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Executive Summary 

This deliverable is a report on the investigation work and monitoring of the flood protection 

systems on two case study areas, one in the city of Karlovac in Croatia (protecting the area from 

the Kupa river) and another in the  Oud-IJsselmonde area in the Netherlands (protecting the area 

from Noord river). 

The report contains a description of the methods used to investigate and monitor the  riverbanks 

and embankments. This is followed by  analysis and interpretation of the gathered data to obtain 

insights into the current condition of these assets. The results of the deliverable will be used as 

input for flood fragility analysis of the case study riverbanks and embankments, developed within 

Work package 4 Vulnerability assessment methodology. 

Keywords: investigation works, embankment, riverbank, UAV, geophysics, CPT, borehole drilling 
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1 Abbreviations and Acronyms 

Abbreviation / Acronym Description 

CPT STATIC PENETRATION TEST 

ERT ELECTRICAL TOMOGRAPHY 

FCEZG FACULTY OF CIVIL ENGINEERING ZAGREB 

GNSS GLOBAL NAVIGATION SATELLITE SYSTEM 

LIDAR LIGHT DETECTION AND RANGING 

MASW MULTICHANNEL ANALYSIS OF SURFACE WAVES 

SASW SPECTRAL ANALYSIS OF SURFACE WAVES 

SPT STANDARD PENETRATION TEST 

SR SEISMIC REFRACTION 

UAV UNMANNED AERIAL VEHICLE 

WP WORK PACKAGE 
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2 Background 

In accordance with Annex I of Grant Agreement no. 874421, FCEZG, as the lead beneficiary of Task 

3.1 of WP3, is responsible for preparing Deliverable D3.1, a report on the performed investigation 

works and monitoring of the flood protection systems, namely riverbanks and embankments 

(levees) of two case study areas, one in Croatia and another in the Netherlands. The deliverable 

contains a description of the investigated and monitored riverbank and embankments sites, 

methods used, followed by the analysis and interpretation of the gathered data to obtain insight 

into the current condition of these assets. The results of the deliverable will be used as input for 

fragility analysis of the case study riverbanks and embankments, conducted within the Work 

package 4 ‘Vulnerability assessment methodology’. This deliverable will be publicly available, and 

it will be published on the project website.   
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3 Introduction 

This deliverable is a report on the performed investigation works and monitoring of the flood 

protection systems of two case study areas.  

The first case study is the system of riverbanks and embankments protecting Karlovac city centre 

in Croatia (Figure 1a), and its cultural heritage site (Karlovac Star), as well the network of state 

roads and railway lines passing through or in the vicinity of the city centre. In total, 3.0 km of 

riverbanks was investigated (1.5 km for each side of river), as well the 150 m of an embankment 

next to the Kupa river. 

The second case study is the system of embankments called section 17-3 Oud-IJsselmonde-

Oostendam (Figure 1b).  It protects the eastern part of IJsselmonde against the influence of the 

North River. The flood protection system (dyke) in this area is 9.4 km long and consists entirely 

of engineered embankments. For this project, an evaluation of condition of critical 1.1 km section 

is analysed, known as  Oostmolendijk. 

Aerial photogrammetry of both case study areas was performed, followed by the generation of 

3D point clouds and automatic generation of cross-sections of the riverbanks and embankments. 

On both case study sites, a suite of geophysical approaches were applied consisting of the 

combination of seismic and geoelectrical investigations. Additionally, to determine the subsoil 

conditions as well the variability of key soil parameters for vulnerability analysis, a drilling was 

performed along with SPT, soil sampling and laboratory testing on the Croatian case study, 

followed by the CPT investigations. At the Dutch case study, a number of  CPTs on the investigated 

section  were available from the open-access database DINOloket (https://www.dinoloket.nl/).  

     
(a)                                                                                          (b) 

Figure 1: Overview of the case study sites: riverbanks in the city of Karlovac (a), Oostmolendijk 

embankment in the Oud-IJsselmonde (b) 

Both case studies are described in more detail in Chapter 4. The methods used for investigations 

are presented in Chaper 5. The investigation procedures, data analysis and interpretation for 

Croatian case study are given in Chapter 6.1, while the same is presented in Chapter 6.2 for Dutch 

case study. 

 

https://www.dinoloket.nl/
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4 Description of the case study area 

 City of Karlovac, Croatia (CS1) 

The city of Karlovac, as first case study area (CS1), is situated in the central continental part of 

Croatia at the meeting point of the lowland and mountainous regions, between Slovenia to the 

west and Bosnia and Hercegovina to the east. It is located at the intersection of important road 

and railway routes from Zagreb to Rijeka and Split and therefore has an important role in 

transport and the economy of the country (Skarić Palić and Stipanović, 2020). Karlovac is also 

situated at the intersection of four rivers, Kupa, Korana, Dobra and Mrežnica, making it extremely 

prone to flooding. Many settlements, city districts, local roads and the state road D36 are regularly 

flooded with floods also threatening important international and regional rail lines. In the flood 

prone area of Karlovac there are a total 375 cultural heritage sites and cultural object, amongst 

which is the renaissance fortification system called ‘Karlovac Star’. 

