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Abstract
E——

This paper presents a study for improving measurement procedures on concrete dams based on the development of behavior prediction models
using multiple regression and control charts. The series of displacements of the TA-2 concrete block crest of the Tucurui Hydroelectric Power
Plant, the largest Brazilian hydroelectric power plant, was taken as an example of application. The methodology that was used generated a behav-
ior prediction model that is in good agreement with the measured displacements. Two types of control charts were tested, both of which identified
the change in structural behavior of the block.
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Resumo
E——

Um estudo para a melhoria dos procedimentos de auscultagéo de barragens de concreto é apresentado neste trabalho a partir do desenvolvi-
mento de modelos de previsdo de comportamento baseados em regressdo multipla e graficos de controle. Tomou-se como exemplo de aplicagéo
a série historica dos deslocamentos da crista do bloco de concreto TA-2 da UHE Tucurui, maior usina hidroelétrica genuinamente brasileira. A
metodologia apresentada foi capaz de gerar um modelo de previsdo de comportamento aderente aos deslocamentos medidos. Dois tipos de
graficos de controle foram testados, onde ambos identificaram a mudanga de comportamento estrutural do bloco.
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1. Introduction

EE

For many years, dams have acted as major engineering works to
improve various sectors of our society or even introduce factors
in a region that make the location more appropriate for people to
remain in their places of origin.

Some of the main functions of dams include: flood control in areas
near rivers, water storage and irrigation in areas with long periods
of drought, containment of tailings from mining companies, recre-
ation, and power generation.

Since the beginning of the Industrial Revolution, society has in-
creasingly needed energy sources. As a result, the governments
of several countries began to invest heavily in building dams, be-
cause they can generate large amounts of energy depending on
the site where they are installed. Not only has the number of dams
increased but their size has also increased, as is the case of the
Itaipu concrete dam, built by Brazil in association with Paraguay.
The dam is the largest operating hydroelectric facility in terms of
annual generating capacity. The construction of this dam con-
sumed approximately 28 million tons of concrete [1]. The concrete
dam of Itaipu has maximum height of 196 meters from the crest to
the foundation, and is 7,919 meters long.

Currently, there is a major concern in conducting a detailed assess-
ment of the structural behavior of buildings. This is justified by the
fact that many structures that are built nowadays are much larger
than those built in the past, because they have an innovative struc-
tural arrangement or are even prone to exceptional actions, such as
those structures erected in countries with strong seismicity.

In structural engineering, dams are among the structures that have
been monitored for a long time and have a higher number of in-
stalled sensors - usually thousands, as is the case of the Tucurui
dam, in northern Brazil, which has about 2,800 sensors [2].
According to the Centro da Memodria da Eletricidade no Brasil (Bra-
zilian Center forElectric Power History) [3], the study of dam safety
began in the United States around the 1950>s with the dam safety
program of the Bureau of Reclamation, which established the rec-
ommendations on the matter after a review by the National Re-
search Council>s Report. Such recommendations include installing
field instruments that enable monitoring the structural behavior of
dams and prioritize inspection of dams in high-risk sites.

The first analyses related to dam engineering focused on the deter-
mination of displacements, strains and stresses. With the advent
of new sensors, it became possible to determine other structural
behaviors, such as: determination of natural frequencies and vibra-
tion modes, allowing the comparison of numerical results with the
measured data, which also allowed the online evolution of natural
frequencies and early detection of structural deterioration and ag-
ing processes [4].

Because of the size of large dams, which are among the largest
constructions in civil engineering, it became necessary to estab-
lish some methods to verify the safety conditions of this type of
construction, since collapse of these structures brings about huge
social, economic and environmental damages.

According to [5], the safety control of a dam comprises the envi-
ronmental safety control, the hydraulic and operating safety con-
trol, and structural safety control. The procedures for assessing the
safety of a dam along its life are called auscultation.

This paper uses predictive models based on multiple regression

and control charts to predict magnitudes measured by typical instru-
ments installed in concrete dams. Prediction models and control
charts can be used by auscultation team technicians and engineers
to assess structure behavior and to analyze the data measured,
since the measured values are susceptible to errors that may occur
during data collection or even due to instrument failure.

These new tools add a new parameter to be analyzed in relation
to the structural safety control of dams, which in some cases takes
into account only the comparison of the instrument-measured data
against warning values usually established in the dam design stage.
As an object of study, we considered the direct pendulum installed
on concrete block TA-2 of the Tucurui Hydroelectric Power Plant,
which is used to measure the displacements of the block crest.

