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Abstract: After some failures during recent floods in Germany, major investigation and improvement programs for river embankments have been carried out and are still going on. So far the investigation mainly relies on maps, visual inspection and sampling. Geophysical techniques, which are working non-destructively from the surface have the potential to cover the gaps between sampling points and to enhance the reliability of stability calculations. The government funded research project DEISTRUKT has evaluated geophysical techniques for levee inspection. Several standard and innovative techniques have been tested at various test sites. The handbook produced gives advice on method selection and measurement parameters. The geophysical results have to be calibrated carefully by drillings in terms of material properties and calculated depth of structures.
Key Words: Levees, river embankments, stability, geotechnics, investigation, geophysics, resistivity, seimics, GPR.
1. INTRODUCTION
Germany and other countries in central and eastern Europe are often affected by floods. The Elbe floods in 2002 and 2006 have brought much public attention to the present state of river embankments, their investigation, strengthening or replacement. As many embankments are more than 100 years old and no detailed geotechnical data even from recently refurbished sites are available, the demand for fast and accurate investigation methods is increasing.
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Figure 1: Mulde river near Bad Düben during the flood in 2002 (Photograph: M. Zebisch, http://www.glowa-elbe.de).
In the past the geotechnical investigation of river embankments has relied on visual inspection and sampling. Most German standards recommend a borehole distance of about 100 m along the levee, meaning that hidden features in between will probably be overseen. Recently several (but not all) German states, who are responsible for flood protection, have started to use geophysical techniques to enhance the reliability of the investigations. But there is a lack of information on selection of suitable methods, measurement parameters etc. The aim of the government funded project “DEISTRUKT” was to provide this information to the authorities and contractors by evaluation of several methods at test sites (Niederleithinger, 2005). These sites are located in the watershed of the rivers Mulde and Elbe in eastern and northern Germany.
2. Geophysical techniques

2.1 Electromagnetic and geoelectrical methods

Both methods measure the electrical resistivity (reciprocal of conductivity) of the subsurface. The resistivity depends on material, porosity, moisture content, salinity of pore water and other parameters. The results are thus often difficult to interpret. Both methods determine integral values over a certain volume. Lots of measurements at different locations and with different penetration depths are done. Reconstruction calculations (“inversion”) are used to determine the approximately true subsurface resistivity distributions.

Electromagnetic instruments use their own sources (e.g. sine currents in coils) or remote ones (e. g. radio transmitters). The electromagnetic fields, which are influenced by the subsurface resistivity distribution are received with coils or electrical dipoles. The measurements are relatively fast (10-100 points/hour) but are heavily disturbed by near surface metal objects.

Today’ s geoelectrical (or resitivity) instruments use multi-electrode cables a long rows of metal stakes to imply electrical current and measure resulting voltage in large series of combinations (see figure 2 below). The results are transformed into 2D or 3d subsurface sections using reconstruction calculations.
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Figure 2: Left: Principle of geoelectrical sections: Large sets of 4-electrode measurements on different positions and with different penetrations depths to produce (after data processing) vertical sections through the subsurface. Right: geoelectrical measurements at test site (BAM). 
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Figure 3: Geoelectrical sections through levee, (a) along, (b) across levee direction (BAM)
Figure 3 shows a set of geoelectrical sections along (a) resp across (b) a levee. High resistivities (red) correspond usually to dry, coarse material (sand, gravel), low values (green) to fine, wet materials (clay, silt). The section along te levee can be used to divide the levee into 3 zones: 1 showing a sand layer (which was nor expected), 2 of mixed nature and 3 consisting mainly of clay (as it should be). But as geoelectrical sections along levees are distorted by topographical effects, which can’t easily be corrected, the depth of the structures are not revealed reliably. The section across the levee shows a much more detailed picture of the levee’s interior in the left part of section (a). High resistivities in the center of the levee relate to a sand core (1) on top of the natural clayey subsoil (3). The high resistivities on the face towards the river (2) are caused by extremely dry material due to sun exposure.

Both geoelectric and electromagnetic methods deliver useful information about subsurface structure. Discrimination of sandy and clayey material is possible in moste cases. The approximate water level may be determined in sand or gravel, but not in clay. Both methods, especially electromagnetics, have limited vertical and lateral resolution. Electrical measurements are slower (and thus more expensive) than electromagnetic ones but are less affected by topography and metal objects. If both fast reconnaissance and detailed information in inhomogeneous areas are required, a combination of both techniques is recommended.
2.2 Seismic methods
[image: image9.png]Seismic methods use elastic waves (e. g. generated by hammer impact, received by array of geophones, Figure 4) to delineate subsurface structure and elastic properties. In the frame of the Deistrukt project we have concentrated on refraction seismics and SASW/MASW techniques. These latter methods are based on the analysis so called Rayleigh waves, which carry depth dependent information on low strain shear parameters (Park et al., 2001). So they have the potential to deliver properties, which are directly related to parameters required by geotechnical engineers for stability calculations.

