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Abstract: 16 

 17 

To achieve the current climate targets, heat pump systems like very shallow geothermal applications 18 

are gaining ground. However, the dimensioning of these ground coupled systems is soil-dependent 19 

and thus subject to significant differences in efficiency. Furthermore, the thermal properties of the 20 

grouting materials are essential for heat transfer in the direct vicinity of the geothermal application. 21 

To provide a non-invasive assessment of relevant soil and grouting characteristics, electrical 22 

resistivity tomography (ERT) measurements were performed. 23 

In this case, the surrounding of an Earth Air-Heat Exchanger – system (EAHE) with different grouting 24 

materials (fine sand and fine sand with bentonite) was investigated. For investigation the electrical 25 

resistivity (ER) of initial and modified soil conditions were measured regarding soil texture and 26 

moisture content. Thereby, the different grouting materials are clearly identified. Thus, based on the 27 

ERT measurements, a characterisation of key soil and grouting material properties for applications 28 

focusing on heat transfer in soil has been carried out. 29 

Furthermore, the depth of soil disturbance due to the EAHE installation could have been traced. 30 

Due to a monitoring over different season (February and May) changes in raw ER data could have 31 

been ascribed to temperature changes.  32 

 33 

Keywords: electrical resistivity tomography, soil properties, earth air-heat exchanger, very shallow 34 

geothermal, grouting material, seasonal impact 35 

 36 

 37 

-1. Introduction 38 

 39 

Renewable energies are indispensable for meeting climate targets and for increasing independence 40 

from the import of fossil fuels. For meeting the demand of thermal and cooling energy, very shallow 41 

geothermal systems can play an important role. 42 

One general difficulty of very shallow geothermal systems is the determination of an accurate 43 

dimension to meet particular energy demands. For installations of vertical borehole heat exchangers 44 

Thermal Response Tests (TRT) can be performed [1-3] even though neighbourhood effects may occur 45 

[4, 5], but for horizontal very shallow systems such a standardised process is not yet established. This 46 

is also due to a bright variety of very shallow geothermal systems [6] and due to the easy adaptability 47 

of the systems configuration, which also shows a performance influence [7]. Regarding very shallow 48 

geothermal applications, to make economies usually an appropriate soil assessment for a proper and 49 

soil depending installation is not commissioned. In addition, the grouting material in the immediate 50 

vicinity of the ground source heat exchanger (GSHE) also has a major influence on the efficiency of 51 
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the system [8-12]. However, there are no specific guidelines with focus on grouting for horizontal 52 

geothermal installations either [13]. And in most cases, this involves the use of vertical probe systems. 53 

Consequently, many systems are dimensioned inadequate. For safety reasons, very shallow 54 

geothermal installations are dimensioned mostly too big, by just using a rule of thumb. In cases of 55 

space scarcity, this can be an evitable knock-out criterion for these very shallow geothermal systems. 56 

However, in order to match the dimensions of these geothermal systems according to the geothermal 57 

potential of the ground environment, the soil properties and the grouting characteristics with regard 58 

to heat transport must be known. 59 

 60 

For convenient recommendations on the feasibility of very shallow geothermal installations 61 

information of the soil properties thermal conductivity, water content, bulk density and soil type are 62 

needed [8, 10, 14, 15]. Such information could be delivered by geothermal potential maps [6, 16]. 63 

But these potential maps cannot substitute detailed on-site investigations.  64 

 65 

By applying Electrical Resistivity Tomography (ERT) measurements within this study a non-invasive 66 

investigation method is tested for examinations on the basic parameters that are decisive for the 67 

thermal properties. In comparison to selective drilling points, by measuring ERT sections, a large 68 

area can be covered for a continuous soil screening. Formerly self-potential measurements were 69 

performed to examine deeper geothermal systems [17, 18]. Generally, ERT measurements are 70 

influenced by several physico-chemical soil properties [19, 20]. Particularly, ER is very sensitive to 71 

water content of soil [20-25], whereby the groundwater level can be additionally detected if present. 72 

Another influencing parameters are soil texture and bulk density, and even if they are not as decisive 73 

as water content these parameters can conversely be derived from ER [26]. Moreover, temperature is 74 

influencing the ER measurement results [27-30], which is analysed in this study and reflected in the 75 

temperature correction models [19, 31]. Since the same soil physical properties affect the electrical 76 

resistivity as well as the thermal conductivity of soil [32-35], ERT data can be used to derive soil 77 

thermal parameters [36-40] as key parameters for defining a geothermal potential.  78 

 79 

However, until now for investigations of the ground thermal properties around very shallow 80 

geothermal systems, ERT measurements have been used rarely [28, 41-44]. Just a few investigations 81 

regarding very shallow geothermal systems are focusing on heat propagation [45-47]. And none of 82 

these investigations were applied to an earth air-heat exchanger – system (EAHE), which is an air 83 

conveying GSHE buried in very shallow depth like other very shallow geothermal applications [48-84 

54]. As it applies for all GSHE installations, the ground is utilized as heat sink or heat source. Hence, 85 

its energy performance depends on the physical-thermal properties of the surrounding material [8, 9, 86 

55].  87 

 88 

Thus, within this study the soil and grouting material surrounding of a EAHE as a GSHE installation 89 

was investigated with ERT measurements. The objective was on the one hand to categorise the soil 90 

texture and the grouting material in terms of ER and on the other hand to evaluate the effect of variable 91 

grouting materials, seasonal variation of soil temperature and the running of the EAHE on the 92 

measured ER values. At the same time the investigated effect of a changing soil temperature assesses 93 

the robustness of the ERT measurement. To do so the ERT measurements were carried out at spring 94 

and winter seasons, and at each time with running and shutdown of the EAHE system. The 95 

measurements were carried out on a EAHE test site in Strasbourg France, where different grouting 96 

materials are installed. The fact that the different grouting materials at the site have an influence on 97 

the energy performance of the EAHE system has already been investigated [8, 9]. Lin et al. [55] have 98 

already studied the impact of soil moisture on the energy performance of this system and also the 99 

influence of rainfall events [56]. So, the effect of different parameters on the energy performance of 100 

the very shallow geothermal system was already investigated and the main task in this study was to 101 

measure these influencing parameters in the vicinity of a very shallow geothermal installation with a 102 
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preferably fast and non-invasive method. At the same time, soil temperature is shown as an interfering 103 

factor that users should definitely take into account when interpreting ER. 104 

 105 

Such an investigation method should enable recommendations on the determining soil factors for an 106 

estimation of feasibility and the dimensioning of very shallow geothermal systems. The advantage of 107 

this method is the performance directly on-site in a fast and cost-efficient way. Due to the fact that, 108 

the non-invasive ERT measurements can also be applied after the installation works, also an 109 

inspection of the added grouting material is possible.  110 

 111 

-2. Research methodology 112 

2.1 Presentation of the geothermal site in Strasbourg. 113 

 114 

The EAHE site of this study is located in France at the Civil Engineering department of University 115 

of Strasbourg. The EAHE is divided into three segments that are associated with a different groutings 116 

as coating soil material: (1) fine sand; (2) a mix of fine sand and bentonite (10 %), (3) and natural soil 117 

backfill composed of gravel-clay mixture, respectively (Figure 1). Within the second segment, the 118 

same fine sand has been used in the first segment of the EAHE as the coating soil. The sand used 119 

within the sand coating segment is also implemented as bedding material within all segments. 120 

