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Abstract: In Hungary a persistent period of severe droughts in the years from 1989 to 1996 resulted in serious cracking of flood dikes on the River Tisza - the main river draining the Great Hungarian Plain - and its tributaries. These dikes - some of them built a hundred years ago and enlarged from time to time under emergency conditions - mostly consist of clays of intermediate to high plasticity, originally placed into the fill at moisture contents well above optimum. The moisture balance in the dikes which was maintained within tolerable limits by a normal periodicity of regular major floods recurring once or twice a year was drastically upset during the extreme spell of droughts - creating virtually semi-arid conditions for the exposed dikes. 

A comprehensive field and laboratory study aimed primarily at assessing the damage done and finding reme-dial measures has also led to a better understanding of how unsaturated highly cohesive soils built into the dikes respond to monotonous drying without sufficient moisture recharge. This paper focuses attention on the problem of the investigation of the dike cracks with non-destructive geophysical method. To determine the magnitude of cracked zone we used geo-electrical tomography. During the measurement, the crack was filled up with saline to check the change in resistivity in the dike section.
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1. INTRODUCTION
In Hungary, research programmes and investigations related to the application of shallow geophysics were launched in the middle of the 1960s in the sphere of water management – practically simultaneously with the establishment of soil mechanics laboratories and with soil mechanical surveys. The near-surface application of geophysical methods has become widely used in the last 25 to 30 years. Their key advantage is that the investigations cover large blocks of soil and that they are non-destructive.

Geo-electrical experiments were started at the end of the 1960s with the traditional four-electrode method. After initial field measurements, in 1970-71 laboratory model experiments were conducted for homogeneous and two-layer soils. In 1972, on-site test measurements were performed with different electrode arrangements (dipole, Werner, dipole-dipole, etc.). Then, in 1973, experiments were carried out with towed electrodes in order to make measurement quicker. The measurement means that the bundle of  electrodes is being dragged on the surface. 

With the purpose of determining the weak points of the flood control embankments’ subsoil, geophysical measurements have been conducted since 1980, and evaluation work has been performed since 1984. By 1996, the stability survey of Hungary’s 4200 km long flood control line was completed. This survey comprised geo-electrical measurements, soil mechanical investigations and subsoil stability calculations, built upon one another. (Nagy 1993a,b,c, 2000, Fehér & Nagy 1997, )

On the part of dike administrators and flood control organizations, there has been a realistic demand for the investigation of dikes since the early 1990s; and the relevant implementation guide was completed in 1991 (Szepessy 1991). At that time, the need for the tomography investigation of flood control embankments did not yet emerge. This guide does not pro-vide a theoretically novel method for the identification of perilous points; it recommends that these places be primarily pointed out on the basis of previous flood experience. The described method allows to perform a nationally uniform supervision of the embankment system, and thereby makes it possible to enhance its safety economically. The guide specifies in detail the questions to be answered in the course of dike investigations, the main steps and the procedure of the investigation, as well as the processing of measurement data. 

The guide attached great importance to 

· the evaluation of information gathered from the embankments’ flood experience,

· the measurements performed during floods, which provided invaluable data, 

· the gathering (through interviews) and the evaluation of local experience not included in the flood control plans. 

Concerning dike cracks, in 1989, we carried out experimental measurements with geo-electric method on the River Kettős-Körös left bank, by using a special electrode arrangement (dipole-equatorial method). Our aim was to identify the cracks that remained concealed on the bank’s surface. In subsequent years, embankment cracks appeared in several places. (Nagy 1994c, 1995a, 1996)
2. AIM OF THE TOMOGRAPHY INVESTIGATION
The tomography investigation of flood control embankments is aimed at gaining a better knowledge of the earthworks’ macro-structure. The present study discusses the possibilities for the improvement of tomography investigation, laying the foundations for future operational tests.

