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ABSTRACT

Conventional terrestrial geodetic surveying methods, such as precision triangulation,
traversing and geometric levelling, have been present at the displacement monitoring systems
of the majority of the Portuguese concrete and masonry large dams, since the 1940’s. In spite
of the widespread use of displacement measurement instruments, such as pendulum and
rockmeters, geodetic surveying methods continue to be used in the displacement monitoring
systems because they provide: i) An independent control of the other methods; ii) A global
relation between the dam, its foundation and the surrounding terrain. The Geodetic
Measurement Division (GMD) of the National Laboratory for Civil Engineering, which is
involved in dam surveillance activity since the 1950's, is responsible for planning and
observation of geodetic surveying systems for more than fifty large dams. The paper presents
the experience of the GMD in planning the geodetic surveying systems and in the quality
control of the observations, and carries on a prospective view of modern trends, such as
motorized tachymeters and GPS relative measurements and permanent stations.

CONTACT

Doctor Dipl. Engineer Jodo Casaca

Department of Dams

National Laboratory for Civil Engineering (NLCE)
Av. do Brasil 101

1700 066 Lisbon

PORTUGAL

E-mail: jcasaca@lnec.pt

Doctor Dipl. Engineer Maria Jodo Henriques
National Laboratory for Civil Engineering (NLCE)
Av. do Brasil 101

1700 066 Lisbon

PORTUGAL

E-mail: mjoao@Inec.pt

TS6.3 Deformation Measurement and Analysis| V12

Jodo Casaca and Maria Jodo Henriques
The Geodetic Surveying Methods in the Monitoring of Large Dams in Portugal

FIG XXII International Congress
Washington D.C. USA, April 19-26 2002



The Geodetic Surveying Methodsin the Monitoring of Large Damsin
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Dr. Jodo CASACA and Dr. Maria Jodao HENRIQUES, Portugal

1. INTRODUCTION

Engineering works, such as large dams, need a careful safety control along its life span, since
its failure might cause great losses in lives and property. The safety control of a large dam
lies on the analysis of its structural behaviour, based on monitoring a large set of variables
which describe the relations between the actions (gravity, temperature, hydrostatic pressure,
etc.) and the corresponding structural responses (stresses, displacements, etc.), taking into
account the properties of the materials used in the construction (concrete, embankment,
masonry, etc.). The displacements of a discrete and representative set of points on the
structure, its foundations and surrounding terrain, are fundamental control variables to struc-
tural behaviour analysis of large dams.
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Figure 1 — Object points on the downstream wall of Santa Luzia dam.

Since the beginning of the XXth century, geodetic surveying methods, such as precision triangu-
lation and precision geometric levelling have been widely used to displacement monitoring at
large dams. Factors such as the necessity of favourable atmospheric conditions and specialized
personnel, the long duration of the measurements and computing procedures led to the introduc-
tion, specialy at concrete dams, of other displacement monitoring methods such asinverted pen-
dulum and extensometric bars (rockmeters). The modern measurement equipment, such as elec-
tronic motorized tachymeters and numerical levels, with automatic reading and recording featu-
res, has overcome some of the referred handicaps of the traditiona geodetic surveying methods,
increasing its speed, efficiency and reliability.
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Actually, at concrete dams, geodetic surveying methods, specially planimetric methods, are
used as a backup to other horizontal displacement monitoring methods. At embankment
dams, which do not have vertical shafts for pendulum, the geodetic surveying methods are the
exclusive source of horizontal displacements. The altimetric methods kept its importance to
measure absolute vertical displacements on the crest of the dams or to control and relate the
information provided by extensometric bars installed in foundation galleries. The great ad-
vantage of the geodetic surveying methods consists of providing information on the relation
of the dam with its foundation and the surrounding terrain.