 121 

 122 

Figure 1: Test site with the EAHE installation at the Civil Engineering department of University of 

Strasbourg. A)View over the test site on the left and an aerial perspective on the right and B) slice of 

the installed EAHE system with the dimensions of the pipe, the coating material and the sand bedding 

with a table of the installation depth of each segment (adjusted from [8]) 

 123 

The heat exchanger surrounding corresponds to the rectangular excavation form, which is 1.2 m wide 124 

and 0.55 m high, where the lower 15 cm are filled with the bedding sand and the upper 40 cm with 125 

the coating material (Figure 1Error! Reference source not found.). The heat exchanger pipe has a 126 

regular slope of 2%, which is imposed to avoid the stagnation of condensation water. For that reason, 127 

installation depth is increasing by a few decimetres along the system (Figure 1). Within the sand 128 
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segment the pipe coating starts at an average of 0.53 m below surface. The coating starts at a depth 129 

of 0.72 m (average) regarding the second segment and at 1.00 m depth (average) within segment 3. 130 

 131 

 132 

2.2 Information of soil texture 133 

 134 

In order to analyse the surrounding soil layers around the GSHE, within this study a soil probing was 135 

carried out in the EAHE area of the second segment while the installation works took place. In the 136 

investigated spot the sand-bentonite coating starts at 67 cm depth, which is due to the more anterior 137 

position less than the average of 72 cm for this segment. Within a depth from 93 cm until 127 cm the 138 

sand bedding was incorporated, below which the natural soil is following. It has to be considered, 139 

that this ascertained installation depth of the sand beddings lower bound is significantly deeper than 140 

in theory. This shows possible differences towards the installation scheme of [8] and potential thicker 141 

bedding sand layers. 142 

 143 

A granulometric analysis was performed to obtain the grain size distribution of the different 144 

implemented soil types as grouting materials that are already investigated with regard to their thermal 145 

properties [8, 55]. Sieving of dry soil sample was carried out for each soil type. An additional 146 

sedimentation measurement was performed for the mix of sand and bentonite due to the importance 147 

of its content of fine particles (grain size<0.1 mm) (Figure 2).  148 

 149 

 150 

Figure 2: Granulometric analysis of the different used soil materials 

 151 

Beside the soil probing in the course of the EAHE system installation an additional soil probing in 152 

the area, of initial field conditions (area of ERT measurement section 2) was carried out. This probing 153 

was performed with a drill hammer. 154 

The soil profile of initial field was recorded until a depth of 1.7 m, because with the used probing 155 

application a deeper penetration was not possible due to the gravel (Figure 3). The topsoil is just 0.05 156 

m deep followed by a soil layer composed of gravel-clay until 0.7 m depth. Subjacent, there is loamy 157 

soil down to 1.2 m with some coarse gravel fragments, which also might be due to a collapse of the 158 

borehole. From 1.2 m until 1.4 m a pure clay is following. The lowest recorded layer was gravel with 159 

sand that reached up to 1.7 m. 160 

  161 
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 162 

Figure 3: Soil profile of the initial field conditions determined by a drill hammer investigation 

within the area of ERT measurement section 2. 

 163 

2.3 Seasonal soil conditions 164 

 165 

To get an indication of a seasonal impact within the relevant depth of very shallow geothermal 166 

installations by measuring the ER, the ERT measurements were carried out in May 2019 and February 167 

2020. The soil parameters that are seasonal are soil moisture content and soil temperature. 168 

 169 

2.3.1 Soil moisture seasonal variation 170 

 171 

Figure 4: Soil moisture [in Wt-%] trend over several years within the fine sand segment of the 

EAHE installation (segment 1). 
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To describe this seasonal variation of soil moisture this parameter was monitored over several years 172 

(Figure 4). Over this period soil moisture was volatile around 15 Wt-% until 25 Wt-% in winter and 173 

spring, depending on precipitation quantities, and dried down to 9 to 10 Wt-% at the end of summer. 174 

This displays the situation in the installation depth of the heat exchanger. Within deeper or more 175 

shallow soil layers, this seasonal influence has a correspondingly greater or lesser effect. 176 

In order to avoid great soil moisture difference at the test site for a focus on temperature variability, 177 

the summer period was avoided and the two chosen test seasons are winter and spring. 178 

 179 

2.3.2 Soil temperature seasonal variations 180 

 181 

In addition to soil moisture, soil temperature is the simplest and most direct indicator of seasonal 182 

changes. This parameter was also monitored in the installation depth of the heat exchanger. In case 183 

of this parameter, no variations occurred between the different segments. As shown in Figure 5 on 184 

the dates in early February, soil temperatures were around 8.0 °C. The soil temperatures in May were 185 

then already significantly higher at 13.0 °C. 186 

 187 

 188 

Figure 5: soil temperature trend over several years at the depth of the EAHE installation. 

 189 
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2.4 ERT measurement and data process 191 

 192 

2.4.1 ERT measurements 193 

 194 

 195 

Figure 6: Scheme (left) and picture (right) of the survey area at the Civil Engineering department of 

University of Strasbourg. Position of the electrical resistivity (ERT) measurements S1 and S2 on the 

horizontal heat exchanger (EAHE). Measurement application for the measurement of S2. 

