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ABSTRACT 

 

Landslide investigations often are based on exploratory or rotary core drilling, which has its 

drawbacks. Borehole investigations are expensive and long term. It is a kind of point test so that 

important soil layers can remain undetected by drilling. Inaccessible and steep terrains on landslides 

are often a significant problem for drilling rig applications. Therefore, in recent years, this standard 

investigation method has been supplemented or, in specific cases, replaced by modern methods of 

geotechnical and geophysical investigations. This paper presents just such a case of landslide 

investigation without the application of exploratory drilling. The investigations were carried out in 

village Petrovsko (north-western Croatia), on a landslide of the rotational-translational type, with a 

total area of 5000 m2. This instability potentially threatened the D206 state road corridor. Engineering 

geological and recent geotechnical-geophysical investigations were applied to define the boundaries of 

instability, the lithological composition of sediments in the subsurface and locating the sliding surface. 

According to the results of investigations with a Dynamic Probe Light (DPL) and Cone Penetration 

Test (CPTu), the depth of the sliding surface was determined. Geophysical investigations performed 

using Electrical Resistivity Tomography (ERT), Seismic Refraction (SRF) and Multichannel Analysis 

of Surface Waves (MASW) confirms and perfectly complement the results of in situ geotechnical 

surveys. The unfavourable geological structure was determined, as silty sands and clays predominate 

in the surface layers, and organic clays of low shear strength appear immediately before contact with 

marl. The main cause of landslides is the decreased strength of clay in contact with marl, due to the 

rise of ground water level and effect on pore pressure and effective pressure of the deeper layers of the 

clay. Finally, the gravel drainage trenches have been proposed as a conceptual remedial solution 

through the upper lying layers to hard marl. 
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1. INTRODUCTION 

 

The north-western part of Croatia is an area of frequent landslides. For example, in the winter and 

spring of 2013, more than 900 shallow landslides were (re)activated due to extreme weather 

conditions (Mihalić Arbanas et al., 2017). Croatia's neighbouring countries, Slovenia and Italy, also 

face frequent landslides (Jordanova et al., 2020; Corsini & Borgatti, 2019; Tofani et al., 2017). That is 

why landslide investigation is an interesting topic, especially in this part of Europe. 

 

Although the authors of this paper generally adhere to workflows to obtain a geotechnical landslide 

model (Grabar et al., 2019), which includes exploratory core drilling, it is not necessary to perform the 

same in every landslide investigation. It is already known how drilling is expensive and long term. In 

addition, it is a type of point test and is sometimes difficult to perform on landslides. The author's 

experience shows that the results of geotechnical-geophysical research correlate very well with the 

results of exploratory drilling (Strelec et al., 2017). Therefore, in recent years, drilling has been 

supplemented or, in specific cases, replaced by modern investigation methods. There are multiple 
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examples of research (Rehman et al., 2021; Hussain et al. 2019; Rezaei et al., 2019) that confirm the 

above. 

 

This paper presents an example of landslide investigation without the application of exploratory 

drilling (Figure 1.). The investigations were carried out in village Petrovsko (north-western Croatia). 

According to information received from locals, a landslide occurred in early 2020, immediately after 

the earthquakes in Zagreb. Results of engineering geological investigations indicate a landslide of the 

rotational-translational type. The depth of the sliding surface (5-6 m) was determined using two types 

of in situ geotechnical investigations. 

 

 
Figure 1. Positional ground plan of the performed investigations on the landslide in the village Petrovsko. 

 

On an area of about 5000 m2, six DPL probes and one CPTu penetration were performed. Results of 

electrical (ERT, two cross-sections) and seismically (SRF and MASW, one cross-section) geophysical 
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investigations confirm and perfectly complement the results of in situ geotechnical surveys. The 

positions of the conducted research are shown in Fig. 1, while the results of the research are presented 

in detail below. According to the investigation results, the remediation solution includes drainage of 

deep soil layers through the upper lying layers to hard marl. 

 

 

2. METHODS AND RESULTS OF INVESTIGATION 

 

2.1. Engineering geological investigations 

 

Geological mapping began already in the office. All available geological reports and data were 

reviewed. Field geological investigation was carried out with the aim of collecting additional data. 

These data were collected in the form of photographs, measurements and notes. 

 

In the lithological sense, clasts are represented and dominated by marls, marly limestones, clayey 

marls, sands, sandstones, and locally conglomerates. Conglomerates and sandstones are found at the 

base of this sequence of deposits. The colour of these clasts is grey-yellow and green. In a narrower 

location, sandy marls and sandy clays are present in the substrate. This sequence of deposits is 

deposited erosive discordantly on Oligomiocene and older Triassic rocks. 

