents with an increase in resistivity of about 50%, it can be stated that the age or condition of the concrete must be identified to enable a prediction of the fibre content, while the fibre orientation, vertical and horizontal, can be estimated independent of the concrete.




3.1.3. Electrode Array with Angular Distances of 90°


The second series of three specimens was produced with four electrodes at each height level, corresponding to angular distances of 90° and so, more electrode arrays for the measurement were possible (see Figure 8 and Figure A1 in Appendix A). According to the investigations described above, the electrical resistivities in the horizontal and vertical direction were determined too. For the plain concrete, it is again visible that the electrical resistivity in both directions is almost identical, while for the fibre reinforced concrete, especially with a fibre content of 40 kg/m3, the resistivity in the vertical direction is higher than that in the horizontal direction. For the specimens with a higher fibre content, this phenomenon is not visible at the age of 9 days, while at a specimen age of 38 days, the maximum values of the resistivity in the vertical direction are at least higher than those in the horizontal direction. Nevertheless, based on the higher fibre content, a more three-dimensional fibre distribution and orientation can occur and so, the differences in the horizontal and vertical directions will be exalted at medium fibre contents, such as 40 kg/m3.



Again, a higher concrete age leads to a higher variation that is caused by differences in the hydration and drying of the different parts of the specimens, where the outer surface shows the fastest drying process and the core of the sample has the highest saturation over time (see Figure A1 in Appendix A).




3.1.4. Evaluation of the Electrode Arrays


When comparing both electrode arrays, it can be noticed that for the plain concrete, the calculated resistivity of the array with angular distances of 90° was slightly higher, while for the fibre reinforced concretes, lower values were determined. Since the setup with more electrodes was able to describe the concrete in more detail and thus, different measuring directions were able to be analysed, the variations of the single electrode measurements, especially, but also of the full area measurements were higher than for the setup with a lower number of electrodes (see Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A). The differences in the total results could be based on the variations of the single specimens but could also imply that the FEM model is not perfectly befitting of the test setup. A comparison of the single results of the measurements of both series was carried out to evaluate whether the differences between both test series could be a result of the FEM model. In evaluations up to now, it was assumed that all electrodes have a very good connection to the concrete and thus, no initial resistance occurs, but only the resistivity of the composite material has an influence on the measured electrical resistance.



To decide whether there is a general problem with the FEM model, the comparison of two different specimens can indeed offer a hint but cannot be seen as an absolute validation. So, the fact that, for the 90° electrode array, all values for the fibre reinforced concrete specimens were lower than for the other electrode array is no proof that the FEM model is not suitable just because the opposite behaviour is identified in the plain concrete.



As both electrode arrays consisted of three height levels of electrodes, the easiest way to identify the possible weaknesses of the model is to analyse the resistivity in the vertical direction. Here, three possibilities of the current flow are feasible: from height level one to height level two; from height level two to height level three; and from height level one to height level three. In this way, the percolated volume of the measurement from height level one to height level three should contain both volumes of the other measurements and thus, the resistivity will be approximately the mean value of the resistivities of both other combinations.



For the specimens with angular distances of the electrodes of 180°, the expected behaviour was almost identified for the PC and perfectly identified for the SFRC with a steel fibre content of 40 kg/m3 (see Figure 9). In addition, the electrical resistivity from height level one to height level two, which represents the lower part of the specimen, was higher than the other values. This can be explained by an increased fraction of large aggregates and a lower porosity, based on the rise of water in the wet condition of the specimen as part of a small segregation process, even if the mixture was very stable. Only the specimen with a high fibre content the resistivity that was measured from the lowest to the highest height level of electrodes did not fit the expectations, but based on the high fibre content, it can be presumed that vertically orientated fibres in the middle area of the specimen could have a huge impact on the resistivity and thus, explain this result. Another explanation could be an increased number of short circuits as a result of the contact between a vertically oriented fibre and an electrode at height level two. The specimens with the second electrode array, with angular distances of 90°, showed the same tendency, where the expected behaviour could not be detected for the highest fibre content only (see Figure 10). In combination with the fact that the total resistivity for PC was smaller for the specimens tested with electrodes with angular distances of 180°, while for the SFRC the opposite behaviour was observed, and the changes in the electrical conductivity of the electrodes in the model did not lead to significant changes in the results, the conclusion was drawn that the small number of specimens was the reason for the partially unexpected results and thus, the model is probably applicable for a larger test series of drilling cores.





