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ABSTRACT

Large concrete dams, essential infrastructures in the management of water resources, are generally
structures of high potential risk. Therefore, it is fundamental to assess their safety for current and failure
scenarios, under both static and dynamic loads. With that goal, the dynamic behaviour of large concrete
dams must be continuously evaluated, in order to detect possible evolutive deterioration processes, using
methodologies based on the analysis of measured vibrations under ambient/operational excitations, and to
monitor the response under seismic loads, during low, medium, or high intensity seismic events.
Additionally, the structural performance of dams under strong earthquakes must be evaluated for seismic
safety assessment, considering appropriate methods of analysis and performance criteria. In this context, it
is emphasized the need to: (i) develop advanced numerical models for simulating the dynamic behaviour
of dam-reservoir-foundation systems for various scenarios that can occur over time, involving the variation
of static and dynamic loads and possible structural changes due to deterioration; and (ii) to develop and
install systems to continuously measure vibrations, for Seismic and Structural Health Monitoring (SSHM),
and to implement methodologies that allow a simple comparison between the measured response and the
response predicted using numerical models.

The present work begins with the development of a new finite element model for dynamic analysis of arch
dam-reservoir-foundation systems. A formulation in displacements and hydrodynamic pressures is adopted,
considering the dam-water dynamic interaction and the propagation of pressure waves in the reservoir. The
proposed model is implemented into a finite element program and, besides pre- and post- processing tools,
it includes three modules, namely for: (i) complex modal analysis, based a new state-space approach that
allows to consider generalized damping; (ii) linear seismic analysis, using a coupled time-stepping
formulation based on the Newmark method; and (iii) non-linear seismic analysis, by combining the time-
stepping method with a stress-transfer method, considering a) the non-linear behaviour of concrete up to
failure, using on a strain-softening constitutive damage model with two independent damage variables (d*
and d’), and b) the opening/closing and sliding movements of joints, using a constitutive model based on
the Mohr-Coulomb failure criterion and on appropriate relative displacement-stress laws.

After that, the work dedicates to the development of computational tools to integrate and complement the
software component of SSHM systems installed in large concrete dams, in particular for: (i) automatic
analysis and management of dynamic monitoring data, in order to assess data quality, automatically detect
vibrations induced by seismic events, and perform the maintenance of the database; and (ii) automatic
modal identification, based on the classic frequency domain decomposition method, and using new
techniques proposed to automate peak selection and to enhance the modal parameter identification for dams
over time.

Application examples are presented for two case studies, namely Cabril dam (132 m high), in Portugal, and
Cahora Bassa dam (170 m high), in Mozambique, two double curvature arch dams which have been under
continuous dynamic monitoring since 2008 and 2010, respectively. The provided results are mainly focused
on: (i) the analysis of the evolution of identified natural frequencies over time and the comparison with
numerical values, in order to evaluate the influence of reservoir level variations and to perform evolutive
damage detection; (ii) the study of the response during real seismic events, based on the comparison
between measured and computed accelerations in the dam body, aiming to investigate the influence of the
seismic input and damping ratios used in the models; (iii) the simulation of the non-linear seismic behaviour
under a strong earthquake, with a view to evaluate influence of joint movements in the structural dam
response (displacements and stresses), and (iv) the seismic safety assessment of large concrete dams based
on the Endurance Time method, by analysing the progression of tensile and compressive concrete damage
under intensifying seismic accelerations.






RESUMO

As grandes barragens de betdo, infraestruturas essenciais na gestdo dos recursos hidricos, sdo, geralmente,
obras de elevado risco potencial. Assim, é fundamental avaliar a sua seguranca para cenarios correntes e
excecionais, sob acdes estaticas e dindmicas. Com esse objetivo, o comportamento dindmico das grandes
barragens de betdo deve ser avaliado de forma continua, com vista a detetar eventuais processos de
deterioracdo evolutiva, recorrendo a metodologias baseadas na analise de vibracGes medidas sob excitacdo
ambiente/operacional, e a controlar a resposta sob agdes sismicas, para eventos de pequena, média, ou
grande intensidade. Além disso, o comportamento estrutural das barragens sob sismos de grande
intensidade deve ser analisado para verificacdo da segurancga sismica, com base métodos de andlise e em
critérios de desempenho adequados. Neste contexto, destaca-se a necessidade de: (i) desenvolver avancados
modelos numéricos que permitam simular o comportamento dindmico dos sistemas barragem-fundacéo-
albufeira para vérias situacdes que podem ocorrer ao longo da vida das barragens, envolvendo a variagao
das acOes estaticas e dinamicas e possiveis alteragdes estruturais devido a processos de deterioracédo; e (ii)
desenvolver e instalar sistemas para medicdo de vibragdes em continuo, para Monitorizagdo Sismica e da
Integridade Estrutural (SSHM), e implementar metodologias para comparar de forma simples a resposta
observada e a resposta prevista com os modelos numéricos.

Este trabalho inicia-se com o desenvolvimento de um novo modelo de elementos finitos para analise
dindmica de sistemas barragem-fundacao-albufeira. Adotou-se uma formulacao acoplada em deslocamento
e pressOes, considerando a interagdo dinamica barragem-albufeira e a propagacdo de ondas de pressao na
agua. O modelo proposto é implementado num programa de elementos finitos, e, para além de ferramentas
de pré- e p6s-processamento, inclui trés mddulos, nomeadamente para: (i) analise modal complexa, com
base numa nova abordagem de estado que permite considerar amortecimento generalizado; (ii) analise
sismica em regime linear, utilizando uma formulagdo para integracdo numérica no tempo baseada no
método de Newmark; e (iii) analise sismica ndo-linear, combinando a formulag&o de integracdo no tempo
com o método de stress-transfer, tendo em conta a) 0 comportamento ndo-linear do betdo até a rotura,
usando um modelo de dano com enfraguecimento e duas variaveis escalares independentes (d* e d°), e b)
0s movimentos de abertura/fecho e deslizamento de juntas, usando um modelo constitutivo baseado no
critério de Mohr-Coulomb e em leis deslocamento-tensao adequadas.

Na fase seguinte, o trabalho dedica-se ao desenvolvimento de ferramentas computacionais para integrar e
complementar a componente de software dos sistemas SSHM instalados em grandes barragens de betéo,
em particular para: (i) anélise e gestdo automatica dos dados de monitorizagdo em continuo, tendo em vista
a avaliacdo da sua qualidade, a detecdo automatica de vibragcGes medidas durante eventos sismicos, e a
manutencdo das bases de dados; e (ii) identificacdo modal automatica, com base no método classico de
decomposicao no dominio da frequéncia, e usando nova metodologias propostas para automatizar a selegcdo
de picos e melhorar a identificacdo de parametros modais em barragens ao longo do tempo.

Apresentam-se exemplos de aplicagdo para dois casos de estudo, a barragem do Cabril (132 m de altura),
em Portugal, e a barragem de Cahora Bassa (170 m), em Mocambique, duas grandes barragens ab6bada
que estdo sob monitorizacdo dindmica em continuo desde 2008 e 2010, respetivamente. Os resultados
apresentados focam-se essencialmente: (i) na analise da evolucédo das frequéncias naturais identificadas ao
longo do tempo e na comparagdo com valores numéricos, tendo em vista a avaliacdo da influéncia das
variagdes do nivel da 4gua e a detecdo de eventuais processos de dano evolutivo; (ii) no estudo da resposta
durante eventos sismicos reais, com base na comparacdo de aceleragdes medidas e calculadas em diversos
pontos na barragem, para avaliar a influéncia do input sismico e do amortecimento usados nos modelos;
(iif) na previsao da resposta sismica ndo-linear sob sismos de grande intensidade, com vista a avaliar a
influéncia dos movimentos de juntas na resposta estrutural das obras (deslocamentos e tensdes), e (iv) na
verificacdo da segurancga sismica de grandes barragens de betdo com base no Endurance Time Method,
analisando as roturas no betdo a tracdo e a compressao sob aceleragdes sismicas de amplitude crescente.
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CHAPTER 1

1. INTRODUCTION

1.1 RESEARCH CONTEXT

Large concrete dams (Fig. 1.1) are civil engineering structures that play a fundamental role in the
management of water resources, namely for energy production, water supply, flood control, soil irrigation,
and navigation. Furthermore, large dams have become increasingly important over time (ICOLD, 2016b,
2019a), not only due to the rapid growth of world population and the economic development that occurred
over the last decades (UN, 2019b, 2019a) leading to a global increase in water needs (UNESCO UN-Water,
2020), but also because of the effects of climate change (IPCC, 2018), since dams allow to attenuate the
difficulties faced in the management of water reserves following periods of prolonged drought succeeded
by heavy rains, which has become more often.

Luzzone dam (1963), Switzerland, 225 m high

Fig. 1.1 Examples of large concrete dams: Jinping-1 dam (China), Kurobe dam (USA), Cabril dam (Portugal), and
Luzzone dam (Switzerland).

As high potential risk structures, it is essential to ensure the best safety conditions of large concrete dams
from the construction phase to the end of their useful life, for any scenarios involving static and dynamic
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actions, namely seismic loads, and considering relevant concrete deterioration processes. With that goal,
the performance of new and older dams must be evaluated in normal operating conditions and during
seismic events (ICOLD, 2019b), in order to control structural integrity over time, in particular for dams
with deterioration problems (e.g. cracks, concrete internal swelling, etc.) and/or dams located in regions of
high seismicity (Fig. 1.2). Moreover, the structural behaviour of large concrete dams under strong
earthquakes must be analysed for seismic safety assessment, according to modern seismic design and
performance criteria (ICOLD, 2016a). To this day, dam safety remains one of the main concerns and
challenges in dam engineering, not only for owners, but also for researchers and entities responsible for
safety control.

Nowadays, there are about 60 000 large dams in operation all over the world, of which around 11 000 are
large concrete dams (ICOLD, 2020). Also, according to recent data (IJHD, 2020), about 250 large dams
over 60 m high are currently under construction or in the planning phase (Fig. 1.2), namely in regions such
as Asia, Africa, South America, the Balkans, and the Caucasus, many of them in zones of high seismicity.

