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1. Introduction 
 

Subsurface cavities and subsidence occur not only in 

karst regions (Genis et al. 2018), but also in urban areas; 

causal factors include excessive development (Galvan et al. 

2011, Hong et al. 2015, Kersten et al. 2017). Soil 

subsidence occurs frequently in downtown areas in South 

Korea, where soil is lost due to damage to aged 

underground sewer pipes (Kong et al. 2018). In addition, if 

the groundwater level (GL) becomes unstable during 

excavation conducted to construct new buildings, soil may 

flow into the excavation along with groundwater, resulting 

in ground subsidence (Ramirez et al. 2022). Ground 

subsidence in urban areas is a serious problem that can 

cause the collapse of surrounding facilities, such as 

buildings, and can cause loss of life. 

Ground subsidence in urban areas has become a social 

issue in South Korea. Therefore, the Enforcement Decree of 

the Special Act on Underground Safety Management was 

enacted and came into effect in January 2022. In this 

decree, various ground safety assessment methods including 

geophysical surveys, such as ground-penetrating radar 

(GPR), electrical resistivity tomography (ERT), and seismic  
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surveys, are required for projects involving tunneling and 

excavation work with a depth of ≥ 20 m (Liu et al. 2018, 

Lee et al. 2019, Prudhomme et al. 2019). Furthermore, after 

ground subsidence occurs, geophysical surveys can identify 

the extent of development of nearby underground cavities 

or weak zones, which is necessary before reinforcement 

work can proceed (Kim et al. 2007,  Liu et al. 2023). 

ERT provides subsurface electrical images at deep 

depths and has been widely used, but it can be affected by 

the surrounding environment in urban regions. It has been 

applied in various studies to identify fractured rock and 

cavities (e.g., Fountain et al. 1975, Smith 1986, Cardarelli 

et al. 2006, Kim et al. 2007, Ungureanu et al. 2017, Kidanu 

et al. 2020). Site characteristics affect the interpretation of 

resistivity data in urban areas experiencing subsidence. 

When analyzing the distribution of cavities and loose 

ground based on resistivity data, anomalies can occur; 

cavities have low resistivity in saturated conditions, and 

when there is a high water content (Galvan et al. 2011, 

Hong et al. 2015, Kidanu et al. 2020), while resistivity is 

high in unsaturated conditions (Ungureanu et al. 2017). In 

addition, when resistivity surveys are conducted near 

excavation sites, rapid changes in the current flow can have 

a large effect on resistivity data (Kim et al. 2022). A 

resistivity survey can be applied effectively in urban areas 

when the influence of the surrounding environment is 

considered. 
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Abstract.  Ground subsidence in urban areas due to excessive development and degraded underground facilities is a serious 

problem. Geophysical surveys have been conducted to estimate the distribution and scale of cavities and subsidence. In this 

study, electrical resistivity tomography (ERT) was performed near an area of road subsidence in an urban area. The subsidence 

arose due to groundwater leakage that carried soil into a neighboring excavation site. The ERT survey line was located between 

the main subsidence area and an excavation site. Because ERT data are affected by rapid topographic changes and surrounding 

structures, the influence of the excavation site on the data was analyzed through field-scale numerical modeling. The effect of an 

excavation should be considered when interpreting ERT data because it can lead to wrong anomalous results. A method for 

performing 2D inversion after correcting resistivity data for the effect of the excavation site was proposed. This method was 

initially tested using a field-scale numerical model that included the excavation site and subsurface anomaly, which was a 

loosened zone, and was then applied to field data. In addition, ERT data were interpreted using an existing in-house 3D 

algorithm, which considered the effect of excavation sites. The inversion results demonstrated that conductive anomalies in the 

loosened zone were greater compared to the inversion that did not consider the effects of excavation. 
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ERT, despite being widely used in urban areas, 

encounters difficulties in data acquisition and interpretation 

due to the limited survey area, noise from surface or 

underground structures, and challenges with inversion 

resolution (Vickery and Hobbs 2002, Karaoulis et al. 2011, 

Chávez et al. 2014, Jang et al. 2018). The limitations of 

inversion resolution can lead to deviations from the actual 

resistivity values. To mitigate these issues, various methods 

have been employed, including data correction, utilization 

of diverse electrode arrays, and the application of 

constraints in the inversion algorithm. For instance, 

additional constraints such as smoothness, inequality, and 

active time constraints have been integrated into the 

inversion algorithm to enhance resolution and accurately 

calculate resistivity values (Samouëlian et al. 2005, 

Cardarelli et al. 2006, Sharma and Verma 2015, Jang et al. 

