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Abstract. Minimisation of the probability of a rupture of a flood protection dike is of primary importance when it can

lead to significant material and/or social losses. Erosion processes are one of the major factors which cause dike
collapses. In respect of the detection and assessment of the development of these processes, the “classical’” methods
used to date have very substantial limitations. This problem is discussed, inter alia, in the Introduction to this article.
This concerns, in particular, the problem of the monitoring of a dike during a high water event. The linear thermal
monitoring method, which has been intensively developed, especially in recent years, including the application of
fiber optics distributed temperature sensing, has introduced a new quality to this issue. Its key advantages include
continuous monitoring all along the structure, early and high spatial accuracy detection of the seepage and erosion
processes and the possibility of analysing and assessing their development. This method has been extensively used
for many years to monitor earth dams, whereas it is only recently that it has been implemented to monitor flood
control dikes, in relation to the need to develop methods for data analysis and interpretation taking into account the
manner of operation of flood control dikes.

This article describes the basic features of thermal monitoring and important aspects of its implementation for flood
control dikes monitoring. It proposes elements of a methodology which combines a joint application of the methods
used to date and the thermal monitoring method.

Keywords: Flood protection dike, Dike safety, Internal erosion, Seepage, Thermal monitoring, Methodology of dike
monitoring, Fiber optic distributed temperature sensing

1. Introduction of one riverine flooding in 2010 in Poland there were
The Floods Directive of the European Parliament and af31 dike collapses causing the flooding of the space
the Council attributes particular significance to floodbetween the dikes. The related losses were estimated to
risk and imposes on the Member States the obligation teach at least several billion PLN. About 550, 000 ha
minimize this risk and to maximize measures towere flooded, including 470,000 of farmland. The area
mitigate possible flood-related damage and losses. Was inhabited by 280,000, of which 35,000 were
requires systematic efforts and changes in many fieldsvacuated. In addition, in recent years, in other
of management and flood protection theEuropean countries, the United States and, in particular,
implementation of which will still take tens of years. Atin Asia, there were numerous, much greater floods than
the same time, the developing climate change is likelthe one mentioned above, along with the ensuing flood-
to generate successive extreme weather events. Onerefated losses.
the basic types of engineering facilities designed to  Two main factors causing dike collapses are the
protect against floods are flood control dikes which arevater overtopping the dike crest and erosion processes
thousands of kilometers long in many countries. Fofpiping, contact erosion, suffusion) leading to the
example, in Poland the total length of flood controldestruction of the internal structure of the body of the
dikes is about 8,500 km. dike or the underlying ground through the washing
Dike collapses cause huge material and sociaway particles of the ground and/or the loss of stability
losses, both direct ones and those that affect directlyf the body. For example, in the course of the 2010
and on a long-term basis the development of th#lood in Poland, about 30% of dike collapses was
economy and the country. It is first of all important tocaused by seepage and erosion-related factors
ensure dike safety and to minimize the likelihood of(Kledynski et al., 2012).
their collapse. For example, according to the statistical At the same time, practically in all the countries
data presented by Kledlgki et al. (2012), in the course with an expanded network of flood control dikes, non-