_.:' 5 :.r T, o -_-.;_a¥. 3 Vet e X o
P : bailr'an ven China:, . ¥Japan
.. - "‘-.. :
" A
) L g
Seismic hazard zones
PGA, probability of
exceedance: 10% in 50 years

< 0.01 accl. [g]

0.03 accl. [g] 0.28 accl. [g]

0.06 accl. [g] 0.36 accl. [g]

0.12 accl. [g] 0.44 accl. [g]

0.20 accl. [g] > 0.52 accl. [g] ® Major dams (over 60 m high) under construction (IJHD, 2020)

Fig. 1.2 World map with seismic hazard zones (Swiss Seismological Service; www.seismo.ethz.ch]) and major
dams (over 60 m high) under construction worldwide in 2019 (IJHD, 2020).

The study of the dynamic behaviour of concrete dams, subject of this thesis, has been for several decades
one the greatest challenges for structural engineers, since dams are special structures with very specific
features. In addition to the large dimensions and the complex geometry of most concrete dams, particularly
for the case of arch dams, their behaviour can be influenced by movements of the vertical construction
joints (Clough, 1980; Fenves et al., 1992) or of other discontinuities in the dam body, and structural changes
may occur due to concrete failure or eventual processes of evolutive damage over time (S. Oliveira, 2000).
Furthermore, dams vibrate together with the foundation and the reservoir (Camara, 1989). Therefore, their
dynamic response under ambient/operational vibrations or under seismic actions is strongly conditioned by
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the dynamic water-structure interaction (Westergaard, 1933; Zienkiewicz & Bettess, 1978) and the
reservoir water level variations (Alegre, Carvalho, et al, 2019; Darbre & Proulx, 2002; Sevim et al., 2012),
as well as by the interaction with the surrounding foundation (Chopra & Tan, 1992; Fok & Chopra, 19864a;
C. Zhang et al., 2009). Thus, the dynamic behaviour of dams must be analysed considering a global,
complex dam-reservoir-foundation system and the interaction between all parts. As a result, this is a
research field where important questions and challenges still arise in terms of numerical modelling and
continuous dynamic monitoring.

In this context, aiming to ensure the best operating conditions and the safety of large concrete dams, and to
increase knowledge on their dynamic behaviour, it is worth emphasizing the need to continue working on:
(i) numerical modelling of the dynamic response of dam-reservoir-foundation systems, by developing
advanced finite element models for modal analysis, to obtain natural frequencies, mode shapes, and
damping ratios, and for simulation of the seismic response, considering linear and non-linear behaviour;
and (ii) continuous dynamic monitoring, through the implementation of Seismic and Structural Health
Monitoring (SSHM) systems, for measuring vibrations on large dams, and the development of
computational tools for automatic management and analysis of monitoring data, to enable the detection of
vibrations during seismic events and the experimental identification of the main modal parameters (see Fig.
1.3).

A serious investment in both advanced finite element models and in sophisticated SSHM systems should
enable the combined use of reliable numerical and experimental results and, consequently, provide valuable
information to owners, technicians and engineers responsible for dam safety, and researchers (Fig. 1.4). As
intended to demonstrate in this work, this data can be used: (i) to analyse the evolution of modal parameters
over time, based on vibrations measured in normal operating conditions, enabling a) to investigate the
influence of water level and/or thermal variations on the dynamic properties of the dam-reservoir
foundation system, and b) to evaluate the effects of ageing, possibly to detect evolutive damage processes,
or assess possible structural changes caused by strong earthquakes, by comparing recently observed
behaviour with a reference state or with numerical results; and (ii) to characterize the seismic actions at the
dam site, as well as to study the seismic response based on measured and computed acceleration records in
the dam body, allow for an evaluation of the base-to-top acceleration amplification factors and the
investigation of damping values required in the numerical models.

This type of approach can also be extremely useful to provide additional insight on the dynamic behaviour
of dam-reservoir-foundation systems and gather valuable data on the performance of large concrete dams.
Additionally, the use of reliable experimental information should enable to support the calibration and
validation of existing numerical models and help in the development of new ones, which will then be used
to in behaviour prediction studies. In this way, it will be possible to properly simulate and analyse various
scenarios, for both modal analysis and seismic analysis, involving the variation of static and dynamic loads
and structural changes due to deterioration processes, aiming to support structural health monitoring and
safety verifications of existing dams, help in the design of new dams, and even contribute for re-evaluating
regulation aspects.
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FINITE ELEMENT MODELLING
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Fig. 1.3 Modelling and monitoring the dynamic behaviour of large concrete dams.
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COMPARISON BETWEEN FINITE ELEMENT RESULTS AND SSHM DATA
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Fig. 1.4 Combined use of results from finite element analysis and results from continuous dynamic monitoring:
evolution of natural frequencies over time and seismic accelerations.

INTEGRATION IN THE LNEC CONCRETE DAMS DEPARTMENT RESEARCH PROGRAM

Considering that the research work of this thesis was carried out at the Concrete Dams Department (DBB)
of the National Laboratory for Civil Engineering (LNEC), it should be noted that the chosen subject fits
perfectly into the activities conducted at the DBB since the 1960s, particularly with regard to the dynamic
behaviour analysis, structural health monitoring, and seismic safety control.

Some of the main projects developed over the years included studies of current and failure scenarios using
reduced-scale physical models (Borges et al., 1963; Gomes, 2006, 2010; Pedro & Pereira, 1979; J. Pereira
& Ravara, 1973), forced vibration tests (Gomes & Carvalho, 2014; Gomes & Lemos, 2016; Gomes &
Oliveira, 1994; Pina & Gomes, 1996; Portugal, 1990) and ambient vibration tests (S. Oliveira, Rodrigues,
Mendes, et al., 2003; Portugal & Caetano, 1992) for characterizing the dynamic properties of several dams,
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and the development of finite element numerical models (Camara, 1989; S. Oliveira, 2000; Pedro, 1977;
Pedro et al., 1996; Pina, 1988) for simulating different scenarios under static and/or dynamic loads.

Based on the knowledge obtained over several decades on both modelling and monitoring, the advantages
of using reliable experimental data for dynamic behaviour analysis and safety control of dams, as well as
for calibrating and validating numerical models, was recognised. Therefore, a pioneer project was initiated
in 2002 (S. Oliveira, 2002), with funding from the Portuguese Foundation for Science and Technology
(FCT) and the support of Energias de Portugal (EDP), aiming at the development and installation of the
first automated continuous dynamic monitoring system in Portugal and in the World, namely in Cabril dam
(Mendes, 2010), which is in operation since 2008. Later, on the scope of another project funded by FCT
(S. Oliveira & Lima, 2012), the displacement monitoring was improved by installing a new automatic
monitoring component based on Global Navigation Satellite System (GNSS), in order to complement
traditional observation methods (e.g. using plumb lines or geodetic methods).

In view of the success achieved on the dynamic monitoring of Cabril dam and the results of great interest
obtained in several studies (S. Oliveira et al., 2010, 2011, 2012; S. Oliveira, Silvestre, Espada, et al., 2014;
S. Oliveira & Alegre, 2018), EDP decided, with support from LNEC, to invest in the installation of similar
system for continuous dynamic monitoring at the Baixo Sabor dam (Gomes et al., 2018; S. Pereira et al.,
2017) and Foz Tua dam (Silva Matos et al. 2019a; Silva Matos et al. 2019b), as well as in the
implementation of trigger-event type systems for measuring seismic vibrations at several other dams, such
as Alqueva, Alto-Ceira Il and Ribeiradio dams.

All the accumulated knowledge and the developments resulting from the studies and projects carried out at
the DBB made a significant contribution to the dam engineering community about the dynamic behaviour
of large concrete dams and the safety control of dams, and, at the same time, laid the foundations for more
recent research works, including those carried out within the framework of the present thesis.

1.2 OBJECTIVES AND MAIN CONTRIBUTIONS

1.2.1 OBJECTIVES

Considering the research context presented above, as well as the identified needs and opportunities for
contribution, the main goals of this thesis are:

i.  The development of a complete finite element model for dynamic analysis of dam-reservoir-
foundation systems, to be implemented in the 3D finite element program DamDySSA, including
proposed calculation methods based on a new approach for a) complex modal analysis, b) linear
seismic response analysis, and c) non-linear seismic response analysis; and

ii.  The development of computational tools to integrate and complement the software component of
SSHM systems installed in large concrete dams, namely a) DamSSHM, a program for automatic
analysis and management of dynamic monitoring data, to be tested in the monitoring system of
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Cabril dam, and b) DamModallD, a program for automatic modal identification of dams, to enable
the estimation of natural frequencies and modal configurations.

Essentially, the aim is to contribute to the field of dam engineering with an advanced finite element program
for dynamic analysis of concrete dams and with software for complementing the SSHM systems installed
in large concrete dams, which can be used in the future to study the dynamic behaviour, to support seismic
monitoring and structural health monitoring, and to perform seismic safety assessment.

Following the development of a numerical model for simulating the dynamic behaviour of dam-reservoir-
foundation systems and of the programs to support the continuous dynamic monitoring of large concrete
dams, another fundamental goal of this thesis is to provide the main results from application studies
conducted for two large arch dams, namely Cabril dam (132 m high), in Portugal, and Cahora Bassa dam
(170 m high), in Mozambique. Experimental results, obtained from monitoring data, are compared with
numerical results, including: (i) the analysis of the evolution of the identified natural frequencies (and
corresponding mode shapes) over time and the comparison with finite element results, in order to
investigate the influence of water level variations in the dynamic properties and to evaluate the occurrence
of possible deterioration problems; and (ii) the study of the measured seismic response during low to
medium intensity seismic events, based on the comparison between recorded and computed accelerations
in the dam body, aiming to study the importance of the used seismic input and modal damping ratios in the
models. After that, non-linear seismic analyses under strong earthquakes are conducted, in order to: (i)
analyse the influence of the opening/closing and sliding joint movements in the seismic behaviour of the
dams; and (ii) to assess seismic safety based on the Endurance Time method, by evaluating the evolution
of tensile and compressive damage under intensifying seismic accelerations.