2018). Moreover, Vickery and Hobbs (2002) addressed the 

effect of underground pipes by correcting the resistivity 

data. 

In this study, ERT was performed in an urban area of 

South Korea where subsidence had occurred near an 

excavation site. To identify a loosened zone resulting from 

significant subsidence in an urban area, we utilized ERT. 

ERT has been established as a suitable geophysical method 

for urban environments, considering factors such as depth 

of investigation, urban noise, and spatial dimensions of the 

surveyed area (Soupios et al. 2008, Papadopoulos et al. 

2018). The geological characteristics of the survey site and 

changes in the GL within the vicinity of the excavation area 

before and after subsidence occurred were analyzed. Before 

analyzing the data obtained by ERT in the vicinity of the 

excavation area, the effect of that area on the electrical 

response was analyzed using a field-scale 3D numerical 

model. For 2D inversion, we proposed to adjust the data 

according to the effect of the excavation area; this method 

proved effective when using a numerical model. The 2D 

inversion method considering the effect of excavation was 

applied to field data and used to interpret an area of loose 

ground. In the 3D inversion, the effect of the excavation site 

was considered through the application of an in-house 

inversion algorithm. 

 
 
2. Site description 

 

Subsidence has occurred during excavation work 

conducted at an urban construction site in Baekseok-dong, 

Ilsandong-gu, Goyang-si, Gyeonggi-do, South Korea (Fig. 

1). After analyzing the geological structure of the site, we 

assessed changes in GL, which had been monitored even 

before subsidence occurred. 

 

2.1 Geological structure 
 

The study area is in Gyeonggi-do, where the major 

rocks are Jurassic granites, Precambrian banded gneiss of 

the Gyeonggi gneiss complex, and Quaternary alluvium 

(Yun et al. 2007). The banded gneiss of the Gyeonggi 

gneiss complex was formed by the metamorphism of 

sedimentary rock. The target area belonged to the 

Quaternary alluvium (Fig. 2(a)). Prior to the excavation, 

two boreholes (NX-1 and NX-2) were installed at the 

excavation site (Fig. 1(b)) to analyze the geological 

structure. The geological layers included a buried layer, 

sedimentary layer (sandy silt and gravelly sand), and soft 

rock (banded genesis) (Fig. 2(b)). The buried layer was 7.5 

m below the surface and consisted of very loose granulated 

sand. The sedimentary layer could be further divided into an 

upper layer (about 7.5–22.5 m) mainly composed of silty 

sand and a lower layer (22.5–25 m) of dense silt and 

gravelly sand. The bedrock was characterized by cracks and 

joints. The GLs were 11.5 and 11.3 m from the surface at 

the NX-1 and NX-2 boreholes, respectively. The boreholes 

were at elevations of 0.7 and 0.1 m, respectively, and were 

about 20 m apart from each other. 

 

2.2 Ground subsidence and fluctuations in GL during 
excavation 

 

The 81 × 45.3-m excavation was made to a depth of 

23.3 m and was longer in the northwest to southeast 

direction. During the excavation work, groundwater leakage 

carried soil into the excavation site on two occasions; this 

was considered to be the main reason for the subsidence. 

Subsidence occurred three times in 2017 on February 6, 14, 

and 22 (Fig. 1). The first and second subsidence events 

occurred after groundwater leakage into the excavation site 

from the southwest and northwest roads, respectively, while 

the third occurred after relatively minor cracking in the road 

caused by the first subsidence event. The center of the 

northwest road showed cracks of about 100 m during the 

second subsidence event, which was the largest of the three 

events. In the area of the second subsidence event, 

inclinometers (G1–6) were installed to measure surface 

settlement for 3 days (February 16−18). Settlements of up 

to 0.01 m were observed by G4–6, and a relatively large 

settlement occurred from the northeast to southwest 

direction (Fig. 3). The surface settlements in the G3 and G4, 

G5 and G6 from Feb. 16 to Feb. 18 corresponded 

respectively and overlapped in the Fig. 3. 

Near the excavation site, six additional observation 

boreholes (W1−6) were installed to monitor GL with water 

gauges during construction, because fluctuations in the GL 

can serve as an indicator of the surrounding ground 

conditions. Boreholes W1 and W6 were located northeast of 

the excavation site, W2 and W3 were located to the 

southwest, and W4 and W5 were located to the northwest. 