 

The landslide has clearly manifested sliding elements: a forehead with a tensile crack and a jump of up 

to h = 2.5 m, and material pushed into the foot. According to the type of sliding, the landslide is 

rotational-translational. The displaced masses correspond to a volume of approx. 2000 m3 and the total 

displacement is about 10 meters (Fig. 2). The tensile crack can be clearly traced in the length of 150 

m. The landslide is indented, the movement of masses occurs in paths of 30 to 60 m.  

 

  Figure 2. Tensile crack with a jump in the northern part of the landslide: a) NE view; b) SW view. 

 

2.2. Geophysical investigations 

 

Geophysical surveys were conducted using three methods: Electrical Resistivity Tomography (ERT), 

Seismic Refraction (SRF) and Multichannel Analysis of Surface Waves (MASW). 

 

ERT is a geophysical method that provides 2D images of the distribution of the electrical resistivity in 

the subsoil. Multi-electrode system for 2D electric investigation uses an array of electrodes connected 

by multicore cable to provide a linear depth profile, or pseudo section, of the variation in resistivity 

both along the survey line and with depth. This procedure is well described in Solid Earth Geophysics 

Encyclopaedia (Loke et al., 2011). The analysis and interpretation of tomograms allow the 

identification of resistivity contrasts that can be found in some areas due to the lithological pattern of 

the terrains or the water content variation (Strelec et al., 2017). The resistivity profile inversion was 

achieved using the method proposed by Loke et al. (1997). On the ERT-1 cross-section (Fig. 3), it is 
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clearly seen that the sliding surface formed inside the clay materials towards the marl substrate. Soil 

categorization according to electrical resistivity is shown in Tab. 1. 

 

 
Figure 3. Results of geophysical investigations: Resistivity model in electrical tomography profile ERT-1. 

 
Table 1. Soil classification according to electrical resistivity. 

Electrical 

resistivity 

(Ωm) 

Soil classification 
Hydraulic 

characteristics 

Permeability 

coefficient 

(m/s) 

< 30 
clays, marly clays and 

marls 

poorly permeable / 

impermeable 
10-7 – 10-9 

30 - 60 clay silt to sandy silt partially permeable 10-5 – 10-7 

80 - 250 
Sand, sandstone, 

marly sands 
partially impermeable 10-8 – 10-12 

 

SRF is used because it is the principal seismic method that mainly uses seismic P-waves in seismic 

tomography (Fig. 4b). The MASW, first introduced in 1999 by Park et al., is a seismic exploration 

technique that first measures seismic Rayleigh surface waves generated from various types of seismic 

sources, analyses the propagation velocities of those surface waves, and then finally deduces shear 

wave velocity (VS) variations below the surveyed area. Field procedures and data processing steps are 

briefly explained in Park et al. (1999). By interpreting the results of the MASW, the arrangement of 

the layers at the investigation site was obtained (Fig. 4a). Surface sediments up to an approximate 

depth of 6 m have shear wave velocities VS = 180 - 220 m/s. With depth, the stiffness of the material 

increases sharply, and the velocity deeper than 6 m is VS > 300 m/s. 

 

 
Figure 4. Results of geophysical seismic investigations: a) 2D S-wave velocity profile on MASW-1;   

                b) 2D P-wave velocity profile on RF-1. 

 

2.3. In situ geotechnical investigations 

 

In situ testing is fast, continuous, and provides immediate results for use in the analysis. First was 

made soil testing with Dynamic probe light (DPL), at which probe cone is rammed into the ground by 
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10 kg hammer falling from the height of 50 cm. Dynamic penetration resistance is defined as a number 

of blows to penetrate 10 cm. Dynamic probe testing was revised by Cope (2010). On the landslide in 

Petrovsko, 6 dynamic probes were made up to a maximum depth of 6 m. 

 

Field CPTu probing procedure (Lunne et al., 1997) includes hydraulic pushing of the steel cone 

penetrometer with constant speed to obtain total cone resistance (qt), friction ratio (Rf) and pore 

pressure (u). Interpretation of CPT data is performed according to soil behaviour type (SBT) and 

various geotechnical parameters based on currently published empirical correlations Unification 

between 9 SBT zones proposed by Robertson (1990) is shown in Tab. 2. Geotechnical parameters 

interpreted from the values obtained from CPTu-1 in Fig. 5 were calculated according to the 

expression given in Robertson and Cabal (2014). 

 

 
Figure 5. Results of CPTu-1 testing; a) Probe interpretation, b) Soil behaviour type (SBT) plot obtained from 

CPTu-1. 

 
Table 2. Proposed unification between 9 SBTn zones (Robertson, 1990). 

