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SUMMARY

Dams are important civil engineering structures ovhrequire careful monitoring. It is
therefore essential that these structures areatl@irby means of monitoring networks. In
this paper, it was first characterized the deforomabehavior of a dam on the basis of
pendulum observations. This analysis has been ftonevo dams located in Sardinia, the
Genna Is Abis and the Cantoniera dams. These twotstes have crests of relevant linear
dimensions (1295 m and 582 m respectively). Theadterization of the deformations has
been made through the estimation of appropriaté/@cel models that depend on time, on
the reservoir water level and/or other physicalaldes, such as air and water temperatures.
All models were able to reproduce the pendulumsa dadth residuals having a standard
deviations less than one millimeter. The second afnthis study was to test the GNSS
technology for controlling the dam deformations. ffis end, the reference deformation
model deduced from pendulum observations was cadpaith the estimated displacements
derived from GNSS observations. This was done mpaints of the Genna Is Abis dam that
are in correspondence to two pendulums set upti@atructure. The comparison gave very
positive results because the standard deviatiorikeofesiduals between model derived and
GNSS deformations is less than one millimeter. €hescouraging outcomes open new
perspectives in the study of deformations of stmed. As a matter of facts, to complement
the monitoring instrumentation used to date, itl vioé possible to consider the GNSS
technology that has operational properties (higtia dacquisition rate, automatic data
processing) that can be profitably used for optingzthe estimation of the ongoing
deformations.
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1. INTRODUCTION

As any other important civil infrastructure, largams need monitoring systems in order to
control the structure and prevent critical situasidhat can occur (Cazzaniga et al., 2006;
Kaloop et al., 2009). Key factors for a high qualind reliable control network are adequate
spatial density and correct position of observatiostruments, as well as high level of
accuracy (Carosio and Dupraz, 1993; Gikas and Baiel, 2008). As a matter of fact, the
amount of most significant dam safety indicators. (crest displacement, joints opening and
ashlars lining) is small, of the order of magnitude few millimeters. Pendulums and
extensometers are suitable control instrumentsesthey can provide such measurement
precision, provided that they are periodically atia and maintained. Also, their installation
has to be planned in the original project of theidtre: adding one or more pendulum
chambers to an existing dam is in fact a very diffi operation that involves complex
technical problems and also relevant costs.

Optical collimation systems are often used in coraton with pendulums. However, they
have heavy shortcomings when used on barragesghaviamarkable length. Like any other
optic instrument, on long distances, they are giisoaffected by refraction biases.

GNSS systems can be an interesting option singecdue be easily installed on the dam crest
and can attain the required precision if daily sohs are estimated.

Another crucial aspects in deformation monitoriaglata analysis and modeling. Since small
displacements are expected over a long time spearedul data handling must be performed.
This implies procedures for outliers detection dittring and proper modeling of the
observed data.

This is a critical step, because all the relevafdrmation must be properly extracted from the
recorded data in order to check for the dam stgbili

In this context, modeling is a powerful tool beaaitsprovides the analytical description of
the collected data. The best fit model can be faolfy used for describing the dam
deformation pattern to be considered as a benchfoarttentifying anomalous behaviors.

In this paper, the data analysis and modeling om gravity dams located in Sardinia is
presented. They are the Genna Is Abis dam (Fignd)Cantoniera dam (Fig. 2).

The first considered structure is Genna Is Abigravity dam 26 m high and 1295 m long on
Rio Cixerri, a torrential river whose waters ardlexted in a basin of 32 Mirfor drinking
water supply, irrigation and flood lamination.

The structure was built close to Cagliari. It isngnsed by 85 ashlars, 6 m wide each, and has
a complex monitoring network with 161 extensometexscollimation system and two
pendulum chambers (located in ashlars 5 and 4BY3his work, only pendulums data have
been considered because of their high accuracyearmability. Each chamber contains two
optical pendulums (a direct instrument and an iegerone) that measure upstream —
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downstream crest displacements with respect tdahedation and whose accuracy is 0.02
mm.

The second analyzed dam, the Eleonora D’Arboré2aamtoniera dam, is larger than Genna Is
Abis. It is 100 m high and 582 m long, and impoundgers from the Tirso river creating the
Omodeo Lake, one of the largest artificial basinEofope (at full capacity it will contain
792.84 Mni of water). This huge storage will be used forgition, drinking water supply
and hydroelectric energy generation.

