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Abstract: During the construction of a section of the S-7 Lubień  – Rabka-Zdrój dual expressway, located in the 
area of the Carpathian flysch (Carpathian Flysch Belt, South Poland), damage to the embankment was observed, 
as well as cracks and depressions in the new pavement. An analysis of the geological and engineering conditions 
in the area of the road section under construction showed the existence of a complex tectonic structure of the 
flysch formations, a shallow groundwater table, and numerous landslides. In order to stabilize the road substrate, 
it was decided to carry out injections, and the locations of these injections were initially geotechnically tested. 
However, due to the high variability of the geological structure, the target method employed was electrical re-
sistivity tomography (ERT), which performed the survey in two stages. In Stage I, the geoelectrical/geochemical 
structure of the near-surface zone was identified, and the probable causes of road damage were indicated. This 
stage was completed by performing the stabilization and sealing process of the ground with an injection mixture. 
In Stage II, studies were carried out to evaluate the effectiveness of the injection process. The ERT method effec-
tively identified the shallow geological structure and, in particular, delineated the zone of strong fractures in the 
flysch and areas associated with faults. Using the electrical resistivity tomography method, it was also possible 
to determine the injection mixture’s approximate penetration depth and the loosening zone’s degree of filling. 
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INTRODUCTION

The degree of complexity of geological engineer-
ing conditions depends on three factors: the align-
ment and structure of the subsurface layers, the 
location of the groundwater table, and the pos-
sibility of adverse geological processes and phe-
nomena. Therefore, the determination of geologi-
cal and engineering conditions and the associated 
natural and/or anthropogenic hazards involves the 
identification of the current state of the geological 

medium and a  forecast concerning the possible 
hazard zone (Majer et al. 2018). Non-invasive geo-
physical methods characterized by high efficiency 
and relatively short measurement times are very 
helpful in this regard. In contrast to point methods 
for geotechnical engineering, these methods can 
provide continuous information about the medi-
um studied. Geophysical methods make it possi-
ble, among others, to identify the geological struc-
ture and hydrogeological conditions, assess the 
risk of landslide processes, identify underground 
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technical infrastructure, detect tectonic deforma-
tions, and estimate the physical and mechanical 
parameters of a  given medium (Martínez-Pagán 
et al. 2013, Pasierb et al. 2019). In the case of con-
struction projects located in complex geological- 
engineering conditions (for example, a  shallow 
groundwater table or the presence of soils with 
low bearing capacity, the presence of faults or 
landslides), geophysical methods can also be used 
to conduct monitoring, which allows, among oth-
ers, an inspection of the subsoil before and after 
stabilization works, such as injection or cement-
ing (Kremer et  al. 2018, Gutiérrez-Martín et  al. 
2021). One of the most commonly used geophys-
ical methods in such cases is ERT (electrical re-
sistivity tomography) (Dahlin 1996, Loke 2010). It 
allows the identification of near-surface layers in 
areas with a complex geological structure, where 
conventional invasive survey methods cannot 
guarantee complete reconnaissance and the sup-
ply of the requisite information to determine the 
foundation conditions of the object (Jouen et  al. 
2018, Hasan et al. 2021). The ERT method is used 
to determine the electrical resistivity of the sub-
soil. This resistivity is influenced by several vari-
ables, such as the texture, structure, porosity and 
physical parameters of the geological medium for-
mations that depend on water content, tempera-
ture, and soil solution concentration (Archie 1942, 
Samouëlian et al. 2005). The interaction between 
water and the subsoil is one of the most important 
factors and mechanisms that cause unfavourable 

processes and phenomena in terms of construc-
tion to occur, such as displacement caused by the 
formation of loosening zones in the subsoil or sub-
sidence of the ground surface due to the forma-
tion of voids caused by karstification or suffusion 
(Apuani et al. 2015). To prevent these phenomena, 
the process of soil consolidation is carried out by 
injecting an injection mixture, which, combined 
with the soil skeleton, results in the improvement 
of the geotechnical properties of the construction 
site subsoil, i.e. strengthening the soil, increasing 
its strength, bearing capacity and stiffness, and 
preventing subsidence of the subsoil. 

The article presents the application of the elec-
trical resistivity tomography (ERT) method to 
identify the shallow geological structure in the 
complex geological and engineering conditions of 
the Carpathian flysch and to determine the caus-
es of road damage. The study was carried out to 
select the optimal location of the injection wells, 
after which the effectiveness of the subsoil stabili-
zation work was evaluated.

STUDY AREA

Measurements using the ERT method were carried 
out in a section of the construction of the S-7 Lu-
bień  – Rabka-Zdrój dual expressway under con-
struction, located south of the city of Krakow, Po-
land (Fig. 1). All of the geotechnical data used in the 
paper was obtained from confidential documents of 
the Salini Impregilo road building company. 

Fig. 1. Location of the study area (www.archiwum.gddkia.gov.pl/pl/aprint/34768/)

–
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A  retaining wall consisting of DFF (designed 
for flysch) piles with steel cores was erected on the 
surveyed section of the road. A year after its con-
struction, a deviation of part of the wall from the 
vertical was noticed, which increased, reaching 
87 cm after the next year. Cracks in the asphalt 
and the lowering one of the road lanes by 5–10 cm 
were also observed. 

