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INTERREG Polder2C's project

The INTERREG Polder2C's is an international research project within the framework of the updated Sigmaplan for the river Scheldt. The Hedwige-Prosperpolder will be transformed into tidal nature. Depoldering of Hedwige-Prosperpolder offers a unique testing ground, the Living Lab Hedwige-Prosperpolder, for flood defence and emergency response experts. In this environment current and innovative techniques, processes, methods and products can be tested for practical validation. Thirteen project partners, led by the Dutch Foundation of Applied Water Research (STOWA) and the Flemish Department of Mobility and Public Works (DMOW, Flanders Hydraulics Research), have joined forces. Together, they aim to improve the 2 Seas regions' capacity to adapt to the challenges caused by climate change.

Flood Defence

The rising sea level is a serious threat to the countries in the 2 Seas region. It raises questions as: how strong are our current flood defences?; what is the impact of environmental elements such as the weather, the presence of vegetation or man-made objects on our flood defences? To answer these questions numerous destructive field tests are carried out in the Living Lab to validate flood defence practices. The project entails in-situ testing, guidance on levee maintenance and validation of flood defence infrastructure.

Emergency Response

We aim to improve emergency response by developing the right tools for inspection of water defences, risk evaluation and solutions for flooding. If our water defences do not operate as designed, we must take the right measures to prevent flooding of valuable areas. The Hedwige-Prosperpolder Living Lab offers unique opportunities to exercise emergency management in the event of calamities under controlled but realistic circumstances. Activities that are part of the programme are levee surveillance and monitoring, emergency response exercises, breach initiation and the large European exercise.

Knowledge Infrastructure

We aim to develop a knowledge infrastructure through which existing and new knowledge becomes available and accessible. A necessary success factor for any initiative to improve knowledge is to have its outcomes integrated in practices of a wider community. Knowledge Infrastructure focuses therefore on the consolidation of knowledge acquired in the Living Lab with a variety of activities. Accessibility of data in a user-friendly manner, educational activities in the field and incorporation of knowledge in educational curricula are considered key elements.

Field Station

How can we ensure that both experts in the field and the local public benefit from our project and the learnings about climate change, flood resilience, emergency response and the unique environment of the Hedwige-Prosperpolder? An important and unique way of reaching this goal is realising a Field Station at the project site. It will be used during and after the project for educational purposes, research and as a special meeting place for exclusive occasions. P a g e 7 | 58 

Identification of data needs

The diagnosis of flood protection dykes includes different reconnaissance phases [START_REF] Sharp | The International Levee Handbook[END_REF]: First, the collection of archives on the construction and history of the structure is a necessary preliminary step for a good diagnosis, as it allows to quickly identify the type of material used, the type of dike construction, the areas of possible repairs, the presence of anthropogenic anomalies, network, walls, etc.

Second, a geophysical survey is usually carried out with non-destructive methods. These methods are numerous and almost exhaustive lists have already been presented by [START_REF] Fauchard | Geophysical and geotechnical methods for diagnosing flood protection dikes[END_REF], [START_REF] Sharp | The International Levee Handbook[END_REF]. The electrical resistivity imaging method remains the most widely used.

It provides an image of the structure, either lengthwise or crosswise, representing the electrical resistivity of the materials, which is related to the distribution and nature of the materials within the structure. A dense literature exists on this topic and the main basis of the method is widely known [START_REF] Loke | Tutorial: 2-D and 3-D electrical imaging surveys[END_REF][START_REF] Telford | Applied Geophysics[END_REF][START_REF] Zhdanov | The geoelectrical methods in geophysical exploration[END_REF]. The advantage of this method is that it produces internal images of dikes, whether they are made of resistant or conductive materials.

The implementation of the method in the field and the time required for measurements can be a constraint, especially if the linear distance to be surveyed is large. Example of measurements on dikes are also numerous [START_REF] Dezert | Combination of geophysical and geotechnical data using belief functions: Assessment with numerical and laboratory data[END_REF][START_REF] Hennig | The effect of dike geometry on different resistivity configurations[END_REF]. Some advances in dike survey with ERT method proposed to take into account for 3D effects, since the slope of the dike may have an influence on inversed profiles, such as depicted by [START_REF] Fargier | DC-Electrical Resistivity Imaging for embankment dike investigation: A 3D extended normalisation approach[END_REF][START_REF] Marescot | A general approach for DC apparent resistivity evaluation on arbitrarily shaped 3D structures[END_REF][START_REF] Rücker | Three-dimensional modelling and inversion of dc resistivity data incorporating topography -I[END_REF].

The production of internal images of the structures is a first step in assessing the distribution of materials, the presence of anomalies and the overall homogeneity of the embankment.

Nevertheless, geophysical methods do not provide direct information on the nature of the materials.

For this purpose, geotechnical methods are used: (i) the Permeafor is an instrument that allows the permeability of the soil to be assessed during drilling, every 20 cm. It was developed by [START_REF] Reiffsteck | A new hydraulic profiling tool including CPT measurements[END_REF] and successfully used combined with ground penetrating radar measurement (GPR)

for dike assessment by [START_REF] Antoine | Detection of Leakage Areas in an Earth Embankment from GPR Measurements and Permeability Logging[END_REF]. (ii) The Cone Penetrating Test (CPT) is the second geotechnical method performed in this study. A description of the CPT method can be found in [START_REF] Liao | CPT site characterization for seismic hazards in the New Madrid seismic zone[END_REF] These two methods make it possible to specify the stratigraphy of the soils and certain mechanical properties: the tip resistance (qc) and its corrected value (qt), the sleeve friction (interface friction between the penetrometer and soil) and the pore pressure (u) allow to determine the subsurface layering, soil type, and strength properties. The nature of materials is determined by destructive sampling, such as augering or core drilling.