SBTn zone Proposed common SBT description 

1 Sensitive fine-grained 

2 Clay – organic soil 

3 Clays: clay to silty clay 

4 Silt mixtures: clayey silt & sity clay 

5 Sand mixtures: silty sand & sandy silt 

6 Sands: clean sands to silty sands 

7 Dense sand to gravelly sand 

8 Stiff sand to clayey sand (Overconsolidated or cemented) 

9 Stiff fine-grained (Overconsolidated or cemented) 
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3. RESULTS INTERPRETATION AND GEOTECHNICAL MODELLING 

 

3.1. Geotechnical soil profile 

 

Obtained results from the investigation gave an insight into soil stratigraphy structure which then 

resulted in the detailed geotechnical landslide profile (Fig. 6). 

 

 
Figure 6. Geotechnical landslide profile GEO-1. 

 

By analysis of geophysical surveys, static and dynamic probing results, the lithological composition of 

the ground was determined: 

1. The surface soil up to a maximum depth of 6 m is built of siltstone sands and sand-siltstone 

clays. Klastites are in sedimentary exchange from silty sands (siSaP) to clayey silt, but also 

the appearance of fine gravel within the sand series. At a depth of 6 m, the CPT probe 

identified clays with organic impurities, low shear strength. A sliding surface was identified at 

the same depth. Soil parameters at the 1st interval (0 – 6 m): cu = 20 - 50 kN/m2, γ = 14 - 16 

kN/m3, c = 0 - 5 kN/m2, φ = 25°, VP = 200 - 500 m/s, VS = 180 - 300 m/s. 

2. Solid marl deeper than 6 m. Soil parameters at the 2nd interval (> 6 m): cu ˃ 250 kN/m2, γ = 

19 kN/m3, c = 50 kN/m2, φ = 25°. 

 

3.2. Main reasons for the slope instability 

 

According to information received from locals, a landslide occurred in early 2020. It was assumed that 

no soil instabilities had been manifested at that location until then. 

 

An unfavourable fact is the geological structure, which is dominated by silty sands and silty clays, and 

immediately before contact with marl appear organic clays of low shear strength, which are very 

sensitive to changes in humidity. 

 

The main cause of landslides is the drop in the strength of clay in contact with marl. The exact trigger 

is not entirely clear, a possible scenario is the rise of ground water level and effect on pore pressure 

and effective pressure of deeper soil layers. Given that nearby Zagreb was hit by a strong earthquake 

in 2020, the impact of this event can also be linked to the triggering of landslides. 

 

4. LANDSLIDE REMEDIATION DESIGN AND SLOPE STABILITY ANALYSIS 

 

According to the interpretation of the research results, the remediation solution must include drainage 

of deep layers to the level of marl. After sliding, the soil is completely exposed to wetting and seepage 

of rainwater. Preventing the accumulation of new water but also lowering the existing water levels in 
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deeper parts of the soil can be achieved by installing dug drainage. The drainage route will be laid on a 

sliding depression below the tensile crack (Fig. 7). After the installation of the drainage pipe, the total 

excavation of the drainage should be filled with stone drainage material, and the surface backfill 

should be reported in the phase of final planning of the terrain. The final drainage of the water 

collected by the drain will be discharged into a nearby drainage ditch by a pipe-drained system. 

 

To prove that the proposed remediation solution will ensure the stability of the slope, a slope stability 

analysis was performed, after lowering the groundwater by installing drainage. The slope stability in 

Petrovsko was arithmetically examined as a return stability analysis. Bishop's method of slices was 

developed. The safety factors that are achieved are Fs = 1.2. This means that the selected soil 

parameters and the built-in drainage system ensure slope stability. 

 

 
Figure 7. Review of the remediation solution. 
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5. CONCLUSIONS 

 

Activation of shallow landslides is a common geohazard in Croatia and neighbouring countries. 

Shallow landslides are phenomena that are most often triggered by rainfall events, but they can also be 

activated by other events such as earthquakes. The triggering type depends on the geological and 

hydrogeological characteristics of the site. 

 

Although exploratory drilling is a standard method of landslide investigation, this standard method has 

been supplemented or replaced by modern methods of geotechnical and geophysical investigations in 

recent years. In situ geotechnical testing is fast, continuous, and provides immediate results for use in 

the analysis. Geophysical investigations are relatively inexpensive and non-invasive, and they confirm 

and perfectly complement the results of in situ geotechnical. 

 

The previous claim was proved on the example of the landslide investigation in Petrovsko. In addition, 

it has been shown that investigation, especially of smaller landslides, can be carried out without the 

application of exploratory drilling. 

 

Due to climate change and increasing rainfall, there will be more and more landslides whose 

remediation will be possible by installing drainage systems. In such cases, the gravel drainage trenches 

are imposed as a good remedial solution. 
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