The boreholes surrounded the excavation site and were 

numbered clockwise starting from W1 in the northeast. 

Boreholes W2 and W3 were located close to the area in 

which the first subsidence occurred, while W4 and W5 were 

located close to the area in which the second subsidence 

event occurred (Fig. 1). 

The GL was measured at intervals of 1 week from 

September 12, 2016, but was measured 3–7 times a day 

after the first subsidence event (Fig. 4). Due to the 

excavation work, the GL at boreholes W1–W6 decreased by 

0.84, 0.08, 0.2, 0.62, 0.58, and 0.8 m, respectively, 

compared to the GL before the excavation started 

(measured on January 25, 2017). When the first subsidence  
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(a) 

 
(b) 

 
(c) 

Fig. 1 (a) The survey region in the western part of Seoul, South Korea. (b) Schematic diagram showing the electrical 

resistivity tomography (ERT) profile (red dotted line) and boreholes used for the geological survey (NX-1 and -2) and 

groundwater level monitoring (W1−6). (c) Photograph of the area in which the second subsidence event occurred. The 

surface settlements were measured in the points of G1-6 
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Fig. 3 Surface settlements measured by inclinometers 

G1−6 in the area in which the second subsidence event 

occurred 

 

 

occurred on February 6, groundwater leaked rapidly and 

damaged the water gauge in borehole W2, which was 

located near the area in which the first subsidence event 

occurred. In borehole W1, the GL decreased by 1.06 m 

compared to that on February 5, and changed by 1.96 m 

cumulatively compared to the GL before the excavation 

work. In borehole W3, the GL decreased by 1.65 m over the 

same period (cumulative change of 1.87 m). After the sharp 

decrease in the GL in boreholes W1 and W3, the GL 

increased, but not to the same depth as before the 

subsidence. During the second subsidence event, the GL 

decreased by 5.54, 3.87, 2.14, 0.87, and 6.93 m for W1, 

W2, W4, W5, and W6, respectively, by February 14. These 

sharp deceases in the GL affected the subsidence. 

 

 

3. The ERT survey at the urban site affected by 
construction-induced subsidence  

 
The ERT survey was conducted on February 17, 3 days 

after the second subsidence event. To deploy a 120-m 

 

 

survey line, which was 7.5 m from the construction area and 

longer than the area of ground subsidence, bricks were 

removed from the sidewalk at intervals of 5 m to install 

stainless electrodes in the ground. Measurements were 

made with a dipole-dipole array having 10 n-spacing using 

an ABEM Terrameter LS (Guideline Geo, Stockholm, 

Sweden) (Fig. 5). 

The measured voltage differences between the two 

receiving electrodes decreased with distance from the 

transmitter. Outliers, i.e., data that did not follow the 

decrease curve of the potential, were removed (Fig. 6). The 

average apparent resistivity near the surface was about 130 

ohm-m and decreased as the n-spacing increased, with the 

lowest value being 11 ohm-m. Low resistivity can occur in 

layered earth due to the presence of a clay or fractured zone. 

Because the study site did not have a clay layer (Fig. 2), the 

low resistivity was considered to be due to subsidence. 

 

 
4. Effects of the excavation site on ERT 
according to 2D inversion  
 

Because the ERT line was near the excavation area, the 
ERT data could be affected by the excavation site, which 
contained highly resistive air. To analyze the effects of the 
air-filled excavation volume on the ERT data, we conducted 
numerical tests using a model constructed based on a region 
in Baekseok-dong where subsidence had occurred 
previously. After numerically simulating the ERT data for 
the model, 2D inversion of the data was performed to 
analyze the effects of the excavation site. 

 

4.1 Numerical simulation of the effects of the 
excavation site on the ERT data 

 
For the field survey of the target site, a field-scale 100 

ohm-m half-space 3D numerical model was constructed that 

contained an excavation site (Fig. 7(a)) with non-conductive 

air (108 ohm-m). The excavation site had dimensions of 80  

 

 
(a) (b) 

Fig. 2 (a) Geological map of the survey region and (b) geological layers revealed by a drilling survey in boreholes NX-1 

and NX-2 
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× 45 m in the x- and y-directions, respectively, with a depth 

of 20 m (z-axis). The ERT line was 120 m long in the y-

direction and 7.5 m from the excavation area, with an 

electrode spacing of 5 m (10 n-spacing) that replicated the 

actual field survey. The ERT data resulting from the 3D 

modeling were compared with the data from a 

homogeneous 100 ohm-m background model that did not 

contain an excavation site. The apparent resistivity in the 

excavation site model was about 1.87 times (Fig. 7(c)) 

higher compared with the background model (Fig. 7(b)). 