In a first section, we present the ERT, the GPR, the Permeafor as well as the CPT's and drillings, previously reported by (Griet De Backer and Stefanie D'heer, 2022) in the context of Polder2C's project) carried out on a portion of the polder, representing a dike of more than 3.65 km in length. 3 Methodology

Electrical Resistivity Tomography

Thirteen ERT profiles have been measured with a Terrameter LS2 (©ABEM) and a set of cables and inox electrodes. The method consists of injecting a direct current in the soil with a pair of electrodes and measuring the voltage with another pair of electrodes. The apparent resistivity is then deduced by building a direct model (with finite elements of finite difference) and an inversion consisting of minimizing the calculated potential with the measured one.

A set of electrodes (in this study, 64 or 128 electrodes) are positioned alongside a profile and the space interval is fixed. The length of the profile is related to the depth of investigation (DOI) of the method, while the space interval indicates its resolution. Various configurations of current injection and voltage measurement exist and define a protocol. In this study, the acquisition followed a Schlumberger protocol. Roll-along technique was also used to achieve the longest profiles on sections 4 and 6.

-2 longitudinal and 3 transverse profiles on section 4;

-2 longitudinal and 3 transverse profiles on section 6;

-1 longitudinal and 1 transverse profile on section 10;

-1 transverse profile on section 11.

The ERT profiles location is shown in the Figure 3, Figure 4 and Figure 5 Technical details are provided in the Table 1. Table 2 shows the characteristics (sections, profiles names, direction transverse or longitudinal to the dike, the depth of investigation (DOI), and the speed of electromagnetic waves applied to perform classical signal processing (surface alignment, Butterworth filtering, background removal, gain adjustment, depth estimation).
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In this report some soil classification figures are made, based on the Soil Behavior Type index as defined by Robertson (Robertson, 1990). These figures are referred to as 'Robertson figures'.

We tried to perform the Permeafor measurements where the geophysical profiles and CPTs were located. Unfortunately, for sections 10 and 11, matching the three methods was not possible, since no Permeafor was performed. Moreover, on some parts of sections 6, 10 and 11 under rainy conditions and relative wet surface, the Permeafor truck was too heavy to position the testing equipment on the crest. For the sections 2, 4, 6 and 11, the name of the drillings (CPT and Permeafor) with their GNSS coordinates in Lamberts 72 system are given in 

Digital Elevation Model

The Digital Elevation Model was obtained thanks to photogrammetry. All images were formerly captured with drone by DMOW-ATO in June 2020. This DEM is used to properly show the geophysical measurements inside the 3D topography of the dike, rendering easier the visualization and the interpretation.

In Figure 11, a global view of the DEM is shown in Lambert 72 coordinates. In the Dutch sections, 1455 images were captured and the calculated error is about 3 cm, 3.7 cm and 2.7 cm in the x, y and z directions, respectively (total error of 5.5 cm, projection error of 0.415 px). In the Belgium sections, 5800 images were captured and the error is about 0.9 cm, 1 cm and 1.1 cm in the x, y, and z directions, respectively (total error of 1.7 cm, projection error of 0.361 px).
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Electrical Resistivity Tomography, Ground Penetrating Radar and Geotechnical Testing

Section 4

Whole overview of geophysical results in section 4

In Figure 12, an overview shows the 2 longitudinal profiles (one on the crest, left to the road border and the other at the toe) and the 3 transverse profiles carried out on section 4.

The ERT profile carried out on section 4 on the crest shows:

a shallow surface quite resistive (100 to 200 .m), corresponding to the road materials (of about 1 m thick) layer and to the top clayey layer depicted by the geotechnical analysis;

followed by a more resistive layer (sometimes more than 1000 .m) till 10 m depth corresponding to the dike core, mainly composed of sandy materials; -a very conductive layer (few .m) over 10 m depth, corresponding to the bottom of the dike and that may be the natural subsoil of LLHPP. In this zone, the conductivity is also strongly influenced by the ground water. As can be seen in Figure 13, the ground water level in the dike was at about 2.5 m TAW in October 2020, which means it is situated at a depth of approximately 8.5 m from the dike crest. Since the Scheldt water is salt water, it can be supposed that the water in the dike is brackish water, which has a strong influence on the electrical resistivity.

The ERT profile at the toe contains a shallow layer (about 3m thick) of low resistivity (around 20 .m), followed by the natural subsoil of the LLHPP, where the resistivity is low and similar to the deeper layer of the ERT longitudinal profile.

The 3 transverse ERT profiles offer a visualization of the materials distribution across de dike. Main layers and resistivity are correlated to the longitudinal profiles resistivity. The natural earth surface layer is clearly delimited as a shallow surface of about 50 .m.