 196 

Within this survey the ERT sections were measured with the ‘4point light’ resistivity meter of LGM—197 

Lippmann Geophysical Equipment and the GeoTest software developed by Geophysics—Dr. Rauen 198 

within two field campaigns in May 2019 and February 2020. Each ERT section (Figure 6Error! 199 

Reference source not found.) was measured twice per field campaign: the first time was carried out 200 

on the first day while the EAHE system was still running and the second time was performed the day 201 

after while the heat exchanger system was shut down. Since the system was shut down in the evening 202 

after the first measurements, the soil temperatures around the EAHE system had a recovery time of 203 

at least 15 h. 204 

 205 

By using the ‘4point light’ device, the ER or rather the electrical conductivity of the underground was 206 

determined in form of 2D-ERT profiles. As shown in Figure 6Error! Reference source not found., 207 

two sections (S1+S2) were measured with 80 electrodes and a spacing of 50 cm each. S1 was 208 

performed upon the heat exchanger in a distance of 1,2 m to the building. S2 serves as a reference on 209 

the original soil composition and was also measured parallel to the building with a distance of 3.75 m. 210 

S2 keeps a parallel distance of 2.55 m with S1. The heat exchanger area underneath S1 starts between 211 

electrode 8 and 9 (around the 4th meter) and turns to the hall of the Civil Engineering department after 212 

the second segment between electrode 51 and 52 (around the 25th meter). 213 
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 214 

Furthermore, three short sections S3, S4 and S5 were measured in a width of 6.0 m with a spacing 215 

20 cm. The aim of measurements of these 3 short sections is to reveal the different EAHE grouting 216 

materials. However, due to the proximity of the heat exchanger to the building, the investigated zone 217 

(surrounding soil of the heat exchanger) could not be recorded in its entirety. Moreover, the 218 

penetration depth of these short sections was not sufficient for a proper identification of the focused 219 

layers at the EAHE installation depth. Taking this into account, these short sections were not used for 220 

further investigations of this study. 221 

 222 

The measurements were carried out using the Wenner array [57-59] because it is less sensitive to 223 

noise, especially near buildings, and it enables reasonable results regarding horizontal soil layers. The 224 

set frequency was 4.16 Hz. 225 

 226 

2.4.2 ERT data processing 227 

 228 

In the aftermath of the measurements the raw resistivity data was processed to determine the effective 229 

ER. Therefore, data inversion was performed with the Res2Dinv software by Aarhus GeoSoftware 230 

previously Geotomosoft.  231 

In order to have a cohesion in the evaluation of soil ER values, some corrupted datapoints were 232 

exterminated before the inversion process. This step concerns especially the S1 measurements which 233 

are affected by presence of the vertical air input tube of the EAHE system at the beginning position 234 

of the first segment. 235 

 236 

A refined model with a grid width = 0.5*electrode spacing was used for inversion process. Moreover, 237 

a robust inversion method with the complete Gauss-Krüger computation was carried out for several 238 

iterations. Regarding the data investigation of this study the 5th iteration of each inversion process 239 

was used. For graphical depiction of the ERT results the same contour intervals were applied. 240 

 241 

2.4.3 ERT data analysis 242 

 243 

For a further detailed investigation of the ER values of both sections S1 and S2, the inversion data of 244 

the 5th iteration was exported to an Excel-format file. Within this analysis, ERT data of 9 depth layers 245 

were used. With the aim to evaluate the ER values with the information of different soil textures, 246 

these 9 depth layers were superimposed by different soil domains of the EAHE site as shown in Figure 247 

7. 4 types of soil and grouting domains were considered in the analysis: Topsoil, Coating Layer, 248 

Bedding Layer, and Bottom Soil, which is the in-site soil beneath the installation. 249 

 250 
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 251 

Figure 7: Depths of the measured ERT data layers, that are used for further analysis and the depths 

of the EAHE installation over the distance of of segment 1 and segment 2 taking into account the 

omitted border areas. The cutting lines “coating top”, “coating bottom”, and “sand bedding bottom” 

define the exact affiliation of the data points on each ERT layer. 

 252 

Thereafter, ER values were classified by soil domains and analysed. This classification was applied 253 

to data of S1 section but also to that of reference section S2 for comparison purpose. The average 254 

value of ER in each soil domain was used in further comparison analysis. To avoid edge effect, ER 255 

values near the transient area of two different segments were not included in the calculation of the 256 

average values (Figure 7). 257 

 258 

To improve comparability of ER values the raw resistivity values are corrected by temperature (T) 259 

according to [19, 31]. Therefore, the reciprocal value of ER, the EC values (σT) are processed as the 260 

following equations (1+2).  261 
Σ25 = fT ∙ σT (1) 

fT = 0.4470 + 1.4034 ∙ e-T/26.815 (2) 

In the case of this study, the used temperature values are T = 8 °C for February and T = 13 °C for 262 

May, since these temperatures were monitored in the depth of the heat exchanger. 263 

However, it has to be considered that the used temperatures for correction refer to soil temperature in 264 

installation depth of the EAHE system. A gradual temperature profile was not taken into account. 265 

 266 

-3. Experimental Results 267 

 268 

3.1 Results of ERT measurement 269 

 270 

To show the distribution of the ER [Ω*m] below the subsurface, the inverted results of the ERT 271 

measurements, performed within different seasons upon the EAHE system (Figure 8), and of the 272 

reference measurement (Figure 9) are displayed. By applying an ERT section length of 39.5 m a 273 

maximum penetration depth of around 6.8 m was achieved. 274 

The left side of the depicted profiles is determined by the placement of the first electrode and the 275 

measurement device, which corresponds to the northern end of the sections. Contour intervals for ER 276 

are determined logarithmic with a start value of 20 Ohm*m and a multiplicator of 1.275. 277 

 278 
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 279 

Figure 8: ER distribution of the measured section S1 upon the EAHE system, while the heat 

exchanger system was running (14.05.2019 (a); 06.02.2020 (c)) and after shutting down the heat 

exchanger system (15.05.2019 (b); 07.02.2020 (d)). The ER values are according to the 5th iteration 

of the inversion process. Both grouting segments (left: fine sand; in the middle of the section: fine 

sand and bentonite) with the underlying sand bedding are delineated by black lines. 

 280 

Regarding S1 (Figure 8), there are specific ER values on top of the profile that vary from 40 Ω*m to 281 

above 100 Ω*m. Below 0.5 m depth ER rises in parts clearly above 140 Ω*m. This depth of around 282 

0.5-0.7 m corresponds also to the top of the grouted segments. Within the depth of the EAHE 283 

installation, the ER shows distinct variabilities between 140 Ω*m and 350 Ω*m.  284 

 285 

To verify the influence of the EAHE installation, the results were compared to the undisturbed 286 

conditions measured within S2 (Figure 9). The ER values of the topsoil of S2 are around 40-80 Ω*m 287 

and with that they are in a similar range compared to the topsoil resistivities of S1. Moreover, the ER 288 

within this topsoil in S2 is more evenly distributed than that in S1. This more homogeneously 289 

distributed and less variation ER values are also observed for the soil layers below the topsoil. Overall, 290 

the highest ER values within greater depths are around 300-500 Ω*m. 291 

  292 
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 293 

Figure 9: ER distribution of the measured section S2 as reference while the heat exchanger system 

underneath S1 was running (14.05.2019 (a); 06.02.2020 (c)) and after shutting down the heat 

exchanger system (15.05.2019 (b); 07.02.2020 (d)). The ER values are according to the 5th iteration 

of the inversion process. 