The flood protection system in Karlovac is designed to withstand floods with a 100-year return 

period, however, the system has not yet been completed. An important element of this system 

(Kupa-Kupa channel) still needs to be optimized and is currently operating at only 20% of 

maximum capacity (IPA Twinning project, 2010). The flow-rate of 600 m3/s, which is considered 

to be a  threshold above which serious consequences can be expected, has been exceeded several 

times in recent years. Additionally, the Kupa river is listed as a ‘preservation area which is 

important for species and habitat types ‘as part of Natura 2000. Currently, there are more than 11 

km of flood protection systems in the city of Karlovac which are considered as structures of 

national importance (Spatial planning Croatia, 1999).  

Within the oVERFLOw project, the assets investigated include 1.5 km of riverbanks on each side 

of river Kupa, in the city centre, Figure 2a. Between the selected riverbanks, two case study 

bridges are located and their investigation is covered by the another Deliverable (Kosič et al., 

2021). The riverbanks are mostly up to 10 m high, however with very variable geometry and 

slope angle. At some parts, a stone wall is located on the top of the riverbanks, serving as an 

additional protection during high water event. However, this wall is generally in poor condition 

with many washed-out joints, Figure 3. 

 

In addition to the selected riverbanks, and in agreement with Croatian Waters as the 

infrastructure managers of the site, an additional 150 meter section (100 m of the right side and 

50 m of the left side) of an embankments next to Kupa river, was selected for the investigation, 

Figure 2b. This embankments represent the continuation of the riverbanks and as such form 

anintegral part of city center flood protection system. The embankments in city of Karlovac are 

also experiencing several geotechnical issues, such is the cracks along the promenade on one of 

the embankments due to its excessive settlements, Figure 3b. 
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(b)                                                                                          (b) 

Figure 2: Overview of the Karlovac case study area with selected flood protection infrastructure: 

riverbanks in the city centre along the Kupa river (a); 150 m’ section of the embankments next to the 

Korana river (b) 
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                (a)                                                                                      (b) 

Figure 3: Stone wall on the top of riverbanks in the city of Karlovac (a); cracks along the promenade 

on the one of the embankments (b) 

 

 South Holland region, Netherlands (CS2) 

The South Holland region, second case study area (CS2), is situated between the two main rivers 

in the Netherlands and has an on average very low altitude. Since most parts of the region are 

below sea level, flooding is the most important risk in this region and the neighbouring Schelde 

mouth region. The area is protected by levees but faces flooding threats from the sea and from 

high water events on  the rivers Rhine and Maas. The area is of high economic importance. 

Flooding of the area would be catastrophic not only for the area itself, but because of its vital 

infrastructure including; Europe’s largest port in Rotterdam, the A15 and A27 highways, and the 

railway from the port of Rotterdam to Germany called the Betuwelijn. Flooding would also affect 

the electricity and gas supply in the region (a gas distribution center is located in this area, called 

the Alblasserwaard Vijfheerenlanden). The interruption of any individual element would cause 

severe cascading effects including the disruption of energy supplies, food, medicines and impacts 

to the major financial centres (Skarić Palić and Stipanović, 2020). 

Oud-IJsselmonde-Oostendam section is chosen for the implementation of the foreseen activities. 

This embankment section protects the eastern part of IJsselmonde against the influence of the 

North River. This embankment section is 9.4 km long and consists entirely of engineered soil 

slopes.  A 1.1 km section named Oostmolendijk, Figure 4 was selected as it was deemed to be 

critical by the national programme of stability assessments. 
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Figure 4: Overview of the Dutch case study area with Oostmolendijk as selected embankment 

Since 2017, the legal flood standard of the embankment stretch is 1:100,000 per year (signaling 

value). Based on the report ‘Assessment of the safety of primary flood defense systems 2017.-

2023.’ (Bossenbroek et al., 2020), a safety assessment  has been determined for the given section 

on the basis of the various relevant failure mechanisms. The final conclusion is given regarding 

the 'safety assessment' of this section and it is categorized as ‘Category D: embankment section 

does not meet the lower limit’, with the explanation that the the probability of flooding for 

embankment section 17-3 is far greater than the signaling standard of 1:100,000 per year and 

also considerably greater than the lower limit standard of 1:30,000 per year. 

To conclude, although the Oostmolendijk was reinforced in 2013, it does not meet the standard 

as stated by (Bossenbroek et al., 2020). There are two main reasons for this: 
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1.  In 2017 the legal standard with which the embankment must comply was changed. The new 

standard is considerably stricter than the standard that was in force during the last 

embankment improvement; 

2.  In the current situation, cracks (Figure 5) appear in the asphalt of the road that lies on the 

Oostmolendijk. This shows that the embankment body is in motion and is not completely 

stable.  