Nevertheless, the resistivity maps of transverse profiles are slightly higher than the longitudinal ones and the delimitation between two layers (for instance, the core and natural subsoil at the bottom of the dike) don't show the same depth between a transverse and a longitudinal profile. We suppose that this effect can be removed if the inversion of ERT data is performed considering the 3D topography of the dike.

P a g e 21 | 58 Figure 14 and Figure 15 show a focus on the transverse profile ERT_T10_S4 and the corresponding GPR profile GPR_T10_S4. ERT offers a better rendering of the material distribution in the dike: the core appears as a resistive layer and the natural soil seems to begin at approximately 6 m depth from the crests. This depth is lower than the depth showed on the longitudinal profile. Indeed, the transverse profiles have a lower depth of investigation than the longitudinal ones and consequently, the level of confidence in this outcome is low. The surface earth material of about 0.5 to 1 m depth corresponds to the shallower layer (resistivity from 20 to 50 .m). The road structure is clearly identified (anomaly A1 in Figure 14). The river bank of the dike (second anomaly blue-encircled in P a g e 22 | 58 this figure) seems to contain a more resistive part (more visible in the top Figure 16) that may correspond to a two-step construction phase for this side or to the use of two different materials.

The GPR profile globally presents a low contrast image except (i) at the crest where a layered media corresponds to the road structure and its transition to the slopes and (ii) at the bottom of the left flank where a layered structure can correspond to the implementation of materials. The top layer was identified as clayey materials thanks to the geotechnical analysis in the laboratory. Unlike what could have been foreseen, the GPR does apply in this LLHPP case. First, the main wavelength1 into the subsoil can be estimated at about 0.5 m. It means that despite the near surface materials have a resistivity less than 100 .m, we see that enough electromagnetic energy can pass through this layer and allow to produce relevant GPR images of the dike. This is true for the entire survey performed on the LLHPP.

In this work, we didn't perform an analysis of all GPR signals since many anomalies are present. is the road structure. The other anomaly at the bottom of the slope shows a layered media.

Comparison between transverse ERT, GPR and CPT results

The interpretation of the ERT and GPR measurements can be enhanced, using the CPT and drilling results.

The correlation with CPT S18 can enrich the interpretation (see Figure 16): the qc value is small in the top layer and gradually gets larger at a depth between 0.5 and 1 m, where the ERT shows a transition between a clayey top layer and a sand core, and where the GPR shows a layered shallow structure corresponding to the road platform. At 8 m depth the qc value indicates a transition between sandy materials (blue color in the CPT interpretation, red one on ERT map) and a more clayey layer. Here, the CPT facilitates a better interpretation of the ERT results. It needs to be mentioned that the color maps, generated based on the correlations by Robertson (Robertson, 1990) do not always perfectly represent the in situ soil name. For instance, the 'sensitive, fine grained' soil can be identified as a sandy silt/clay layer, based on the drillings and laboratory tests.

Another example is that the peat layers should be slightly thicker than indicated in the color pictures, as is the case for S14, S15 and S16. For this reason a manual soil layer composition has been made for a reference CPT, S18, as is shown in (Nl) -NAD table from EC7 (BE)).

When these values are compared to the results of the triaxial tests that were carried out in the lab on undisturbed samples for this project, it can be concluded that the values mentioned in these tables are conservative.

The results of the lab tests, can be found in the report on the drillings and lab tests GEO-18/111 ((Griet De Backer and Stefanie D'heer, 2021).

P a g e 26 | 58 In the Figure 18, we compared the ERT_L1_S4 profile with CPT S14 to S18. The Permeafor locations are also indicated but not interpreted yet. From the Figure 19 to the Figure 23, the CPTs are compared individually with the local ERT profiles. Globally, in all these figures, the depth resolution of the CPT curves is thinner than the ERT data. CPT information can precisely depict the subsoil layering of the order of 5 cm while ERT resolution in function of depth is of the order of 1 meter. Moreover, the transition between layers in ERT data is smooth and the depth of an interface between two layers of different materials can not be assessed precisely.

The ERT results globally depict: Section 6, South-East

Overview of section 6, South-East ERT

Five ERT profiles were performed on the beginning of the section 6 (see Figure 24).

Figure 24: Global view of ERT profiles on section 6. Section 6 North at the left, section 6 South at the right.

ERT and GPR measurements on section 6, South-East

Figure 25 focuses on the South-East of the section 6 and shows the longitudinal ERT profile ERT_L1_S6 with the 2 ERT transverse profiles ERT_T21_S6 and ERT_T22_S6. A similar structure is observed between the Belgian section 4 and the Dutch section 6. Nevertheless, core materials are slightly less resistive, particularly in the river side of the dike, as depicted in Figure 25.
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Comparison between transverse ERT and GPR profiles with CPTs and Permeafor

In the Figure 29, a shallow layer of about 1 m thick corresponds to the clay top layer, followed by a sandy layer till 3 m depth, alternating silty/clayey layers from 3 to 5 m depth, and again a sand layer from 5 to 9 m depth, all corresponding to the dike core. From a depth of 9 m, a natural clay layer, most likely sedimentary clay, is encountered.

P a g e 34 | 58 A ground layer structure has been made for GEO-18/110-S3 corresponding to section 6 (Figure 36).