 294 

3.2 Comparison of initial field section S2 and the EAHE installation section S1 295 

 296 

To enable an accurate comparison between the initial field section S2 and the EAHE installation 297 

section S1 as well as between both domains of grouting materials (segment 1 and segment 2), the ER 298 

values at different positions were averaged regarding the different domains as described in Figure 7 299 

and corrected for temperature by using equations (1) and (2).  300 

It should be considered that the two segment zones are also applied at the reference section S2 for the 301 

purpose of comparison with S1. There is not a real soil difference between these two segments at 302 

section S2. 303 

Table 1 shows average ER values at the two EAHE grouting segments for section S1 and section S2. 304 

Each average value is calculated from the 4 ER values derived from the 4 measurements performed 305 

on the same zone (2 at May and 2 at February). 306 

  307 
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Table 1 : Temperature corrected average ER values of the four representative layers for both 

segments 1+2 and for all four performed measurements of S1 and S2. 

Section Layer Average ER values [Ω∙m] 

fine sand coating 

Segment 1 

(6-14 m) 

fine sand + bentonite 

coating Segment 2 

(16-24 m) 

S1 (above 

EAHE) 

Topsoil 70.72 48.17 

Coating layer 141.54 69.06 

Bedding layer 203.56 117.50 

Bottom Soil 194.82 129.49 

    

S2 (reference) 

Topsoil 37.92 34.71 

Coating layer 52.65 58.57 

Bedding layer 108.06 74.69 

Bottom Soil 200.65 107.36 

 308 

It becomes clear that the ER values within the relevant depth are generally higher within the EAHE 309 

area than within the natural soil conditions. This is particularly evident in the first segment, where 310 

differences of ∆ = 88.9 Ω∙m and ∆ = 95.5 Ω∙m occur within the Coating Layer and the Bedding Layer 311 

respectively. Regarding the second segment the highest difference shows up in depth of the Bedding 312 

layer (∆ = 42.8 Ω∙m), and the differences within the other layers are less than ∆ < 22 Ω∙m. Hence, the 313 

ER values of the second segment in S1 correspond more to the natural state represented by S2. 314 

Concerning the Bottom soil, which is the same soil type for both S1 and S2, the ER values are very 315 

similar between the two sections. For example a little difference of 5.8 Ω∙m is observed at segment 1 316 

between S1 and S2. 317 

 318 

Thus, the result reflects a disturbance of the upper three layers due to the EAHE installation and the 319 

Bottom soil layer corresponds approximately to the reference values. 320 

 321 

3.3 Comparison of coating segments at EAHE installation section S1 322 

 323 

 324 

Figure 10 : ER results corrected by temperature and merged for each layer of the S1 measurement 

of may in the range of the investigated coating layer segments of the EAHE installation and their 

respective depth. 
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 325 

For defining the influence of the different coating materials in first instance the difference between 326 

segment 1 and segment 2 regarding the ER values of S1 must be highlighted (Figure 10). There, the 327 

Topsoil ER is quite stable in comparison with the other three layers (Coating Layer, Bedding Layer, 328 

Bottom Soil). Within the other three layers, a significant shift from segment 1 to segment 2 becomes 329 

apparent. 330 

 331 

3.4 Impact of seasonal soil temperature variation 332 

 333 

For analysing the impact of the changing soil conditions by season, the ER values of the February 334 

ERT measurements are compared with the values from May (Figure 11 and Appendix). As a 335 

background information the seasonal soil temperatures for the Coating Layer are given (February: 336 

8 °C; May: 13 °C). Corrected ER values decrease due to a correction at temperatures below 25 °C. 337 

With the temperatures used correction factors of fT may=1.31 and fT feb=1.49 were determined for EC. 338 

With regard to the resistivity values, this 5 °C temperature variation results in a difference of approx. 339 

18 Ω∙m when applying an initial value of 200 Ω∙m, which represents a difference of almost 10 %. 340 

This goes in conformity with empirical linear approximations of 1.8 to 2.2 percent change in bulk 341 

electrical conductivity per degree C (Hayley et al. 2007). 342 

 343 

Regarding the uncorrected results for Section S1, the highest differences between February and may 344 

(mostly above 20 %) occur within the upper two Layers (Topsoil and Coating Layer). Whereby this 345 

effect is more distinct within the Segment with fine sand and bentonite (> 23 %). In this case the 346 

seasonal deviations within the Bedding Layer and the Bottom soil are less than 6 %. For Section S2 347 

on the reference area, the uncorrected results also show the same tendency even more clearly with 348 

distinctly higher deviations within the Topsoil and the depth of the Coating Layer (> 26 %) and less 349 

differences in the deeper Layers (< 16 %).  350 

 351 

After the application of the temperature correction there is a shift in deviations between the layers 352 

examined. Regarding the Section S1, that represents the ERT measurement directly upon the EAHE 353 

system, now the least deviations occur within the Coating Layer (< 4.7 %). Concurrently, the Topsoil 354 

above and the other two Layers below show higher seasonal effects now (Topsoil: 9.7-11.3 %; 355 

Bedding Layer: 14.8-16.0 %; Bottom Soil: 18.9-19.8 %). In contrast to the uncorrected results, there 356 

is no significant difference between both Segments to be found. 357 

 358 

Within the corrected results for Section S2, the trend that the second layer has by far the lowest values 359 

is not so clear. In this case the deviations between May and February vary more. Still, within the 360 

depth of the Coating Layer and the Bedding Layer there are lower difference by average (Coating 361 

Layer ∆av = 17.2 %; Bedding Layer ∆av = 8.2 %) than above (Topsoil: ∆av = 22.1 %) and below 362 

(Bottom Soil: ∆av = 26.4 %). But in this instance the least deviations are within the Bedding Layer 363 

and not within the Coating Layer as determined in Section S1.  364 

 365 

Regardless of the temperature correction and the respective ERT measurement (S1, S2), the measured 366 

ER values in February are almost always higher in the top two layers and lower in the bottom soil 367 

than in May. By applying the temperature correction there is a reversal of values just within the 368 