3.2. Estimation of the Fibre Content


Nevertheless, based on the results of the validation series, the fibre contents of the single specimens and the fibre orientations inside the specimens were calculated using Equation (2) (see Section 2.4). For this purpose, each series of three specimens, the first with six electrodes with angular distances of 180° and the second with twelve electrodes with angular distances of 90°, was analysed separately. For the specimens with only six electrodes, only one horizontal direction of the specimens was tested, so it was assumed that the other direction was almost identical and that the global value of the resistance was calculated as the mean value of the vertical resistivity and two times the horizontal resistivity. For the specimens with twelve electrodes, both horizontal directions were used for the calculation of the global value. Due to the influence of the embedded electrodes at height level two on the vertical current flow, the vertical resistivity was calculated as the mean value of the vertical arrays from level one to level two, level one to level three and level two to level three to prevent any direct connections between the fibres and the electrodes and thus, a short circuit. Each plain concrete specimen was used as the reference for the conductivity of the matrix for the corresponding SFRC specimens.



As can be seen in Figure 11, the calculated fibre contents for both electrode arrays were not satisfactory. Only in two cases was a good estimation possible. The first case was an electrode array with angular distances of 180° for a fibre content of 40 kg/m3 and low frequencies of the alternating current. The second case was an electrode array with angular distances of 90° for a fibre content of 80 kg/m3 and high frequencies of the alternating current. In all other cases, the calculated results did not correspond to the produced concrete. It is obvious that the fibre content is underestimated by the array with more electrodes, while the concrete with 80 kg/m3 is strongly overestimated by the array with angular distances of 180°. Independent of fibre content and electrode array, the frequency of the alternating current showed an effect on the calculated results, where a higher frequency resulted in a higher fibre content. This is because without knowing the phase angle of the impedance, which cannot be detected with this test setup, it is not possible to determine the real part of the impedance and thus, based on those results, it is not possible to evaluate the possibility of determining the fibre content via the electrical conductivity. For a higher specimen age, the tendency is almost the same, while all calculated fibre contents are increased by 5 to 15% (see Figure A6 in Appendix A), the electrode array with angular distances of 90° provides a large discrepancy between the results and expectations and the results become better fitting for the other electrode array.




3.3. Estimation of the Fibre Orientation


According to the procedure described in Section 2.4, the fibre orientation inside the specimen was calculated. For the electrode array with angular distances of 90°, the orientation in two orthogonal horizontal directions and the vertical direction was possible, while for the setup with angular distances of 180°, it was only possible to measure one horizontal direction and it was assumed that the other horizontal direction would show the same value.



It was presumed that SFRC compacted by a vibrating table would show a higher number of fibres oriented in the horizontal direction than the vertical and, as Figure 12 shows, the calculations absolutely support this expectation for an alternating current frequency of 1 kHz, except for the specimen with 80 kg/m3 of fibres and an electrode array with angular distances of 90°. Changes in the frequency did not lead to any important changes in the results. For most of the specimens, at a specimen age of 9 days, the calculation orientation factor in the horizontal direction was lower than that in the vertical direction. For the specimens with an electrode array of electrodes with angular distances of 90° it was observed that one horizontal direction always provided the highest calculated orientation and the other horizontal direction provided the lowest, while the vertical direction had an orientation factor of about 30–35%. For the specimens with angular distances of 180°, high orientation factors for the horizontal direction of more than 35% were calculated. This could confirm the expectations but could also be a random result, because only one horizontal direction was investigated and, as the results of the investigations with more electrodes show, one horizontal direction could have very high orientation factors.