In determining the investigation’s technical boundary conditions, it can be stated that embankment investigation is a much more complicated task than subsoil exploration because:

· instead of the two-dimensional solution applied in subsoil exploration, embankment investigation requires a three-dimensional solution, if possible,

· embankments are built structures (and not formed by nature); therefore, their characteristics are to a great extent influenced by defects of the construction,
· the embankments were built up in 3 to 4, or in some cases even in 5 phases (onion skin structure); although the spreading and compacting of the individual layers were horizontal, the connection of the embankment segments built in successive phases contains more or less incompact parts. (Nagy 1993a,c, 2000)

By tomography investigation we generally mean the mapping of spatial elements according to specific properties. In the case of flood protection embankments, this means the charting and mapping of the longitudinal or cross sections; and it involves such exploration of the macro-structure where individual elements of the space or plane appear on a finite number of occasions in the mapping system. Based on technical literature data and practical measurements, we distinguish two- and three dimensional tomography investigations. In the present study, we only discuss two-dimensional investigations.

The measurement is similar to the one applied in invasive radiology. Medical tomography was introduced into radiology in the 1920s. This procedure resolves the radiograph’s summation image by moving the scanning system in space in successive parallel image-planes, taking a large number of tomographs. A new technology made this exclusively mechanical scheme extendable. During the investigation, as many data (attenuation values) are collected from different directions about the individual parts of the human body, as are sufficient for the de-termination of the radiation-absorbing parts’ spatial location. As a result of 60 years of continuous improvement by large instrument manufacturers, medical tomography has attained its present standard of displaying in colour the tomographs within a couple of minutes after taking the radiographs. Thereafter, the tomographs can be freely rotated and shifted, and within certain limits they can be enlarged and reduced. Why is it so easy for the doctors? Because the investigated object (the patient) can be freely walked around with both the marker and the detector; be-cause the applicable measurement method is ready and available, and because the procedure used today is the result of more than 80 years’ improvement.

In invasive radiology, the implementation of tomography measurements comprises three steps:

· recording the investigated body part’s geometry both transversally and longitudinally,

· taking tomographs under natural conditions,

· taking tomographs after feeding contrast material. 

The same procedure must be followed in the case of flood control dikes as well.
3. MEASUREMENT POSSIBILITIES AT DIKE CROSS-SECTIONS
For flood control dike tomography investigation, we used seismic method and electrical method. 

In seismic tomography, seismic wave sources (cartridges, spark generators) and detectors (geophones) are placed in bore-holes and on the surface near the explored object or spatial segment – as many as possible. The seismic waves are generated by these seismic wave sources. The waves go through the explored area and reach the detectors. The instruments measure arrival times of the first vibration waves reaching the individual detectors. With knowledge of these arrival times, a wave propagation velocity field is formed. Based on the soil quality assigned to velocity, the investigated spatial segment’s structure can be determined. (Nagy 1994b). 

In tomography investigation with resistance measurement, a large number of electrodes are placed on the soil surface and in the holes bored around the explored area. Electric potential is measured on the field electrodes, while current is fed into the soil at varying points. By processing the measured data, it is possible to determine the distribution of the explored spatial segment’s electric resistance. We will present an example for the application of this method. 

4. IMPROVEMENT OF ELECTRICAL TOMOGRAPHY INVESTIGATIONS
At the beginning of the 1990s, certain surface phenomena were observed on several dike sections indicating that the flood control dikes are cracked through in greater depths, not only on the surface, and that the dikes are covered with a network of cracks. By assessing the possible methods of explorations and investigations with a view to identifying these perilous points, a research programme was prepared for testing the applicable non-destructive methods. The investigation was carried out in two steps:

· in the first step in 1994, among possible investigations the inappropriate ones were separated. In a clay embankment, we produced 4 different artificial cracks and hollows by using different methods. In the course of the measurement, 9 companies operating in the field of geophysics tested 14 measuring instruments and more than twenty measurement methods. Based on the measurements, the geo-electrical, the seismic and the electromagnetic investigations proved to be the most efficient. The investigation site was checked by exploration and also by opening up probe trenches. (Nagy 1994a)

· in the second step in 1995, we carried out the investigation of natural dike cracks and cracked embankments. (Nagy 1995b, 1997) During the investigation, we sought how precisely we could 

· delimit the sections of identical behavior by means of the geo-electrical longitudinal section running on the top of dam

· chart cross-section conditions 

· identify cracks and the network of cracks.