Cantoniera is a hollow gravity dam composed of 8@las, 15 m long and 4 m wide each,
and controlled by 90 extensometers, 122 mono-axidl4 tri-axial joint-meters.

14 critical points of the structure are also egagbpvith pendulum chambers, inside which
two optical instruments (accuracy of 0.01 mm) asgalled.

Both Genna Is Abis and Cantoniera have sensorsaiforand water temperature, and
hydrometers for water level detection.

Fig. 1. Aerial view of the Genna Is Abis dar.
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Fig. 2. View of the Eleonora d'Arborea dam.

2. MODELING TE PENDULUM TIME ERIS

Analytical models are fitted to observed data ideorto properly describe them. They contain
parameters that are usually estimated applyindetie squares principle. Proper models must
be proposed that can describe the actual datanviesiigating dam deformations, we are
interested in understanding how the barrage redacéxternal stress and which phenomena
mostly influence the crest displacement. To thisi,apendulum observations are very
important but, in order to get reliable resultstadtime series must be long enough to allow
estimating long term periodicity deformations.

Genna Is Abis pendulum data satisfy this conditsince they extend over 20 years with
monthly recorded crest displacements. Eleonora Bofga data series are good too because,
even if shorter (observations cover a period oééry, from 2005 to 2011), they have a daily
time resolution.

A wide literature can be found on dam modelingvahmg also effective models adjusted on
experimental data.

De Sortis and Paoliani (2007) proposed a successfolulation for hollow buttress gravity
dams. According to their model, upstream — dowastrerest displacemeBtis composed of
three terms:
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S§=ST+50+54 (1)
Specific expressions for each component are:

T 2mt _
S =c-cos(—)+d-sm<

Znt)
365

365
SQ=c-H+f H?
S%=a-t+b

wheret is the time in days, an#l is water level above foundationS® represents the
influence of hydrostatic pressure on dam upstresoe &nds" a linear trend produced by non
reversible strain process and other unexpectedvimeha

The harmonic componen® are related to periodic displacements of the daestavhich are
mainly due to thermal expansion. They are causethéyifferences between air and water
temperature throughout the year. In summer, therves temperature is lower than that of
the air causing the dam to expand opposite to dmears direction. In winter, the opposite
deformation happens due to the higher temperatutbheoreservoir with respect to the air
temperature.

Resulting displacement is expressed in millimetmd coefficients a, b, ¢, d, e, f are
estimated using the least squares minimum principle

This analytical expression has been applied to ritesdcGenna Is Abis and Cantoniera
pendulum data. As an example, Fig. 3 comparesdedadata of ashlar 5 in Rio Cixerri dam
with fitted De Sortis - Paoliani model. In the plpbsitive values are crest displacement to
downstream direction. This chart shows the remdekagreement between the fitted model
(orange line) and the pendulum data (blue dotsp.alosteriori estimated standard deviation
is 0.54 mm. A similar precision level is reachesbah the Rio Cixerri dam ashlar 43/9 where
thea posteriori estimated standard deviation is 0.68 mm.
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Fig. 3. Upstream - downstream crest displacementf@enna Is Abis dam ashlar 5 - De Sortis - Paoliarilodel.

De Sortis-Paoliani model is hence a proper model® two examined dams. To get a deeper
insight in the time behavior of the Genna Is Akasnd we proposed a model where the period
T is not necessarily fixed to 365 days as in the Soetis-Paoliani model and a suitable
number of harmonic components are included. Alswesno relevant water level variations
H were present in our data, we simplified the mdgelemoving thes? term (Gaetani, 2008).
The new proposed model is then

< kmt kmt
S=a-t+b +ZAkcos<—> +Bksin<—)
o] T T

(@)

where periodr is estimated from the data.
This can be done via Fast Fourier Transform (FFBlysis on the data. In Fig. 4 the FFT
spectrum of ashlar 5 pendulum data of Genna Is édnis is presented.
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Fig.4. Fourier Spectra for ashlar 5 in Genna Is Aks dam, upstream - downstream direction.