Comparing the results of the same specimens investigated at a concrete age of only 38 days, there were only small differences (see Figure A7 in Appendix A). It was concluded that the ongoing hydration process and thus, the pore structure in different parts of the specimen, would differ slightly based on small variations in the local water and cement content and so, lead to small variations in the calculated orientations for different concrete ages. While for the calculation of the fibre content, there was almost no influence of aging since the whole specimen was considered in its entirety for the calculation of the fibre content.





4. Conclusions


In summary, the test setup, consisting of a breadboard and a LCR meter, can be used for the analysis of both plain concrete and fibre reinforced concrete, and the FEM model provides the possibility to calculate the resistivity of the material and thus, to compare the different directions of the specimens. The evaluation of the specimens, included in formworks with electrodes, showed that the FEM model fits the real current flow inside the whole test setup, although the small number of specimens did not allow for a detailed analysis. While the age of the specimen, as well as the frequency of the alternating current, showed an impact on the calculated fibre content, neither parameter have any effect on the fibre orientation. The results show that with the increasing age of the concrete, the electrical resistivity also increases. For plain concrete, it increases from about 40 Ωm to 70 Ωm from 9 days to 38 days, but the proportion between steel fibre reinforced concrete and plain concrete is not affected because the electrical resistivity of the steel fibre reinforced concrete shows a proportionally smaller increase for a fibre content of 80 kg/m3, based on the conductivity of the fibres.



Since the setup with angular distances of 90° allowed the analysis of specimens in at least three directions without the repeated mounting and demounting of the specimen, it was decided to use this number of electrodes and check which electrical resistivity of the electrodes showed the best results in the FEM model for further tests with drilling core samples. The electrical parameters of the electrodes should be varied between the electrical resistivity of steel, to represent a good connection between the electrode and concrete, and the electrical resistivity of concrete, so a low connection could be analysed. With help of the developed test setup and the FEM model, a comparison between cubic specimens and drilling cores is part of current investigations being conducted by the authors [34] to validate the suitability of the setup for in situ analyses of existing structures.
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Table A1. Geometry factors k for the validation tests of the test setup, calculated by Comsol, with an electrode array with angular distances of 180° and the electrical conductivity of the electrodes in Comsol model of titanium of 2.5 × 106 S/m.
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Electrode A

	
Electrode B

	
K-Value




	
Height Level

	
Angle

	
Height Level

	
Angle






	
all

	
0°

	
all

	
180°

	
0.073252




	
1

	
0°

	
1

	
180°

	
0.026695




	
3

	
0°

	
3

	
180°




	
2

	
0°

	
2

	
180°

	
0.026986




	
1

	
all

	
2

	
all

	
0.051199




	
2

	
all

	
3

	
all




	
1

	
all

	
3

	
all

	
0.036845




	
1

	
0°

	
2

	
0°

	
0.027577




	
1

	
180°

	
2

	
180°




	
2

	
0°

	
3

	
0°




	
2

	
180°

	
3

	
180°




	
1

	
0°

	
3

	
0°

	
0.021785




	
1

	
180°

	
3

	
180°
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Table A2. Geometry factors k for the validation tests of the test setup, calculated by Comsol, with an electrode array with angular distances of 90° and the electrical conductivity of the electrodes in Comsol model of titanium of 2.5 × 106 S/m.
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Electrode A