 

Figure 5: Cracks along the road on the top of Oostmolendijk 
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5 Methods and technologies used for investigations 

Several methods, mostly non-destructive, have been used on the case study areas to obtain 

information on the exact geometry and condition of structures for flood protection. This Chapter 

gives an overview of these methods, as well the improvements in interpretation procedures, all 

in order to ease the implementation of the results in subsequent vulnerability analyses. 

 

 Unmanned Aerial Vehicle (UAV) 

Unmanned Aerial System (UAS) or Unmanned Aerial Vehicle (UAV), commonly known as a 

“drone” is a flying device or aircraft without a crew and can be operated by remote control, or fly 

independently using a prescheduled flight plan (Jurić Kaćunić et al., 2018). A UAV can have 

different levels of controls and can utilize a wide range of sensors for various applications. The 

use  of  a camera to obtain high-quality video and still photography  is the most common sensor 

type utlised. UAVs rely on built-in intelligent stabilization systems to keep them flying and carry 

sensors to perform dedicated functions. 

 

The  UAV provides a privileged aerial point of view, that cannot be obtained using terrestrial 

recordings. This feature makes them ideal for surveying structural objects and areas of interest, 

especially in hard to approach terrain as well along the linear infrastructure, such as  flood 

protection system networks (Car et al., 2017), Figure 6. 

 

 

Figure 6: Aerial photograph of a flood protection embankment 

 

By taking several phtographs along the predefined recording route, UAVs can deliveral many 

useful outputs such as digital terrain models (DTM), digital surface models (DSM) and other types 

of formats, that can be used with various software types for planning and designing. However, the 

main benefit of UAVs within the oVERFLOw project is its application for development of a 3D 

point cloud. In order to create a three-dimensional model of a terrain or structure, a considerable 

number of photographs of the area must be taken, with longitudinal and transverse overlapping 
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between the photographs. The final result of this procedure is a point cloud that consists of a set 

of points in a given coordinate system. In the three-dimensional coordinate system, these points 

are defined by X, Y and Z coordinates, and they represent the external surface of an embankment 

or a riverbank. By doing so, relevant cross-sections of an asset can be easily extracted from the 

3D point cloud, which significantly enhances and accelerates the overall procedure of defining 

relevant sections and volumes, that is overall geometry, for the vulnerability analyses. 

 

Upon arrival at the location of a survey, the first step is to prepare autonomous flight mission for 

the UAV, Figure 4a, by defining the area of interest. This procedure requires setting up the 

parameters for flight, which include height, angle of the camera view, longitudinal / side 

overlapping of the images and veolcity. All these parameters are important for determining the 

Ground Sample Distance, GSD of the future model. Depending on the area of interest, various 

types of missions can be selected and performed. The most usual mission types are “grid” and 

“double grid” which are suitable for flat areas and terrains. Once the point cloud model is 

produced, extraction of the cross sections, areas and volumes can be performed, Figure 7. 

 

  

                (a)                                                                                    (b) 

Figure 7: A set-up for photograph acquisition, i.e. defined flying route (a) and resulting point cloud 

(b) 

 Geophysical near-surface methods 

Kovačević et al. (2013) note that geophysical investigations can include a series of geophysical 

methods, used in a non-destructive manner, to determine geological-structural and physical-

mechanical characteristics of the investigated medium, wheher it is soil, rock or an element  of 

infrastructure. When identifying the advantages of geophysical investigations in comparison to 

traditional investigations such as borehole drillings, these investigations provide data of greater 

volume of the investigated medium, and offer  significant savings in time and costs, mostly due to 

the use of relatively cheap instrumentation and speed of the investigation on-site. If a geophysical 

method is to be rated as acceptable and successful, a change in the physical characteristics of the 

investigated medium must exist. for which a method is sensitive. This change clearly determines 

the scope of the method’s use (McDowell et al., 2002).  In the scope of geophysical investigation 

on CS1 and CS2, two different methods are used: (i) seismic method of multi-channel analysis of 

surface waves (MASW) and (ii) electrical tomography (ERT). 
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Multi-channel analysis of surface waves (MASW) is a non-destructive geophysical method for 

measuring the velocity of S waves and is exceptionally useful in determining the elastic modulus 

of various materials at very small strains, as well as in determining changes of such modulus with 

respect to depth. The method is based on the dispersive characteristics of Rayleigh’s R waves and 

the fact that R waves at different wavelengths or frequencies propagate to different depths. 