2. THE PORTUGUESE CASE

Geodetic methods were used for the first time in Portugal during Santa Luzia dam (Figure 1)
first filling, in 1942, and have been applied, since then, to most of the portuguese concrete
and masonry large dams. The Geodetic Measurements Division (GMD) of the Dam Depart-
ment (DD) of the National Laboratory for Civil Engineering (NLCE), which was created in
1955, is responsible for designing the geodetic surveying systems and carrying out measure-
ments of a majority of the portuguese concrete and masonry
large dams and of a significant number of embankment
dams.

According to the International Committee on Large Dams
(ICOLD), adam is said to be a large dam when its height,
from the foundation, is 15 meters or more. Dams which
height is in the 5 15 meters range and have a reservoir
volume of more than three million cubic meters are aso
classified as large dams. In Portugal there are 191 large
dams, from which 40% are concrete or masonry dams and
60% are fill dams. The Geodetic Measurement Division has
been involved in the planning and measurement of the
geodetic surveying systems of 63% of the portuguese
concrete and masonry large dams and 15% of the fill dams.

The geodetic observation systems of concrete and masonry

— ) = dams are generally composed of independent planimetric
‘ F'.gﬁ;ezd_ Qoncrete Pillar \ and atimetric systems. The planimetric systems consist
sOLInE Tl usually on small triangulation networks, on the downstream

banks, and precision traverses, on the crest or in inspection
galleries. The atimetric systems consist on precise geometric levelling lines on the crest or in
inspection galleries. In the case of embankment dams, the geodetic observation systems con-
sist on threedimensional networks, which combine tachymetry and geometric levelling (Casa-
ca, 1987b).

The station points of the planimetric systems are concrete pillars with forced centring pieces,
thermic isolation and a large concrete foundation on rock (Figure 2). The reference points for
the planimetric and altimetric systems are carefully chosen, far from the dam’s influence
zone, and materialized by concrete pillars well founded on rock. Sometimes the reference
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points are controlled with inverted pendulum or extensometric bars purposely installed in its
nei ghbourhood.

The standard measurement equipment consists of: i) Automatic optical levels, with parallel
plate micrometers and staves with invar scales, for concrete and masonry dams; ii) Precise
numerical levels and staves with code bar invar scales, for embankment dams; iii) Precision
electronic theodolites equipped with EDM. More recently, motorized tachymeters with preci-
sion EDM, have been introduced in precision traversing (Fi-
gure 3). The GPS is not yet a standard method for displace-
ment monitoring in Portugal, although severa experiments
are actually in the planning stage.

3. MONITORING DISPLACEMENTS WITH THE
GPS

The horizontal uncertainty of the GPS may reach standard
deviations in the range between 1mm and 2mm, provided
the measurements are made with special antennae, in static
mode and postprocessment with precision ephemmeris. The
vertical uncertainty of the GPS is two to three times larger
than the horizontal uncertainty, and turns the GPS unsuita-
ble for vertical displacement monitoring at concrete dams.

Figure 3 — Motorized tachy- | The use of the GPS to displacement monitoring at large
meter (Leica— TCA2003). dams has two important drawbacks: the necessity of placing
the antenna on the object points and the necessity of alarge
conical sector of visibility over the horizon. At concrete
arch dams, the object points are not accessible at all. Object points inside inspection galleries
are out of reach. Only object points in the crest will be able to be positioned in good
conditions. The use of GPS is more interesting in the case of the embankment dams, where
the object points, materialized by small concrete pillars, are generally accessible and the
tolerances for the errors are larger.

The great advantage of GPS is to provide connection of the object points on the dam and its
foundation to reference points located far away with no need of mutual visibility nor ancillary
intermediate points. Another important feature of the GPS is that it may be used in combi-
nation with other methods such as triangulation and traversing.

Another important feature of the GPS is the possibility of the installation of a few permanent
stations, at well protected places, to amost real time monitoring of displacements. The mea-
surements may be processed in kinetic, fast static or static modes, with increasing accuracy.
The GPS permanent stations at large dams provide a very efficient safety control tool, when-
ever therisk justifiesitsinstallation.
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4. THE FUNCTIONAL MODEL

The functional model relates displacements of the object, ancillary and reference points to the
observable variables (horizontal and vertical angles, orthometric height differences, carto-
graphic distances, cartographic coordinates measured with the GPS, etc.) which are often
called the observables.