modernized dikes represent the major or important p ceased in respect of the detection and assessir o
of dikes. A substantial number of them are not in aseepage and erosion processes.
satisfactory condition, either, and these dikes rhay In the course of a high water event, practically th
significantly likely to develop an internal desttionn ~ only methods used to date for dike monitoring have
process. As a result, the detection and assessihtd@  been visual methods, particularly a local inspectod
development rate of the seepage and erosion pexesshe sporadically and locally applied thermal ind@r
in the course of a high-water event and a correanethod. “Classical” instrumental monitoring methods
assessment of the technical condition of the dikapplied on earth dams, such as, for example,
following the high-water event are very important. piezometric measurements or pore pressure
A number of methods can be used to acquireneasurements, practically have not been used od flo
information on the condition and parameters of thecontrol dikes.
body and the underlying ground relating to the agep The development of an internal erosion process,
and erosion processes. Their correct selectiof keyp  particularly at its initial stage or even at itdstantially
importance as a function of the type, scope anddvanced stage, is often imperceptible, even wkamgu
accuracy of the values of the parameters of théhe abovementioned methods, especially at nighd, an
information gained, as well as the possibility adts particularly when a dike is covered by uncut grass
of applying these methods to achieve the expectedther vegetation. An example of an unexpected
effects; where the effect is not only the minimiaatof  breakdown caused by an internal destruction process
the risk of a dike break, but first of all the nmimzation  was the collapse of a dike section in the coursthef
of the probable overall losses, particularly in Hreas 2010 flood at a bend of the Vistula River at théy ©f
protected by the dike. Cracow in Poland, which occurred at night withony a
The thermal monitoring method is one of theprior signs of danger despite the inspections whiat
methods developed in several recent years to datect been carried out on the structure.
analyze the seepage and erosion processes. In this If the seepage and erosion process was detected in
article, we will try to demonstrate that this medho the course of a high water event there were naostool
qualitatively changes the previous possibilities ofenabling the assessment of its parameters, ingutim
monitoring and assessing the technical conditiora of prediction of its kinetics and the determinationtioé
flood control dike. The purpose of the article & t real hazard level. In consequence, more often than
present the basic features of this method includinghe key decisions determining the allocation of
significant results of research on it and itsmanpower and equipment to secure the dike had to be
implementations. At the same time, it presents théaken on the basis of general information without
current background to the issues related to théaving real knowledge as to which of the endangered
monitoring and assessment of the condition of flooglaces posed in fact the greatest danger and as to
control dikes, as well as a comments for thewhether these were the only endangered places.
methodology for the application of methods for Assessments of the technical condition of flood
monitoring and assessing the condition of dikescontrol dikes are carried out in case of a currezdd;
including the thermal monitoring method for the for example, following the passage of high water or
detection and assessment of the seepage and eroswnen visible damage to a structure has been fondd a

processes. when required by the provisions of law. For examjple
Poland the Construction Law (Construction Law, 2010
2. Important aspects of the previous practice of imposes the obligation to carry out an assessnfeheo
monitoring and in-situ investigations on the seepage technical condition of a dike and an assessmeris of
and erosion processesin flood control dikes suitability for utilization at least every five yea

According to the guidelines (Borys and Mosiej, 2003
The hazard posed by an internal erosion process maye assessment of the condition carried out eviegy f
ensue, inter alia, from neglect in the operatibdikes  years must include geotechnical and geodetic tests.
or the methods for their construction which morenf Moreover, these guidelines impose the obligation to
than not deviated from the standards now in pldce. perform a review of a dike every year in spring.(a
substantial danger is posed by animal burrows &nd,d spring review) and suggest that another review (an
or dead tree roots, which — in case of high watear- autumn review) should also be carried out — witkhbo
suddenly trigger a destruction process. Moreous, t representing a local inspection.
erosion process can develop unnoticed from oneafase In most cases, the geotechnical tests (boreholes,
high water to another. After a critical value ogtlocal soundings) designed to assess the technical comdifi
resistance of the ground has been exceeded, a isurgea structure are usually carried out at substantial
the growth rate of a process leading to a dikeungpis  intervals, even of several hundred meters. Sinee th
highly likely. distribution and degree of hazard in the dike badg

A number of conclusions are presented belovthe underlying ground are random and can be highly

concerning the previous practice of dike monitoring variable, even over a short dike section, the
the course of a high water event and after thetdvasr implementation of point geotechnical tests is hjghl

insufficient for a real assessment of the conditibthe



dike. Let us emphasize that the application of h [m] at v=0,08mins] h [ml atv=0,
geotechnical tests was, certainly, justified, blowdd 282238283 ;2
be preceded by a prior exact determination of thi =
location of a measurement point using other method
enabling an indication of the location of a wealkkne
area of the ground. In particular, it is importaot
determine these zones where the development of tt
erosion process was invisible from the outside as w
not discerned in the course of a high water evadtaa

a local inspection. A number of examples, includime
one indicated by Gebiowski (2012b), show that an
inappropriate location of a geotechnical test ane t
absence of an additional testing method may lead t
incorrect and often too optimistic conclusions
concerning the condition of the dike. In turn, awe
dense geotechnical testing would be expensive ar
could also cause a significant weakening of thee dik
structure (Gaibiowski, 2012b).