During the investigation, several geophones are placed in line at predefined intervals, Figure 8, 

and they measure arrival time of the wave velocity generated by a vertical mechanical impulse 

on the terrain surface. During the interpretation pahse, a Fourier analysis is carried out on the 

gathered signals, whereby the signal is transformed from the time into the frequency domain 

(Nazarian et al., 1983). As the velocity of the surface wave R is a good indicator of the velocity of 

an S wave, further analysis gives a result in form of shear velocity with respect to depth. 

 

  

                (a)                                                                                    (b) 

Figure 8: Scheme for MASW investigations (a) and geophones positioned at the site (b) 

 

One typical MASW profile is shown in Figure 9. 

 

 

Figure 9: MASW profile showing the distribution of S wave velocities 

 

 

By investigating the electrical resistivity of subsoil below the embankments and riverbanks as 

well the resistivities within them, since these are earthen structures, zones of different electrical 

resistivities can be identified. This provides the basis for making conclusions on the geological 

structure of investigated terrain and/or structure. 
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Electrical tomography (ERT) is a non-destructive geophysical method that provides a more exact 

picture of electrical resistivities of investigated medium, by registering changes in electrical 

resistivity in the vertical and horizontal directions. The success of investigations will depend 

primarily on the differences in material resistivities, because the greater the differences, the more 

precise interpretation results can be expected.  

 

A set of steel bars, called electrodes, is positioned at the terrain surface, while the electricity is is 

released into the ground in a non-destructive manner. During the investigation, Wenner’s, 

Schlumberger’s, two-electrode or dipole configuration of electrodes are used. Often, testing 

requires sophisticated multi-electrode systems, used to allow full automatic measuring of 

impedances, and to carry out a large number of measurements in a relatively short time. As a 

result of investigation using 2D electrical tomography, apparent resistivities are obtained, shown 

in the form of so-called pseudosections (Hallof, 1957), which represent the underground cross-

section obtained by marking the apparent resistivities exactly under the centre of the electrode 

configuration at a depth proportional to the electrode intervals. The positioning of the electrodes 

is given in Figure 10. 

 

     
    (a)                                                                                    (b) 

Figure 10: Positioning of the electrodes (a) and ERT investigation control unit (b)  

 

One typical ERT profile is shown in Figure 11. 

 

 

Figure 11: ERT profile showing the distribution of soil resistivities 
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 Borehole drilling and laboratory testing 

Boreholes are commonly used in geotechnical site investigations in order to provide  soil-samples 

in the form of  drilled cores. The cores can be used for classification and to provide samples of soil 

at specific depths for element tests primarily used to determined soil strength and stiffness. It 

also provide downhole access for geotechnical testing equipment, monitoring of pore pressures, 

groundwater levels, permeability, in-situ stresses etc. During borehole drilling, Figure 12a, 

standard penetration test (SPT) can be performed, leading to the valuable informations for 

estimation of soil mechnanical parameters.  

    

(a)                                                                                    (b) 

Figure 12: Borehole drilling procedure (a) and drilled core with samples selected for the laboratory 

testing  (b) 

Based on the Geotechnical Borehole Logging Manual (Department for Transport and Main Roads, 

2016), borehole logging, Figure 12b, should ideally be carried out in the field at the time of 

drilling, in order to take advantage of interactions with the drillers and to ensure that the soil and 

rock core samples are recovered, bagged and boxed in an appropriate manner. By conducting the 

laboratory tests on samples, information on the physical and mechanical properties of soil are 

obtained, necessary for subsequent geotechnical analysis of the structure in question. 

Even though borehole logging, along with appropriate laboratory tests, provide unambiguous 

information on the subsoil / rock mass and investigated structure, these are representative only 

in a discrete area (point information). For the purpose of acquiring a better quality programme 

for investigation works, geophysical methods are usually recommended in the preliminary phase 

of investigations in order that they provide a general picture of the subsoil and on the basis of 

such data, an optimal number and position of investigation boreholes are then determined 

(Kovačević et al., 2013). 

 

 Static penetration testing (CPT) 

As an alternative to the traditional soil drilling, sampling, and laboratory testing, cone penetration 

test (CPT), Figure 13a, provides continuous and reliable information along the investigation 

depth. Considering its major advances in speed of use, as well its repeatability and reliability, the 
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CPT method can overcome commonly encountered delay issues of drilling and laboratory testing 

on construction projects or emergency interventions. Kovačević et al. (2021) note, this especially 

comes to fore when investigating the soil below linear infrastructure such as embankment and 

riverbank network, where the necessity for the optimization of investigation works is often 

highlighted.  