Bedding Layer. For this layer ER values are throughout higher in February before the correction and 369 

after the correction the ER values are higher in May.  370 
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 371 

Figure 11: Comparison of February and May ER values once corrected by temperature and once 

not, to highlight the seasonal impact in the course of both measured ERT sections (S1+S2) 

 372 

3.5 Impact of EAHE system running 373 

 374 

To examine the impact of the running EAHE system, the data of the first measurement day of each 375 

measurement campaign, when the very shallow geothermal system was still running, is compared 376 

with the similarly performed ERT measurements on the next day, after the EAHE system was shut 377 

down in the evening before. Moreover, to evaluate the influence of the system, the differences 378 

between the first and second day were considered for both Sections, S1 and the reference S2 (Table 379 

2). If an effect of the EAHE system is present, it should occur in S1, whereas only natural noise can 380 

be detected in S2. 381 

Regarding the difference between both measurement days, the absolute changes are very small 382 

(∆ < 9.4 Ω∙m). Within installation depth (Coating Layer) of S1 the differences in Segment 1 with the 383 

fine sand coating are distinctly higher than the change of ER within Segment 2 (Coating Layer S1 384 

∆fs = 5.0 %; ∆fs+b = 1.3 %). Also, in comparison with the measured ER in Section S2 the change are 385 

less within the first Segment area. But in the area of Segment 2 of the Section S2 measurement, there 386 

are also deviations of more than 5 %, although the absolute value is a little bit less.  387 

 388 

It has to be considered, that the performed temperature correction has no influence on the result in 389 

this case, since in this data analysis the differentiation of ER values is always made between 390 

measurements of the same measurement campaign (February or May). Thus, the compared ER values 391 

in each case are corrected with the same correction factor. 392 

 393 
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Table 2 : Mean differences as absolute values of ER values [Ω∙m] corrected by temperature and as 

differential in percentage between first day and second day measurements to showcase the impact 

of EAHE system within S1 in comparison to S2 

 Impact of EAHE Background noise 

 Results for Fs and Fs+b for S1 
(running – not running) 

Results for Segments Fs and Fs+b 

for reference S2 
(first day – second day) 

Segment Fs [Ω∙m (%)] Fs+b [Ω∙m (%)] Fs [Ω∙m (%)] Fs+b [Ω∙m (%)] 

Topsoil -3.9   (5.8 %) -2.0   (4.2 %) -1.3   (3.5 %) -1.4   (4.2 %) 

(Depth of) Coating Layer -6.9   (5.0 %) 0.9   (1.3 %) -1.4   (2.6 %) -3.2   (5.7 %) 

(Depth of) Bedding 

Layer 

-5.2   (2.6 %) 3.8   (3.1 %) 0.1   (0.1 %) 1.2   (1.5 %) 

Bottom Soil -1.8   (1.1 %) 2.3   (1.6 %) 4.3   (2.1 %) 9.4   (7.7 %) 

 394 

-4. Discussion 395 

Soil conditions and the thermal characteristics of the grouting material are essential for the 396 

performance of near-surface geothermal energy. With variation in soil properties and grouting 397 

material the needed space for a very shallow geothermal installation to cover a distinct demand for 398 

heating or cooling is affected. Within the study of Lin et al.[55] the impact of water content on the 399 

energy performance of an EAHE was already investigated. Furthermore, the impact of the different 400 

grouting materials was analysed [8, 9].  401 

 402 

But is it still possible to check afterwards whether the correct material was used? In order not to cause 403 

any damage, only non-invasive measuring methods like ERT measurements can be used. To define 404 

relevant soil properties for very shallow geothermal potentials ERT measurements can be used as a 405 

tool. However, ERT measurements determine the electrical conductivity and the soil properties are 406 

'only' derived from the measured results. If the ERT measurement is affected by varying influencing 407 

parameters which are not taken into account, this can lead to incorrect derivations or misjudgements. 408 

It is therefore essential to take a close look at the influence of the changing parameters with season 409 

on the ERT measurement to be able to make the right conclusions in the end. The following discussion 410 

points mainly deal with the determination of the soil and grouting material and the influence of 411 

temperature from different sources to analyse the weaknesses and possibilities of the used 412 

methodology. 413 

 414 

4.1 Classification of soil and of the grouting material by ER values 415 

In general, finer-grained soils exhibit lower ER than coarse-grained soils [21, 29]. Regarding the 416 

investigated soil in this study, besides the solum the natural soil profile consists almost entirely of 417 

soil layers characterised by gravel with only few fine-grained horizons. The granulometric analysis 418 

of a gravel layer exhibits that more than 60 % of the natural soil backfilling material consists of gravel 419 

and a total of 20 % correspond to grain sizes of medium and coarse gravel (Ø > 10 mm). Due to the 420 

original coarse soil material ER values are rising distinctly over 100 Ω∙m. According to the GGU [60] 421 

saturated sand and gravel are around 50–200 Ω∙m. Just moist gravel has already values >1000 Ω∙m. 422 

With values above 200 Ω∙m throughout the profile below the installation depth it is clear, that the 423 

original soil texture is very coarse.  424 

In contrast to the coarse-grained soil textures, within the EAHE installation the added coating material 425 

defined as a fine sand has no gravel content and in the case of segment 2 additionally a small amount 426 

of fine-grained soil material (≈ 10 %) comes on top. For silt soil for example, a range of 20 to 100 427 

Ω∙m is given as a rough recommendation. This is mainly due to the sensitivity of the ERT 428 

measurements in relation to the soil water content, which is generally higher in finer-grained soils 429 

[20, 21, 25]. 430 
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Hence, it would be expected that the ER in Segment 2 (fs+b) would be lower than in Segment 1 (fs) 431 

and the values in the whole area of the grouted GSHE would be lower than those in the same depth 432 

of the reference measurement S2. This rough assumption is reflected in the results of the geoelectric 433 

investigation (Figure 8, Figure 9). One might have expected that a layer with bentonite would have 434 

even lower ER values than such a gravelly loam like the initial soil. But in this case the amount (≈ 435 

10 %) is not sufficient to obtain clay specific ER values that are below 20 Ω∙m. 436 