The functional model is a set of linearized observation equations which results from the ap-
plication of Taylor's theorem (taylorization) to the non linear relations between displace-
ments and variations of the observables, according to the method of the variation of coordina-
tes (Casaca, 2000).

The observation equation, correspondent to an oriented horizontal angle Aopsr, with origin
(O), station (S) and target point (T), is:

N E N N
dAOST =TSTdET —TSTdNT + Z—SO—TST dEs+
Cor Cor Cso  Cst

E E N E
+ —ZST ——ZSO dNS——ZSO dEp + ZSOdNO
Cst  Cso Cso Cso

where: i) E and N stand for Eastings and Northings, relative to a conformal cartographic
projection, such as the Gauss Kruger or the Lambert (conical) projections; ii) ¢ stands for the
cartographic distance between points; iii) Esr, €tc., are the coordinate differences Er — Es.

The observation equations, correspondent to the cartographic distance csr between the station
(S) and the target point (T), is:

E N E N
dest ~—ST dET + ST dNT - =St dET - St dNg
CsT CsT CsT CsT

Given approximate coordinates of the origin, the station and the target points, the observation
equations relate small variations of the coordinates (displacements) of the points (dEr, €tc.) to
the resulting variation of the observables: horizontal angles dAosr, cartographic distances dcsr,
etc.. An adequate set of observation equations leads to alinear system of equations which can be
solved in order to obtain the displacementsif the variations of the observables are known.

In vector notation the system of (m) observation equations may be represented as a vector equa-
tion A(m,n) AX(n,1) = AY(m,1), where A is the matrix of the coefficients of the system, AX the
vector of the unknown displacements and AY the vector of the variations of the observables
between two epochs. The matrix A, which elements may be computed with approximate
coordinates, even before any field work, is called the first order design matrix (FODM).
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An additional problem is that the FODM, even if all possible observables are measured, has a
systematic rank deficiency. The solution of this problem lies on the reference points, which
displacements are supposed to be either null or measured by independent methods (pendulum,
GPS), that provide a set of supplementary equations, the reference equations, that complete the
rank of the FODM to the number of columns.

The rank deficiency of the FODM depends of the type of the network (Casaca, 2000). One di-
mensional networks, have arank deficiency of one. Two dimensiona networks may have diffe-
rent rank deficiencies. the homogeneous horizontal networks, with no distances, have the maxi-
mum rank deficiency which is four; if a distance is measured the deficiency reduces to three,
etc.. Three dimensional networks have a more complex pattern of rank deficiency, which attains
a maximum at seven. It can be stated, in a rough approximation, that: A one dimensiona net-
work needs at least one reference point; A two dimensional needs at least two reference points;
A three dimensiona network needs at least three reference points.

5. THE STOCHASTIC MODEL
The operational mathematical model results from addition of a stochastic model to the func-

tional model, to enable the design and the quality control of the networks that compose the
geodetic observation systems.

Figure 4 — Water vapour, resulting from the discharge of the reservoir, affecting the
optical path between two station points.

The measurement of the observables (horizontal and vertical angles, distances, height differen-
ces, etc.) is affected by observation errors, which arise from severa causes, such asthe measure-
ment equipment, the operative methods, the atmospheric conditions, the operator’s skill, etc..
The relation between the exact value of an observable (1) e and the measured vaue (y) may be
expressed by (Casaca, 2000):
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y=p+01+0g +9

where: 1) 6, stands for systematic errors of instrumental origin, such as the calibration errors; ii)
O stands for systematic errors of environmental origin, such as the horizontal and vertical ref-
raction; iii); 1ii) & stands for accidentd errors. The systematic errors assume the same vaues
when the measurements are carried out in the same instrumental and environmental conditions,
unlike the accidenta errors, which have arandom distribution.