1.2.2 CONTRIBUTIONS AND INNOVATIONS

In addition to the main goals of this thesis, it is also important to highlight more clearly the main
contributions and innovations intended with this work.

Regarding the numerical modelling of the dynamic behaviour of dam-reservoir-foundation systems, the
emphasis is on the finite element-based mathematical formulations implemented in the program
DamDySSA. First, a new coupled state space formulation is proposed for complex modal analysis of dam-
reservoir-foundation systems, which enables the consideration of generalized (or non-proportional)
damping and the calculation of non-stationary vibration modes. Second, the implementation of a time-
stepping procedure based on the Newmark method for linear seismic analysis, to solve coupled dynamic
equation of the solid-fluid system and calculate the forced response in time domain. And third, the
development of an enhanced formulation for calculating the non-linear seismic response of the dam, by
combining the time-stepping procedure with an iterative stress-transfer method, to account for the
redistribution of unbalanced stresses in the dam, considering a) the non-linear behaviour of concrete up to
failure, based on a strain-softening damage model with two independent scalar damage variables (d* for
tension and d- for compression), and b) the opening/closing and sliding movements of joints and cracks,
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using a constitutive model based on the Mohr-Coulomb failure criterion and on appropriate relative
displacement-stress laws.

In what concerns the continuous dynamic monitoring of large concrete dams, the focus is on the
computational tools developed for complementing the SSHM systems. First, the new program DamSSHM
is specifically optimized to complement the SSHM system installed in Cabril dam, in order to carry out the
automatic analysis and management of continuous dynamic monitoring data, including daily tasks such as
a) assessment of data quality, b) automatic detection of vibrations during seismic events, ¢) perform
maintenance of the database, and d) send emails with relevant information. Second, the development of
DamModallD, a modal identification program, which is based on the Frequency Domain Decomposition
method, with Singular Value Decomposition, and uses innovative techniques to automate the selection of
spectral peaks and to enhance modal identification of dams over time based on previous dynamic
monitoring data, considering the reservoir level variations.

In this work, a considerable effort is also made in terms of the graphical interfaces and to enhance the
presentation of both experimental and numerical results. On the one hand, to facilitate the use of the
programs, graphical user interfaces are developed for the 3D finite element program DamDySSA, in order
to simplify the simulation and evaluation of different scenarios, and for the modal identification program
DamModallD, with a view to estimate the modal parameters from acceleration records measured in specific
dates. On the other hand, aiming at the combined use of experimental and numerical results for seismic
monitoring and structural health monitoring, new graphical tools are developed, namely: (i) to compare the
identified frequencies over time with computed frequency values, in order to a) evaluate the relation
between frequency values and reservoir level variations, and b) perform damage detection, by comparing
vibration-based results and numerical results obtained using reference models without damage and models
considering evolutive damage; and (ii) to compare accelerations measured during seismic events with the
acceleration calculated in various positions of the dam body, to investigate the peak acceleration
amplification factors and the damping required in the models. Furthermore, in the case of DamDySSA, the
outputs of the non-linear seismic calculations are enhanced, including high-quality 3D graphic
representations of modal configurations, deformed shapes with joint movements, stress fields at both
upstream and downstream faces, arch and cantilever stress envelopes, and tensile and compressive damage
distributions.

Finally, with respect to the application studies to be carried out, the intent is to contribute by presenting
results of great interest on the dynamic behaviour of two large arch dams, in particular to the scientific
community of dam engineering. For example, this work presents, for the first time, the main results and
conclusions from over 10 years of continuous dynamic monitoring of two large concrete dams, which
involve evaluations of the evolution of natural frequencies over time, analyses for vibration-based damage
detection, and studies based on acceleration time histories recorded during seismic events. Also, this thesis
provides a series of numerical results on the non-linear seismic response of large arch dams considering
both joint movements and concrete damage, something that has never been done in LNEC, and a seismic
safety evaluation of two large arch dams, based on a new methodology.
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1.3 THESIS ORGANIZATION

This thesis is divided into 6 chapters. The content of each one is summarised next.

Chapter 1 introduces the thesis, starting with a contextualization of the theme and of the conducted work,
followed by the presentation of the main goals and important contributions, finishing with the present
description of the organization of the text.

Chapter 2 is dedicated to large concrete dams, particularly in what concerns their dynamic behaviour and
safety. It starts with general considerations about large concrete dams, including the different structural
types, the main loads, and fundamental aspects regarding the dynamic behaviour of dam-reservoir-
foundation systems, with emphasis on arch dams. Then, Chapter 2 chapter addresses the subject of dam
safety, first regarding structural safety control, with reference to observation systems and dynamic
behaviour monitoring and to the types of models used for interpretation, analysis, and simulation of dam
behaviour, and then concerning seismic safety, including seismic hazard, seismic design and performance
criteria, and models and methods of analysis. The chapter ends with a detailed overview of the work
conducted over time in the field of modelling and monitoring the dynamic behaviour of concrete dams. In
the first part, the main developments on finite element models of dam-reservoir-foundation systems and on
the use of physical models are addressed, with reference to several studies of interest, namely in what
concerns the study of modal parameters and seismic response analysis. The second part is dedicated to
monitoring vibrations on large concrete dams, by making reference to large concrete dams instrumented
for seismic monitoring, to forced and ambient vibration tests performed on dams, and to cases of large
concrete dams in which continuous dynamic monitoring systems have been installed.

Chapter 3 is focused on the numerical modelling of the dynamic behaviour of dam-reservoir-foundation
systems, and its main goal is to present the developed finite element mathematical formulations and the
program DamDySSA. The chapter starts with the state-of-the-art, where the types of models used in current
practice for simulating the dynamic water-structure interaction and the foundation behaviour, as well as the
formulations most commonly used for modal analysis and seismic response analysis, are referred. Then, in
order to present the mathematical notation and the bases for the mathematical formulations used in the rest
of the chapter, the fundamental equations of Solid Mechanics, namely when applied for dynamic analysis,
and the essential concepts and properties used in constitutive joint models, are addressed. After that, on a
first phase, the implemented model for simulating the dynamic behaviour of the dam-reservoir-foundation
system is described in detail, and the proposed formulations for complex modal analysis, linear seismic
analysis, and non-linear seismic analysis, are presented. On a second phase, the program DamDySSA is
described, its graphical user interface is shown, and tests for validation of the developed mathematical
formulations are performed. Finally, it is described the new module for the program DamMesh, used in
LNEC for automatic generation of 3D finite element meshes of dam-reservoir-foundation systems, which
was developed to automatically introduce joints in the dam mesh.

Chapter 4 deals with the seismic and structural health monitoring of large concrete dams, and it aims at
describing the programs DamSSHM and DamModallD, specifically developed to integrate and complement
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SSHM systems installed in large concrete dams. Therefore, this chapter starts with a state-of-the-art on
SSHM systems for large concrete dams, with reference to the main goals of SSHM and to their advantages
for safety control, to the monitoring schemes and their main components, and also to their installation and
operation. After that, the computational tools developed for integrating the SSHM systems installed in large
concrete dams are presented. First, the program DamSSHM, implemented for testing in the SSHM system
of Cabril dam, is described in detail, including the main tasks it performs for automatic analysis and
management of continuous dynamic monitoring data. Second, an overview is given on Operational Modal
Analysis, on signal processing, and on frequency domain modal identification, followed by detailed
descriptions of the implemented frequency domain method and of the new techniques developed for
automatic and enhanced selection of spectral peaks for large dams, finishing with the presentation of the
program DamModallD, developed for automatic modal identification of large dams, and of its graphical
user interface.

Following the developed work described in Chapters 3 and 4, Chapter 5 aims to present the application
studies carried out for analysing the dynamic behaviour of two large arch dams, namely Cabril dam
(Portugal) and Cahora Bassa dam (Mozambique). The chapter is divided into two subchapters, one
dedicated to each dam. Each subchapter starts with a detailed description of the dam and of the installed
continuous dynamic monitoring systems, and addresses the seismic action considered for the dam site.
Then, the main results from the performed application studies are presented. On a first phase, experimental
results obtained from continuous dynamic monitoring over the last decade are compared with numerical
results from finite element calculations, aiming a) to analyse the evolution of the identified natural
frequencies over time, and b) to investigate the measured response during seismic events. On a second
phase, numerical simulations for non-linear seismic analysis under strong earthquakes are performed, in
order to a) investigate the influence of joint opening/closing and sliding movements on the structural
response, b) to evaluate the seismic dam safety based on the Endurance time method, by examining tensile
and compressive damage in the dam body.

Finally, Chapter 6 describes the main conclusions of this thesis and presents future perspectives.
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CHAPTER 2

2. LARGE CONCRETE DAMS. DYNAMIC BEHAVIOUR AND SAFETY

2.1 INTRODUCTION

Large concrete dams have a key role in the proper management of water resources, by making a decisive
contribution to water supply, flood control, irrigation, and electrical energy production. Usually, these are
structures of high potential risk, since incidents or accidents involving this type of dams can result in
significant losses for populations and the environment (Wieland, 2016). Furthermore, according to the
International Commission on Large Dams (ICOLD) it is fundamental to evaluate their performance in
normal operating conditions and under seismic events (ICOLD, 2018, 2019b), particularly in the case of
dams subject to concrete deterioration phenomena and/or those located in areas of medium-high seismicity.
Aiming to ensure the best operating conditions for large concrete dams and to ensure the safety during their
lifetime, the structural safety must be evaluated for current and failure scenarios, under static and dynamic
loads.

Therefore, the study of the dynamic behaviour of large concrete dams, focusing on the evaluation of the
main modal parameters and on the analysis of the seismic response, is not only important to increase
knowledge on the behaviour of the dam-reservoir-foundation system, but it is also fundamental to support
structural health monitoring over time and the safety assessment under seismic loads, aiming to ensure the
best operating and safety conditions. Nevertheless, despite the conducted work and the developments
achieved in dam engineering over decades, this is a field where significant questions and challenges
continue to arise in terms of numerical modelling and continuous dynamic monitoring.