[image: image4.jpg]



Figure 4: Left: Seismic source. Right: Pulled array of receivers (geophones). Photographs: Geotomographie GmbH.
[image: image5.png]depth [m]

g B
o w0
g g
E position [m] o
2700 2720 2740 % 2760 2780 2800 2820 284(?5 2860 2880 2900
0 | 0
-5 -5
- =5
-10 -10
2700 2720 2740 2760 2780 2800 2820 2840 2860 2880 2900
g~ © =N N NN wW W W B
o oo O = W ~ © w o = a ~
o oo o o o o o o o o
shear wave velocity [m/s]




Figure 5: Result of MASW measurements along the foot of a levee in comparison to CPT results (tip resistance) (Geotomographie GmbH)
Figure 5 shows an example of MASW results compared to CPT data. Both methods show soft material at the surface (sign 1 at right CPT) and more consolidated soil at the bottom (4). The intermediate layer with increased shear wave velocity, as well as the soft layer beneath in the MASW section is visible in the right CPT only (2,3). The apparent discrepancies at the left CPT may be caused by the interpolation between MASW measurement points (10-20 m apart). The knowledge of the existence, depth and width of these intermediate layers is of great importance, as these might provide flowpaths for water beneath the levee.
Seismic measurements need more effort than the other methods described here. But new developments as pulled receiver array (no need for planting lots of geophones by hand) and automatic processing will help at least partly to overcome this problem.

2.3 GPR (radar)

Ground penetrating radar (GPR) uses high frequency electromagnetic pulses sent into the earth by suitable antennas. The reflection from objects or layers are received by a second antenna, in most applications placed in the same casing. For typical applications GPR has a very high vertical resolution (1 to 50 cm) but a limited penetration depth (10 cm – 10 m), both depending on depending on antenna frequency and soil conditions.
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Figure 6: GPR array (14 antennas in the white box right) on a levee
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Figure 7: GPR section across levee showing reflections from manmade and natural objects

The GPR section in Figure 5 was acquired at the same test site as the previous data. Due to limited penetration depth only near surface features are seen. Layer boundaries might be due to material changes, but the method is also sensible to subtile moisture variations making interpretation difficult. The main use of GPR is the localization of manmade objects (including repair patches) or features like erratic blocks. The resolution is much higher than in geoelectric or seismic sections.
3. RecommendationS

As a results of the measurements at the test sites and a detailed literature survey as well as reviewing the experiences from especially eastern Germany back to the 1970’s we were able to compile a set of recommendations wich can be use to set up successful investigation programs. They cover method selection (see table 1, below), parameter choice, calibrations measures and hints how to integrate geophysical measurements in geotechnical investigations (see below).
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Table 1: Recommendations for geophysical method selection (after Weller et al., 2008)

Most important for the success of geophysical survey is to integrate geophysical and geotechnics properly. Some basic hints are:

· The geophysicist has to be involved from the survey planning to the end of the project

· All available information (maps, boreholes, samples) have to be passed to the geophysicist

· Calibration boreholes have (at least partially to be mde after the preliminary geophysical results are available

· Local calibration has to be done in terms of materials and properties (e.g. which electrical resistivity corresponds to which soil type) and depth of structures (e.g. to correct layer depths calculated from geophysics).

· The final interpretation of all data hase be be done by geophysicist and geotechnical engineer together.

4. Conclusions and outlook
Geophysical methods are valuable tools for the geotechnical investigation of river embankments and their geological base. Main use is currently the discrimination between sandy and clayey material, others are e.g. the localization of manmade objects. Due to the progress in measurement technology and data processing techniques, some techniques (mainly 2D resistivity) are used since several years on a commercial basis. Upcoming technical regulations for river embankments (DWA 2007) recommend the use of geophysics and refer to the work described in this paper.

As there are several upcoming new technologies, which make geophysical measurements more effective or more affordable (e.g. seismic or resistivity devices without need of planting stakes or geophones, GPR arrays) it can be expected that the use of geophysical methods will be increasing in the coming year. But some of these methods still have to be validated and accepted by the clients and authorities.
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