Regarding the ERT measurement itself, the performed electrode spacing of 0.5 m should ensure an 437 

optimal adapted spatial resolution, since Dumont, Pilawski, Hermans, Nguyen and Garré [23] also 438 

tested different electrode spacings and have recommended an electrode spacing of 0.5 m for the best 439 

possible resolution at the investigated depth. Although, characterisation of ERT results must be taken 440 

with caution [61].  441 

 442 

For the further discussion it has to be considered, that in partial areas this ascertained installation 443 

depth of the Sand Beddings lower bound can be deeper than in theory. At the soil-probing point within 444 

segment 2 a divergence was found. Whereas the theoretical thickness of the bedding sand layer should 445 

be 0.15m, the actual measured thickness is about 0.34 m [8]. 446 

 447 

4.2 Comparison between initial field conditions and the geothermal installation 448 

It was found that the ER values within the installation depth are generally higher within S1 than in 449 

the initial field conditions of S2. It is unclear whether the installed heat exchanger pipe itself has an 450 

influence on the ER values of the Coating Layers of S1. This could possibly also increase the ER of 451 

S1 somewhat. 452 

In detail it has to be considered, that the natural soil profile shows a loamy layer with a small subjacent 453 

clay layer in the same depth at which the EAHE system was installed (Figure 3). This explains that 454 

the ER values in the reference measurement S2 in the depths of Coating Layer and Bedding Layer 455 

(Table 1) correspond to ER values of loamy or silty soil. ER values only increase to ‘gravelly’ values 456 

in the Bottom Soil Layer. The ER values of the natural soil (S2) at the depth level of Coating Layer 457 

are therefore converging to the values of the coating material with the bentonite addition in Segment 458 

2 of S1. Hence, the ER values of the grouting material of the second segment correspond more to the 459 

natural state, due to the loamy and clayey layers present within installation depth. 460 

Since the fine-grained component is missing in the grouting material (Coating Layer) of Segment 1 461 

as well as within the Bedding Layer of both Segments, higher ER values within section S1 are 462 

significant in these domains.  463 

With regard to the differences between all four investigated Layers, the result reflects a disturbance 464 

of the upper three layers, ascertained by elevated ER values, due to the EAHE installation. But the 465 

Bottom Soil Layer corresponds approximately to the reference values. 466 

 467 

4.3 Comparison of coating segments 468 

The measured ERT section S1 (Figure 8 and Figure 10) shows, that the two grouting segments of 469 

only fine sand and fine sand with bentonite can be distinguished, clearly. 470 

 471 

With regard to the average ER values for the investigated Layers of Section 1 (Figure 10), ER of 472 

Segment 1 with only fine sand is significantly and throughout higher than the ER values of the 473 

Segment 2 with fine sand and bentonite. This result is still true also a small shift between both 474 

segments could already occur because the represented domains are descending with the slope of the 475 

EAHE installation.  476 

 477 

Taking the reference measurement S2 into account it shows clearly that the deviation within the 478 

Coating Layer must be due to the different coating materials, because within the same depth in S2 the 479 

ER values are even lower than in Segment 2 of S1 and they are very steady. 480 

The difference between both installed grouting materials was to be expected, because the addition of 481 

a fraction of fine grains to a pure sand. Although the bentonite addition is just around 10 %, it changes 482 
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its physical soil properties and primarily the water retention capacity [62]. And due to the sensitivity 483 

of ERT with respect to water content [20, 21, 25], this change in soil texture could have been resolved 484 

very clearly. 485 

 486 

The difference between both grouting segments is most evident in the Coating Layer 487 

(∆Coating_Layer = 51.1 %) and the Bedding Layer (∆Bedding_Layer = 42.2 %), but there are also differences 488 

around 30 % in in the Bottom Soil. With that the difference in the Bottom Soil almost reaches the 489 

same proportions as the Layers of the installed EAHE system. Regarding the Topsoil the absolute 490 

difference (∆Topsoil = 22.6 Ω∙m) is lower than within the other Layers and on the contrary to all deeper 491 

layers no distinct change between both segments is detected (Figure 10).  492 

 493 

It seems that the impact of the different soil textures considering the respective grouting materials 494 

also affects the surrounding ERT results. Regarding the mean ER values in Topsoil, generally they 495 

are also higher than in the reference area and they decrease gradually from segment 1 to segment 2, 496 

although the reference indicates a steady state under natural conditions. Although, there is no 497 

significant transition between the ER of both segments in the Topsoil, it may be, that due to these 498 

different grouting materials or rather soil textures of the EAHE Coating Layers, soil of the layer above 499 

is also affected. The influencing factor could be the fact, that the soil material with a small amount of 500 

bentonite incorporated in segment 2 has higher water-holding capacity which may influence also 501 

saturation of the Topsoil Layers.  502 

 503 

This influence of the Coating material on the surrounding layers is even more pronounced in the 504 

Bedding Layer and Bottom Soil, where ER values are distinctly higher in the area of Segment 1 than 505 

in the area of Segment 2 (Figure 10). 506 

Although, the Wenner array has generally a relatively low noise contamination, sometimes the spatial 507 

resolution is reduced [58]. Dumont, Pilawski, Hermans, Nguyen and Garré [23] have also stated a 508 

shift of the ER results to larger depths of around 0.5 m at an investigation depth similar to the 509 

installation depth of the EAHE system. Thus, it is therefore possible that, in addition to the influence 510 

of the modified soil texture above, ER processing also has an influence on the lower layers. 511 

 512 

With regard to the reference ERT measurement S2, where the same data accumulation was carried 513 

out, no significant changes in the Topsoil Layer were achieved. In S2 first notable differences occur 514 

in depth of the Bedding layer and become distinct in the Bottom Soil layer. Thus, the shift of ER 515 

values in the upper two layers between Segment 1 with fine sand and Segment 2 with fine sand and 516 

bentonite is unambiguously due to the different Coating materials, whereas the shift beneath the 517 

installation within the Bottom Soil can also be partly attributed to pre-existing natural conditions.  518 

Nevertheless, the different grouting materials show their influence because the change of ER in the 519 

Bottom Soil layer is very clear at the transition between both segments (Figure 10). 520 

 521 

Furthermore, it is shown that differences within grouting material can be detected, which enables the 522 

possibility for controlling the backfilled grouting material of a very shallow geothermal system after 523 

installation by using non-invasive ERT measurements. The right grouting material may be crucial for 524 

an increased energy performance and with that a diminution of a needed tube length [8]. 525 

  526 
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4.4 Seasonal temperature variation 527 

 528 

Regarding the results compared between February and May, the influence of soil temperature on ER 529 

cannot be denied. In order to determine the influence of the seasons, the corrected and not corrected 530 

measurements from February were compared with those taken in May. 531 

Regarding the not corrected ER values (Figure 11), the contrast between February and May is more 532 

significant within the near surface layers and the differential decreases with depth. This is true for 533 

both measured sections (S1 and S2), although this trend is more pronounced in the reference 534 

measurement S2. Thus, within the Topsoil and the Coating Layer there are the highest percentage 535 

deviations of ER between February and May, whereas the deviations in the depth of the Bedding 536 