The increase became larger with larger n-spacing due to the 

presence of the excavation site, indicating that ERT data 

obtained near an excavation site should be inverted to take 

account of the effects of excavation. 

 

4.2 Correction of distorted ERT data for 2D inversion 
considering excavation effects 

 
Because 2D inversion assumes no changes in the strike 

direction, distortion of the ERT data caused by the presence 

of an excavation site can be misinterpreted due to the 3D 

nature of the site. We therefore corrected distortion of the 

ERT data before performing 2D inversion to account for the  

 

 

effects of the excavation site. The correction was conducted 

by dividing the ith apparent resistivity (ρai) near the 

excavation site, with the ratio (ri) between the apparent 

resistivities near the excavation site (ρai) and in a model 

without an excavation site (ρbi) being obtained as follows 

𝑟𝑖 = 𝜌𝑎𝑖/𝜌𝑏𝑖.  (1) 

Using the above equation, the effect of distortion by the 

excavation site could be removed from the apparent 

resistivity data. 

 

4.3 Correction of a 2D inversion of the ERT data for a 
3D excavation site 

 
The ERT data in the 2D survey line near the excavation 

site could be obtained through 3D modeling. The 3D 

modeling was conducted twice, using a half -space 

homogeneous model (100 ohm-m) including a conductive 

anomaly with and without an excavation region (Figs. 8(a) 

and 8b)). The conductive anomaly was assumed to be 

caused by loose ground 10 ohm-m below the survey line. It 

extended for 35 and 15 m in the x- and y-directions,  

 
Fig. 4 (a) Groundwater level (GL) fluctuations recorded from September 28, 2016 to February 21, 2017, in monitoring 

wells W1−5. Changes in GL compared to a previous measurement (b) and to the first measurement before excavation 

(cumulative change) (c) were also shown 
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(a) 

  
(b) (c) 

Fig. 5 (a) Electrical resistivity tomography (ERT) profile between the excavation site and a road in the urban area. (b) 

Stainless electrodes were installed in the sidewalk after removing paving blocks. (c) The 64-channel ABEM Terrameter 

LS instrument used for the ERT survey 

 
(a) 

 
(b) 

Fig. 6 Apparent resistivity data obtained by electrical resistivity tomography (ERT) performed near the excavation site. 

(a) Raw data and (b) data obtained after deleting outliers, i.e., data that did not follow the curve of the potential for each 

transmitting electrode pair 
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respectively, and was located at a depth of 7.5–17.5 m (Fig. 

8). The electrode spacing was the same as in the field 

survey. The apparent resistivity data of the 3D model 

including both the excavation site and loosened zone 

became resistive and was more distorted by the excavation 

site in comparison with the homogeneous model including 

the loosened ground anomaly (Fig. 9(b)). The distorted data 

were corrected to remove the effect of excavation by using 

the ratio of changes in resistivity caused by the excavation 

site, as calculated by Eq. (1). The corrected apparent 

resistivity data (Fig. 9(c)) were similar to the data obtained 

by 3D modeling including the loosened zone (Fig. 9(a)). 

Using DC2dpro software (Kim 2009), 2D inversions 

were conducted with three iterations for the ERT data 

obtained from the homogeneous and excavation site 3D 

models with the loosened ground anomaly (Figs. 9(a) and 

(b)) and corrected data (Fig. 9(c)). Inversion of the distorted 

data revealed a resistive anomaly below the conductive 

anomaly (Fig. 9(e)), while the corrected data clearly showed 

a conductive anomaly in the homogeneous background (Fig. 

9(f)). In the conductive anomaly region, the average 

resistivity values for the corresponding inverse blocks were 

42.6 and 33.38 ohm-m before and after considering the 

effects of the excavation site, respectively. The resistivity of 

 

 

the conductive loosened zone was set to 10 ohm-m, and 

inversion considering the excavation produced much more 

accurate results. 