In this context, the present chapter presents important considerations on large concrete dams and their
dynamic behaviour, namely in what concerns structural safety control and seismic safety assessment. The
aim is to give a state-of-the-art overview on the addressed subjects and properly frame the work developed
in this thesis on numerical modelling of the dynamic behaviour of dam-reservoir-foundation systems
(Chapter 3) and on continuous dynamic monitoring of large dams (Chapter 4), as well as the performed
application studies (Chapter 5).

Subchapter 2.2 starts with general remarks on large concrete dams, followed by sections addressing the
different types of concrete dams, the main loads on dams, and fundamental aspects on the dynamic
behaviour of the complex dam-reservoir-foundation systems, with emphasis on arch dans. After that,
subchapter 2.3 regards dam safety, with focus on structural health control, and it addresses important
aspects regarding visual inspections, dam observation systems and dynamic behaviour modelling, and
models used for interpretation, analysis, and prediction of dam behaviour. Then, subchapter 2.4 is about
seismic safety, and it covers topics such as seismic hazard, seismic design and performance criteria, models
and methods for seismic analysis, and the relevance of seismic records. Finally, subchapter 2.5 presents a
general review concerning both modelling and monitoring the dynamic behaviour of large concrete dams
with one section for each. The first section addresses the main developments on the use of physical models
and of finite element models for simulating the dynamic behaviour of dam-reservoir-foundation systems,
from the first half of 20" century to the present day, and reference is made to several studies of interest.
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The remaining three sections provide an extensive overview on monitoring vibrations in large dams, with
references about dams instrumented for seismic monitoring, forced and ambient vibration testes performed
on dams, and cases of large concrete dams, over the world and in Portugal, where continuous dynamic
monitoring systems have been installed.

2.2 LARGE CONCRETE DAMS

Large dams are civil engineering structures of considerable dimensions and complex geometry, built for
storage of a significant water mass (Fig. 2.1). According to ICOLD, a large dam is a dam with a height of
15 m or greater, from the lowest point at the base to the crest level, or a dam which is between 5 and 15 m
high and impounds more than 3 million m? of water (ICOLD, 2020).

As regards their role, dams can be designed and built as single- or multi-purpose dams. Most dams have a
single purpose, although the number of multipurpose dams is growing (ICOLD, 2020). The main purposes
of dams are production of hydroelectric energy, water supply for domestic and industrial use, irrigation of
land for cultivation, flood control and river level regulation, inland navigation, and recreation, among
others. The most common purpose is, by far, irrigation, followed by hydropower.

NUMBER AND MAIN PURPOSES OF REGISTERED LARGE CONCRETE DAMS
20000

15000

10000

) I I I
0 %75 I

HYDROPOWER WATER FLoobp IRRIGATION NAVIGATION RECREATION
SUPPLY CONTROL

g . P e
Alqueva multipurpose dam (2003), 96 m high, Portugal Baihetan hydropower dam (2021), 289 m high, China

Fig. 2.1 Number and main purposes of registered large dams (ICOLD, 2020) and example of two large dams:
Alqueva multipurpose dam (2003), Portugal, and Baihetan hydropower dam (2021), China.
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Nowadays, the key role of large concrete dams in the proper management and control of available water
resources is widely recognised (ICOLD, 2014, 2021), especially considering that water resources are
subject to seasonal variations and unevenly distributed worldwide. This makes dams essential for
populations, by providing a range of economic, environmental, and social benefits, as well as for a
sustainable development. However, large dams are projects that require significant investments, both
economically and in labour (ICOLD, 2007), from the design phase to the end of their service life, including
the maintenance and the observation and analysis of long-term behaviour during the operating phase
(ICOLD, 2018). Therefore, it is vital to ensure the economic and technical feasibility of large dams and to
guarantee the best operating and safety conditions (DSR, 2018), aiming to optimise their exploitation and
extend their useful life, and to avoid incidents and accidents that may cause significant damage to
populations and the environment. Furthermore, it is fundamental to define clear, well-planned strategies for
an adequate integration of dams in social, environmental and economic terms (ICOLD, 1997, 2007, 2014).

2.2.1 TYPES OF CONCRETE DAMS

Large dams can be constructed using different types of materials and present different structural
characteristics (ICOLD, 2020). In terms of the used material, dams are classified as concrete, masonry,
earth fill or rock fill dams. As for the type of structure, dams built of concrete or masonry can be gravity
dams, arch dams, or buttress dams, while dams built of earth and/or rock fill are commonly known as
embankment dams. Regarding concrete dams, they represent about 20% of the large dams currently in
operation worldwide (ICOLD, 2020). The different types of concrete dams are described next.

Gravity dams are designed as massive concrete structures, which essentially resist the water pressures from
the reservoir through their self-weight, thus transmitting the resulting forces to the foundation. These dams
typically have an approximately triangular cross section to ensure greater structural stability and to avoid
overstressing of the dam and foundation. The dam body can be solid or hollow in case there are voids in its
cross section. In what concerns the plan (or top) view, the dam can be rectilinear or present a certain
curvature, depending on the soil conditions, the topographic conditions, and/or the construction system to
be used. Gravity dams constructed using regular concrete are formed by sets of monolithic blocks, separated
by transversal contraction joints. Good examples are Grande Dixence dam, 285 m high and 700 m long, in
Switzerland (Fig. 2.2), Three-Gorges Dam, 181 m high and 2335 m long, in China, or Itaipu Dam, 196 m
high and 7919 m long, in the Brazil/Paraguay border.

Alternatively, gravity dams can be built in roller-compacted concrete, in which case the compaction of each
block is achieved through the passing of vibrating rollers over successively placed concrete layers, a
technique used in Gilgel Gibe Il dam, 250 m high, in Ethiopia, (Fig. 2.3), and in Longtan dam, 216.2 m
high, in China. Gravity dams are best suited for regions with smoother topography, wider valleys, and
compact rock foundations.
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Fig. 2.3 Roller-compacted gravity dam: Gilgel Gibe 111 dam (2015), Ethiopia, 250 m high.

Buttress dams are built as a continuous, water-tight structure, with a vertical or sloped upstream face, which
is supported by a series of vertical supports that run along the downstream face. These vertical supports,
usually parallel and equidistant, are called buttresses. In addition to their self-weight, buttress dams resist
to the water pressures by making use of strength of the buttresses, which increase structural stability and
convey the forces to the foundation. The dam body, which is the water-tight part of the structure, can be a
plain deck slab, a series of arch slabs, or a direct continuation of the buttresses, forming a massive round or
diamond-shaped head. Compared to gravity dams, buttress dams enable to save in terms of the used
concrete, however they require more formwork and reinforcement steel for concrete. Buttress dams are
good solutions for areas with flat topography and wide valleys, and they need high strength foundations to
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properly support the buttresses. Well-known examples are Roselend dam, 150 m high, in France (Fig. 2.4),
and Daniel-Johnson dam, 214 m high, in Canada.

Fig. 2.4 Buttress dam: Roselend dam (1962), France, 150 m high.

Arch dams are those that present a horizontal curvature, oriented towards upstream. When they also have
curvature in the vertical direction, they are called double curvature arch dams. This type of dam is designed
to resist the water forces essentially by transmitting the forces to the abutments, in order to take advantage
of the high compressive strength of concrete. Arch dams are usually thin structures, especially those with
double curvature, with reduced thickness at the top. Regarding the construction process, arch dams are built
sequentially by vertical blocks, which are separated by contraction joints that are later injected with cement
grout. Moreover, in some cases the dam body is constructed on the pulvino, a type of concrete saddle
structure that supports the dam weight and transmits it to the ground.

In general, arch dams are designed with a small volume in comparison with other dams, particularly with
gravity dams, thus enabling to exploit the concrete strength more efficiently. Furthermore, these are very
durable and reliable structures, particularly to resist exceptional events such as strong earthquakes or
overtopping cases. However, they will lead to higher costs as they require concrete of superior quality,
rigorous construction planning and execution, more sophisticated design and analysis methods, and more
rigorous performance monitoring. Moreover, as an alternative to regular concrete, the technique of roller-
compacted concrete can also be used. Arch dams are particularly good solutions for regions with irregular
topography, narrow valleys, and highly resistant rock mass foundations. Well-known cases of large arch
dams are the tallest dam in the world, Jinping-I dam, 305 m high, in China (Fig. 2.5), Enguri dam, 271.5m
high, in Georgia, Mauvoisin dam, 250 m high, in Switzerland, Pacoima dam, 113 m high, in the United
States, and, of course, Cabril dam, 132 m high, in Portugal.
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Fig. 2.5 Arch dam: Xiaowan dam (2010), China, 292 m high.

For the application studies to be conducted in this work, two double curvature large arch dams were chosen
as case studies, namely Cabril dam, 132 m high, in Portugal, and Cahora Bassa dam, 170 m high, in
Mozambique (described in detail in Chapter 5). Their cross section is compared to the those of other large
dams over the world and in Portugal in Fig. 2.6.

Jinping-I dam Xiaowan dam Enguri dam Mauvoisin dam Cahora Bassa dam
2013, China 2010, China 1978, Georgia 1957, Switzerland 1974, Mozambique

Height- 305 m Height: 292m Height: 271.5m Height: 250 m Height- 171'm
Crest length: 569 m Crest length: 902 m Crest length: 605 m Crest length: 520m Crest length: 303 m

Scale
)

E—t—
o 20 40

l

Cabril dam Baixo Sabor dam Alto Lindoso dam Foz Tua dam Alqueva dam Alto Ceira II dam
1954, Portugal 2015, Poriugal 1992, Portugal 2017, Portugal 2002, Portugal 2014, Portugal

Height 132 m Height: 123 m Heighr: 110m Height: 108 m Height: 96 m Height: 41 m
Crest length: 280 m Crest length: 505 m Crest Ingth: 297 m Crest length: 275 m Crest Ingth: 438 m Crest Ingth: 133 m

Fig. 2.6 Examples of double curvature arch dams. Central cantilever cross sections.
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There are also other types of concrete dams that combine structural characteristics of the dams described
above. For example, there are arch-gravity dams (Fig. 2.7), which have curvature in plan and present a
greater cross section thickness that conventional arch dams, and multiple arch-dams (Fig. 2.8), which
usually present a long-span crest and are composed by multiple arches, supported by concrete buttress on
the downstream side.