The Fourier spectrum of the data contains two rpagks, one in the origin and the second at
f = 0.00273 day& The maximum in the origin is due the spectrapoese of the mean of the

TSO1F - Dam and Reservoir Engineering Surveying061 6/16
Riccardo Barzaghi, Livio Pinto and Riccardo Monaci
The Monitoring of Gravity Dams: Two Tests in Saidijrtaly

FIG Working Week 2012
Knowing to manage the territory, protect the enviment, evaluate the cultural heritage

Rome, Italy, 6-10 May 2012



data. The second maximum corresponds to a pere866 days, nearly the 365 days period
that is used in the De Sortis-Paoliani equationothear feature of the spectrum is the third
peak, much smaller than the previous two, whichurzat f = 0.00555 daysand accounts
for a periodic signal having a period=IL80 days. This behavior is basically the samdlin a
the time series that we analyzed. Thus the selectetel was

S—a-t+b+4 (2”) +B-si (znt) +C (4nt) +D-si (4”)
=a COoS T Sin T COoS T Sin T
(3

with T=365 days.

The model was least square fitted with the datapoded to be in good agreement with all
the considered pendulum time series. As an exam@elotted in Fig. 5 the model and the
data for the Cantoniera 19 ashlar.

4 I
Ashlar 19

«  Pendulums

PoliMi
Model

Fig. 5. Upstream - downstream crest displacement f@Cantoniera dam, ashlar 19

The a posteriori estimated standard deviations from least squadpsstanent over the
analyzed set of Cantoniera dam ashlars are listéab.1

Ashlar | 7 | 13| 19] 31
o(mm) | 0,29] 0,38 0,54] 0,37

Tab. 1. The estimatech posteriori standard deviations of the Cantoniera ashlars

Same statistics were also found in Genna Is Aldigaes 0.53 mm and 0.73 mm in ashlars 5
and 43/9 respectively.
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Thus, it can be stated that the De Sortis-Paohamdel and the one tuned by FTT analysis
gave the same results as the differences iratbasteriori estimated standard deviations are
not significant. This proves also that the=T80 days period is not so relevant in the model.
Nevertheless, in general, it seems advisable ttoqmerthe FFT analysis to solve for any
existing harmonic component present in the data.

Another model was further tested which takes irtooant the explicit relationship with the
physical observed variables affecting the dam deddion. In the previous models the basic
variables are the water levdl and the timé which accounts for the temperature variability.
The observed physical quantities usually availdb& can be considered are the water and
the air temperatures and the water ledelln order to prove that these quantities have an
impact on the dam crest displacements, correlatioetsveen them and observed crest
displacements can be computed. In Tab. 2 and THies® correlations are evaluated for the

Genna Is Abis and Cantoniera dam respectively.

Ashlar 5 Ashlar 43/9

Air temperature -0,64 -0,74

Water temperature -0,78 -0,85

ATemp (Air-Water) 0,22 0,15

Tave—water '0182 '0188

Water level H 0,32 0,30

Tab. 2. Genna Is Abis dam: estimated correlation @fficient between crest displacement, temperaturenal
water level.
Ashlar Ashlar Ashlar Ashlar

Air temperature -0,59 -0,53 -0,48 -0,60
Water temperature -0,84 -0,81 -0,77 -0,86
ATemp (Air-Water) 0,31 0,32 0,34 0,27
T ave-water -0,89 -0,88 -0,83 -0,91
Water level H 0,77 0,75 0,81 0,73

Tab. 3. Cantoniera dam: estimated correlation coeitient between crest displacement, temperature and
water level.

The estimated correlations show that dam crestlatisments depend highly on water
temperature or on the water temperature averag@uiech on a moving average of 15 days

(see also Fig. 6).
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Fig. 6. Linear regression between crest displacemestand T, water

Furthermore, a significant correlation exists wiispect to air temperature. On the contrary,
crest displacements are only slightly correlatethwie difference between air and water
temperatures. Finally, as it holds also for the madels previously presented, the water level
H has a relevant impact on crest displacementsighist the case of the Genna Is Abis dam
since noH variations occurred during the considered periad)is analysis led to the
definition of the following model

S = aTyy year air T
bT.y water + cH + dH? + € 4)

The model depends directly from the two basic ptalsobserved quantities that have an
impact on the crest displacementTyy vear air IS @annual average of the daily air temperature,
Tavwater 1S the two weeks moving average of the water teatpees andH is, as always, the
water level. The model has been set as a functioaveraged temperatures in order to
regularize these observed values and define a snmoadel behavior.