The 3D modeling and 2D inversion were repeated for a 

two-layered earth model with the same conductive loosened 

zone and excavation site. The resistivity of the first layer 

was set to 100 ohm-m based on the apparent resistivity near 

the surface at this site. The second layer of 1,000 ohm-m 

was set to start at a depth of 23.3 m based on the actual 

bedrock depth. The 2D inversion results (Figs. 9(g)-9(i)) 

showed that the effect of the high-resistivity excavation site 

was stronger in the resistive bedrock and the conductive 

loosened zone was also identified more precisely by 

removing the effect of excavation. Therefore, 2D inversion 

should be performed with consideration of the effects of 

excavation sites. 

 

 

5. Inversion of ERT data obtained at the study site  
 

We conducted 2D and 3D inversions for the field data 

obtained from the subsidence area. In the 2D inversion, the 

excavation effect was considered through the data 

correction method. The 3D inversion was performed using a  

 
(a) 

 
(b) (c) 

Fig. 7 (a) The 3D numerical model of homogeneous resistivity (100 ohm-m) including the excavation site, which had an 

air resistivity of 108 ohm-m. The survey line is the solid red line, which was 7.5 m from the excavation site. The 

configurations are the same as in the field survey described in Fig. 1(b). Apparent resistivity data from the homogeneous 

models (b) without the excavation site and (c) with the excavation site 

 

 

(a) (b) 

Fig. 8 (a) The loosened zone with a resistivity of 10 ohm-m was added to the model from Fig.7(a). (b) Cross-sectional 

view of the yz axis below the survey line (solid red line) 
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in-house 3D inversion algorithm that could consider the 

effects of excavation (Kim et al. 2022, Appendix A). In the 

3D inversion, the high-resistivity excavation site was within 

the calculation area and influenced the modeling. It was 

excluded when the inversion was conducted, and the model 

was iteratively updated. 

 

5.1 The 2D inversion with adjustment for the effects 
of excavation  

 
The field data in the region where subsidence occurred 

was corrected for the 2D inversion using the ratio of 

resistivity change (Eq. (1)). The ratio was calculated 

through field-scale modeling of a homogeneous numerical 

excavation model considering the sizes of the actual 

excavation and survey line in the subsidence site. Field 

apparent resistivity data were corrected using the ratio in 

the same way as in the numerical test. 

Inversion of the raw data using DC2dpro software 

revealed a conductive zone on the right boundary of the 

survey line (Fig. 10(a)). In contrast, inversion of corrected 

 

 

data revealed a conductive anomaly located from 55 m to 

about 90 m of the survey line, which leaded to the boundary 

of the survey line. The anomaly can be interpreted as a 

loosened zone and appeared in the area adjacent to the 

excavation site (Fig. 10(b)). The surface settlement 

measured at G3-6 appeared to be relatively large. The 

location of G3-4 was near the center of the survey line and 

adjacent to the excavation site, while G5 and G6 were 

located on the right side of the survey line at the boundary 

of the excavation site. After considering the surface 

settlement in the 2D inversion, the underground loosened 

zone was deemed likely to extend from the center to the 

right boundary of the survey line. Correction of distorted 

data through consideration of the excavation site aided 

localization of the loosened zone. 

 

5.2 The 3D inversion including the excavation site 
 
Using the algorithm developed by Kim et al. (2022), 3D 

inversion of the field ERT data considering the effects of 

the excavation site was performed. For the 3D inversion, an  

 
(a) (b) (c) 

 
(d) (e) (f) 

 
(g) (h) (i) 

Fig. 9 Pseudo sections of apparent resistivity simulated by the numerical models shown in Fig. 8, which have a 

conductive loosened zone (a) without and (b) with an excavation site. The apparent resistivities (b) were corrected by 

removing the effect of excavation (c). The 2D inversions performed for (a)-(c) are shown in (d)-(f), respectively. The 2D 

inversion results ((g)-(i)) for data obtained using two-layered earth models. The results of (g)-(i) are similar with (d)-(f), 

except for the presence of a basement. The blue solid rectangles in each figure indicate the location of the conductive 

loosened zone 

 
(a) (b) 

Fig. 10 Results of 2D inversion performed for field data (a) before and (b) after removing the effects of the excavation 

site 
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initial model with an excavation site was composed of two 

layers of alluvial material and bedrock, whose resistivities 

were the average value of the measured apparent 

resistivities and 1000 ohm-m, respectively. The excavation 

region, whose resistivity was 108 ohm-m, was excluded 

from the inversion blocks, while it was included in the 

forward model simulation done using the 3D algorithm 

(Kim et al. 2022). For comparison, 3D inversion not 

considering the excavation site was also conducted. 