B

Fig. 2.8 Multiple-arch dam: Aguieira dam (1972), Portugal, 89 m high.
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2.2.2 MAIN LOADS ON CONCRETE DAMS

Large concrete dams are unique three-dimensional structures, founded on a rock mass foundation, which
support a considerable water mass to form a reservoir. Over their lifetime— construction, first reservoir
filling, operation, and abandonment -, dams are subject to different types of actions and interactions (Fig.
2.9), which may be always present, remaining constant or varying over time, occur sporadically, or arise
only in exceptional occurrences (Pedro, 1999). Therefore, these actions and the resulting structural effects
should be adequately considered, both in behaviour monitoring and in the numerical models, for analysis
and interpretation of the dynamic behaviour of dams in normal operating conditions or in exceptional
situations. Furthermore, is important to properly define the scenarios to be evaluated and the corresponding
load combinations in the different phases of the lifetime of the dam, for studies supporting the design and
structural safety evaluations of dams.

_ Concrete swelling

Temperature

—" " variations

f-weigh
Hydrostatic pressure \ Seff-weight

Seismic action

B s

Fig. 2.9 Schematic representation of loads on an arch dam.

The loads that act on dams can be classified and grouped according to different criteria (S. Oliveira, 2000).
On the one hand, loads can be (i) static, like the self-weight, the hydrostatic pressure, and thermal variations
or (ii) dynamic, including small, medium, or high intensity earthquakes, the wind, vibrations induced by
the operation of the power production groups or the operation of spillways, and vibrations due to other
occurrences in or close to the dam site (e.g., human activity, traffic, or explosions nearby). On the other
hand, the loads that act on dams can be defined as (i) external, including the water pressure, thermal
variations, earthquakes, the wind, etc., or (ii) internal, such as concrete swelling reactions or thermo-
hygrometric variations.

There are also other possibilities to classify loads on dams, for instance considering their importance and
occurrence probability (Novak et al., 2007). According to this criterion, there are: (i) primary loads, which
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are present on all dams, being of prime importance, like the self-weight or water related loads; (ii) secondary
loads, which include a) more common loads but of lower importance, e.g. vibrations induced by operational
sources as power groups or spillway or by small/medium intensity seismic events, and b) loads of major
importance, but only to certain types of dams, such as concrete swelling reactions, significant thermal
variations, or ice related loads; and (iii) exceptional loads, with low probability of occurrence but of high
impact, including strong earthquakes and overtopping.

In what concerns the different phases of the dam lifetime, there are loads that assume particular importance
or that arise only in certain periods (S. Oliveira, 2000; Pedro, 1999). For example, during the construction
process (Fig. 2.10), taking into account the different stages, it is important to consider the self-weight of
the different blocks, the pressure of the cement grout injection in the vertical contraction joints and at the
base, or the cooling of the blocks due to the dissipation of the heat of hydration in each concreting layer.
During the first filling of the reservoir, it should be considered the increasing hydrostatic pressure on the
upstream face, the temperature variations on both upstream and downstream sides due to the rising water
level, or, in an exceptional scenario, induced seismicity phenomena and foundation movements. As for the
normal operating period, relevant loads are the dam self-weigh, the hydrostatic pressure, which depends on
the reservoir water level, actions due to thermal variations, vibrations induced by the power production
machinery or discharge elements, wind, or earthquakes of different magnitudes.
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Fig. 2.10 Wudongde dam (2020), China, 240 m high. a) During construction and b) in operation.

STATIC LOADS

Regarding the self-weight load, there are basically two methodologies to simulate the self-weight of the
dam. In case the aim is to analyse the response during the construction process, it is necessary to simulate
the growth of the various blocks, by considering a sequential application of the weight of each block and
the corresponding stress states (Batista, 1998). However, if the aim is to evaluate the structural response
for current or failure scenarios under static and/or dynamic loads, it is usual to simply assume that the stress
field due to the self-weight load corresponds to the one resulting from the instantaneous application of the
self-weight of the whole dam at once.
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The water load is one of the most important to take into account for analysing the structural behaviour and
safety of a dam, representing one of the factors that makes dams such unique structures. On dams, after the
first filling of the reservoir, the water level can suffer significant variations during the normal operation
phase, depending on the weather conditions and on established reservoir exploitation management. In
addition to the hydrostatic pressures on upstream side, water-related loads can also manifest by hydrostatic
pressures on the bottom of the downstream side, internal pressures inside cracks or other discontinuities in
the dam body (and also in the foundation), and uplift pressures at the dam base, along the dam-foundation
interface (S. Oliveira, 2000; Pedro, 1999). Other actions or effects on dams associated with water include
the chemical alteration and erosion of the foundation materials or even of the concrete itself due to water
seepage, as well as the erosion of the spillways. Furthermore, as mentioned later, the dynamic properties of
the dam-reservoir-foundation system and thus its dynamic behaviour can be significantly influenced by
variations in the reservoir water level (Alegre, Carvalho, et al., 2019; Darbre & Proulx, 2002; Fanelli, 1999;
Okuma et al., 2008; Sevim, Altunisik, et al., 2011).

Thermals loads, generated by temperature variations associated with changes in ambient conditions and
with cement cooling and hydration, can have important effects and thus must be properly considered for
dam behaviour analysis in the different phases of the lifetime of dams. During the construction process, as
well as in the first few years of operation, thermal variations will occur due to the generation and dissipation
of cement hydration heat, particularly in the connection between a recently concreted layer and the layer
below that one, which is in a more advanced cooling state. Furthermore, during the operation phase,
important thermal loads can arise due to the air and water temperature variations, which can be especially
significant for dams located in zones with high daily or annual thermal variations. In such cases, thermal
variations can not only have a strong influence on the structural response of dams (Malm et al., 2014; Malm
& Ansell, 2011), but also alter the dynamic characteristics of the dam-reservoir-foundation system (Okuma
etal., 2012; Ueshima et al., 2017).

With respect to processes that lead to concrete deterioration over time, swelling phenomena caused by
chemical reactions between the concrete elements, namely alkali-aggregate (Piteira Gomes, 2007) or by
sulphates (Silva, 1993), have been detected more often in large concrete dams. For example, alkali-
aggregate chemical reactions originate the formation of an expansive gel inside the concrete that generally
leads to an increase of volume and possibly cause concrete cracking (decrease of its mechanical properties).
This type of phenomena can occur in an initial stage of the lifetime of dams and are characterized by a
slow, steady development over time, and therefore its structural consequences are only observed in later
stages. Typical effects include upward displacement at the crest, with concrete cracking in a typical pattern,
radial displacements towards upstream, and tangential displacements towards the abutments.

DYNAMIC LOADS

During the operation phase, concrete dams can be subject to various types of dynamic excitations of ambient
or operational source, such as the wind, vibrations induced by the operation of the power groups or
spillways, traffic, etc., all of which normally induce vibrations of low amplitude (of the order of magnitude
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of milli-g) in the dam body. Thus, these dynamic loads are not significant from a structural response analysis
point of view. However, in these ambient/operational dynamic loading conditions it is possible to study the
dynamic behaviour of the dam-reservoir-foundation system and the performance of the dam itself by
analysing the vibrations measured in ambient vibration tests or with SSHM systems, using high precision
sensors. This can be achieved based on frequency or time domain methods for Operational Modal Analysis
(OMA) (Brincker & Ventura, 2015; Peeters, 2000), which are used to estimate the main modal parameters
from the measured data and thus analyse their evolution over time. The extracted results can be of great use
to evaluate the dynamic performance of dams in normal operating conditions, particularly to study the
influence of water level and/or thermal variations (Calcina et al., 2014; S. Oliveira et al., 2012; Proulx et
al., 2001; Ueshima et al., 2017), and to perform structural health assessments, namely using vibration-based
methodologies for damage detection (Alegre, Oliveira, et al., 2020), as shown in this thesis.

Furthermore, it is worth mentioning that dams may be subject to several seismic actions during their
operating period, which will naturally cause different structural responses. Therefore, earthquakes that hit
the dam site with different intensities' may induce vibrations (and thus inertia forces) of lower or higher
amplitude in the structure, resulting in a linear structural response or in non-linear behaviour, involving
concrete damage and joint movements. In what concerns seismic monitoring, the measurement of
acceleration time histories at the foundation and in the dam body can be of great value to characterize the
ground motion and its spatial variation (Chopra & Wang, 2010), as well as to analyse the seismic
performance of the dam based on recorded accelerations, e.g. to study acceleration amplification factors
and the damping to be used in numerical models of the dam-reservoir-foundation system (Chopra & Wang,
2012; Proulx et al., 2004; Proulx & Darbre, 2008; Robbe, 2017; Robbe et al., 2017). Regarding the
structural safety assessment under strong earthquakes, appropriate seismic actions must be considered to
conduct seismic safety verifications of both current and failure scenarios (ICOLD, 2016a; Wieland, 2014).
To that end, first, specific studies must be carried out, considering the characteristics and seismicity of the
dam site, in order to estimate adequate ground motion parameters based on deterministic or probabilistic
methods (H. Chen, 2014; Wieland, 2016). Then, the required scenarios are evaluated based on seismic
performance evaluation methods, such as Incremental Dynamic Analysis (Vamvatsikos & Cornell, 2002)
or Endurance Time Analysis (Estekanchi et al., 2004), considering specific performance criteria, and using
advanced finite element models or physical models on shaking tables to simulate the non-linear seismic
response. Finally, it is worth emphasizing that seismic hazard is actually multi-hazard (Wieland, 2016),
given that strong earthquakes can originate not only significant ground motion, but also movements along
faults or discontinuities in the foundation or mass movements into the reservoir that induce impulse waves.