     

(a)                                                                                    (b) 

Figure 13: Cone penetration test (CPT) investigation (a) and CPT probe (b) 

 

The CPT method relies on pushing a specially designed probe (Figure 13b) into the soil, at 

relatively fast rate (20 mm/s), enabling continuous record of the cone tip resistance (qc) and 

sleeve resistance (fs), with the aim to determine soil profiles and to provide estimates of its in-

situ physical and mechanical properties. The flexibility and applicability of CPT testing can be 

aided by equipping the probe with the additional sensors such as the one for measuring 

groundwater pore pressure (CPTU), in-situ shear wave velocities (SCPT), liquefaction risk 

estimates, etc. Hence, as Baloukas et al. (2020) note, CPT can provide up to seven independent 

measurements in one cost-effective test. An example of raw CPT recordings with the belonging 

interpreted soil profile is given on Figure 14 for a location of a river embankment in Croatia. 

 

The design soil profile, determined by the CPT soil classification procedures, commonly consists 

of several layers of various thickness, where some identified layers can be only a few centimetres 

thick. On some occasions thin soil layers cannot be properly detected due to constraint of CPT 

probe which needs to penetrate to a certain depth to develop the cone resistance and to sense the 

presence of another layer. To ease the implementation of the CPT results in analysis for the 

subsequent development of fragility curves (WP4), a soil layering algorithm is developed, which 

merges thin layers detected by CPT into the adjacent layers and thus overcomes the unreliable 

determination of the thin layers. This is of significant benefit when investigating linear 

infrastructure. 
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Figure 14: Probe tip resistance (qc) and sleeve resistance (fs) graphs, and the interpreted soil profiles 

obtained directly from the measured data, example of a river embankment in Croatia 

 

The algorithm, as described by Kovačević et al. (2021), consists of two main phases. The first 

phase deals with the generation of the initial soil profile, while the second phase merges thin 

layers into adjacent thick layers, by grouping soil behaviour types into soil groups of similar 

behaviour. The initial soil profile generation phase consists of three steps. The first step provides  

input on the depth of each data point (di), measured values of cone tip resistance (qci), and sleeve 

resistance (fsi), pore pressure during installation (u2i) and the calculated pre-installation in-situ 

(static) pore water (u0i) pressures, as well an information on pre-drilling depth and the 

corresponding unit weight of the soil above the drilling depth. All these provide an input for step 

two, which calculates normalised soil parameters; Qtni, Fri, CDi i IBi based on Robertson’s (2016) 

procedure for soil classification. To calculate the unit weight of the soil, a correlation proposed by 

Kovačević et al. (2018) is used. Finally, in a third step of initial soil profile generation, a soil 

behaviour type SBTni value is calculated, thus enabling the classification of soil in one of the soil-

behaviour types. The second phase of grouping layers consists of two steps. The first step requires 

the input on the distance (dz) between two adjacent CPT results, which was determined prior the 

CPT execution. By providing a required input on the minimum soil thickness (Thickmin) a 

calculation of the number of adjacent CPT results (nt), corresponding to the minimum layer 

thickness, follows. Finally, a code for merging thin layers into the adjacent thick layer is given, 

based on the comparison of behaviour types of thin layer of calculated thickness with the 

behaviour types of thick layers. A full algorithm is given in Table 1. 
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Table 1: Developed soil layering algorithm, from Kovačević et al. (2021) 
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Validation of this algorithm is shown on an example of a levee in north Croatia, Figure 15. The 

selected minimum input thickness od soil layer 15 cm, since this is suggested by Ganju et al. 

(2017) to be a minimum which can be properly detected by the standard CPT cone to avoid 

ambiguity in the assignment of soil type to such layers, 50 cm and 100 cm. The increase of the 

minimum thickness of the layer merges thin layers with the adjacent thick layers, leading to the 

reduction of the number of layers as well the number of SBT group types in the overall 

stratigraphic soil profile. 

 

Figure 15: Obtained stratigraphy profile for minimum thickness of: 15 cm (left), 50 cm (middle) and 

100 cm (right) , from Kovačević et al. (2021) 
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6 Investigation results on case study locations 

This chapter presents the  results of the investigations performed  at each case study area. In the 

period from May 2020 to October 2020, consortium members and relevant infrastructure 

managers (stakeholders) visited the Croatian and Dutch case study locations, as preparations for 

the site investigations. The investigations were conducted in the period from October 2020 to 

August 2021. 

These included the following: 

A) Drone surveys to obtain detailed 3D point cloud of flood protection structures 

(conducted both in Croatia, CS1, and Netherlands, CS2) 

B) Geotechnical drilling with sampling and laboratory tests 

(conducted in Croatia, CS1) 

C) Static penetration test with pore pressure measurements (CPTU) 

(conducted in Croatia, CS1; obtained from existing database in Netherlands, CS2) 

D) Geophysical investigations (MASW and ERT) 

(conducted both in Croatia, CS1, and Netherlands, CS2) 

The presented information on the overall geometry of the flood protection assets on both location 

as well the obtained information on the characteristics of the subsoil and earthen structures, 

provide an essential input for the vulnerability analysis conducted in WP4 and presented in the 

Deliverable D4.1. 