The name of the soil type, the division between backfill soil (A), quaternary layers (Q) and tertiary layers (T), as well as an estimation of the geotechnical characteristics are given in 

Comparison between CPTs S1, S2 and S3 with ERT_L1_S6

In the Figure 30, we compared the ERT_L1_S6 profile with CPT S1 to S3. The Permeafor PK8_Sect6 location is also indicated but not interpreted yet (see appendix section). From the Figure 31 to the Figure 33, the CPTs are compared individually with the local ERT profiles. Similarly to section 4, the depth resolution of the CPT curves is thinner than the ERT data. CPT information can precisely depict the subsoil layering of the order of 5 cm while ERT resolution in function of depth is of the order of 1 meter. Moreover, the transition between layers in ERT data is smooth and the depth of an interface between two layers of different materials can not be assessed precisely.
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Comparison of CPT S8 and S9 with transverse ERT_L2_S6 profile

We compare here (Figure 40) in the Section 6 the ERT_L2_S6 profile with the CPTs S8 and S9.

The ERT (Figure 41 and Figure 42) results globally depict a two-layer structure: the clean to dense sand formation, followed, according to S8 and S9 at 3 m TAW, by a multilayered formation of clayey silt to silty clay and clay to silty clay layers.
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A Permeafor PK3_S11 was performed at the crest just left to the road (regarding West direction).

The correlation between both methods is obvious when considering the log(Q/H) factor: a clayey top layer of about 1.5-2 m depth, followed by the dike core to 9-10 m depth. (permeability values between 5.10 -5 and 7.10 -3 m/s). The density (drilling curve) shows two layers. For the first 6 m below the surface, the density is weak. Below 6 m depth, the density is high. A sublayer is detected between 6 and 10 m depth, with high density and high permeability (approximately 5.10 -5 to 5.10 -4 m/s). This could correspond to sandy soils. Between 10 and 12.60 m, the density of the soil is high and the permeability is weak (inferior to 1.10 -6 m/s). This could correspond to the presence of a fine fraction in the soil.

No CPT testing was performed at the crest.
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Cerema's and Fugro's profiles can be compared for the section S4 and S6.

In Section 4 (see Figure 45), the ERT_L1_S4 profile is the longest one, while the ERT2 profile of Fugro represents the beginning (right end on the figure) of the profile. Very similar results are obtained, and the slight differences can be attributed to either different inter-electrode spacing (3 m for Cerema, 2, m for Fugro) or different water content conditions inside the dike between the 2 periods.

In Section 6 (see Figure 46), it is the opposite case: Fugro performed the longest profile while Cerema measurements are located (i) at the beginning of the section (so-called South of section S6) and (ii) at the middle of the section (so-called North of Section 6). The inter-electrode spacing is identical (2 m). Differences between the two measurements are small. ERT profiles are quasisimilar in the South of section 6 (Figure 46 P a g e 50 | 58

3D effect of the topography

All ERT measurements on section 4, 6 and 10 present longitudinal and transverse profiles on particular locations. We note that the material distribution of the transverse profiles under the crest doesn't match exactly the distribution of materials depicted by the longitudinal profile. For instance, all limits of transverse profiles describing the transition of the clayey top layer with the dike core is slightly lower (~1 m in Dutch part and less than 1 m in Belgian part) than those depicted by longitudinal profiles (See for instance Figure 25).

For transverse cases, ERT configuration and inversion take into account for the topography: each electrode location was measured with DGPS and entered in the RES2DInv software. In that case, the dike is considered as a quasi 2D media, assuming the material distribution doesn't vary between neighboring transverse locations.

On the contrary, the longitudinal profile doesn't take into account for the topography, since inversion is carried out along the profile with the assumption that the surrounding media is at least 2D in (x,y) direction. Consequently, the depth of interface seems to be deeper, as if the topography and the two slopes of the dike limit the vertical resolution.

In conclusion, the 3D effect on 2D-inversed profiles is stronger for longitudinal profiles, and the transverse profiles depict better the transition between the surface clay layer with the sandy core of the dike.

In order to take into account for 3D-topography and to render relevant transverse and longitudinal profile inversion, a solution is to inverse them in the same process, where the topography is included as a-priori data. In that purpose, we used a free software developed in Python by Cerema, INSA Rouen and Gustave Eiffel University. It enables to simply input the photogrammetric point cloud and the electrode locations and inverse the ERT data in three dimensions.

An example is given in Figure 47, where all the ERT profiles of section 4 were inversed together.

We obtain a 3D-block of resistivity, where particular slices can be achieved in order to represent results in a common manner, i.e. as 2D profiles, such as shown in Figure 47 and Figure 48.

With such processing, there are no more differences between longitudinal and transverse profiles, since they are extracted from a single 3D block of inversed resistivity. The CPTs and the borehole logs offer an accurate description of materials at specific locations. It can be seen that the dike is clearly composed of a clayey top layer with a thickness of about 0.5 to 1.2 m (depending on the location, thinner at the Belgian sections, thicker and less sandy at the Dutch sections). This layer is also well visible on the ERT profiles, as this clayey top layer results in a lower resistivity in the range of 50 to 100 .m, and particularly well defined in the transverse profile, since the electrode spacing is lower (1 m) than in transverse profiles (2 to 3 m) and the 3D topographic effect is lower. Moreover, if a priori the GPR generally exhibits poor results in dike surveys, the method is suitable here since the used frequency (200 MHz) as well as the resistivity of the materials allow for the electromagnetic waves to propagate inside the dike. Nevertheless, while particular anomalies are well identified (road structure in Belgium part and particular features at the bottom of the slopes), an extensive analysis of GPR signals remains to be performed and may be time-consuming.