Figure 4, presents an optical sighting from a station point of a triangulation network to a second
station point on the opposite bank (within the circle). The water vapour affects the optical path
between the two stations (Casaca et adia, 1994) and introduces variations on the horizonta re-
fraction angle (environmental systematic error).

For a given observation equation (A AX = AY), the vector of the observables (AY) may be re-
garded as an one sized sample of a multinormal distribution. The stochastic model consists on a
null hypothesis (HO) and an alternative hypothesis (HA):

AY ON(Y, %) AY ON(u,>)
HO=< E(AY)=pn , HA={EQY)=u+06
V(aY)=z V(AY) = 2 s

where: i) E and V stand for the mathematical expectation and variance operators; ii) N(U, )
stands for the family of the m dimensional normal random vectors with mean vector p(m,1) and
variance matrix (m,m); iii) The m components of the mean vector y are the unknown exact
values of the observables; iv) 6(m,1) is an unknown vector parameter, the location parameter; v)
wisan unknown positive parameter, the scale parameter.

The location parameter represents uncorrected systematic errors (a non caibrated EDM, etc.).
The scale parameter represents a possible degradation of the posterior precision relative to the
prior precision. The prior precision is represented by the variance matrix Z, which is called the
second order design matrix (SODM). When a network and its measurement procedures are plan-
ned the systematic errors are supposed to be corrected by calibration and adequate measurement
procedures, so that the location parameter is null and the scale parameter is one.

To estimate the unknown vector of the displacements (AX), the statistical inference theory re-
commends the use of the best (minimum variance) linear unbiased estimator (BLUE):

AX =CIaTsIay, c=ATs 1A

The BLUE is a norma random vector, which mean vector and variance matrix, under HO and
HA, are
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E(AX) = AX E(aX) =X +CIaTs g
HO T HA T
V(AX) =C V(X)) =w?Cct

The unknown vector of the errors of the displacements, that results from the BLUE:
g =AX - AX
isalso anormal random vector, which mean vector and variance matrix, under HO and HA, are:
o) { E(e) =0 HA){ Ee)=c1aTs1g
V(e)=C1 V(e) =w?Ct
The vector of the residuas, which is of prime importance to quality control, is:
A=AAX -AY =(I -U)AY, Umm)=AC1aTz"1

where U isavery specia idempotent matrix. The vector of the residuas (A) is anormal random
vector, which mean vector and variance matrix (sngular), under HO and HA, are:

E(A) =0 E(A) = (1 -U)0
HO) —— HA 5 Teoq
VA)=(1-U)"Z ~(1-U) VA)=w(1-U) £ ~(1-U)
where Rank(V(4)) = (m—n).
6. DESIGN CRITERIA
The most important properties of a network (Casaca, 2000), which are quantifiable by means
of its FODM (A) and the SODM (%) are: i) Accuracy and precision; ii) Robustness; iii) Eco-
nomy.
The accuracy and precision are associated to the distribution of the vector of the errors of the

displacements. The accuracy is quantified by the effect of the location parameter on the norm
of the vector of the errors:

le|=|c?AT= 6|

so that, under null hypothesis (8 = 0), the network is accurate. The precision is described by
the variance matrix of the errors (Casaca, 1983):
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V(e) = w?cl

where (w = 1), under the null hypothesis.

The robustness is the property that characterises the resistance of a network to the effect of a
few isolated systematic or gross errors (Casaca, 19874a). In arobust network, those errors will
affect much more the vector of the residuas than the vector of the displacements. The
robustness is quantified by the local redundancy numbers (Teunissen, 1985), which are de
diagonal numbers of the matrix:

u=AC IaTs1

that assume values between 0 and 1. A robust network must have local redundancy numbers
that are homogeneous and close to 1.