A piping, which is most dangerous with its
possible growth rate, and also other forms of gdoun
erosion, particularly at their initial developmesiage,
can occupy a relatively small area of the dike sros
section. As a result of this, even relatively small
distances in the location of a geotechnical measent
profile can lead to significant differences in thedues
of the ground parameters investigated.

In consequence, dikes are most often tested als
using non-intrusive geophysical methods enablirg th
non-invasive testing of the dike body and the:z
underlying ground in a continuous manner all aldag
length.

According to FloodPRoBe (2013), “geophysical
investigation is based on the interaction between
physical field (e.g. electromagnetic field or mewical
wave propagation field) and the subsurface material [sl3 By
These interactions are sensitive to material ptaser
(nature and state parameters such as bulk density o Figl. The results of GPR method application to
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moisture content). Therefore, geophysical detection of loose zones on the same section iea d
investigations have shown great potential to infenm  in: @) autumn 2007 after precipitation, b) May 2010
subsoil features such as: structure (layering)uneat several days after a flood (@btowski, 2012b)
(geology), condition and spatial variations of soil

properties”. The emergence of contrasts imagedén t Depending on the geophysical method used, in the

values of physical fields of the geophysical methodrourse of a single day one measuring team can oatry
applied, between consolidated zones and a degm@dedan investigation of even a several kilometres long
damaged ground structure, enables the detectitimeof section of a dike (FloodPRoBe, 2Q1Bauchard and
latter under specific conditions and in a spedifinge Meriaux, 2007). Given that dikes can be tens and
(Gofebiowski, 2012b). hundreds of kilometers long, this is a very impotta
Analysis of the literature, where some of the manyeature.

relevant references include FloodPRoBe (2013), However, non-intrusive geophysical methods have
Fauchard and Meriaux (2007), Gblowski (2012a), @ number of significant limitations. Citing FloodeBe
indicates that the main methods applied for gedphys (2013), “they only allow for indirect sub-surface
non-intrusive  dike testing include the Groundinvestigation.  Furthermore, some interpretation
Penetrating Radar (GPR), Magnetic Profiling, Eieafr ~ Processes (e.g. data inversion) are complex anel fac
Resistivity Tomography, Seismic methods, Micro-‘equivalence’ problems (non-unique solutions). The
Gravimetry. An example of GPR method application tocombination of data noise with inversion error

detection of weakened zone is presented at Fig 1.~ inevitably leads to some model uncertainty”.
“Nevertheless, a potential risk of error remainfisT

fact has not always been well explained by
geophysicists to geophysics end-users, which in tur
has lead to some misunderstanding and



disappointment”.  “Moreover, the most rapid particular, by the following features (Radzicki, (030
geophysical investigation may not yield the highes2013):
resolution and reliability. Therefore, this issgealso a ¢ real-time monitoring of destruction processesirdur
matter of risk/cost compromise”. a high water event,
It is hardly probable that relatively small, local « continuous spatial monitoring of destruction eses
changes, particularly those related to the initiakall along the structure,
development stage of erosion processes, can be early and high spatial accuracy detection of
identified using the abovementioned geophysicah destruction process,
methods. » the possibility of assessing the kinetics of
Despite their intensive development, thea destruction process,
abovementioned geophysical methods are not likely te the possibility of developing an automatic alarm
ever reach the spatial resolution and accuracy dafystem to warn about the emergence of a destruction
measurements of the values of measured parametgmocess,
which would correspond to instrumental intrusivee a damage- resistant unmanned system.
methods. These conditions are met by a system based on
In consequence, inter alia, FloodPRoBe (2013)linear temperature measurements and the method for
Gofkbiowski (2012a) and after Makowski and Popielskithermal monitoring of the seepage and erosion
(2013), it is important to point out that the apption processes.
of geophysical methods requires the use for a given For many years systems of this type have been
section of several complementary geophysical methodapplied in numerous cases to monitor earth dams
or a calibration of the geophysical method using/Aufleger et al. 2000; Johansson et al. 2000; BecX.,
intrusive investigation techniques. More often tima, 2010; Radzicki, 2009). The first system of thiseyms
it is possible to find geophysical tests of floashttol now been installed also on a dam in Poland (Ragzick
dikes where the conditions are not satisfied or th@014).

