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ABSTRACT: The safe operation of gravity dams requires gardiis monitoring in order to
detect any changes concerning the statical structure. Besnahich may result from cyclic load-
ings, variations in temperature, aging, chemical reastiand so on, need to be identified as
fast and as reliable as possible. Generally, existing daea/ell monitored by different type of
measurement devices, which log different physical quastitsuch as deformation, pore water
pressure, seepage or temperature. The aim of this resesai@ipérform an optimal experimen-
tal design for the reliable estimation of damages for danh& Basis for these investigations is
a thermo-hydro-mechanically coupled model with heteregeis material distributions in which
damages are described by a smeared crack model. In the cdaenafjes, the changes of the
main parameters in a multifield model are strongly correlafenis correlation is particularly
considered during the inverse analysis, which is the detectff the damages from combined
hydro-mechanical observations at a discrete set of obs@nvyaoints. The identification of dam-
ages is in mathematical terms not only an inverse but alsd-pnsed problem which requires
regularizing methods to solve it in a stable manner. For &igieit monitoring, an optimal
experimental design framework for nonlinear inverse alrpldsed problems is applied.

1 INTRODUCTION:

Operators of dams are often in predicament, that they stemtldfter the following three aspects,
namely

e to use dams as long as possible with high filling (maximal iefficy),
e to guarantee highest safety, and
e to operate with minimal costs.

Since these three demands contradict each other it is a diémgatask to determine how a
monitoring of a dam should be designed in order to

e obtain most reliable and robust predictions about the atistate of the structure, and
e to use most efficiently all information which can be retrig¥eom the sensors installed.

Construction, maintenance and the operation of dams arerglgnprescribed by appropriate
guidelines in different countries, e.g. [13, 1]. Thereimedinds building regulations how to
monitor the dams accordingly to their type. It is not alwaleac how the engineer in duty may
accomplish the monitoring for a certain dam. Usually, thgieeer acts by his own personal
knowledge and experience. Sometimes, he follows the namgtgractice of similar existing
dams. Generally, the numbers and types of sensors instdlitedfor a reliable monitoring of the
complete structure and proofs of stability according toghelelines can be performed. However,
the data may not be sufficient for the identification of locahthges, their location, shape and
size. The mentioned local damages usually result from angalkr ageing of the materials from



which the dam is built. Whether these local damages are sévethe dams reliability can only
be judged if one knows precisely their location.

It is the aim of this work to develop tools based on matherahiitversion methods which
allow detecting damages from combined hydro-thermal-raeial observations, e.g. measure-
ments of the pore water pressure, mechanical deformatiomsrizontal and vertical direction or
temperature measurements inside the construction. Byadnagion of the data with a subsequent
inversion, one can test, if a monitoring design (i.e. numtygre and location of a set of sensors)
provides sufficient data to identify possibly existing dgges. Since these tests can be performed
with the help of numerical models combined with inversiohesoes, the monitoring design can
be performed even before the dam is built.

Figure 1. Frozen seepage water along the downstream sidedafma(Source: Ruhrverband, Essen,
Germany). Undesired percolation is a common indicatordoal damages.

2 THERMO-HYDRO-MECHANICAL FINITE ELEMENT MODEL:

The basis for this research is the development of a multifiglde Element model which allows to
describe all dominant physical effects within a dam withuggtoprecision. Itis upon the engineers
preferences, if he investigates only stress-strain melatiips in the structure or if he accounts
additionally for hydrologic and thermal loadings. Our apgech proposes to consider all three
fields to capture all loadings in the analysis. In particalaring the inversion more information
are provided by a multifield treatment compared to single figlalyses. This gain in information
results mainly due to the inherent correlation in the changfethe most dominating material
properties in case of damages.

If one assumes a local damage, the following is observable

e an increase of mechanical displacements due to a loweffuss,

e anincrease in pore water pressure flow due to locally inethgdraulic conductivity,

e a change of temperature within the dam due to a higher amdwaepage, which depending
on the temperature of the reservoir's water, affects thgesature distribution of the structure.

Consequently, the model to use must be able to describe dévagdro-mechanical effects and
their interactions. Additionally, in order to model locadd damages, the dominating material
parameters, like hydraulic conductivity and Young's madilare modelled as space dependent
variables, which results in a heterogeneous descriptiaronfisothermal flow through deform-
ing porous media. The corresponding theory and the FinigenEht formulation are e.g. well
described in [12] (Chapter 10) and are the basis for thisyaiglFigure 2 plots the simulation
results of a three-field plane strain Finite Element Analydithe Flrwigge dam.
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Figure 2. Simulation results: A) Deformation in horizond&dection due to hydraulic and thermal loads.
B) Pore water pressure distribution in the structure. C)rittaé field for temperatures assumed to hold in
September (Germany).
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Figure 3. Left: Position of an arbitrary damage zone, Rifeiconstruction of the damage by a multifield
inverse analysis. The locations of the sensors are as gildéigure 4. The Intze Wedge is not considered in
the inverse analyses, since we do not expect damages there.