This model has been least squares fitted on batis ddata with satisfactory results. As an
example of the model fit, we plotted in Fig. 7 tpendulum upstream — downstream
observations of Cantoniera 31 ashlar and the fittemtlel. Also in this case, we got a
reasonable agreement with the observed data ewvegtitthe model is less regular than those
previously considered. This is basically due tasitsicture which depends on data too that can
have irregular behaviors even if they have beenaaes.
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Fig. 7. Upstream - downstream crest displacement f@Cantoniera dam, ashlar 31

Statistics of thea posteriori estimated standard deviation for the available dagalisted in
Tab. 4 and Tab. 5.

Ashlar 7 13 19 31
¢(mm) | 0,27 0,33] 0,50 0,30

Tab. 4. The estimatech posteriori standard deviations of the Cantoniera ashlars

Ashlar | 5 | 43/9
s(mm) | 0,66 0,73

Tab. 5. The estimatedh posteriori standard deviations of the Genna Is Abis ashlars

As a final remark on the presented analyses, wesagrhat the different tested models have
the same degree of accuracy in fitting pendulura.ddbwever, the De Sortis-Paoliani model
does not depend directly on temperature dafar on some kind of average ®fitself). The
dependence on temperature is through tirmwed thus this model, once tuned on a set of data,
can be extrapolated in the future in an easier (pagvided thatH is given). In the next
paragraph, we use this model (or its simplifiedsi@r (3)) as a benchmark for testing a
possible application of GNSS methodologies in dafomination analysis.
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3. ESTIMATING DAM CREST DIPLACEMENTS USING GNSS

The previous analysis based on pendulum obsergasbowed that points along the dam
crest have maximum displacements in the upstreasmstoeam direction that amount to few
millimeters. Furthermore, the recorded displacesané periodic in time with main period
which is around one year.

As a matter of fact, monitoring instruments needbé¢oof great accuracy and precision, like
pendulums and extensometers that are currently usedetecting dam deformations.
(collimators that are also used can't give enougdtipe observations on long distances and
their use must be carefully planned). However, pemds are difficult to install on existing
dams. In order to install them one has to dig imccete and ground foundation (often rock) to
create chambers, access galleries and anchorirgs Hol the instrument wires. These
operations must be carefully designed not to comge dam safety and stability conditions.
GNSS technology could represent an interestingratsre because satellite receivers could
be installed on dam crest easily (Ehiorobo andhedghigiator, 2011). No modifications of
the internal dam structures is required and the &BE&enna mount pillar can be set up in a
fast a cheap way. Furthermore, GNSS data collecind analysis can be performed
automatically and reliable 3D daily coordinates t&nestimated (Rutledge et al., 2006). In
order to use GNSS technology in dam control, aiksye is the evaluation of the attainable
precision. To prove the feasibility of this methek designed and devised a GNSS network
on the Genna Is Abis dam. This network was estaddisn 2007 and it is based on six double
frequency GNSS Leica GMX902 receivers, equippec wiX1202GG antennas. Four of
them are located on the dam crest at A, B, C apaibts, as it is shown in Fig. 8. REF1 and
REF2 are master stations that were monumentedieirddm neighborhood, on an existing
reinforced concrete structure and on bedrock résede

Fig. 8. Genna Is Abis dam: the GNSS monitoring netark

B and C points have been placed on ashlars 5 af@rd8pectively, in order to compare
GNSS recorded displacements with pendulum obsensati

GNSS data were collected over one year at a sagh@te of 15" and cut-off angles of 15°.
They have been processed with LEICA Geo Officevearit on a daily basis, considering
REF1 and REF2 as fixed points. In this way theydeslordinate time series of points A, B, C
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and D were estimated. After reference system toameftion, these coordinates were given in
the upstream-downstream direction and then compaitidthe model displacement derived
from pendulum observations, namely that of equaf®n In Figures 9 and 10 the GNSS
estimated crest displacements of ashlars 5 andid3ff& upstream-downstream direction are
plotted together with the model coming from pendulobservations.

Ashlar 5
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/7 \ 7\ 7 Y% . .