! The strength of an earthquake is defined by its magnitude, which measures the energy released at its source, based on
measurements from seismographs, while intensity indicates the amplitude of shaking at a certain location, based on the effects on
people, structures, and environment.
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2.2.3 THE DAM-RESERVOIR-FOUNDATION SYSTEM. STATIC AND DYNAMIC BEHAVIOUR

Large concrete dams are structures of considerable dimensions, usually with unique geometry and built
from a material with complex physical properties. Additionally, their behaviour under static and dynamic
loads is strongly influenced by the interaction with both the reservoir and the foundation (Camara, 1989;
Pedro & Camara, 1986). Therefore, for analysing the observed behaviour and for numerical modelling, it
must be taken into account that these structures are part of a complex dam-reservoir-foundation system
(Fig. 2.11), whose global response depends on the dam-water interaction (Westergaard, 1933; Zienkiewicz
& Bettess, 1978) and on the foundation behaviour (Chopra & Tan, 1992; Fok & Chopra, 1986a).

Furthermore, the properties of the dam-reservoir-foundation system and thus its global behaviour change
significantly over time, namely due to reservoir water level and thermal variations (Alegre, Carvalho, et
al., 2019; Darbre & Proulx, 2002; Sevim et al., 2012), and to structural changes in the dam body, including
processes of concrete deterioration over time (S. Oliveira, 2000) and movements of vertical contraction
joints or other discontinuities (Clough, 1980; Fenves et al., 1992).
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Fig. 2.11 Arch dam-reservoir-foundation system [adapted from (Mendes, 2010)].

In terms of structural integrity, it is usual in these dams the development of cracks in concrete, namely due
to high tensile stresses (Wieland, 2005) cause by the water loads, significant thermal variations, or strong
earthquakes, as well as the occurrence of deterioration phenomena over the lifetime of dams (S. Oliveira,
2000). An example of that is Cahora Bassa dam, in operation since 1974 in Mozambique, which has small
horizontal cracks at the downstream face and a pattern visible at the crest that is typically associated to
swelling phenomena (Fig. 2.12).
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The ageing and deterioration of concrete over time, e.g. due to time-dependent effects (S. Oliveira, 2000)
or to swelling reactions (Piteira Gomes, 2007), will naturally reduce the material strength and thus lead to
a decrease in the global resistant capacity of the dam, as exemplified in numerical and experimental studies
for simulating the so-called concrete strength decrease scenario (S. Oliveira & Faria, 2006; Rocha &
Serafim, 1958). Furthermore, the significant deterioration of the structural integrity of the dam can alter the
dynamic properties and thus the global response of the dam-reservoir-foundation system, a phenomenon
that can possibly be detected by analysing the modal parameters estimated from continuous vibrations
monitoring data and comparing with numerical results obtained using advanced finite element models
(Alegre, Oliveira, et al., 2020; S. Oliveira & Alegre, 2020).

Fig. 2.12 Cahora Bassa dam (1974), Mozambique, 170 m high. a) Small horizontal crack at the downstream face
and b) visible pattern at the crest due to concrete swelling.

With respect to the behaviour of the dam-reservoir-foundation system, the water load and the dam-reservoir
interaction are of paramount importance. Naturally, this will depend on the reservoir water level: as
mentioned, after the first reservoir filling the water level will vary during the normal operation phase,
depending on the weather conditions and on the established reservoir exploitation management.

Regarding the water-related loads, higher reservoir levels will result in significant hydrostatic pressures at
the upstream face of the dam, which will originate high tensile stresses at the base. In the case of arch dams,
it is common for significant tensions to appear along the upstream base due to the water pressures, which
may cause the appearance of cracks there — in this scenario, a possible solution is the construction of a
perimetral curved joint to release these tensions and hence avoid concrete damage (Fanelli, 1999). On the
other hand, the uplift pressures at the dam-rock interface reduce the normal force at the base of dam, thus
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reducing cohesion and the resistance to sliding. The uplift pressure is a very important load to consider in
the evaluation of the stability of gravity dams, but is usually neglected for analysing the behaviour of arch
dams (Ghanaat, 1993). For dams in which such phenomenon has a considerable influence, drainage curtains
and/or grout curtains can be implemented.

In terms of global dynamic behaviour, for higher water levels there is an increase of the reservoir mass and
hence of the mass of the global dam-reservoir-foundation system, which leads to a decrease in the values
of the natural frequencies. Additionally, the energy dissipation associated with the propagation of pressure
waves along the reservoir becomes more significant, which has influence on the damping of the global
dam-reservoir-foundation system (Zienkiewicz & Bettess, 1978). Furthermore, under high intensity
earthquakes, important hydrodynamic pressures develop in the reservoir, particularly on the upstream face
of the dam (Chopra, 1967; Westergaard, 1933; Zienkiewicz & Nath, 1963), which naturally affects the
structural response. In the particular case of arch dams, greater water pressures due to higher water levels
will push the dam towards downstream and the vertical contraction joints tend to close, thus increasing the
global stiffness of the dam body and changing the dynamic behaviour of the whole system. In summary,
reservoir water level variations can have a considerable influence on the mass, stiffness, and damping of
the dam-reservoir-foundation system, and therefore on the evolution of the modal parameters over time.
This behaviour has been evidenced in studies carried out for large concrete dams, as seen for the cases of
Emosson dam (Proulx et al., 2001) and Mauvoisin dam (Darbre et al., 2000), in Switzerland, of Cabril dam
(S. Oliveira & Alegre, 2019a, 2018), in Portugal, and of Hitotsuse dam (Fig. 2.13) (Okuma et al., 2008,
2012), in Japan.

Also, with regard to reservoir level variations, it is worth noting that a rapid rise of the reservoir water level,
e.g., in the first filling phase, can lead to reservoir-triggered seismicity (H. Chen, 2014; Severn, 1999;
Wieland, 2016), which must be properly accounted for in specific seismic hazard analysis for the dam site.
Another phenomenon to be considered is the eventual accumulation of sediments at the bottom of the
reservoir, which can have an additional effect of mass and affect the radiation and reflection of pressure
waves at the reservoir-foundation interface (Bouaanani & Lu, 2009; Clough, 1980).
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Fig. 2.13 Hitotsuse dam, Japan. Results from long-term ambient vibration testing (August 2006 to October 2007):
water level variations and evolution of the first three vibration modes (Okuma et al., 2008, 2012).
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For dams located in regions where significant thermal variations occur, winter/summer temperature
distributions can considerably influence the structural response of a dam in terms of both displacements
and stresses (Malm et al., 2014; Malm & Ansell, 2011), and potentially lead to higher deformations that
cause the appearance of cracks in concrete (Fig. 2.14a) (Nordstrom et al., 2019). Furthermore, the dynamic
behaviour of the dam-reservoir-foundation system can be altered due to seasonal thermal variations. In the
summer, the temperature rises, and the dam volume increases as the concrete expands, leading to the closing
of the vertical contraction joints, which increases the global stiffness and thus the values of the natural
frequencies. On the other hand, during the winter the temperatures falls and thus there is a volume decrease
that originates the opening of the joints, resulting in a decrease of global stiffness and hence of the frequency
values. As mentioned in relation to the reservoir level variations, the influence of thermal variations on the
dynamic behaviour of the dam-reservoir-foundation system can also be detected based on the evolution of
the identified natural frequencies over time. One such case is Okhura Dam (Fig. 2.14b), in Japan, with dam
surface temperatures ranging from a maximum of about 30° C in the summer to approximately — 5° C in
the winter (Ueshima et al., 2017).

L— Predominant Freq (mode-1) Dam surface temperature. ]
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Date-
(1) Mode-1.

Fig. 2.14 a) Power plant (1958) in Lapland, Sweden, consisting of two buttress sections and a central spillway:
cracks in front slab and buttress before repairs (Nordstrom et al., 2019); b) Ohkura double-arch dam (1961) in Japan:
time evolution of natural frequencies and dam surface temperature for three and a half years (Ueshima et al., 2017).

Regarding the structural response of the dam, high-intensity earthquakes can result in considerable seismic
loads that cause high tensile and compressive stresses in the dam body, and, consequently, concrete damage.
For example, in the case of gravity dams, concrete failure is expected at the upper part of the dam, more
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specifically around the zone that connects the dam body to the crest, in both upstream and downstream
faces and along the thickness, as well as along the upstream base, which tends to propagate in the normal
direction to the dam surface, as shown in studies about Koyna dam (Cervera et al., 1995; Chopra &
Chakrabarti, 1972; Niwa & Clough, 1982). As for arch dams, when the seismic load pushes the dam towards
upstream, the vertical contraction joints tend to open (H. Chen, 1994; Clough, 1980; Niwa & Clough, 1982),
resulting in stress redistribution processes that lead to the release of arch stresses at the upper part of the
structure and the consequent increase of vertical tensile and compressive stresses along the height of the
cantilevers (Fenves et al., 1992). When the dam moves towards downstream, the joints close, arch
compressions increase, and high tensions usually arise at the downstream base, normally oriented to the
insertion. Thus, for greater excitation levels, the occurrence of concrete damage is expected, resulting in
cracking under tensions or ultimately in crushing under compressions (Espandar & Lotfi, 2003; Faria et al.,
1998; Valliappan et al., 1999). This behaviour was observed in many studies conducted for large arch dams
and several citations are provided in this work.

In order to avoid unacceptable joint opening and the occurrence of high stresses in unwanted zones, it can
be beneficial to consider the use of shear-keys in the contact surfaces between adjacent blocks or joint
reinforcements, of steel belts at the upper part of the dam in the arch direction, and the installation of
reinforcement steel nets in the zones where higher tensions are expected, e.g., at the upstream base (Fig.
2.15), as proposed for several large arch dams in China (Lau et al., 1998; R. Wang, 2016; R. Wang et al.,
2018; C. Zhang et al., 2000, 2004). Other examples of dams with seismic steel belts include Rapel dam,
112 m high, Chile, Sir dam, 116 m high, Turkey, Katse dam, 185 m high, Lesotho and Enguri dam, 271.5
m high, Georgia (Wieland, 2003).
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Fig. 2.15 Seismic reinforcements for large concrete dams. a) Scheme of seismic strengthening measures (C. Zhang
et al., 2004); b) Layout of possible seismic reinforcements proposed for Xiaowan arch dam (C. Zhang et al., 2000).
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The foundation rock mass (Fig. 2.16) is a crucial element of the dam-reservoir-foundation system because
of their contribution for the structural stability and safety of dams, namely by supporting the loads
transmitted by the structure along the dam-rock interface. Rock masses are discontinuous and in most cases
heterogeneous and anisotropic, and their behaviour can be conditioned by existing discontinuities such as
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joints and geological faults, which in turn are filled with deformable materials with reduced strength (Braga
Farinha, 2010). In terms of the dynamic behaviour of the dam-reservoir-foundation system, particularly
under seismic loads, the dam-foundation interaction (Chopra & Tan, 1992) must be properly considered in
the numerical models, as it will influence the dam structural response in terms of displacements and stresses
(Tan & Chopra, 1996), while the energy dissipation due to the propagation of pressure waves in the rock
mass can change the damping of the global system (Chuhan et al., 2009). Moreover, it should be noted that,
due to strong earthquakes, or caused by other alterations in the surrounding rock mass, there a risk of block
sliding on the upstream or downstream slopes, and new cracks can occur in the foundation, leading to an

increase of seepage and consequently of the uplift pressures inside the discontinuities.