Underneath the clayey top layer, a sandy core can be found till a depth of 8 to 9 meters. Generally, this layer perfectly fits with a more resistive layer on the ERT profiles of thousands of .m, typical for sandy materials in such a context. Where it is applicable, the Permeafor indicates also the main transition inside the dike.

Below this sandy core the natural subsoil can be found, consisting of a silty/clayey layer with a thickness of 3 to 5 m followed by a peat layer which is generally about 1 to 1.5 m thick. At these levels, ERT shows low resistivities (10 to 20 .m). Underneath the peat layer a sand layer can be found.

It is difficult to distinguish those natural clay and peat layers in the ERT profiles, since the soil is saturated with water. Indeed, in all transverse profiles where the depth of investigation corresponds to these layers, the ERT images show very low resistive layers, typical for very clayey materials or materials containing salt water. From the monitoring well, it was derived that the ground water level was at about 2.5 m TAW in October 2020, when the ERT measurements took place. The presence of this (brackish) water might have influenced the electrical conductivity significantly.

The ERT methods are somehow limited since the layering of the structure is coarsely given in comparison to the CPT results, which give a more detailed layering based on measurements every 2 cm in depth. However, this geophysical method allows for the extension of the interpretation from

CPTs which give local point information. Moreover, some anomalies have been underlined thanks to ERT imaging (at the bottom of the slope in the Belgian part as well as in the Dutch part). As far as concerned the outcomes, only three days were required to survey the LLHPP. In conclusion both methods are complementary. The Permeafor tests were locally performed, but the results could only be compared to a limited extent, since only few tests have been done. Nevertheless, the method locally gives a direct assessment of the soil permeability that seems to be consistent with the CPT results.

In the context of the Polder2Cs project, this survey offers an insight of materials that will be involved in following experiments and can contribute to enhance the analysis of the erosion phenomena that are observed during controlled experiments.
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  In a second section, the comparison of two ERT measurement campaigns (by Fugro in 2019 and by Cerema in 2020) is proposed. Finally in a third section, we show the results of a 3D inversion taking account for the topography of the section 4, based on the four ERT profiles. The topography was obtained by drone photogrammetric techniques (Pierrot-Deseilligny and Clery, 2012). a polder located in the Belgian-Dutch border, Northwest of Antwerp, facing the Scheldt river (Dutch: Schelde) at Doel. The dikes were built to protect the polder from high tides and is now a living laboratory where various erosion tests are scheduled in the context of the Polder2C's project. Its location is shown in Figure 1. By convention in this work, all geographic coordinates are given in the Belgian Lambert 72 system (EPSG: 31370).
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 1 Figure 1: Location of Living Lab Hedwige-Prosper Polder in the Belgian-Dutch border

Figure 2 :

 2 Figure 2: Satellite Google map view of LHPP, the UAV orthophoto obtained thanks to photogrammetry and the sections studied in the context of the Polder2C's project

Figure 3 :

 3 Figure 3: ERT profiles location of section 4

Figure 5 :

 5 Figure 5: ERT profiles location of sections 10 and 113.2 Ground Penetrating Radar

Figure 6 :

 6 Figure 6: GPR profiles location of section 4

Figure

  Figure 7: GPR profiles location of section 6

Figure 8 :

 8 Figure 8: Drillings (CPT and Permeafor) locations of section 4

Figure 10 :P

 10 Figure 10: Drillings (CPT and Permeafor) locations of section 11

Figure 11 :

 11 Figure 11: Global view of the DEM of the dike studied in LLHPP (coordinates in Lambert 72 system)

Figure 12 :

 12 Figure 12: Global view of the 2 ERT longitudinal profiles on the crest ERT_L1_S4 and the toe ERT_L2_S4 of the dike and the 3 ERT transverse profiles, ERT_T10_S4, ERT_T11_S4 and ERT_T12_S4 included in the DEM, section 4.

Figure 13 :

 13 Figure 13: Ground water measurement in dike: monitoring well Pb18a in section 4 for time interval October-November 2020 (DMOW -Geotechnics division).

Figure 14 :

 14 Figure 14: Only ERT transverse profile ERT_10_S4, section 4. Anomaly A1 is the road structure.

Figure 15 :

 15 Figure 15: Same section 4 as the previous figure, with the transverse GPR profile GPR_T10S4. Anomaly A1

Figure 17 .

 17 Figure 17. The corresponding geotechnical parameters are given in Table 4. On the Dutch part, generally a clear clayey top layer of approximately 1 m thickness can be noticed in the CPTs (e.g. GEO-18/110 S1 & S3, see CPT annex) and drillings (e.g. GEO-18/111 B1A & B3A, see report on lab tests by De Backer & D'heer). In contrast to the Dutch part, the results from the CPTs and drillings on the Belgian part reveal a less clayey and less thick top layer. A rather small increase in Rf is found in CPT S18 ( Figure 17) in the top layer and drilling B18B (Figure 16) even indicates a sandy top layer. On the other hand, the laboratory tests on grain size distribution from the manually taken samples of the top layer in this area (b4-IV.4 en b8-IV.2) indicate that this layer is a sandy clay layer (25-36% clay;34-40% silt and 24-41% sand). In conclusion, a top layer above the sand core is also noticed on the Belgian side of the dike, consisting of sand, silt and clayey material in varying quantities and with a thickness of generally less than 1 m.