Layer and the Bottom Soil vary less. This also applies to the absolute difference of ER, although this 537 

trend is not as significant then, due to the fact that the measured ER for the deeper layers is at higher 538 

values.  539 

As the year progresses, soil temperatures change and this change of temperature decreases with depth 540 

[27, 63]. Hence, this measured ERT variation between February and May is generally consistent with 541 

the seasonal temperature spread decreasing with depth. The variations of ER are highest in Topsoil 542 

and decrease with depth. 543 

It should be noted, that the sign of the differentials is reversed in the Bottom Soil layer (Figure 12). 544 

Thus, the measured ER within the depth range of the EAHE installation (Topsoil, Coating Layer, 545 

Bedding Layer) are consistently higher in February than in May. But within the Bottom Soil Layer 546 

this changes and ER are higher in May. 547 

That within the cold season higher ER within the near surface layers occur correspond to the general 548 

context that colder soil material refers to increased ER, as described by the temperature correction 549 

models [19, 31]. But this change of the differential sign in the Bottom Soil layer regarding the ER 550 

values indicates that also the temperature difference might be changed in this depth or another factor 551 

than temperature like soil moisture has impact on the ER results. It might be that the soil moisture in 552 

February is a little higher than that in May. This can be explained ancillary by the antecedent 553 

precipitation recorded on the test site. The 7-days antecedent cumulated precipitation before the test 554 

in February is 30 mm, while that before the test in May is 16 mm. 555 

But, compared to observed temperature-depth profiles by Bense and Kooi [63] still in June soil 556 

temperatures decrease within 3-4 meters below temperatures measured in January. In February 557 

temperature in this depth will be lower and in May temperature won’t have risen as much as in June. 558 

Thus, if we assume that temperature is the only influencing factor it is still conceivable, that this 559 

intersection of both temperature-depth profiles of February and May is around almost 1.5 m due to 560 

the delayed temperature response with depth.  561 

 562 
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 563 

Figure 12 : Not corrected mean ER values. Profiles of Section 1 (above the EAHE installation) for 

February and May and for each Segment respectively. 

On the other hand, this intersection of the ER differential between the values of February and May in 564 

a depth of around 1.4 m could be the indication for another influencing factor like variations in soil 565 

moisture. Soil moisture has a variable characteristic through season within the unsaturated soil 566 

column which could be detected also by ERT measurements due to its high sensitivity regarding water 567 

content. Generally, higher soil water content results in an increased electrical conductivity and with 568 

that in a decreased ER [21, 25]. It should be assumed that soil moisture in February is higher than in 569 

May. If the seasonal impact in ER is driven by soil moisture in February a reduced ER would be 570 

expected. But in this case the February ER values are higher within the upper layers. This indicates 571 

that at least at depths down to approx. 1.4 m the seasonal changes in ER are driven by temperature 572 

and not by soil moisture. However, it is not yet clear whether soil temperature in the direct subsurface 573 

of the investigated test area is the only influencing factor or if soil moisture has also its effect. But 574 

regarding the conversion of the Bedding Layer, after temperature correction it can be assumed that 575 

the soil moisture has an increased influence within the lower layers investigated, especially if the 576 

precipitation values from the previous week before the respective measurement are taken into 577 

account. 578 

 579 

To really prove the impact of soil moisture over season another ERT measurements should have had 580 

performed within the late summer, because from winter until June the monitored soil moisture (Figure 581 

4) is fluctuating around 20 %, which represents the effect of the humid period. The effect of the 582 

summer drought does not decrease soil moisture to approx. 10 % until the end of June. Thus, the 583 

measurement period could not cover the complete range of soil moisture variation within the 584 

installation depth of the test-site. 585 

 586 
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 587 

Figure 13: Mean ER values corrected by temperature. Profiles of Section 1 (above the EAHE 

installation) for February and May and for each Segment respectively. 

 588 

It is interesting to note that by applying this temperature correction of the ER (Figure 13) the seasonal 589 

differences become minimal within the Coating Layer especially in S1. Thus, as a consequence of a 590 

correction by temperature measured at the heat exchanger depth, shifts the intersection depth upwards 591 

to exactly the depth where the temperature for correction was measured. 592 

  593 

In S2 this intersection depth varies between the Coating Layer and the Bedding Layer. It must be 594 

taken into account that the temperature correction was carried out solely on the basis of a single 595 

temperature for this depth level of the Coating Layer and not for an entire temperature profile. This 596 

also means that the temperature correction for the Coating Layer was calculated with suitable 597 

temperatures, but since the same the temperature is used for the other layers, correction probably 598 

deviates from the natural circumstances. 599 

The result shows that the temperature correction of ER counteracts the seasonal effect. Even though 600 

this is not necessarily surprising, since representative temperatures for the respective month were 601 

used for ER correction. In (long-term) ERT studies, it is therefore important to consider the effect of 602 

a temperature correction on the scientific question of the study. 603 

 604 

As a further result this study shows that seasonal ERT investigations can enable conclusions about 605 

the influence of soil temperature within different depth layers through the year, although, it is 606 

suggested that measuring of temperature changes by ERT measurements can be challenging [46, 64, 607 

65]. Arato, Boaga, Comina, De Seta, Di Sipio, Galgaro, Giordano and Mandrone [41] also pointed 608 

out this issue especially in unsaturated zones. Usually, temperature effects can be measured by ERT, 609 

but particularly when relative temperature differences are large [29]. But in this case a seasonal 610 

temperature impact of a difference within installation depth (depth of Coating Layer) of around 5 611 

degrees could have been detected by resistivity measurements. 612 

 613 
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4.5 EAHE running impact 614 

Regarding the impact of the EAHE system operation itself no significant effect was identified. Still, 615 

it seems to be visible within the segment with only fine sand, because there the highest absolute 616 

differences occur within the Coating and Bedding Layer in the results of S1. There, the ER values on 617 

the first day are consistently lower than on the second day. This is true for May and February as well. 618 

Regarding the second segment with fine sand and bentonite as a grouting material nearly no 619 

deviations occur. Furthermore, the results between running and not running the system do not differ 620 

to a significantly greater extent as the deviations within the reference, which should represent the 621 

background noise. Thus, a significant impact of the EAHE impact could not have been achieved after 622 