Among embankment cross-section investigations, the largest amount of information was produced by the results of the electrical investigations; however, further development activities were required in order to make results more realistic: 

· in geo-electrical investigations, the embankment’s adverse topographical effect (the explored half-space becomes distorted owing to the directional changes at the top and base of the dike) and the unfavorable height/width proportion must be eliminated, 

· soil electric resistance depends on the soil type, the water content, the quantity of salt ions dissolved in the pore water, and the compactness; therefore, in parallel with the geo-electrical investigation it is always necessary to perform sampling by boring in order to calibrate the measured data, 

· it was necessary to refine the measurement method to determine what type of measuring arrangement and with what electrode spacing will provide the most realistic results, and to specify the sensible limit of making the electric network denser and reducing the distance between electrodes, 

· handling of a large number of electrodes required the application of remotely-switch able intelligent electrodes, which had to be complemented by data collection supporting software and evaluating software, as well as by real-time display on colour monitors and printers.
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Figure 1. Cracked Tarna river dike

5. INVESTIGATION SITE

Monotonous desiccation led to the formation and propagation of cracks in both longitudinal and trans-verse directions. Several hundred kilometers of dikes have been affected jeopardizing the integrity and safety of the entire flood defense net. 

It has been known for years that the embankments along the River Tarna are in poor condition. A former dumping site of non-compacted, dredged materials was developed into an embankment, without subsequent compacting of the existing part. Based on preliminary embankment surveys, the investigation site was set in the 18+830 - 18+860 section of the River Tarna left bank. In the neighborhood of the investigation site, the embankment can be characterized as follows: 

· the dike is of medium size, with a height of approximately 3.0 to 3.2 meters, a top width of 3.0 meters, and a bank slope of 1:2 on the water side and the protected side,

· the embankment’s material is fat clay rich in montmorillonite  with Ip= 30-47 %, and a very low water content in the upper part of the embankment (w = appr. 10 %), 

· during preliminary soil mechanical surveys, in the embankment’s protected-side wheel track, exploration borings brought up perforated soil, and in some places the borer advanced unresisted for 0.5 to 0.7 meters, 

· the embankment is loose, with a compaction factor under 87 % in many places, 

· the dike was constructed in the first half of the 20th century, but not up to today’s quality requirements. (Nagy 1997)

6. PRINCIPLE OF THE INVESTIGATION
Geo-electrical measurements used for the determination of subsoil resistivity distribution are based on the following simplified principle:

Current is fed between two electrodes conductively coupled to the subsoil (these are the so-called current or source electrodes), and on two other electrodes (these are the so-called potential or measuring electrodes), the potential difference formed by the sub-soil of inhomogeneous electric conductivity is measured. The depth of penetration – i.e. the size of the spatial segment, the impact of which is still reflected in measurement data – can be increased by extending the distance between the current electrodes. Current and potential electrodes may be placed not only on the surface but also in the lower half-space (e.g. in bore-holes).

If high definition is required both horizontally and vertically during the determination of the subsoil’s three-dimensional electric conductivity, it is advisable to use a computer-controlled switch system and pre-installed  electrode whips, which allow to make the measurement fully automatic and thereby much quicker. With the equipment developed and applied by KBFI Triász, it is possible to use a maximum number of 960 intelligent electrodes simultaneously, in the electrode-arrangement best suited for the given problem. In the course of the investigation we applied the so-called Pole-Pole arrangement, in which one of the current source electrodes and one of the potential (measuring) electrodes are situated at a large distance from the measurement area, “at infinity”. This measurement arrangement offers numerous advantages during both the implementation and the interpretation of measurements.

As the resistivity of saline is much lower than that of the subsoil, the appearance of saline in the dike body will significantly decrease the resistivity of the dike section concerned. This is reflected in the measured data as follows: in certain sections of the measured so-called sounding curves the apparent resistivity values are much lower than the ones measured in the same arrangement before the commencement of soaking. The task is to determine the place of these anomalous segments and the extent of the change in the true resistivity before pouring in the saline, during the soaking and after the completion of soaking. The cell resistivities obtained from the two-dimensional inverting of measured data can be rep-resented by determining the change occurring in the given cell’s resistivity in the case of each data series measured after the commencement of soaking. The distribution of these changes will be represented in the form of two-dimensional sections. With the applied procedure, the three-dimensional resistivity distribution’s spatial and temporal changes can be clearly illustrated.
7. COURSE OF THE INVESTIGATION

To implement the measurement, 560 pcs remotely-controlled electrodes were placed into 28 cross-sections. For the purpose of saline feeding, 6 pcs of bore-holes (with a diameter of 25 cm and a depth of 1 meter) were prepared; finally, only two of these holes were used. Upon measuring the intelligent electrodes interconnected during the measurement one after the other, the re-measuring was performed at the same place with a time difference of about half an hour. 