Figure 17 :

 17 Figure 17: Soil layers at S18
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  Figure 18: Section 4, Belgium part, with the ERT_L1_S4 profile and the CPTs and Permeafor locations. Only S14 to S18 are compared with ERT measurements.

Figure 19 :

 19 Figure 19: Resistivity compared with qc factor and friction ratio at CPT S14 location

Figure 21 :

 21 Figure 21: Resistivity of ERT_L1_S4 profile compared with qc factor and friction ratio at CPT S16 location

Figure 23 :

 23 Figure 23: Resistivity of ERT_L1_S4 profile compared with qc factor and friction ratio at CPT S18 location

Figure 25 :

 25 Figure 25: South of the section 6 with the longitudinal ERT_L1_S6 profile and the transverse ERT_T21_S6 (left) and ERT_T22_S6 (right) profiles

Figure 26 :

 26 Figure 26: South of the section 6, longitudinal GPR profile GPR_L1_S6 with the 2 transverse profiles GPR_T21_S6 (right in the figure) and GPR_T22_S6 (left of the figure).

Figure 27 and

 27 Figure 27 and Figure 28 focus on transverse ERT and GPR profiles. The clayey top layer is well depicted by both methods. Here, there is no road structure and surprisingly, the materials under the crest on the ERT profiles appear less resistive while the GPR dielectric contrast is visible as deep

Figure 27 :

 27 Figure 27: South of the section 6 with the transverse ERT_T21_S6 (left) and ERT_T22_S6 (right) profiles

Figure 29 :

 29 Figure 29: Comparison of CPT S1 interpretation with ERT_T21_S6 profile (top) and GPR_T21_S6 profile (bottom)

Figure 30 :

 30 Figure 30: Section 6, South-East, with the ERT_L1_S6 profile and the S1 to S3 CPTs.locations (at the top ERT image) and PK8_sect6

Figure 32 :

 32 Figure 32: Resistivity of ERT_L1_S6 profile compared with qc and Rf friction ratio at CPT S2 location

Figure 33 :

 33 Figure 33: Resistivity of ERT_L1_S6 profile compared with with qc and Rf at CPT S3 location

Figure

  Figure 34: Soil layers at S3

Figure 35 :

 35 Figure 35: North of the section 6 with the longitudinal ERT_L2_S6 profile and the transverse ERT_T23_S6 profile

Figure 36 :

 36 Figure 36: North of the section 6, longitudinal GPR profile GPR_L1_S6 and transverse GPR profile GPR_T23_S6.

Figure 37 :

 37 Figure 37: North of the section 6, only transverse profile ERT_T23_S6

Figure 38 :

 38 Figure 38: North of the section 6, GPR_T23_S6 transverse profile.

Figure 40 :

 40 Figure 40: Section 6, North-West, Dutch part with the ERT_L2_S6 profile and the CPTs S8 and S9

Figure 42 :

 42 Figure 42: Resistivity of ERT_L2_S6 profile compared with qc and Rf at CPT S9

Figure 43 :

 43 Figure 43: Section 10, the transverse and longitudinal profiles ERT_T24_S10 and ERT_L1_S10, shown together (top); shown individually at the bottom, longitudinal (left), transverse (right),

Figure 44 :

 44 Figure 44: Section 11, only one ERT transverse profile ERT_T25_S11 was performed

  , b). In the North of section 6 (Figure46, c), ERT2 of Fugro shows a noticeable difference in the core dike resistivity at the end of the profile, while the ERT of Cerema doesn't underline this anomaly: indeed, for this later measurement, the depth of investigation at the beginning of the ERT_L1_S6 is too limited. However, the anomaly in the dike crest in the south of section 6 (Figure46 b) is clearly visible in both ERT profiles, see bright red zone compared to the dark red crest area.

Figure 45 :

 45 Figure 45: ERT comparison between Fugro-2019 ERT2 profile (top) and Cerema-2020 ERT_L1_S4 (bottom) measurements on section S4, South.

Figure 47 :

 47 Figure 47: Example of 3D inversion results of all ERT profiles of the section 4.

Figure 48 :

 48 Figure 48: Slices extracted from the 3D ERT block.

  

  

  

  

  

  

1 Preamble 1.1 Document purpose

  