3 DAMAGE AND CRACK DETECTION BY INVERSE ANALYSIS:

Generally, in any inverse analysis a set of measuremenigdn gnd the modeler is interested in
the causes which describe the observed effect. In the exafigrlussed subsequently, the data is
assumed to be measurements at different times and locatitims dam of

e mechanical displacement,
e pore-water-pressure,
e temperature (devoted to future research).

Figure 3 shows the reconstruction of a damage at the bottdheafam from combined hydro-
and mechanical quantities. These quantities have beemagedén a synthetic way, i.e. by run-
ning a multifield finite element simulation which includesambhge at the location indicated in
the left profile in Figure 3. Additionally, normally distuited noise is added to the data in order
to capture effects resulting from measurement errors.

Inversions are nonlinear problems which tend to be ill-po#eat is that existence and uniqueness
of the solution are not guaranteed. Further, and this is th& oritical point, a stable dependency
of the solution given data is most often violated [4]. Theref appropriate iterative regulariz-
ing methods need to be applied in order to solve the inversklgms in a stable manner [8].
Applications of such methods to crack detection in damsegented in [9, 11].

4 DESIGN OF MONITORING - OPTIMAL EXPERIMENTAL DESIGN:

The coupled finite element model together with the inversicilemes can subsequently be used
to design optimal monitoring systems, or in mathematicahge to find an optimal experimental
design.

Several approaches are suitable to determine an optimigigée. to determine the number, the
types and the locations of all sensors. Among these appesdbb authors propose the following
strategies which seem to be promissing for the applicattomaad (sorted according to their
complexity):

1. testing of existing designs,
2. minimization of variances,
3. minimization of averaged reconstruction errors.

1) Testing of existing designs

In this case one runs a forward simulation with an artifigiaticluded damage (e.g. in regions
where one expects the highest mechanical stresses). Af@sywone examinates if by an inversion
as described in Section 3 (using a fixed experimental degignpossible to recover the position
of the damage with sufficient accuracy. This strategy is ip@nitable to test existing monitoring
systems.
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Figure 4. Optimized positions for both the pore water traiesds (black points) and object points for
geodetic measurements and position of extensometers (goaybi along downstream side and inside
structure). The results have been obtained by a two fieldr(hgtechanical) analysis.

2) Minimization of variances

In this case, parameter variances are minimized by inargdlse parameter sensitivies. This can
be done by differentiating the forward problem with resgeamall changes in the description of
the damages. Systematically, the positions of the sensapghifted, such that they are most sen-
sitive to changes of the damage decription. This autombtiesads to small parameter variances,
i.e. high confidence in the identification results. Thoserapghes are mainly suitable for linear
and nonlinear well-posed problems. For designs of experisngased on parameter sensitivies,
see[3, 2, 7].

3) Minimization of averaged reconstruction errors

As location and shape of damages are generally not knowmddefod, our approach intends to
minimize reconstruction errors on average. For this pupose samples the damage, following
a uniform distribution over the structure, and runs a sesfdaverse analyses. It is necessary to
store the reconstruction results from which in the qualitgach reconstruction can be derived.
Now, by a subsequent optimization process one adapts @usitf sensors in order that, on

average, one can recover the damages as robustly andyelmpbssible, see e.g. [5, 6]. These
types of designs guarantee both small variances of the aeasrand also small biases which are
inevitably introduced by the reguarization of the inversalylems.

This third strategy has successfully been applied to a mibekdribing the Flrwigge dam run
by the Ruhrverband in Essen. Results of the optimal monijodesign are given in Figure 4
and are already reported in [10]. For all three approacheslésign with the highest number
of sensors provides naturally the best identification tesdihis, however, shall be avoided in
order to keep the operation costs as low as possible. Bydimguconstraints in the different
optimization procedures one can penalize a high numbemnasigs. By this, the trade-off between
precise and cost-efficient monitoring is guaranteed. Agiatyat the design as proposed in Figure
4 based on minimizing the average reconstruction erromteythat almost all pore water sensors
are located in regions where one expects comparativelywabr pressures in the structure. In
these regions, a damage would have most severe influencls taid field.

5 SUMMARY AND OUTLOOK:

Finite Element models together with powerful inversionesoles allow forward and inverse anal-
yses of dams. It can be shown [9] that in particular by a mealdfireatment it is possible to
identify damages more reliably due to the correlations efdbminating material parameters in
the area of damages than compared to single-field investiggatOptimal designs for a reliable
safety monitoring of existing structures can be performedetbased. Such designs support the



engineer in his descission how to configure the monitoririgpsef a dam. Future work will be
devotedto include thermal measurements into the desigepsptoo, and to validate the proposed
designs for existing dams and examine for their feasability
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