2. Background

EE

Because large dams are constructions that require high economic

investments and play a key role in Brazil’'s energy plan, it is ex-

pected that special care will be in place for the building and main-
tenance of such constructions. Brazilian Law No. 12.334 [6], dated

20 September, 2010, establishes the National Dam Safety Policy,

the goals of which, according to its article three, are as follows:

| - ensure compliance with dam safety standards in order to reduce
the possibility of accidents and the consequences thereof;

Il - regulate the safety actions to be taken in the planning, design,
construction, first filling, operation, decommissioning, and fu-
ture uses of dams throughout the country;

Il - the people in charge of the dams are to promote safety moni-
toring and follow-up;

IV - create conditions for extending dam controls by the govern-
ment, based on the supervision, guidance and correction of
safety actions;

V - collect information that supports governmental management of
dams;

VI - establish technical compliance that allows for evaluating the
adequacy of those parameters established by the Government;

VII - develop a culture of dam safety and risk management.

Therefore, auscultation plans are put into practice when the con-
structions begin and are followed up throughout dam'’s life.

A considerable amount of research has been developed in Brazil
and Portugal to develop dam behavior prediction models, espe-
cially based on multiple regression models, thus contributing to
improving safety control procedures with direct reflex on the main-
tenance of said structures as well. Amongst such works, one can
mention the research carried out at LNEC - the National Labora-
tory of Civil Engineering, in Portugal, [7] and [8] as well as several
Brazilian contributions, such as those made by [9] and [10].
Based on well-adjusted behavior prediction models, the reading
of the instruments should be close to the value estimated; other-
wise, it is possible to investigate the cause of this discrepancy and,
if necessary, employ timely preventive actions. The auscultation
team may also count on the help of control charts, which allow for
easy viewing when the dam is undergoing a change in behavior.

3. Auscultation

EE

According to [11], although instrumentation does not provide the
solution to all problems, when it is properly designed, installed
and read, it can not only assess the safety conditions of a project
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throughout its phases, but also to verify the assumptions made in
the design phase, making the construction works more economi-
cal. In the TA-2 block of the Tucurui Hydroelectric Power Plant,
the auscultation instruments installed include the direct pendulum,
piezometers and triorthogonal joint gauges.

The readings provided by the instruments can describe dam be-
havior quite reliable. The data measured by the instruments may
show if the structure is being acted in such a way that its design
limits might be exceeded. Consequently, steps can be taken in
order to bring the dam back to normal operating condition.
According to historical readings, it is possible to notice that some
instruments begin to show anomalous readings over time. This of-
ten occurs because the instrument has suffered wear and fatigue,
i.e., it has exceeded its useful life.

In the case of the HPP Tucurui, the frequency of readings is set
by EEGE (Eletronorte Geotechnical and Structures Management)
[2].The frequency of readings varies for each instrument, and can
be daily, weekly, biweekly, monthly, bimonthly, quarterly or every
six months.

According to [8], in terms of structural behavior, assessment of
safety conditions can be conducted by comparing the collected
readings to the estimated values based on predictive behavior
models. The results estimated by the prediction models can be
taken as an indication of the behavior considered normal for the
structure in the future.

The parameters set by the statistical models should be reevalu-
ated at regular time intervals, as changes in behavior might occur
due to changes in the characteristics of the structure or founda-
tion. Because of these behavior changes, it becomes difficult to
define normal and abnormal behavior, because according to [12],
as quoted in [5], one can always make two types of errors: the first
corresponds to a judgment of a false normality and the second cor-
responds to a false judgment of abnormality.

4. Methodology
——

4.1 Multiple regression

Multiple regression is used to develop an empirical model that as-
sociates a dependent variable Y to more than one independent
variable. The model equation is as follows:

i\/i:BO + By Xig + B Xip +... B, Xin + € (])

where:

n is the number of values for the historical series that was
analyzed;

f/i is the dependent variable (i = 1,2, ... n);

Xy are the independent variables (k = 1, ... n);

Bg:B+:By.---:B, are the regression coefficients;

€; is the random error.

Multiple regressions should provide a curve that has the best ad-
herence possible to the observed data. According to [13], this ad-
hesion can be obtained through the Least Squares Principle, which
aims to reduce the sum of squared deviations between the desired
values and the estimated values, as shown in equation [2]:

f(B, By 8,)7 Zi[yi - (Bt B X B Yo .+ B X (@)

where f(By.B;..-..B,) must be minimized with respect to f, B,,...,
B,.The least squares estimates of B, B,,..., B, must satisfy:

o B, B.....
%: ZZ Y- Bo ) B1Xi1 ’ BzxiZ"-" anin thi)=0 Q)

By rearranging the equations and putting them in matrix notation,
one obtains:

B=(x"x)"'X"y (4)

Where the i-th line of matrix X is formed by the vector
[1 Xi1 Xi2 Xi3 ... Xin], which corresponds to variables that influ-
ence the response Qi. Vector y corresponds to displacements to-
ward the flow direction of block TA-2.