interpretation method itself is used insufficientiell In turn, in the case of flood control dikes, these
and the interpretation results are sometimes highlgystems have not been applied in many cases t¢ date
doubtful. they have so far been installed mainly in Germamy a

To date, a number of research and developmeriirance (for example Courivaud, 2012). In Polandis i
programmes have been carried out in the range mf noalso planned to install pilot sections of this systover
intrusive geophysical methods for testing floodtocoln  the next year. It is only the recent years that saw
dikes. A number of studies have been performedntensive development of this method for its apgdlimn
including those mentioned above, which containto monitor flood control dikes; this was relatedthe
guidelines and proposals for the methodology fa thneed to develop methods for data analysis and
application of geophysical methods for dike testinginterpretation taking into account the characterthaf
Their comparison shows some differences in emphasaperation of flood control dikes.
on the suitability of individual methods. A contous A further part of this article presents the basits
and intensive development of geophysical methats, ithe use of this method, its major features, mettfods
the scope of their equipment is underway, but prilpna  temperature  measurements used in  hydraulic
in the scope of methods for the analysis andngineering and important comments concerning
interpretation of measurements. The competences afiethods for measurement analysis.
geophysicists’ teams, conversion and interpretation
algorithms and experience directly affect the tssaof 3.2 Coupled heat and water transport - the tool for
analyses and the conclusions drawn on their basis.  detection and assessment of seepage and internal

€rosion processes
3. Thermal monitoring method of the seepage and
€rosion processes Thermal methods for analysis of water flow in smié

based on coupled relations between heat and fluid
3.1 A new quality needed in the monitoring of transport processes. These dependencies are @ekcrib
hydraulic structures by the energy conservation equation.

For zero water flow velocity there is only heat

On the basis of comments presented in Section @onduction, which is a relatively slow process.
concerning the previous practice of monitoring &amd However, even a change in the moisture contenthef t
situ investigations on the seepage and erosiorepses soil medium alone can significantly affect locattimal
in flood control dikes, a thesis can be formulatieat, front velocities. In turn, in the case of fluid riwot
particularly in the case of flood control dikes f@wting  (seepage, leakage), heat is also transported alithg
the areas the flooding of which would cause sigaift the water mass. This process is called advecti@h an
losses or dike sections with already observed &iNen generates a much more substantial heat flow than th
seepage and erosion processes, it is necessasgta u one caused by the conduction process; which is the
monitoring system of the SHM type (structural healt higher the faster the fluid flow is.
monitoring). This system should be characterized, i



In turn, the internal erosion process directly effe development stages on the thermal field of a damgmin
the values and directions of the seepage fieldovect structure cross-section at the same time instaderun
and, in consequence, the heat transport. Morediver, the same thermal and hydraulic loadings.
basic types of erosion processes (suffusion, gjpin It can be clearly seen that the heat flow from the
contact erosion) have characteristic features efrth reservoir into the structure body grows in the arethe
time and space development, demonstrated throwgh thighest hydraulic gradients as the erosion process
seepage field, also in the temperature field (R&dlzi develops.
and Bonelli, 2010 and 2012, Beguin, 2011).

Because of these relations, the thermal monitorin@.3 Temper atur e measurement methods
method enables the detection and analysis of both
seepage processes, including leakages, and erosionthe early period of the development of thermal

processes. monitoring methods, temperature measurements were
carried out with single temperature sensors iredaih
A) Embankment without suffusion the body or the foundation of a structure.

However, one of the reasons for the success of the
thermal monitoring method was the application of
linear temperature measurements. The capacityrty ca
out continuous measurements all along the structure
brought about a quality change in the monitoring of