 Investigation results for the riverbanks and embankment 

in Karlovac 

Aerial photogrammetry of the case study area and selected assets was performed from December 

2020 to February 2021. This was followed by the generation of 3D point clouds and automatic 

generation of riverbank and embankment cross-section profiles. The pre-programmed drone 

flight was defined, while the complete 3D point cloud was developed, Figure 16. 

    

Figure 16: A 3D point cloud of the riverbanks next to the Kupa river 
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The automatic generation of cross-section profiles was assisted by the enhanced algorithm to 

ease and speedthe procedure. An example of a riverbank cross-section is given on Figure 17a and 

example of one embankment cross-section is given on Figure 17b. 

 

  
(a) 

  
(a) 

Figure 17: One of extracted cross-sections obtained automatically from the 3D point cloud model and 

later used in the the vulnerability analysis – riverbanks (a) and embankments (b) 

 

The layout of the geteochnical and geophysical investigation works is shown on Figure 18. Most 

of investigation works are focused on the middle riverbanks section of the right side of Kupa. The 

CROSS SECTION A 

CROSS SECTION B 

building 

embankment 

riverbank 
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reason for this is to obtain the better insight into the riverbank subsoil condition at this section, 

while the investigation works on other sections was optimized.  

 

 

Figure 19: Layout of geotechnical and geophysical investigation works in Karlovac 

To determine the riverbank subsoil conditions as well the variability of key soil parameters for 

vulnerability analysis, a drilling (Figure 19) was performed along with soil sampling and 

laboratory testing. 
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Figure 19: Borehole drilling on the location of right riverbank of Kupa river  

 

In total, five (5) boreholes of variable depths were drilled, respectively B1 (18.5 m), B2 (17 m), 

B3 (17 m), B4 (5 m) and B6 (7m). During the drilling, an SPT test was conducted, while soil 

samples were taken to laboratory where sample physical and mechanical characteristics were 

determined.   

 

The investigations showed that the soil riverbank soil is mostly formed of fine grained clayey 

cover (up to 6 m from ground surface) overlying  clayey sand material at larger depths. Borehole 

cores are shown on Figure 20. Even though SPT values are generally high in the lower sands, 

ranging from 25 to 40, the clayey sand layer of borehole B3 shows extremely low SPT values 

which is not consistent with the rest of the boreholes and CPT investigations. However, during 

the drilling of B3 some technical difficulties, due to geological set-up, required utilization of larger 

quantities of water for drilling procedures. This may have caused softening of the in-situ soil and 

affect the reliability of such low SPT values. 
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 (a)  (b) 

 (c) 

  (d) 

 (e) 

Figure 20: Borehole drilling cores from the boreholes B1 (a), B2 (b), B3 (c), B4 (d) and B6 (e) 

The CPTU investigations were conducted on eight (8) locations, evenly distributed along the left 

and right riverbank of the Kupa river. The CPTU investigations confirmed the soil stratigraphy of 

clay materials overlying the sandy / clayey sand materials. This is visible from the results of one 

of the CPTUs whose results are shown on Figures 21 to 23. The clayey layers show 

characteristically low qc values of around 1 MPa, while the bottom sand / clayey sand layers 

(found   6.5m below ground level) exhibit qc values in the range 5 to 20 MPa. 
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Figure 21: Raw CPTU data from one investigation point (CPTU-1) with soil classified based on 

Robertson (2016) procedure 

 

 

Figure 22: Robertson (2016) chart with mapped position of one investigation point (CPTU-1) data 

 

Additionally, the geophysical investigations (Figure 23) of electrical tomography (ERT) and 

multichannel analysis of surface waves (MASW) were used to supplement the knowledge of 

geological-structural and physical-mechanical characteristics of the riverbanks and embankment 
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subsoil, since it covers much larger volume when compared to discrete borehole drillings and 

CPTUs.     

   
(a)                                                                                    (b) 

Figure 23: Acquisition of the geophysical data on the right riverbank of Kupa river  

 

On the location of the riverbank, total of 300 m’ of MASW and 300 m’ of ERT investigations was 

conducted in longitudinal direction. The geophysical output profiles are shown on Figure 24. ERT 

profiles show clear distinction between the upper clayey layer of lower soil resistivities above the 

sandy layer with high resistitivites. Last 100 m’ of profiles show somewhat reduced resistivities 

at larger depths when compared to initial 200 m’ and these reduced values can be attributed to 

the sandy material containing higher percentages of fines. 
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                               (a)                                                                                     (b) 

Figure 24: Kupa riverbank geophysical longitudinal profiles: ERT (a) and MASW (b) 

 

The MASW results show relatively uniform distribution of the vs values in the longitudinal 

direction. A rapid increase of vs is observed below the depth of 5-6 m where the sand layer is 

detected by drillings, CPTUs and ERT investigations. 