The analyzed section of the road is located in 
an area with a complex geological (the Carpath-
ian flysch) and tectonic structure (a fault was lo-
cated nearby). The shallow geological structure 
of the study area was determined on the basis of 
data from boreholes and geotechnical probes. The 
Carpathian flysch in the immediate subsurface is 
composed of clayey shales, siltstones, and weak-
ly compacted sandstones which are mostly weath-
ered. The dips of the rock beds ranged between 60 
and 80°, and the groundwater table is shallow, at 
a depth of 0–1.5 m below sea level.

METHODS

Measurements were performed with the use of 
electrical resistivity tomography (ERT) methods 
in two sessions in two years. Field measurements 
were realized with the use of an Ares I  resistivi-
ty meter manufactured by GF Instruments S.R.O. 
The Wenner–Schlumberger array was applied 
with the basic electrode spacing Δx = 3 m. The ar-
ray was chosen on the basis of the beneficial sig-
nal-to-noise (S/N) ratio. The lengths of the current 
and potential dipoles were a = 1Δx and 3Δx and 
the separation factor n, which is the relationship 
between the current and potential dipole, equals 
n = 1, 2, 3,…, 9Δx (Loke 2010). These parameters 
resulted in the proper depth and resolution for the 
investigations.

The apparent resistivity data sets obtained were 
inverted using Res2dinv from Geotomo Software. 
During the mentioned process, information about 
terrain morphology data was taken into account. 
The inversion methods were tested. The first was 
the L1 norm (robust and blocky) and the second 
was the L2 norm (smooth). Finally, the results pre-
sented were obtained from the L1 norm option, 
which is typical use in situations where sharper 
boundaries between resistivity zones are expected 
(Loke et al. 2013). It should be noted that both the 

acquisition and inversion processes were the same 
in all sessions.

In the contextual interpretation phase (geolo-
gy and engineering geology) of the inverted data, 
geological maps, borehole information, and re-
sults of the DPH (dynamic probing heavy) tests 
were considered (Majer et al. 2018). 

RESULTS AND DISCUSSION

In the first step of the geophysical interpretation 
(Stage I of the study), it was found that the geo-
electric/geological medium generally consists of 
two layers, i.e. a near-surface, low-resistivity layer 
of relatively low thickness and a higher-resistivity 
deeper layer.

The resistivity values of the low-resistivity 
layer vary in a narrow range from approximate-
ly 5  to 20 Ωm, indicating that it is relatively ho-
mogeneous in terms of lithology (Fig. 2). This was 
confirmed by the results of the geotechnical DPH 
probing tests, one of the most important tools for 
testing soil compaction and geotechnical analy-
sis of the subsoil (Czado & Pietras 2012, Sokołow-
ska et al. 2017) conducted at points B1, B2, and B3 
(Fig. 2). Within the low resistivity layer, the num-
ber of strokes needed to deepen the geotechnical 
probe by 0.1 m did not exceed 10.

The relatively high resistive layer of the sub-
strate is characterized by resistivity values in the 
range of 40 to 60 Ωm. The boundary of the high- 
resistivity and low-resistivity zones correlates with 
the results of the DPH tests. In the geotechnical 
probing curve, there is a clear spike in the number 
of strokes, especially evident in the case of point B2 
(Fig. 2). It is noteworthy that the high-resistivity  
layer is not homogeneous in terms of resistivi-
ty distribution; three zones (Zones 1, 2 and 3) of 
reduced resistivity are clearly marked in the layer. 
The decrease in resistivity is of the order of about 
30–80% (Fig. 2). The heterogeneity of the layer is 
confirmed by data from the DPH test at point B3, 
where below an altitude of about 590 m above sea 
level, alternating increases and decreases in the 
number of strokes needed to deepen the probe are 
evident. Therefore, it can be assumed that the de-
crease in resistivity for Zones 1, 2, and 3 is related 
to the weakening of the ground under investiga-
tion. This weakening can be associated with the 
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tectonics of the studied area, i.e., the existence of 
local tectonic cracks or even faults. 

The geological interpretation of the electrical 
resistivity cross-section (Fig. 2) was carried out 
on the basis of the data from the boreholes. These 
were located within 200 m of the ERT profiles. 

The results obtained from Stage I of the ERT 
study were used to identify the optimal injection 
points located between the ERT profiles beginning 
and its 105 running meter. The rock material from 
the cores shows that the relatively low-resistivity, 

near-surface layer corresponds to clay loam for-
mations. In contrast, the deeper high-resistivity 
zone can be interpreted as the Paleogene siltstones 
and shales of the Carpathian flysch. In this layer, 
zones of decrease in resistivity can be observed, 
which are most likely related to water infiltration 
into highly fractured (weathered) rocks. There-
fore, it can be concluded that the infiltration of 
water into deeper parts of the rocks had weakened 
the medium, resulting in damage to the surface of 
the road and its embankment.