For the investigation, 300 kg salt’s 5 % solution was poured into the dike. The measuring was started at 6 a.m. and by noon the dike absorbed 6 m3 saline. We underestimated the dike’s (the cracks’) water absorption capacity; consequently, thereafter another 5 m3 non-saline was poured in until the evening. The water only appeared on the surface in one place before 8 a.m.; then we moved to another bore-hole with the filling.  (Nagy 1997)

The measurement lasted 24 hours.  
8. MEASUREMENT RESULTS

The measurement results were represented longitudinally and transversally, at different times. Figures 1. show the percentages of resistivity reduction. From the curves it can be seen that farther away from the place of soaking in space and near the soak-ing in time, the changes in electric resistance are practically zero. Fig. 2. clearly illustrate the location of the resistance changes, and thereby the dimension of the cracks and the crack system. 

9. SUMMARY

The tomography investigation of flood control embankments is aimed at gaining a better knowledge of the earthworks’ macro-structure. In this study, we presented an investigation that enables to perform non-destructive detection of cracks in flood control clay embankments. 

Concerning the results, it must be underlined that we conducted causability investigations and that we measured phenomena, causing damage to dikes, which earlier could not be localized with other methods. We went beyond the situation when the probable place of certain flood phenomena could not be pointed out in advance, only when the incident al-ready materialized. 

When planning the measurements and implementing the investigations, it could not be assessed in advance whether the methods that we applied would offer a solution for the given problem or not. The tested method is well suited to provide us with more information about the embankments’ macro-structure. During embankment crack detection, it was not possible to precisely determine the network of cracks; however, the range and extension of the cracks could be clearly identified through the investigations performed with saline filling.

The use of tomography investigations was at experimental level; the exploration of embankments and dikes is a new application opportunity for tomography investigations, and it is expected to become more widely used primarily in connection with flood phenomena. The advancement of information technology played an important part in the evolution of tomography investigation by allowing quicker data collection, high-standard visual display and efficient processing of the measurement data set. (Salát & Nagy 2002)
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Figure 2: clearly illustrate the location of the resistance changes

Nagy, L. 1994a. Screening Test of Geophysical Measurements for the Method of Embankment Crack Detection. R+D re-port, In Hungarian. 

Nagy, L. 1994b. Exploration of Possibilities for the Application of Tomography Investigations on Flood Control Embankments. R+D report, In Hungarian. 

Nagy, L. 1994c. Embankment Crack Investigation on the River Tisza Left Bank in the Section between 96+580 - 97+330 Dike km, Expert report. In Hungarian.

Nagy, L. 1995a. Embankment Material Testing next to Embankment Cracks in Three Dike Sections of the River Zagyva, Expert report. In Hungarian.

Nagy, L. 1995b. Status Survey of Flood Control Embankments –  Geophysical Measurements on Non-Artificial Dike Cracks. R+D report, In Hungarian. 

Nagy, L. 1996. Water Management Problems of the Cracked Condition of Embankments on the River Tisza Left Bank in the Section between 101+500 - 106+600 Dike km, Expert report. In Hungarian.

Nagy, L. 1997. Improvement of Tomography Structure Investigation of Flood Control Dikes. R+D report, In Hungarian. 

Nagy, L. 2000. Geotechnical Problems of Flood Control Dikes. Vízügyi Közlemények /Water Management Publications/, Vol. LXXXII, pp. 121-146, In Hungarian. 

Salát, P. & Nagy, L. 2002. Quality Controlled Geotechnical-Geophysical Monitoring of Flood Levee’s Condition in Hungary. Proceedings of the 2nd International Symposium on Flood Defence (ISFD’2002), Beijing, Balkema Publishers, pp. 629–636. 

Szepessy, J. 1991. Guidebook for the Investigation of Flood Control Embankments, R+D report, In Hungarian.
1
PAGE  
2

[image: image3.png]