Fig. 2.16 Aerial view of the foundation of Baihetan dam (China) in 2017, before construction. Insertion surface.

To summarise, based on the considerations addressed above, it is worth stressing the importance of
considering the global behaviour of the dam-reservoir-foundation system and the effects due to the
interaction between all parts when intending to study behaviour of large concrete dams under static dynamic
loads. This is fundamental for the interpretation and analysis of the observed behaviour, as well as for the
development of numerical models to be used in behaviour prediction studies.

2.3 DAMSAFETY. STRUCTURAL SAFETY CONTROL

Large concrete dams are civil engineering structures with a significant social, environmental and economic
impact (ICOLD, 2019b), considering that they require a considerable investment, provide a fundamental
contribution for the proper and efficient management of freshwater resources, and are structures of high
potential risk. Therefore, it is vital that all entities involved in the safety control of large dams take the
necessary measures from the design phase to the end of their lifetime, with the goal of ensuring the best
behaviour and safety conditions during constructing, first filling of the reservoir, the operation phase, and
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abandonment (Pedro, 1999), for any hazards of anthropogenic or natural origin. Examples of hazards for
dam projects or hydropower plants can be (Wieland, 2014, 2016): (i) natural environment hazards,
including floods, earthquakes, mass movements, and extreme weather conditions; (ii) structural hazards,
such as blockage of spillway gates, differential structural movements on joints or interfaces, foundation
seepage, ageing or alkali-aggregate reactions, failure of equipment used for operational purposes, etc.; and
(iii) man-made hazards, involving design errors, inadequate construction, faulty equipment operation, etc.

The safety of dams is one of the main concerns in dam engineering and continues to be one of the main
challenges for researchers and for all entities involved in safety control, from technicians to engineers,
being a subject of particular interest for owners and stakeholders. This subject has become increasingly
important over time, given the advances in safety requirements and considering the increase in specific
knowledge about large concrete dams, which has resulted from several decades of work and experience in
this area (ICOLD, 2019a, 2019b). In this scope, ICOLD and the National Commissions on Large Dams of
its various member countries have been playing a crucial role in the discussion about dam safety and on the
need to properly monitor and analyse the static and dynamic behaviour of dams (ICOLD, 2016a, 2017a,
2017b, 2018), not only for new dams, but also for older dams (Fig. 2.17), most of them built decades ago
and with possible deterioration problems, particularly for those located in high seismic risk zones.

Enguri dam (1987), Georgia, 271.5 m high

Xiluodu dam (2013), China, 285.5 m high Foz Tua dam (2017), Portugal, 108 m high

Fig. 2.17 Examples of large concrete dams constructed several decades ago and recently constructed.
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The structural safety control of concrete dams is essentially based on modelling and monitoring dam
behaviour, and on analysing and interpreting the measured response and predict results from behaviour
models. The structural safety control encompasses a set of measures to be taken in the design phase, during
the construction, the first filling of the reservoir, and the operating phase, with the goal of achieving the
best operating and safety conditions in the long-term. Furthermore, during the first filling of the reservoir
and the operating phase, such measures must also allow a deep and continuously updated knowledge on the
performance and structural integrity, as well as the timely detection of possible issues and behavioural
anomalies, thus enabling an effective decision making in face of regular maintenance situations or of
eventual emergencies (DSR, 2018; ICOLD, 2018).

Therefore, in addition to ensuring the suitability of dam design and the quality of the construction process,
it is essential to develop appropriate strategies and to implement an observation plan, aiming to control
structural safety during the construction, the first filling of the reservoir, the first few years of operation,
and the subsequent normal operating period. The implementation of an adequate observation plan can also
make an important contribution to increase knowledge on the performance of dams in normal operating
conditions, which can be useful to improve the safety control measures for existing dams and the design of
dams to be built in the future, as well as to provide valuable information to support the calibration and
validation of existing numerical models and the development of new ones, which are used to simulate the
behaviour dam-reservoir-foundation systems. The observation plan, which must be prepared according to
the unique features of each dam, should include specific measures and requirements for an effective
structural safety control of the dam and appurtenant works, namely regarding visual inspection campaigns,
the installation and operation of monitoring systems, and the analysis of dam behaviour and evaluation of
the structural safety. Additionally, the main incident and accident scenarios, as well as other exceptional
events must be taken into consideration, including floods and strong earthquakes.

2.3.1 VISUAL INSPECTIONS

The carrying out of periodic visual inspections aims at the detection of deterioration or ageing signs in
certain zones of the dams and appurtenant works. According to the Portuguese Regulation on Dam Safety
(RSB, 2018), the observation plan should indicate the type of inspections to be carried out on dams, the
regularity with which they will be performed in the different phases of their lifetime, the main aspects to
be evaluated, and the form of presentation of the results. Based on the gathered information, these
inspections should enable to analyse the evolution of existing pathologies or anomalies or help in the
identification of new ones. For example, visual inspections can be useful to detect structural changes caused
by high-intensity earthquake events or other relevant dynamic loads.

The main pathologies or anomalies usually detected in concrete dams are essentially related to the existence
of cracks in concrete, the opening of joints due to differential movements between blocks, the occurrence
of swelling reactions, or the unwanted percolation of water along the discontinuities of the dam or the
foundation — as seen, e.g., in the old Alto Ceira dam (Fig. 2.18). In addition, in elements like spillways or
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bottom outlets it is common to notice deterioration due to hydraulic-operational reasons or to the exposure

to atmospheric agents.

In general, visual inspections allow for a qualitative assessment of the occurrence and evolution of
pathologies and of the state of structural integrity of dams. Therefore, the information gathered during these
inspections serves as complement to the quantitative data obtained with the observation systems and
behaviour models, in order to support structural safety control.

Fig. 2.18 Old Alto Ceira | dam (1949), Portugal, 34 m high. a) Cracking at the crest and on the downstream face; b)
Signs of water percolation through joints/cracks and products of swelling reactions (Batista & Piteira Gomes, 2014).

2.3.2 OBSERVATION SYSTEMS AND DYNAMIC BEHAVIOUR MONITORING

An observation system consists of a set of devices installed for measuring the main quantities that allow
for a characterization of the static and dynamic behaviour of a dam, which will then gathered and properly
presented for analysis and interpretation. Therefore, the implementation of an observation system should
enable to obtain reliable experimental information aiming at dam behaviour analysis and safety control, by
comparing the measured response with the predicted response based on reference models, in order to
(re)assess structural health, and by issuing warnings about structural changes that can endanger structural

safety.

Regarding the installation and operation of the observation system, as mentioned in the Portuguese Dam
Safety Regulation (RSB, 2018), the observation plan should indicate: (i) the quantities to be measured for
evaluation of a) the actions, namely water level, temperatures, and seismic accelerations, b) the structural
properties, e.g., concrete Young’s modulus, vibrations in normal operating conditions, etc., and c) the
structural response, including displacements (Fig. 2.19), stresses, strains, joint movements, temperatures,
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accelerations, etc.; (ii) the measurement devices to be used, such as piezometers, thermometers, plumb-
lines, extensometers, stress meters, joint meters, accelerometers, GNSS antennas, etc., as well as their
number and locations, and (iii) the frequency of the measuring campaigns during the various phases of the
dam lifetime, and the criteria for their adaptation in case the necessity arises. In addition, the observation
plan must also give indications in terms of the data acquisition, reading, and processing, as well as on the
technical qualifications on the agents in charge of the installation and operation of the observation system
on the dam site. Furthermore, during the first exploration phase, dam behaviour reports must be prepared,
including analyses on the observed quantities, the definition of parameters for what is considered as normal
behaviour, to be taken as reference over the subsequent operation period, and, if necessary, eventual
proposals to update the observation plan and the models used for simulating dam behaviour.

Over time, there has been a tendency towards the development and implementation of observation systems
with automatic data acquisition features (ICOLD, 1999, 2018), usually referred as Automatic Data
Acquisition Systems (ADAS), for the characterization of both static behaviour (Braga Farinha et al., 2004;
Fanelli, 1980) and dynamic behaviour (Mendes, 2010; S. Oliveira, 2002), something that was made possible
due to the evolution in the technology available for data measurement, acquisition, transmission, and
storage. However, it is important to note that new difficulties may arise when this type of solution is
adopted, particularly concerning equipment maintenance, which require periodical inspection, and of data
storage, management, and analysis, given the large amount of gathered information.
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Fig. 2.19 Static observation system of Foz Tua dam. Horizontal displacements measuring instruments, including
plumb lines (red), precise traverse in the crest and in two galleries (gree), 3D continuous geodetic monitoring system
(dark blue), and GNSS (light blue) (Silva Matos, Tavares de Castro, Gomes, Faria, et al., 2019).

Regarding dynamic behaviour monitoring, the evaluation of the response of the dam can be carried out
based on vibrations measured in the dam body. The dynamic properties, or modal parameters, of the dam-
reservoir-foundation system, which include natural frequencies, mode shapes and damping ratios, can be
estimated from recorded vibrations using modal analysis techniques (Brincker & Ventura, 2015; Maia &
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Silva, 1997). There are two classical testing methods available for the observation of dynamic behaviour:
forced vibration testing and ambient vibration testing.