The economy is the property that characterizes the cost of installation and measurement of a
network. An economic network is a network that attains acceptable levels of accuracy, preci-
sion and robustness at a minimum cost. Since the improvement of accuracy, precision and
robustness requires more expensive equipment, more skilled personnel, more careful measu-
rement procedures and more redundant measurements, those properties improve at the expen-
se of the economy of a network. Joint optimization of precision, robustness and economy
may be carried out by means of risk functions (Casaca et aii, 1993) within the scope of the
statistical decision theory.
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Figure 5 — A heterogeneous (angles and distances) triangulation on the crest of a gravity
dam, with the error ellipses for a 0.90 probability level.
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The method used in the design of the networks (Casaca, 1988) consists on the choice of an
initial configuration, which is improved by an iterative CAD procedure. The FODM of the
initial configuration is computed with approximate coordinates extracted from a topographi-
ca map. The SODM is postulated as a function of the standard measurement equipment.
After analysis of the error ellipses and the local redundancy numbers, the network is accepted
or isimproved by means of inclusion of new stations and new observables.

Very often, the constraints on the location of the stations and the limitations of the standard
equipment do not allow great improvements on the initial configurations. Figure 5 presents a
heterogeneous network on the crest of a gravity dam and the error ellipses correspondent to
the measurement of angles and distances. The eccentricity of the ellipses is originated by the
difference of prior standard deviations assumed for the angles and for the distances. Not very
much can be done to decrease de eccentricity of the elipses else than change the prior
relations of the standard deviations.

7. QUALITY CONTROL

The quality control of the measurementsis to be carried out by the measurement teams, in the
field, before returning to the office. The main tool for this task is a portable computer with
network adjustment software, which centralizes the measurements recorded by the PCMCIA
of the tachymeters, numerical levels, etc..

The quality control of the measurements is based on the quadratic random variable (v)
derived from the vector of the residuals:

v=ATs7IA

which has a chi square type distribution. Under the null hypothesis (HO), v has a central chi
square distribution with (m—n) degrees of freedom. Under the alternative hypothesis (HA), v
is proportional to anon central chi square distribution, with (m-n) degrees of freedom:

HO) vaz(m— n), HA) vazxz((m—n);E)

where m and n are the number of lines and columns of the FODM, and the non centrality pa-
rameter (&) isaquadratic function of the location vector parameter (6).

The network is designed under the null hypothesis. After the measurement of the network, a
statistical test of the null hypothesis against the alternative hypothesis is carried out. If the
null hypothesis is accepted, the measurement team returns to the office. If the null hypothesis
is regjected, the measurement team checks and repeats measurements until the null hypothesis
is accepted.

The variable of thetest (v) is compared to the acceptance (RA) and critical (RC) regions:
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RA=[0,q], RC=]q,+o]

where g is the 0.95 quantile of the central chi square distribution with (m-n) degrees of free-
dom. If v fallsinto RA, the null hypothesisis accepted. If v falsinto RC, the null hypothesis
is reglected. The probability of rejecting wrongly the null hypothesis (the significance level of
the test), is 0.05, according to the probability level associated to the quantile g. The probabili-
ty of accepting wrongly the null hypothesis (the power function of the test) is an increasing
function of the norm of the location parameter and of the scale parameter.

At robust networks, the efficiency of the quality control may be improved, using the variance
component estimation theory, computing posterior standard deviations for each station and
testing them against the prior values used at the design stage (Casaca et alia, 1985, 1988).

8. CONCLUSION

Geodetic surveying methods are expected to collaborate in large dam safety control activities
for many years to come. At the present, the most important problem, regarding the applica-
tion of the geodetic surveying methods to displacement monitoring, at large dams, is the im-
provement of the integration of the GPS with the conventional surveying methods.

At embankment dams the GPS is able to offer a competitive alternative to the conventional
surveying methods. However, at concrete and masonry dams, where the tolerances for the er-
rors are smaller, the GPS has a prospectively less important potential, specialy to vertical
control.
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