12 h within this measurement setting.  623 

It has to be considered that in contrast to other studies, the temperature emitted is quite low in this 624 

case. This is due to the fact, that this installation consists of only one single pipe and not of a pipe 625 

accumulation like within a trench collector. Moreover, for this approach no high air velocity was 626 

applied, especially. Thus, also no high temperatures were applied on the system like other approaches 627 

did [28, 47]. A higher air velocity within the EAHE system might have had a more significant 628 

difference as a result.  629 

 630 

In this case, the impact of the EAHE installation is mainly present due to the changed soil type in the 631 

Coating and Bedding Layer and not due to the operation of the system. 632 

 633 

-5. Conclusions 634 

 635 

The aim of the study to assess relevant soil texture and grouting material characteristics with regard 636 

to very shallow geothermal systems by using ERT measurements was successfully reached. By 637 

applying ERT a fast area-wide investigation with focus on the relevant influencing parameters for 638 

very shallow geothermal potential estimations can be carried out. One advantage of this non-invasive 639 

measurement method is that tests can also be carried out after the GSHE has been installed. This also 640 

allows the grouting material to be inspected with regard to its thermal properties. Nevertheless, the 641 

investigated influence of temperature also shows the challenges of the methodology 642 

 643 

First of all, relative homogeneous natural soil conditions were found within the reference soil section 644 

S2, although in installation depth there are mediate ER values due to some more fine-grained layers 645 

within the context of a soil profile dominated by gravelly soil.  646 

 647 

Regarding the soil section S1 where the GSHE is buried, the influence of the used grouting materials 648 

on the ER was ascertained. The ERT measurement shows that the upper three layers (Topsoil, Coating 649 

Layer, Bedding Layer) are disturbed by the EAHE installation, whereas the Bottom Soil is in 650 

accordance with the natural conditions. Thus, the depth of disturbance was identified. The difference 651 

in ER between a grouting material of only fine sand and a second grouting material of the same sand 652 

and 10 % bentonite is significant. With regard to the Coating Layers of segment 1 and 2 of S1 this 653 

change in grouting material causes a shift of approx. 70 Ω∙m. 654 

 655 

By comparing ER values between the two tests in February and in May, it has been shown that the 656 

temperature correction of ER values is necessary to evaluate the impact of temperature and to get a 657 

consistent analysis about the soil moisture in the field. The corrected ER result shows that the 658 

temperature correction of ER counteracts the seasonal effect, which underlines the sense of the 659 

correction. In fact, ER values without temperature correction could also indicate that the soil moisture 660 

in February is lower than that in May for all the soil layers. But by applying the temperature correction 661 

a similar soil moisture level until Coating Layer between the two tests has been found. Furthermore, 662 

ER values with temperature correction show a more humid bottom layer in February, which is 663 

supported by the recorded precipitation on the site. 664 
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 665 

Finally, little impact of the EAHE operating has been detected by ERT measurements. This means 666 

that ERT tests could be carried out when the EAHE system is still running. 667 

 668 

This study shows furthermore, that ERT measurements enable an ideal assessment of the essential 669 

soil and grouting material characteristics for evaluation of subsurface installations that are depending 670 

on heat propagation or thermal properties of soil like very shallow geothermal applications or high 671 

voltage underground cable constructions. Especially with regard to soil type, soil moisture and of 672 

cause temperature variations, ERT measurements are a valuable tool in this context. 673 

 674 
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Appendix 845 

Table 3 : Comparison of February and May ER values once corrected by temperature and once not, 

to highlight the seasonal impact in the course of ERT measurement S1. 

Data 

status 

Layer ER values of 

May 2019 

ER values of 

February 2020 

Difference 

(May – February) 

 Segment Fs 

[Ω*m] 

Fs+b 

[Ω*m] 

Fs 

[Ω*m] 

Fs+b 

[Ω*m] 

Fs  

[∆ Ω*m] 

Fs  

[%] 

Fs+b  

[∆ Ω*m] 

Fs+b 

[%] 

NOT 

corrected 

by 

tempera-

ture 

Topsoil 88.1 59.2 112.7 76.7 -24.6 -27.9 -17.6 -29.7 

Coating 

Layer 

195.3 90.2 219.1 111.0 -23.8 -12.2 -20.7 -23.0 

Bedding 

Layer 

292.2 184.6 306.3 191.5 -14.2 -4.8 -6.9 -3.7 

Bottom 

Soil 

280.7 190.6 266.1 179.2 14.6 5.2 11.4 6.0 

          

corrected 

by 

tempera-

ture 

Topsoil 66.5 45.0 74.9 51.4 -6.5 -9.7 -5.1 -11.3 

Coating 

Layer 

143.1 66.8 140.0 71.3 6.7 4.7 -2.7 -4.0 

Bedding 

Layer 

218.6 125.4 188.5 109.7 35.0 16.0 18.5 14.8 

Bottom 

Soil 

213.7 141.3 175.9 117.6 42.4 19.8 26.8 18.9 

Table 4 : Comparison of February and May ER values once corrected by temperature and once not, 

to highlight the seasonal impact in the course of ERT measurement S2. 

Data 

status 

Layer ER values of 

May 2019 

ER values of 

February 2020 

Difference 

(May – February) 

 Segment Fs 

[Ω*m] 

Fs+b 

[Ω*m] 

Fs 

[Ω*m] 

Fs+b 

[Ω*m] 

Fs  

[∆ Ω*m] 

Fs  

[%] 

Fs+b  

[∆ Ω*m] 

Fs+b 

[%] 

NOT 

corrected 

by 

tempera-

ture 

Topsoil 44.0 41.9 63.2 56.0 -19.1 -43.5 -14.0 -33.5 

Depths of 

Coating 

Layer 

65.7 72.9 83.2 99.9 -17.4 -26.5 -27.0 -37.0 

Depths of 

Bedding 

Layer 

140.6 117.3 141.4 134.4 -0.9 -0.6 -17.1 -14.5 

Bottom 

Soil 

304.2 169.1 259.7 142.2 44.4 14.6 26.9 15.9 

          

corrected 

by 

tempera-

ture 

Topsoil 33.5 31.9 42.4 37.5 -8.9 -26.5 -5.6 -17.6 

Depths of 

Coating 

Layer 

49.7 52.7 55.6 64.5 -5.9 -11.8 -11.9 -22.5 

Depths of 

Bedding 

Layer 

115.4 76.1 100.8 73.3 14.6 12.7 2.8 3.6 

Bottom 

Soil 

228.7 125.0 172.7 89.8 56.0 24.5 35.2 28.2 
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