Fig. 2. 2D interpreted resistivity distribution: Stage I (iteration number = 7; RMS error = 1.98% ); Stage II (iteration number = 9; 
RMS error = 4.26%); robust inversion

https://journals.agh.edu.pl/geol
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Under similar hydrological conditions, the sec-
ond stage of electrical resistivity testing was car-
ried out after injection, 15 months after Stage I. The 
injections caused significant changes in the im-
age of the resistivity distribution in the flysch for-
mations. The disappearance of the low resistivity 
Zones 1 and 2 (Fig. 2) was observed, probably as-
sociated with the partial filling of the fractures and 
cracks and blocking of the flow of water in these 
areas. Low resistivity values were only observed 
within Zone 1 and Zone 3, indicating water is still 
present. However, the resistivity in both of these re-
gions after injection is much higher than previously 
observed in Zones 1 and 2 of Stage I of the study.

Analyzing the ERT cross-section from Stage II 
of the study (Fig. 2), one can also see changes in 
the distribution of the resistivity and an irregular 
course of the boundary between the subsoil and 
the overburden. The demarcated zones of higher 
resistivity, A, B, C, and D (Fig. 2), indicate that the 
injection mixture had not penetrated the highly 
resistive flysch bedrock. Thus, it can be concluded 
that much of the flysch substrate was not cracked 
or weathered, and the few loosening areas were 
mostly filled in. The interpreted high resistivity 
anomaly in Zone E, located near the ground sur-
face, is probably related to the retention of the in-
jection mixture.

The question of the resistivity of the injection 
mixture obtained after inversion of the ERT test 
data in relation to the actual resistivity values is 
a matter of debate. After Stage II, the resistivity in 
the injection mixture-filled zones is several tens of 
ohm-meters (Fig. 2), while its theoretical literature 
value according to Cheytani & Chan (2021) is sev-
eral thousand ohm-meters. Such a  large discrep-
ancy between the theoretical resistivity and the 
interpreted resistivity at the injection sites is prob-
ably associated with the complex geological struc-
ture of the subsoil and the influence of the inver-
sion algorithm, which does not allow for a correct 
representation of the actual resistivity (the resis-
tivity is underestimated). 

The Carpathian flysch is built of alternating 
thin layers, consisting of different rocks (sand-
stones, conglomerates, claystone) which, as a rule, 
differ in resistivity. The resistivities of these for-
mations compared to the theoretical value of the 
average resistivity of the mixture are not high. The 

resistivity distribution obtained from the survey 
does not reveal this structure, since the vertical 
resolution of the ERT method decreases mark-
edly with depth (Dahlin 2001, Loke et  al. 2013). 
Therefore, this is undoubtedly one of the reasons 
for the underestimated resistivity values obtained 
from the inversion. It is also important to high-
light the fact that in reality the geological medi-
um is three-dimensional, while the data obtained 
are from the surveys conducted in 2D geometry. 
Also, the direction of the surveys conducted is im-
portant due to the arrangement of the layers in the 
flysch. Thus, the results obtained are only a 2D ap-
proximation of a three-dimensional medium.

CONCLUSIONS

The construction of the S-7 Lubień  – Rabka-Zdrój 
dual expressway was carried out under difficult 
ground conditions. These were mainly due to the 
complex tectonic structure of the flysch forma-
tions, the shallow occurrence of the groundwater 
table, and numerous landslides. The ERT studies 
aimed to identify the shallow geological structure 
and determine the causes of deformation. The re-
search showed that, from the perspective of geo-
electric research, the medium is two-layered. The 
first, low-resistivity layer correlates well with the 
near-surface formations of clay loam character. 
The low resistivity variability of these formations 
indicates a  relatively homogeneous lithological 
layer, which was confirmed by geotechnical prob-
ing tests of the DPH. The lower layer of higher re-
sistivity could be identified with Paleogene silt-
stones and clay shales of the Carpathian flysch. 
This layer is not homogeneous, which was also 
confirmed by the DPH test results, showing al-
ternating increases and decreases in the number 
of strokes needed to deepen the probe. The var-
ious resistivity zones recorded in it were formed 
as a result of water infiltration into the fractured/
weathered geological medium. This phenomenon 
could be considered to have been the cause of the 
damage to the road embankment and cracking of 
the road surface. On the basis of the ERT studies, 
the zones of injection were identified to stabilize 
the subsoil. The second stage of the research was 
performed to assess the condition of the geologi-
cal medium after injection. 
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The results generally showed an increase in the 
resistivity within the loosened areas, indicating 
their sealing. Local zones of high resistivity were 
also observed at the subsoil-overburden boundary 
and they could be associated with an excess of the 
injected mixture. 

In conclusion, the electrical resistivity tomog-
raphy method can be effective for identifying the 
highly layered flysch geological medium and an 
effective tool for monitoring the injection process. 

The work was financed through the statutory 
activity Ś-2/235/2017/DS and DS/2021-Ś1 (Faculty 
of Environmental Engineering and Energy, Cracow 
University of Technology).
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