B) The hydraulic conductivity of the suffusion layer seepage and erosion processes compared with thie poi
K=1le-4 msl; Suffusion layer developed to the half monitoring carried out only at selected places h# t
of the cross-section structure.
One of the linear technologies applied in thermal
A monitoring is Distributed Temperature Sensing (DTS)
B using a fiber optic as a temperature sensor. Arlase
impulse is fed into a fiber optic. As the light sses the
Kk fiber optic core, photons are dispersed on its oudéss.
C) The hydraulic conductivity of the suffusion layer Some of the photons return to the point where the
K=1e-3 ms!; Suffusion layer developed to the half impulse was transmitted, as the so-called
of the cross-section backscattering. The spectral analysis of backsoadte

and its comparison with the spectrum of the liggd f
into the fiber optic enables, inter alia, the deti@ation

of the temperature of the fiber optic at the paitiere
the backscattering emerged (Vogel, 2001). At presen
the system used to monitor hydraulic structuresesak

D) The hydraulic conductivity of the suffusion layer it possible to measure the temperature of a filpgico
K=le-4 ms; Suffusion layer crosses all the cross- with a spatial resolution of one meter and enables
section length temperature measurements with a resolution ofagt le

0.10C over a section of one cable up to 20 km I3ing.
fiber optics applied to measure temperatures on
hydraulic structures have watertight, armored jeke
This ensures their easy installation on the constm
sites, tightness, very high strength and durabdityat

K=le-3 ms*;Suffusion layer crosses all the cross- A technology alterative to fiber optics is the
section length solution which will be called the “multi sensor teib

technology. This entails a cable inside which sngl
temperature sensors and communication and supply
cables have been placed and integrated. In suabla,c
single temperature sensors are distributed aloag it
length at constant or individually set intervalsheT
distance between sensors must be so selected as to

Fig 2. Temperature fields of a embankment cross- ensure “quasi” continuous measurements which match
section reglstered at the same time instant féermdint fiber Optic sSensors as regards their 5pa‘[ia| résolu

lengths of suffusion layer and for different val@és ~ The main advantage of this solution for short
suffusion layer hydraulic conductivity measurement sections of up to several hundred sneter
(Radzicki and Bonelli, 2012) is its cost which is even several times lower tta of
a fiber optic-based thermal monitoring system. An

As an example, Fig. 2 shows a numerical analysisxample of such a “multi sensor cable” is MCab&$S
of the impact of the different suffusion processfrom Neostrain presented at Fig. 3.




It has to be emphasized that the cost of the linegteakage discharge measured in the upstream bank)
temperature sensor is negligibly low, when comparedCunat, 2010; Radzicki 2009).

against the costs of the structure constructiorther
repair costs. Thus, those have to be always ipstal
newly constructed structures, as well as on thasioa
the existing structures repairs,
repairing the waterproof or drainage components.

Fig 3. MCableS © multipoints temperature
measurements cable (fot. Neostrain).

3.4 Location of sensors in the cross-section of
a damming hydraulic structure

Temperature sensors are installed primarily near or

directly within the hydraulic structure zones desid to
capture and direct a leakage; thus, especially ne

drainages and filters, as well as on the landside o

downstream side of waterproof elements.

Given the fact that damming hydraulic structures

are different from one another, inter alia, in terof
size (scale), geometry, construction solutions
foundation conditions,
location always requires an individual analysisyied
out by an experienced specialist in the field arithal
monitoring of damming hydraulic structures. It issbd
e.g. on specialist hydrothermal numerical modellifig
the hydraulic structure analyzed.

For the existing dikes, installation of a linear

temperature sensor in the structure downstream t(}e

(Fig. 4A) is the most cost-effective solution which

provides for continuous monitoring alongside the

structure length, with parallel minimum scope oé th
earthwork. It is this structure zone in which akkege
manifestation can be observed, particularly, ifimhge
is placed therein. Tests performed on the resear
embankment in the 1:1 real

the determination of their.

scale proved the
opportunity to detect 2I/min leakage in this zone

In the case of renovation or installation of the
impervious membrane of which is located on the
upstream side of dike, (Fig. 4B) a linear temperatu

particularly whensensor can be easily mounted below it. Thermal

monitoring of this zone in question provides forlga
identifying of even a minimum point leakage in the
membrane, as little as only about 0.2 I/min (Cunat
2010).

A)

Linear temperature

B)

inear temperature

Fig4. The example of locations of the temperature
sensors in the existing levee for the thermal nooimig
method application. A) in the downstream toe,
B) below the upstream impervious membrane

3.5 Essential aspects of the application of the
thermal monitoring method

Two basic types of thermal monitoring methods can b
distinguished — passive and active.