The inversion result without considering the excavation 

site had conductive anomalies under the survey line as well 

as in the excavation site (Fig. 11(a)). The conductive 

anomaly in the excavation site was wrong anomaly. In 

contrast, the 3D inversion considering the excavation site 

showed conductive anomaly mainly in the deep area in the 

middle of the survey line (Fig. 11(b)). The conductive 

anomaly at a depth of 8 m was interpreted as a loosened 

zone because large subsidence occurred near the center of 

the survey line in that area. Considering that the settlements 

to the southwest of the area in which the second subsidence 

event occurred, analyzed by inclinometers G1−6, were 

relatively large, the more conductive area well-matched the 

area with greater subsidence. 

 
 
6. Conclusions 
 

Electrical resistivity tomography was conducted along a 

survey line in an urban area where ground subsidence 

occurred due to ground excavation. Changes in the GL were 

monitored during the excavation, and indicated that 

subsidence occurred after rapid outflow of groundwater and 

soil. Before interpreting the ERT data, the effects of the 

excavation site were analyzed to determine how it affects 

data and inversion results. A 2D inversion of the corrected 

field ERT data correctly identified the major loosened zone 

in the ground subsidence area. Further 3D inversion of the 

distorted data with consideration of the excavation site was 

performed to locate the loosened zone with higher accuracy.  

A 2D inversion with consideration of the excavation site 

had the limitation of being less reliable than a 3D inversion, 

but also had the advantage of being able to quickly identify 

the loosened zone without distortion of the excavation site. 

Thus, ERT along a survey line could be effective for 

monitoring loosened zones during excavation work. 
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Appendix A 
 

- 3D inversion algorithm considering the 
excavation site 

 
The 3D DC inversion was performed by iteratively 

solving the following nonlinear problem 

∆𝐝 = 𝐣∆𝐦  (A1) 

where ∆𝐝  is the vector of the difference between the 

observed and numerically simulated data, ∆𝐦 is a model 

correction vector, and j is a sensitivity matrix. Solutions of 

(Eq. (A1)) that yield ∆𝐦 values are numerically unstable; 

therefore, constraints are required. Model roughness is often 

minimized using an objective function Φ (Han et al. 2008) 

Φ(𝐦𝑘) = ‖∆𝐝𝑘 − 𝐣𝑘∆𝐦𝑘‖
2
+ λ2[‖𝐜𝐦𝑘‖]

2
 (A2) 

where c is a second-order difference operator quantifying 

model roughness, mk is the model at the k-th iteration, and λ 

is the Lagrange multiplier. λ balances the model misfit 

(‖∆𝐝𝑘 − 𝐣𝑘∆𝐦𝑘‖ ) with the spatial constraints (‖𝐜𝐦𝑘‖ ). 

Smoothing constraint is widely used in spatial domain 

models using least-squares inversion. Smoothness 

constraint forces spatial model parameters to change 

gradually by minimizing the primary or secondary 

differentiations (Constable et al. 1987). Minimizing the 

objective function in (Eq. (A2)) is equivalent to solving the 

following observational equation 

[
𝐣𝑘

λ𝐜𝑘
] ∆𝐦𝑘 = [ ∆𝐝𝑘

−λ𝐜𝐦𝑘] (A3) 

A modified Gram–Schmidt method is used to solve (Eq. 

(A3)) (Han et al. 2008), which yields ∆𝐦; this is then added 

to 𝐦 when the model is updated. This procedure is repeated 

until the misfit between the measured and modeled data 

decreases to an acceptable level. 

When inverting ERT data obtained near the excavation, 

we excluded the excavation site itself but included it when 

modeling the ERT signals. The excavation position and 

dimensions were known and could therefore be excluded 

from the inversion. When modeling the ERT signals in the 

presence of an air-filled excavation site (which distorts ERT 

responses), the excavation site is assumed to be a highly 

resistive body because the half-space condition deals with 

geometry only. The surface of the earth is usually 

considered to be a half-space. The resistive body of the 

excavation had the same resistivity as air, i.e., 108 ohm-m. 

Given the exclusion of the excavation site from the 

inversion, there was no need to add smoothing constraints 

to (Eq. (A2) or (A3)) when considering the inversion blocks 

between the excavation site and inversion domain during 

computation of the roughness matrix. 
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