Based on the obtained results, a characteristic geotechnical cross-section of the riverbank is given 

on Figure 25. For the vulnerability assessment within WP4, the analysis will include both 

variations of the riverbank geometry and depths of relevant layers. For this, a complete database 

is obtained through the conducted investigations. 
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Figure 25: Characteristic cross-section of a riverbanks next to the Kupa river 

 

 Investigation results for the Oostmolendijk 

A drone investigation, Figure 26, of the case study area and selected assets was performed in 

August 2021. This  represented a slight delay from the planned timetable, as a result of since 

travelling restrictions due to the COVID-19 pandemic.  

 

 

Figure 26: A 3D point cloud of the Oostmolendijk 
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After obtaining the aerial data, a complete 3D point cloud was developed. This enabled extraction 

of the relevant cross-sections used in the subsequent vulnerability analysis, Figure 27. 

 

 

Figure 27: One of extracted cross-sections obtained automatically from the 3D point cloud model and 

later used in the the vulnerability analysis – Oostmolendijk 

 

The layout of geteochnical and geophysical investigation works is shown on Figure 28. 

 

Figure 28: Layout of geotechnical and geophysical investigation works on Oostmolendijk 
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For the Dutch case study, CPTs are obtained from the open-access database DINOloket 

https://www.dinoloket.nl/ The mapped position of relevant CPTU data is shown on Figure 29, 

while Figure 30 shows interpreted CPTU profiles using the algorithm shown in Table 1. 

   (a)  (b)

 (c)   (d) 

Figure 29: Robertson (2016) chart with mapped position of CPTU data: on the Oostmolendijk crest 

(a) CPTU 96061, (b) CPTU 158260; on Oostmolendijk toe (c) CPT_ 96179, (d) CPTU 158259 

 

https://www.dinoloket.nl/
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           (a)               (b)               (c)                 (d)           

Figure 30: Interpreted CPTs from the DINOloket database: on the Oostmolendijk crest (a) CPTU 

96061, (b) CPTU 158260; on Oostmolendijk toe (c) CPT_ 96179, (d) CPTU 158259 

 

In the area where the geophysical investigation was performed two CPTUs were available that 

were conducted from the embankment crest level, while two were conducted at the toe level, on 

a downstream side (embankment side away from river). The crest - level CPTUs do not contain 

soil data in the upper 2.5 mbecause of pre-drilling. The soil profile, at these CPTUs, consists of 

clayey layers to a depth of 16 – 18 m, overlying sand deposits. The clayey layers are somewhat 

shallower on the lower chainage (left-hand side of Figure 28) of Oostmolendijk and this was 

confirmed by CPTUs on both crest and toe, as well by the subsequent MASW investigation results. 

The CPTUs conducted at the ebankment toe, top 2.0 to 2.5 m consist of a sand layer, which is 

presumably fill used for the purpose of raising the terrain. The clayey layer depth at the location 

of these CPTUs is smaller than for the crest CPTUs. However the same trend of clay layer thickness 

increase (as you move from the left to right –side of the embankment) can be observed as for the 

crest CPTUs. These are identified as clayey layers, with the engineering behaviour ‘clay-like 

contractive’ soil type, based on the Robertson (2016) classification, or the ‘clay-like dilative’ soil 

type. This layer is made up of of Organic Clay and Peat layers that are both identified in this soil 

behaviour range in the Roberston chart. All CPTUs show extremely low values of qc in the clayey 

layers, up to 1 MPa. This in indicative of  very soft/weak soils. In the sand deposits at larger 

depths, qc values are in range from 10 to 20 MPa. 

 

In addition to the investigation performed and the CPT and lab test data available, the waterboard 

responssible for the management of the Oostmolendijk provided the consortium with additional 

data of survey measurements made of the embankment settlements, where it can be observed 

that the continuous on-going settlement of Oostmolendijk is occuring. 
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In August 2021 a geophysical campaign was conducted at the location of Oostmolendijk, Figure 

31. Four longitudinal geophysical profiles were defined: (i) P1 – located on the upstream side, 

next to the embankment toe; (ii) P2 – located at the crest of embankment on the upstream side; 

(iii) P3 – located at the crest of embankment on the downstream side; (iv) P4 – located on the 

downstream side, next to the embankment toe. 