	
Electrode B

	
K-Value




	
Height Level

	
Angle

	
Height Level

	
Angle






	
all

	
0°

	
all

	
180°

	
0.072101




	
all

	
90°

	
all

	
270°




	
1

	
0°

	
1

	
180°

	
0.026855




	
1

	
90°

	
1

	
270°




	
3

	
0°

	
3

	
180°




	
3

	
90°

	
3

	
270°




	
2

	
0°

	
2

	
180°

	
0.027489




	
2

	
90°

	
2

	
270°




	
1

	
all

	
2

	
all

	
0.086723




	
2

	
all

	
3

	
all




	
1

	
all

	
3

	
all

	
0.054244




	
1

	
0°

	
2

	
0°

	
0.027987




	
1

	
90°

	
2

	
90°




	
1

	
180°

	
2

	
180°




	
1

	
270°

	
2

	
270°




	
2

	
0°

	
3

	
0°




	
2

	
90°

	
3

	
90°




	
2

	
180°

	
3

	
180°




	
2

	
270°

	
3

	
270°




	
1

	
0°

	
3

	
0°

	
0.021898




	
1

	
90°

	
3

	
90°




	
1

	
180°

	
3

	
180°




	
1

	
270°

	
3

	
270°
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Figure A1. Electrical resistivity in different directions depending on the fibre content at a specimen age of 38 days and an electrode array with angular distances of 90°. 
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Figure A2. Coefficient of variation of the electrical resistivity in different directions depending on the fibre content at a specimen age of 9 days and an electrode array with angular distances of 180°. 
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Figure A3. Coefficient of variation of the electrical resistivity in different directions depending on the fibre content at a specimen age of 9 days and an electrode array with angular distances of 90°. 
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Figure A4. Coefficient of variation of the electrical resistivity in different directions depending on the fibre content at a specimen age of 38 days and an electrode array with angular distances of 180°. 
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Figure A5. Coefficient of variation of the electrical resistivity in different directions depending on the fibre content at a specimen age of 38 days and an electrode array with angular distances of 90°. 
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Figure A6. Calculated fibre content of the concrete specimens with different electrode arrays depending on the fibre content and frequency of the alternating current at a specimen age of 38 days. 






Figure A6. Calculated fibre content of the concrete specimens with different electrode arrays depending on the fibre content and frequency of the alternating current at a specimen age of 38 days.



[image: Applsci 12 00561 g0a6]







[image: Applsci 12 00561 g0a7 550] 





Figure A7. Calculated fibre orientation of the concrete specimens with different electrode arrays depending on the fibre content at a specimen age of 38 days. 
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Figure 1. Breadboard for the connection of the LCR meter and different electrodes. 






Figure 1. Breadboard for the connection of the LCR meter and different electrodes.



[image: Applsci 12 00561 g001]







[image: Applsci 12 00561 g002 550] 





Figure 2. PVC formwork with 12 MMO grid electrodes at three height levels with angular distances of 90° (a) and MMO grid electrodes with notches for the clamp (b). 
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Figure 3. FEM model for cylindrical specimens consisting of a concrete cylinder (grey) and twelve electrodes (40 × 10 mm2) at three height levels and with angular distances of 90 °C (blue) (a) and grid model to simulate current flow with an extremely fine grid (b). 
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Figure 4. Resulting iso-surfaces, calculated by Comsol, for angular distances of the electrodes of 90° (a) 180° (b). 
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Figure 5. Electrical resistivity in the horizontal direction depending on the frequency and fibre content at a specimen age of 9 days and an electrode array with angular distances of 90°. 
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Figure 6. Electrical resistivity in different directions depending on fibre content at a specimen age of 9 days and an electrode array with angular distances of 180°. 
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Figure 7. Electrical resistivity in different directions depending on fibre content at a specimen age of 38 days and an electrode array with angular distances of 180°. 
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Figure 8. Electrical resistivity in different directions depending on fibre content at a specimen age of 9 days and an electrode array with angular distances of 90°. 
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Figure 9. Electrical resistivity in the vertical direction with different combinations of electrodes depending on fibre content at a specimen age of 9 days and an electrode array with angular distances of 180°. 
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Figure 10. Electrical resistivity in the vertical direction with different combinations of electrodes depending on fibre content at a specimen age of 9 days and an electrode array with angular distances of 90°. 
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Figure 11. Calculated fibre content of the concrete specimens with different electrode arrays depending on fibre content and frequency of the alternating current at a specimen age of 9 days. 
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Figure 12. Calculated fibre orientation of the concrete specimens with different electrode arrays depending on fibre content at a specimen age of 9 days. 
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Table 1. Concrete mix design of the basic concrete.
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	Parameter
	Unit
	32–60–300–00





	CEM I 32.5 R
	kg/m3
	300.0



	Water
	kg/m3
	180.0



	Aggregates
	kg/m3
	1849.5



	Water/cement ratio
	-
	0.60



	Grain size distribution
	-
	A/B16



	Steel fibre type
	-
	Macrofibre 60 mm



	Steel fibre content
	kg/m3
	0, 40, 80
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