In passive thermal monitoring, the natural
temperature of a structure is analyzed. The teryera

ar

at the measurement point is primarily determined by
external thermal loadings. On its way from the e
slopes to the measurement point, a thermal signal i
modified depending on the values of the parameigrs

anHﬂ'e medium which it has crossed; thus, it contains

information on this medium, particularly the
information concerning the seepage and erosion
processes unfolding in it. In consequence, a passiv

thermal monitoring method enables the monitoring of

the relatively large part of the structure anddhalysis

of the seepage and erosion processes unfolding in i
(Radzicki 2009).

In active thermal monitoring, in addition to a

eémperature sensor, a heat generator is alsoeadsiato

the ground. In the case of linear temperature sengo
can be metal wire which is heated using electrical
resistance. With appropriate calibration the exatidm

of heat distribution enables the determination g t

eepage velocity round the sensor (Pelzmaier et al.
06, Courivaud, 2012). The seepage rate is detetni

using exact solutions or the bases of temperature



distribution functions elaborated on the basis of Dike width
laboratory tests or numerical modelling, which are in m
compared with the temperature values measured in —— A
reality at a measurement point. However, the raosfge oC o ’---‘
the active method depends, inter alia, on the patens - 1
of the ground medium and primarily on the 8
measurement time. Usually, it reaches several
centimetres, whereas after heating for relativelygl 6
time it can be enhanced to several dozen centsetr

The choice of a thermal monitoring method — e.g.
whether to use a passive method only or to apply a 4
passive method, along with an active method as a z
supplementary one — requires a case by case anadysi 0 Dike lengthinm 15
be carried out by an experienced specialist infidld
of the thermal monitoring of hydraulic structurds;
means, inter alia, of specialist hydrothermal nuocaér
modelling of the structure analyzed.

A key element which is necessary for carrying out
effective, both passive and active, thermal moimitpr
of the seepage and erosion processes, in additidret
technology for linear temperature measurementsas
possession of tools and “know-how” enabling an
analysis of temperature measurements and a reaflout
the information contained in them.

In the case of a passive thermal monitoring

(A) Temperature in °C

=

Dike width
inm
A

(B) Temperature in °C

method, it is only since 2009 when the IjkDijk tess olCitpeey . LTRSS N k.20

carried out that one can speak of a confirmed atbd 0  Dike length in m . 15

of this method in respect of the monitoring of flibo

control dikes. Given the important conclusions émgu Fig 5. Temperature profiles (geophyConsult data
from thi_s test, its objectives and major resulte ar processing), mapping from fiber optic GeoDetect®
summarized below. _ system in the foundation of the dike A) 22 hourbobe
It consisted in the verification of different mettsofor collapse B) 5 hours before collapse; elaboratest aft
piping detection and monitoring. Using real-scaiked Artieres (2010)

models, tests on the development of piping weraezhr

out at the contact zone between the dike body angd commentson the methodology for the monitoring

foundation. Four tests, 4 to 6 days long, Wereynq assessment of the seepage and er osion processes
conducted, each time lasting until the collapseh& i\, fiood control dikes, taking into account the

structure, i.(_e. a brgach of _the earth dike. Ine¢hests, ihermal monitoring method

the application of fiber optic temperature sensoesle

it possible for the first time to accurately visaalin |5 symming up the information presented in Sect®ns
time the course of the piping process in the realesof  5ng 3/t is possible to list the following groupé
the damming hydraulic structure (Fig. 5). methods for acquiring in-situ information concemin

_ The analysis of temperature measurements by th@e development of the seepage and erosion pracesse
Daily Analysis Model developed by EDF (France),in flood control dikes:

which had been carried out for data measured ldyea f 1) Visual inspection

optic cable installed in the landside toe of thecttre, 2) Non-intrusive geophysical methods

proved to be particularly valuable (Beck et al.1@p 3) Intrusive geotechnical methods