    

                                 (a)                                                                                    (b) 

Figure 31: Acquisition of the geophysical data on the Oostmolendijk using both MASW and ERT 

 

Geophysical investigation results are shown on Figures 32 – 35. 
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 (a) 

(b) 

Figure 32: Oostmolendijk geophysical profile P1: ERT (a) and MASW (b) 

(a) 

(b) 

Figure 33: Oostmolendijk geophysical profile P2: ERT (a) and MASW (b) 
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(a) 

(b) 

Figure 34: Oostmolendijk geophysical profile P3: ERT (a) and MASW (b) 

(a) 

(b) 

Figure 35: Oostmolendijk geophysical profile P4: ERT (a) and MASW (b) 
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The ERT geophysical invesigations of Oostmolendijk show that the subsoil is formed mostly of 

the clayey materials with very low resistivities. These can be attributed to very soft clays and this 

is confirmed by CPTU results where qc for these layers are extremely low. Below these layers 

there is an increase of soil resistivities which are attributed to the sand formations. Unlike the 

upstream toe profile (P1) performed from the relative height of 0.5 above sea level, the 

downstream toe profile (P4) preformed from the relative height of 2.5 m above sea level, shows 

the presence of sandy layers up to depth of 2 to 3 meters. The crest profiles (P2 and P3) show 

that the embankment is formed of sand layers in upper part below which are clay layers. The 

resistivities of top embankment layers are higher in initial 25 – 35 m of profile (clean sand) and 

reducing towards the end of profiles (clayey sand to sandy clay resistivities). The MASW results 

show very low vs values (clays) to the depths of 10 – 15 m below which there is a vs increase 

(sands). 

 

It is also interesting to observe MASW measurements at 4 single points, along the embankment 

cross- section. On all four 1D profiles, Figure 36, a slight decrease of shear velocities can be 

observed on the depths from 5 to 11 meters below sea level and it is exactly at these depths were 

CPTU investigations pointed out to Organic Clay and Peat layers in the Roberston chart, thus 

making the MASW investigations useful in mapping of these layers. 

 

  
           (a)               (b)               (c)                 (d)           

Figure 36: Values of 1D shear velocities from 4 investigation profiles (a) P1 profile on the 

downstream side, (b) P2 on the crest,  (c) P3 on the crest, (d) P4 on the upstream side 

 

Based on the obtained results, a characteristic geotechnical cross-section of  Oostmolendijk is 

given on Figure 37. For the vulnerability assessment within WP4, the analysis will include both 

variation of Oostmolendijk geometry and depths of relevant layers. For this, a complete database 

is obtained through conducted investigations. 
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Figure 37: Characteristic cross-section of Oostmolendijk 
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7 Conclusions 

This deliverable is a report on the performed investigation works and monitoring of the two case 

study locations: (i) right and left side riverbank, as well the embankments next to the Kupa river, 

(all in city of Karlovac in Croatia) and (ii)  Oostmolendijk embankment which protects the eastern 

part of IJsselmonde against the influence of the North River in the Netherlands. The investigation 

location were chosen in coordination with relevant infrastructure managers and these cover the 

the hotspots (weakest links) in the flood defence systems of the mentioned areas.  

Several methods, mostly non-destructive, has been used on the case study areas to obtain 

information on the exact geometry and condition of structures for flood protection. These include 

following: 

A) Drone surveys to obtain detailed 3D point cloud of flood protection structures 

(conducted both in Croatia, CS1, and Netherlands, CS2) 

B) Geotechnical drilling with sampling and laboratory tests 

(conducted in Croatia, CS1) 

C) Static penetration test with pore pressure measurements (CPTU) 

(conducted in Croatia, CS1; obtained from existing database in Netherlands, CS2) 

D) Geophysical investigations (MASW and ERT) 

(conducted both in Croatia, CS1, and Netherlands, CS2) 

Aerial photogrammetry using drones enabled the generation of 3D point clouds and automatic 

generation of riverbank and embankments’ cross-section profiles, used for vulnerability analysis 

within WP4. The automatic generation of cross-section profiles was assisted by the enhanced 

algorithm, developed within the project, to ease and fasten the procedure. On both case study 

sites, multi-geophysical approach is applied consisting of the combination of seismic (MASW) and 

geoelectrical (ERT) investigations. Due to its ability to investigate  a large volume of soil contained 

in riverbanks and embankments making-up long linear structures, these investigations are 

particularlyuseful for the vulnerability analysis within WP4. Additionally, to determine the 

riverbank subsoil conditions as well the variability of key soil parameters for vulnerability 

analysis, a drilling was performed along with SPT, soil sampling and laboratory testing on the 

Croatian case study, followed by the CPT investigations. For the Dutch case study, CPTs were 

obtained from the open-access database DINOloket https://www.dinoloket.nl/ To ease the 

implementation of CPT results into the vulnerability analysis, a soil layering algorithm is 

developed, significantly enhancing the geotechnical model development and interpretation. 

The investigation works provided quantitative and qualitative data required for the subsequent 

vulnerability analysis of riverbanks and embankments, with the results demonstrated in 

deliverable D4.1 ‘Fragility curves using numerical models for embankments’. The database 

includes both detailed geometrical information of all investigated flood protection assets, as well 

the information on physical and mechanical characteristics of subsoil and the earthen structures. 

Existing information, such as the CPT open database for Dutch case study, as well the 

displacement (settlement) measurements in time for Oostmolendijk will certainly provide 

additional valuable input for subsequent analysis. 

 

https://www.dinoloket.nl/
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