	The depoldering of Hedwige-Prosperpolder offers a 6 km 2 Living Lab environment, where current
	and innovative techniques, processes, methods and products were tested for practical
	validation. Many experiments, like overtopping tests, wave run up tests, erosion tests, etc. have
	been carried out on the levee to increase our knowledge on flood resilience. Knowledge about the
	dike construction and layering of the subsoil is essential for flood risk analyses. The living lab
	Hedwige Prosperpolder offered the ideal opportunity for testing various techniques to determine the
	layered structure of levees.
	This has led to geophysical and geotechnical surveys to be carried out at the Living Lab Hedwige
	Prosper Polder (LLHPP), near Antwerp (Belgium). The studied dike crosses the Belgium-Dutch
	border along the banks of the river Scheldt.
	Several CPT's and a number of drillings have been performed on the dike crest by the Geotechnics
	Division of the Department of Mobility and Public Works (MOW) from the Flemish Government in
	the period 2019-2021. Monitoring wells were installed through the dike, registering the ground water
	level continuously. Ground samples were analyzed in the geotechnical laboratory in order to
	characterize the dike composition. All the results of these tests have been reported in De Backer &
	D'heer, 2022 and Elgün & De Backer et al., 2019. Classical Electrical Resistivity Tomography (ERT)
	and Ground Penetrating Radar (GPR) profiles were performed alongside the dike as well as across
	the dike. At some specific positions, drilling with the Permeafor testing were realized to characterize
	the soil permeability. These tests have been performed by Cerema between 5th and 9th October
	2020.
	This report aims to present the interpreted results of the various geophysical and geotechnical
	techniques and to discuss the effectiveness of the techniques for determining the location of various
	soil layers in levees. All results are cross-analyzed to assess the dike conditions. In order to better
	visualize the results, an existing Digital Elevation Model (DEM) is used to insert the geotechnical
	and geophysical data in. The 3D visualization provides an accurate overview of dike materials,
	constituting the basement of future experiments of the Polder2C's project. This work has also been
	compared with the above mentioned geotechnical survey by MOW and a former geophysical survey
	performed by Fugro (Elgün, 2019 and Elgün & De Backer et al. 2019) one year before.

A part of this work has been presented in June 2021 at the International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences

[START_REF] Antoine | GEOPHYSICAL AND UAV-BASED OBSERVATIONS OVER A FLOOD DEFENSE STRUCTURE: APPLICATION TO THE POLDER2C'S EXPERIMENTAL DIKE[END_REF]
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2

Data needs and survey method selection

Table 1 :

 1 Characteristics of ERT profiles

	Section Names	Direction	Nb	Electrode	Length	Valid	DOI
			Transverse	electrodes	spacing	(m)	Quadripoles	(m)
			Longitudinal		(m)		
	4	ERT_L1_S4 L	224	3	669		28.7
		ERT_L2_S4 L	96	3	285		28.7
		ERT_T10_S4 T	64	1	63		9.8
		ERT_T11_S4 T	64	1	63		9.6
		ERT_T12_S4 T	64	1	63		9.6
	6	ERT_L1S6	L	64	2	125		18.2
		ERT_T21S6 T	57	1	63	768	9.6
		ERT_T22S6 T	56	1	63	732	9.6
		ERT_L2S6N L	64	2	126		18.2
		ERT_T23S6 T	55	1	63	614	9.6
	10	ERT_L1S10 L	64	2	126		18.2
		ERT_T24S10 T	64	1	62		9.6
	11	ERT_T25S11 T	64	1	63		6.6
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Table 2 :

 2 Main characteristics of GPR profiles.

	Section	Names	Direction	Length	DOI (m) Speed (m/ns)
			Transverse	(m)		
			Longitudinal			
	4	GPR_L1S4_C6	L	656	8.45	0.1224
		GPR_L1S4C7	L	656	8.45	0.1224
		GPR_T12S4	T	44	8.45	0.1224
		GPR T11S4	T	43	8.45	0.1224
		GPR_T10S4	T	45	8.45	0.1224
	6	GPR_L1S6	L	456	8.45	0.1224
		GPR_T23C9	T	21	8.45	0.1224
		GPR_T23C10	T	42	8.45	0.1224
		GPR_T22S6	T	39	8.45	0.1224
		GPR_T21S6	T	44.5	8.45	0.1224

Table 3

 3 

. The z coordinate represents the ground level in m TAW. Their locations are shown in Figure 8: Drillings (CPT and Permeafor) locations of section 4 . P a g e 16 | 58

Table 3 :

 3 GNSS Coordinates in Lambert 72 system and z in m TAW of Permeafor (PK*), CPT (S*) and Shelby tube geotechnical testing by Cerema whose results are currently not available).

	Section	Name	X L72 (m)	Y L72 (m)	Z (m)
		S14	141029,37	225635,3	10,9
		S15	141008,32	225658,1	11,0
		S16	140985,27	225682,1	11,0
		S17	140966,56	225701,6	11,1
		S18	140945,61	225723,3	11,1
	4	S9BIS	141061,1	226417,7	10,9
		PK3_Sect4	140927,8	225741,6	9,1
		PK4_Sect4	140833,8	225841,4	6,8
		PK5_Sect4	140642,6	226041,0	4,6
		PK6_Sect4	140641,4	226042,0	4,4
		PK7_Sect4	140626,2	226027,8	-2,8
		S1	140447,2	226294,6	11,7
		S2	140424,6	226323,5	11,8
		S3	140399,0	226355,3	12,0
		S4	140374,3	226385,9	11,9
		S5	140349,0	226417,7	11,8
	6	S6 S7	140326,0 140300,5	226447,4 226478,3	12,0 11,9
		S8	140275,7	226510,7	11,8
		S9	140249,5	226545,0	11,8
		Shel1_Sect6	140388,9	226343,7	-2,8
		Shel2_Sect6	140241,4	226530,5	0,3
		PK8_Sect6	140464,0	226280,1	8,2
		S178	139418,3	226569,5	4,7
		S179	139465,6	226597,2	4,8
		S180	139504,3	226619,6	4,7
	11	S181 S182	139546,5 139590,0	226644,2 226669,4	4,7 4,7
		S183	139632,9	226694,1	4,7
		Shel3_Sect11	139589,8	226673,8	3,5
		PK9_Sect11	139576,7	226686,9	9,8

NB:

The preliminary comparison between the CPT and the Permeafor measurements is presented in appendix. The curves seem to have a systematic deviation as a function of depth in the order of magnitude of 50 cm, which needs to be further explored. P a g e 17 | 58

Table 4 :

 4 Layer structure and soil characteristics based on CPT GEO-18/110 -S18, section 4 (A= backfill soil,

	Q=Quaternary, T= tertiary)

Table 5 .