For the estimate of least squares, errors are assumed to be statis-
tically independent, and to have zero mean and constant variance.
If these conditions are met, the coefficients ﬁo,ﬁ1,§2,...,én can be
considered unbiased estimators of the regression coefficients.
The adjustment of the model to the desired values is measured quanti-
tatively by the coefficient of multiple determination, R2. This coefficient
measures the ability of the regression model to explain the variation
of y. R?values close or equal to 1 mean that there is good adherence
between the model and the experimental data, while R? values close
to zero mean that the model is not suitable for the prediction. The
coefficient of multiple determination is obtained as follows:

R =1 9 ()

SQE=Z(yi - 9i)2 (6)

SQT=3(y, - ¥)? (7)

where:

SQE is the quadratic sum of the error;

SQT is the total quadratic sum of the deviations;
y is the mean of observations.

298
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Figure 1 - Contribution of the upstream level to displacement of the dam crest
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4.2 Selection of independent variables
The independent variables were chosen based on the correlation of each =2'IT d 1<t.,<365 (]0 '|)
with the dependent variable and based on existing literature on dam be- 365’ d '
havior prediction models. The variables selected for the prediction mod-
els for displacement of the TA-2 concrete block are described below.
According to [5], the estimated effects E depend on two compo-  Where:

nents, one of an elastic nature Er, formed by the portions related to
hydrostatic pressure and temperature, and another of an inelastic
nature Et, which represents the effect of creep over time. Thus, E
is expressed as follows:

E= E + E,

®

According to [8], the contribution from the upstream level is often
represented by a polynomial function of the form:

©

Uy, (h)= a;h*+ a,h®+ azh?+ azh

where:

h is the upstream level in meters;

a,, a,,..., a, are adjustable parameters.

In the operation phase of the dam, the concrete temperature varia-
tions depend mainly on environmental temperature variations. Ac-
cording to [8], the annual influence of thermal effects on the con-
crete block can be represented by the sum of annual harmonic
functions. The annual temperature function can be given by:

U (8)=b; cos(B) +b,sen(B)+hssen?()+h, cos(B) sen(B (] 0)

t, is the number of days elapsed from the beginning of the year until
the date of observation in the same year;

b,, b,, b,, b, are adjustable parameters.

According to [14], the effect of creep over time can be represented
through the elements of a Dirichlet series, which has the form:

Ur(t)=c, [1-exp(-1073t)]+ c,[1-exp(-10™*1)]

(1)

where:

t represents the number of days elapsed from the date of first ob-
servation;

¢, and c, are adjustable parameters.

Considering that the displacement of the block crest is influenced
by the variables mentioned above, the function used in the predic-
tion has the following form:

E=U, + Up + Up+e (12)

Figures [1], [2] and [3] show the contribution of the upstream level,
temperature and concrete creep in overall displacement of the
dam crest.

4.3 Control chart

According to [15], the ultimate goal of the statistical process con-
trol is the elimination of variability in the process. Although it may
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Figure 2 - Contribution of the temperature to displacement of the dam crest
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not be possible to completely eliminate variability, the control chart
helps to reduce it as much as possible.

The control charts very well describe what the statistical process control
is all about. They are usually used for online monitoring and they make
it possible to ascertain whether recent predictions are under control.
When values exceed the limits set in the chart or when the analyzed
variable is undergoing a behavior that may be considered nonrandom,
it is necessary to detect and eliminate the cause of variability.

When a process involves more than one control variable, it is prefer-
able to use control charts for model residuals. The control chart for the
regression residuals allows for the analysis of the influence of more
than one control variable on the dependent variable. Normalized re-
siduals were used hereby since, according to [16], the standardized
residuals are escalated so that their standard deviation is approxi-
mately equal to 1. Therefore, the major residuals will be more obvious
as from the inspection of residual charts. The standardized residuals
were obtained in the Student form, according to equation [13].

(13)

A,
where ?is the mean square for the errors, calculated as follows:

A2 SQE
6°=——

- (14

where:

p is the number of independent variables;

h, is the i-th element of the diagonal of the matrix H and the variance
of the adjusted value f/i.Thus, it can be interpreted as the distance
of points X; in relation to the average of all points of X in the data set.
The matrix H is usually called the hat matrix because it transforms
the values observed by the auscultation instruments into a vector of
estimated values f/ The matrix H is calculated as follows:

H = X(X"X) X" (15)

The control limits are selected on the basis of the value of the t

Figure 3 - Contribution of concrete creep to displacement of the dam crest
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distribution and based on the desired level of significance, which
in this study was 95% for the +/- 1.96 limit and 99% for the +/- 3
limit. In this paper the control chart for the regression residuals
was called Control Type | and is given by:

LS = + ta/(2,n-p) (16)

LC=0 (17)
LI = - ta/(2,n-p) (18)
where:

LS is the upper control limit;

LC is the central control limit;

Ll is the lower control limit;

a is the confidence level of the t distribution.