¢ Yd s
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Fig. 9. Genna Is Abis dam: GNSS estimated and penllum model displacements on ashlar 5
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Fig. 10. Genna Is Abis dam: GNSS estimated and penldm model displacements on ashlar 43/9

The standard deviation of the differences betwden gendulum model and the GNSS
estimated displacements are collected in Table 6.
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Ashlar 5 43/9
s(mm) | 0,80| 0,87

Tab. 6. The standard deviations of the difference beteen pendulum model and GNSS estimated displacemsrfor
the Genna Is Abis 5 and 43/9 ashlars.

The obtained results are surprisingly good and gsdhat GNSS coordinate time series on
short baselines (around two kilometers) can ataprecision of the order of 1 mm (in the
horizontal components). It can be thus concluded @NSS technology can be profitably
applied in dam monitoring.

These encouraging results could be reasonablyrastaalso on the Cantoniera dam where
GNSS are going to be monumented. In order to opérthe network design, we evaluated the
crest displacement pattern of this dam by inspgctire pendulum observations collected
since this dam was built. In the analysis, all ¢lxésting pendulums were considered and for
each pendulum the model (3) was estimated. In EBigdr the estimatedl andB parameters
contained in the model are plotted as a functiorthef ashlar/pendulum numbers (starting
from one side of the dam to the opposite, seeRlpare 12). Their distribution can be fitted
by the following parabolic model

X=R-N2+S-N+T (5)

whereN is the progressive ashlars number (from side mdeceo opposite side) andl are
either the estimate# or B parameters (see Figure 11).

¢ Parameters "A" and "B" in Cantoniera dam h
T I
£
7:0 MA
:‘ 4 A (parabolic)
< |
= B
o .
® L ® B (parabolic)
£
e
[
a.
\_ Ashlar )

Fig. 11. Observed and modelled and B coefficients in the Cantoniera dam

The largest displacements are, as expected, ioaigal part of the dam crest while close to
the sides small deformations are observed. Accgrthnthis analysis and to the experience
acquired in the Genna Is Abis dam, GNSS networkCfantoniera dam has been designed.
Five receivers are planned on the dam crest ananasier stations (REF1 and REF2) are set
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on bedrock at a distance of the order of 2 km E&gere 12). The number of receivers on the
dam crest allows a detailed description of thetadeformation according to the deformation
structure as derived from pendulum observationsleNBNSS in the central part of the crest
allow monitoring the maximum crest displacement®ySS on sides are important for

detecting relative movements between the dam amdsittes of the basin. Furthermore, all
GNSS receivers are placed in correspondence ofubemddevices so that a cross-check will
be possible.

Fig. 12. Cantoniera dam: the planned monitoring GNS network

4. CONCLUSIONS

The analysis of the pendulum observations comiogfthe installed devices at Genna Is
Abis and Cantonier dams (Sardinia Island) led sodhfinition of possible analytical models
able to describe the crest point displacementsexpected, the main displacements occur at
central crest points while points close to the sioiethe dam have smaller position variations.
Different models have been set up which dependime t and/or physically observed
guantities, such as water and air temperatures.eMparameters have been estimated via
least squares using all the available data (in soases for a time span of nearly two
decades). The proposed models fit properly the dawnga posteriori estimated standard
deviations which are, for all the tested model, gndghan 1 mm. The main feature of the
estimated deformation is given by a periodic temwiing a maximum amplitude of 3-4 mm
and a period of nearly one year. Smaller componardsrelated to semi-annual terms and
linear drifts that are however negligible. Theseestigations were then used to prove the
feasibility of GNSS technology in monitoring thendarest deformations. GNSS coordinate
time series were estimated in two Genna Is Abis dasst points which are set in
correspondence of two pendulum devices. The agmelmetween GNSS estimated and
pendulum derived displacements is extremely goaddgbéhe standard deviations of the
residuals less than 1 mm. This proves that, hafixegl reference points in a short distance
(less than two kilometers), one can get baselieeigions in the daily baseline estimates
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that are suitable for monitoring deformations o thrder of some millimeters. This opens

new interesting perspectives in designing contetiorks for detecting slow deformations of

civil engineering structures (dams, bridges andip The GNSS technology can be used
together with other techniques to improve monitpramd alarm systems of these structures.
The integration of different sensors having the esdevel of precision and the proper

modeling of the observed data is a key issue feigdéeng effective control networks able to

detect in due time possible existing critical defations.
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