 5 As for S18 of section 4, the geotechnical characteristics are based on the Eurocode 7 values (NEN 6740 table (Nl) -NAD table from EC7 (BE)), and are generally conservative compared to the results from the laboratory test.The results of the lab tests, can be found in the report on the drillings and lab tests 

	(De Backer & D' Heer, 2022)
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Table 5 :

 5 Layer structure and soil characteristics based on CPT GEO-18/110 -S3, section 6

At

MHz, considering a real permittivity of 9 for the top layer, the wavelength in the materials is about 0.5 m.
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Appendix

As discussed in the report, we tried to compare the Perméafor with the CPT measurements. We obtain curves with similarities, however with a systematic offset in depth of approximately 50cm. Unfortunately, at this stage we were unable to unequivocally determine the cause or provide a plausible explanation. For information, the comparison is presented here in this Appendix.

The Permeafor

The Permeafor aims at evaluating hydraulic conductivity in situ, rapidly (vertical diagraphy). The tool is approximately 80 cm in length and 5 centimeters in diameter with a perforated section at the center of the probe. The tapered design forces the flow of water out of the perforated section in the radial direction. The conical tip allows the probe to be inserted in the ground using a percussion drill rig. It is specifically designed to test lateral hydraulic conductivity. The Permeafor probe is shown in Figure 49. The measurements obtained during testing with the Permeafor can be correlated to hydraulic conductivity [START_REF] Larrabee | Profiling hydraulic conductivity in situ[END_REF]:

The expected result is a quasi-continuous log illustrating the in-situ hydraulic conductivity and density of the crossing material allowing the assessment of the levee structure and its natural subsoil and a detection of leaks.

Comparison between Permeafor and CPTs results on the section 4

Unfortunately at this location, the Permeafor testing stopped at 6 m depth. Nevertheless, as depicted in Figure 50 there is a good but 50cm-offset correlation between Permeafor factors (drillings (s/20cm) and log(Q/H) (m 2 /s)) and CPT measurements (qc(MPa), fs(MPa) and the ratio fs/qc = Rf (%)). Indeed, the peaks in resistance (drilling curve of the Permeafor and qc curve of the CPT, even if the two parameters correspond to different mechanical solicitation) are recorded at the P a g e 57 | 58 same depths. The transmissivity (log (Q/H') curve of the Permeafor) peaks are located at 1,60 m depth (3.10 -6 m²/s, which corresponds approximately to a permeability of 9.10 -6 m/s), between 4,00 and 4,60 m depth (5.10 -6 to 1.10 -5 m²/s or approximately 1 to 3.10 -5 m/s) and between 5,20 and 5,40 m depth (9.10 -6 to 1.10 -5 m²/s or approximately 2 to 3.10 -5 m/s). For all other depths, the transmissivity log indicates a constant permeability of the soils lower than 1.10 -6 m/s, which is the low measuring bound of the Permeafor. These permeability values are plausible for a clean to dense sand of a dike core. As far as concerned, the nature of materials, the CPT parameters (see colored legend of Figure 50Erreur ! Source du renvoi introuvable.) as well as the drilling B18B (Figure 16) show that the first six meters below the surface of the crest are mainly composed of sandy materials.
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Comparison between CPT S1 and Permeafor PK8_S4

For this section (see Figure 51) we consider the ERT profile ERT_L1_S6 and the CPT S1 and Pk8_S6 Permeafor. In this case, for the Permeafor, the resistance (drilling curve) is weak for the first 6 m below the surface. Then, it increases up to 8.5 m depth and indicates important peaks between 8.50 and 12.20 m depth. The peaks of the qc curve of the CPT S1 indicate high resistance between 1 and 2 m depth, then between 5 and 9 m depth, in clean to dense sand. So, the resistance values of the two drilling types are not perfectly correlated.

The transmissivity (log (Q/H') curve) of the soils is important for the first 6 m below the surface, with values between 6.10 -6 and 1.10 -3 m²/s (or permeability values between 1.10 -5 and 3.10 -3 m/s). This corresponds to the dike sand core. The presence of a fine fraction between 3 and 4 m depth, as can be noticed in the CPT diagram, is not detected.

Deeper than 6 m , the transmissivity values are weaker than 5.10 -7 m²/s (or 1.10 -6 m/s), which is the lower limit of measurements of the Permeafor, with only some peaks at 6. 40-6.60, 7.20-7.60, 8.00, 11.00 and 11.40 m depth, between 2.10 -6 and 5.10 -5 m²/s (or between 6.10 -6 and 1.10 -4 m/s). These peaks could correspond to sandy passes into clay to silty clay.