The Daily Analysis Model, which could operate in angyntrusive instrumental monitoring methods (inhgd

automatic mode, localized points of the zones whie#e |inear thermal monitoring methods)

erosion process developed, even several days forior Considering the advantages and limitations of the

the collapse of the structure. individual methods, they constitute a set of tastsch
can be adapted on a case by case basis for aispecif
structure. The variables of the function of thi®ick
include, inter alia, the expected value of the
minimization of the probability of a dike breakethisk
of potential material and social losses, the resnflithe
previous testing of the dike, the application casta
method, the available resources, as well as the
guidelines and requirements of the law in effecti
given country. The possibility of automatic detentof



the seepage and erosion processes and the measurenfieatures of which is the possibility of unmanned

of their parameters in the course of a high watene instrumental dike monitoring. The linear thermal
monitoring method is of particular importance insth

are also very important variables.
The elements of the methodology for thegroup. It enables automatic detection of leakagk am
cooperation with trained experts, it allows for an

application of the methods listed above on floodtod
dikes are described in general below and a graph@&nalysis and assessment of the advancement of the

schematic representation designed to illustrateh witseepage and erosion processes.

simplification the issue in question is shown ig.Fa. The information acquired by this method
concerning the emergence of a destruction process,

particularly at the initial stage of its developrheas
well as the data enabling the determination of the
parameters of its time and space variability alhglthe
dike monitored would represent some of the key
information for the management of flood response
activities in the course of a high water event.

The linear thermal monitoring method should
primarily be used, firstly, at the dike sectionstecting
areas the flooding of which would cause substantial
material and social losses, for example, very gison
urbanized, industrial areas etc. Secondly, it cdugd
applied at the dike sections where zones of weakene
ground or directly zones of intensified seepage and
erosion processes have already been identifiedh®r o
methods and those dike sections, for example, for
which decisions are to be taken on their repaiepair
outlays, which more often than takes in practicenev
several years. During this time thermal monitoring
would enable the monitoring of destruction procssse
while the information on their parameters and statu
would be important for optimizing the order of repa
and would also allow for their extent to be mordlyap
determined.

Whereas a linear continuous system for the
thermal monitoring of the seepage and erosion
processes all along the dike has been installe@dron
existing dike only at its landside toe, in the caf¢he
detection of cross-sections with intensified seepagd
erosion processes it can be supplemented at these ¢
sections with additional measurement points. Thik w
enable spatial monitoring of these processes ¢admal
across the dike). These additional points can geovi
multi-parameter measurements (temperature, pressure
displacement) expanding the extent of essential
information describing the parameters of the destre
process.
After a high water event, the results of
measurements by intrusive instrumental monitoring
. . . methods would be valuable material describing the
Fig6. A graphlc_ representation of el_ements O.f the parameters of the seepage and erosion procedsrall a
methodology for in-situ .d'ke testing discussedhie t the dike section monitored by these methods, emgbli
article. to a significant degree the implementation of an
. accurate and valuable assessment of its technical

In the course of a high water event and after th%ondition
event, a visual inspection is the basic method for Another group of methods applied to acquire in-
!”nonitorin_g rooq control dike;. Its e_ssential .taSkSsitu information concerning the development of the
include, Inter alia, the (_)bservatlon c_)f signs ladiiog seepage and erosion processes consists of nosrgtru
that an erosion process is underway In the dike. . geophysical methods. The issues related to their

Another group of methods apphcz_;\ble only In theapplication were already discussed in Section Z2iv
course of a h'gh water event consists of INTUSIVG oy relatively simple and relatively inexpensive
instrumental monitoring methods, one of the p”maryapplication method, the use of geophysical methods

visual inspection

Additional geophysical
investigation after
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will be particularly important where thermal monit@y ~ The pilot installations in a given country play eykole

systems have not been installed — i.e. at presetitei  in this scope.

majority of flood control dikes. In turn, the apgtion However, the thermal monitoring method is not

of a thermal monitoring method at one dike section envisioned to replace the previous methods foritin-s

the course of a high water event and the applicaifo investigations on the seepage and erosion processes

non-intrusive geophysical methods after the highewa especially local inspections, geophysical methoad a

event will make it possible to acquire the fullspatial geotechnical methods. All these methods constitute

data possible concerning the variability of dediamc  set of tools which can be selected on a case bg cas

processes in the dike body and the underlying gtoun basis for each dike section analyzed and the elenaén
On the basis of an analysis of data from thdts methodology have been presented in the article.
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