One of the problems with control charts using residuals is that
at times it is difficult to interpret them, because they are not
always a direct reference to the process. Pedrini [16] proposed
the use of a regression control chart that takes into account the
direct value of the observations corresponding to the depen-
dent variables. In this study, this method was named Control
Type Il.

As can be seen from equation [19] to [21], the proposed method
consists of a slight modification of the method presented earlier.

LS, = 9. + 38 (19)

LC = 9i (20)

Ll = § +3/82 21)

Note that the control limits are not straight lines, as in the method
that uses standardized residuals, but curves that will vary accord-
ing to the regression model.

4.4 Analysis of input variables

At first, the block crest displacement time series was observed in
order to find reading trends or errors.

According to [5] several factors may contribute to the source of
errors in measurements, such as the type of instrument, the read-
ing unit, the reading method, and human intervention introduced
by the operator’'s method.

To determine which values could affect the analysis, Cook’s dis-
tance was used, which measures how much a value can interfere

Figure 4 - Values of displacements measured and estimated
from the regression model for the direct pendulum
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Figure 5 - Control chart for the residuals of the direct pendulum, Control Type |
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with the process. Cook’s distance is calculated according to equa-
tion [22].

D.= rthi

" p(1-hy) 22

A value of indicates that the i-th point of analysis has some influ-
ence and should be investigated and, if necessary, eliminated from
the series. Throughout the analysis, some values exceeded Cook’s
distance. After these values were eliminated, an improvement in
the coefficient of multiple determination was noticed.

4.5 Analysis of results

Figure [4] shows the displacements measured by the direct pendu-
lum, as well as the displacements calculated from the regression
model given by equation [23], together with the coefficient of mul-
tiple determination. Figures [5] and [6] show the charts for Control
Type | and Type I, respectively.

i< ' t ) o gsent (2 -
f=-024+ 1268(-07)h -1,zosen(36 5) + 0,12cos(36 5) 022sen (36 5)

my ([ . .
0,33sen(%) 0s (%) - 7,22[1-exp(- 10°0)] + 1490[1 -exp(- 10°)] + (23)

13290[1- exp(- 10 )

In Figure [4], one can see that there is a good adherence between
the values read and the estimated values, even when the readings

were taken at longer time intervals. Moreover, during the filling of
the reservoir, between 1984 and 1986, and in 2008, when readings
were taken at higher frequencies, one finds greater adherence to
the regression curve.

Figure [5] shows that some points exceed the 1.96 and -1.96 limits,
especially around May/24/2000. A similar situation was also found
in Control Chart Type 2, shown in Figure [6], where the curve of the
regression values exceeds the lower limit. As stated earlier, this
situation indicates a scenario with two possibilities: measurement
error or change in dam behavior.

The construction of the second stage of the Tucurui dam began in
1998 and was completed in mid-2006 [17]. These brought about
several changes, such as demolition of cofferdams, as can be
seen in Figure [7]. Certainly, such modifications caused these mo-
mentary changes in the behavior of the block under analysis which
coincide with the period identified in both control charts.

5. Conclusion

[

Readings taken in overly-spaced time intervals results in “jumps”
in time series, which reduce the precision of the prediction mod-
els. Even though, it was possible to achieve a good adjustment
between the predicted and measured values and clearly detecting
a process change, i.e., a change in structural behavior. In this re-
search, the change in the structural behavior of the block was due
to the construction of the second step of the plant, in which coffer
dams had to be demolished. Possibly, other process changes such
as those brought about by foundation settlement and instrument
break-down could also be identified in this type of analysis.

The “jump” problem in the time series could be solved by having
an online monitoring system, such as those employing of optical

302 E——
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Figure 6 - Control chart for the regression values of the direct pendulum, Control Type II
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fiber technology. That type of system would have the capability to ~ The Control Chart Type |, for residual regression, has the advan-
send an alarm to the technicians whenever the value read by the  tage of more clearly showing the periods in which major differ-
sensors overshot the limits set in the dam design phase and inthe  ences occur between instrument readings and the predicted val-
control charts. ues. On the other hand, Control Chart Type Il has the advantage

Figure 7 - Aerial views of the UHE Tucurui dam. (a) Construction of the second stage, with
cofferdams still present. (b) After completion of the second stage, where
the cofferdams were demolished (SOURCE: www.spcom.eng.br)
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of combining information on the dynamics of the process and the

[15]

statistical control in a single chart.
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