FORCED VIBRATION TESTS

Forced vibration tests are performed by applying known and controlled excitations, using special devices
like eccentric mass vibrations or hydraulic shakers, and by measuring the dynamic response in various
positions of the structure. This is referred to in common practice as input-output testing, and it has been
widely used with success for studying the dynamic behaviour of civil engineering structures, such as
bridges, buildings, and dams (Cunha & Caetano, 2006; Severn, 2010). For example, since the 1960s several
forced vibration tests were performed in the scope of LNEC’s studies for various Portuguese dams
(Portugal, 1990), namely in Alto Lindoso dam (Gomes & Oliveira, 1994) and Cabril dam (Pina & Gomes,
1996), and, more recently on the Alto Ceira Il (Fig. 2.20) (Gomes et al., 2016) and Baixo Sabor (Gomes &
Lemos, 2016) dams. Nevertheless, despite enabling to achieve results of great interest for characterising
the dynamic behaviour of dams, forced vibration tests are somewhat expensive, given that transportation to
the dam site and logistics to install the excitation devices are difficult, considering that heavy and large
equipment is required.

Fig. 2.20 Alto Ceira Il arch dam (41 m high), Portugal. Eccentric mass shaker used in forced vibration test.

AMBIENT VIBRATION TESTS

As the name indicates, ambient vibration tests are carried out by measuring vibrations at various locations
of the dam body in normal operating conditions, under dynamic excitations of ambient and/or operational
sources like the wind, power groups operation, traffic, etc. This methodology is known as output-only, as
the dynamic response (output) is measured without knowing the excitation, which is assumed to be random
(more details on this are given on Chapter 4). It is worth mentioning that the vibrations measured under
these conditions are generally of very low amplitude, thus requiring the use of high precision sensors with
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very low noise levels — the technological advances that occurred at this level clearly contributed to the
development and growth of this methodology. Ambient vibration testing has the important advantage of
enabling the dynamic of dams under ambient/operational vibrations without disturbing its normal operating
conditions, since there is no need to apply an external excitation. Furthermore, ambient vibration tests are
also more economical and simpler to perform. There are many examples of ambient vibration tests
conducted for characterizing the dynamic behaviour of large concrete dams since the 1980s, namely on
Contra dam (Brownjohn et al., 1986) and on Mauvoisin dam (Darbre et al., 2000), both in Switzerland. In
Portugal, within the scope of LNEC’s research activities, several ambient vibration tests were performed in
Cabril dam (Fig. 2.21) (Mendes et al., 2004; Mendes & Oliveira, 2009; S. Oliveira et al., 2004).
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Fig. 2.21 Ambient vibrations test carried out in Cabril dam in 2002. Positions of the accelerometers, recorded
acceleration time history (crest of central cantilever) and singular value spectrum (Mendes & Oliveira, 2009).

CONTINUOUS DYNAMIC MONITORING

The experimental information obtained in forced vibration or ambient vibration tests is of great value for
characterizing the dynamic properties and the dynamic behaviour of dams, and to help in the development,
calibration, and validation of numerical models. However, this type of testing can only be carried out
sporadically, which is naturally not enough to provide data for supporting an effective and continuous
structural safety control of dams under dynamic loads, as required.

In this context, the importance of continuously monitoring the dynamic performance of dams and the need
to automatically obtain reliable experimental data was comprehended and reinforced over the years, due to
its obvious advantages and to meet the increasingly demanding safety requirements for large concrete dams.
Therefore, aiming to complement the classic observation systems required in current regulation and to meet
the ICOLD recommendations on monitoring the performance of dams (ICOLD, 2018, 2019b), continuous
dynamic monitoring systems began to be developed for large concrete dams for behaviour control in normal
operating conditions and during seismic events. This type of systems, used in current practice for structural
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health monitoring and seismic monitoring, have been installed in several large concrete dams over the
world. Examples include Cabril dam, Baixo Sabor dam, and Foz Tua dam, in Portugal, as well as Cahora
Bassa dam and Roode Elsberg dam, in Africa (more details are given in section 2.5.4).

2.3.3 MODELS FOR INTERPRETATION, ANALYSIS AND PREDICTION OF DAM BEHAVIOUR

The structural behaviour analysis and safety assessment of dams is carried out based on the interpretation
and evaluation of experimental data and the comparison with reference values obtained with behaviour
prediction models (ICOLD, 2018). In case the measurements are in agreement with the reference values,
then dam performance is assumed to be normal, and regular operating conditions can continue. Otherwise,
if the observed behaviour is not compatible with the predictions of models, additional studies should be
conducted to provide further insight into the verified anomalies, or, alternatively, actions should be taken
in order to prevent incidents or accidents or to minimize their consequences. Therefore, it is fundamental
the development of reliable models for interpretation and analysis of the observed behaviour, as well as of
behaviour prediction models that enable an accurate simulation of dam behaviour for current and failure
scenarios that can occur over their lifetime, involving the variation of static and dynamic loads and eventual
structural changes.

In this regard, the current Portuguese regulation (RSB, 2018) states that the observation plan should define
the measured quantities (displacements, joint openings, strains, natural frequencies, etc.) that enable the
identification and characterization of unexpected or anomalous behaviour, particularly those associated
with the accident or incident scenarios established in the design phase. It should also give indications on
the interpretation and behaviour prediction models to be used for structural safety control, which can be
numerical models, physical models, modal identification models, and data-based models.

NUMERICAL MODELS

Numerical models are essentially a combination of mathematical equations, based on physical laws that
describe the phenomena involved in the static or dynamic problem to be simulated, which are solved in
order to compute an approximate solution for that problem. Their application for simulating the behaviour
of dams enables to calculate displacements, strains, stresses, and damages, for structural analysis under
static or seismic loads, or natural frequencies, mode shapes, and damping ratios, for modal analysis.

Numerical models can entail several degrees of complexity. In many cases it is common to consider linear
behaviour, by assuming simplifying hypothesis such as monolithic dam behaviour (no joints nor cracks),
linear constitutive model for concrete (no damage), and continuous foundation without discontinuities. This
is a valid approach, e.g. to calculate the seismic response under low intensity earthquakes (Chopra & Wang,
2010; Proulx & Darbre, 2008) or to evaluate the free vibration response for modal analysis (Alegre,
Carvalho, et al., 2019; Calcina et al., 2014; S. Oliveira et al., 2012). However, the simulation of certain
scenarios requires more complex models, considering joint movements, damage in concrete, or the effects
of non-linearities in the foundation. This can be the case for analysing non-linear behaviour under strong
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earthquakes (Cervera et al., 1995; Clough, 1980; Espandar & Lotfi, 2003; Faria et al., 1998; Fenves et al.,
1992; J.-T. Wang et al., 2013) and for simulation of evolutive concrete deterioration over time for modal
analysis (Alegre, Oliveira, et al., 2020; S. Oliveira & Alegre, 2020).

Regarding their advantages, numerical models use parameters with clear physical meaning and can be
calibrated and validated based on experimental data. Moreover, their use is quite practical and economical.
Therefore, advanced and properly calibrated numerical models are the most effective tools for simulating
the behaviour of dams for various scenarios and for analysing the required quantities.

The development of numerical models evolved significantly over the years, particularly from the 1960s and
1970s, alongside the advances in computational capabilities, leading to the development of various
calculation programs and to many studies of interest (this is addressed with greater detail in section 2.5.1).
Regarding available numerical methods, it is worth mentioning the Finite Element Method (FEM)
(Zienkiewicz et al., 2013; Zienkiewicz & Cheung, 1967) and the Discrete Element Method (DEM)
(Cundall, 1971; Lemos, 1999), widely used in current practice (Fig. 2.22) for dynamic analysis of dam-
reservoir-foundation systems, particularly for linear/non-linear seismic analysis of concrete dams.

a)

Fig. 2.22 Numerical models for dynamic analysis of Cahora Bassa dam: a) finite element mesh with discretized
reservoir (used in this thesis); b) discrete element mesh using blocks and added water masses (LNEC, 2009).

PHYSICAL MODELS

Physical models are reduced scale versions of real prototypes developed based on the Similitude Theory,
which states that it is possible to know the behaviour of a prototype if the behaviour of the physically similar
model is also known. Experimental studies on physical models can be performed to simulate the behaviour
of dams under static and dynamic loads, namely for: (i) current scenarios, to analyse the static response,
e.g. under the self-weight (Fialho, 1955) and hydrostatic pressure (Serafim & Costa, 1961), or the free
vibration response, under dynamic excitations from ambient/operational type sources (Sevim et al., 2012).;
and (ii) failure scenarios, to evaluate the concrete strength decrease scenario (Rocha & Serafim, 1958) or
the seismic behaviour up to failure under strong earthquakes (Rosga, 2008; Zhou et al., 2000).
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Reduced scale models can be built using different materials (Gomes, 2006; Pina, 1999). The “weightless”
models are constructed using gypsum-diatomite or cement mortar mixtures, and they are designated as such
because their weight is negligible. This type of model is suitable for analysing the behaviour of the dam in
failure scenarios under static loads. The loads, including self-weight, are simulated by applying external
forces on the upstream face, using hydraulic jacks (Rocha & Serafim, 1958; Serafim & Costa, 1961). On
the other hand, “heavy” models consider the weight of the material in order to correctly reproduce the
stresses in the dam due to the self-weight, and they can be constructed from ilmenite sand, red lead, and
gypsum, or ilmenite sand, cement, hydraulic lime, limestone powder, and diatomite. These models should
be employed for simulating dynamic behaviour, in which it is fundamental to consider the mass of the dam.
Seismic behaviour studies are carried out on shaking tables (Rosga, 2008; Zhou et al., 2000).

Physical models were widely used for several decades after the 1920s and 1930s to evaluate current and
failure scenarios for concrete dams, namely in experimental tests carried out in LNEC. However, the
construction and testing of these models is not practical, let alone economical, and with the advances in
computational capabilities and the development of more advanced numerical models, physical models have
become less and less used in detriment of numerical models. Still, physical models can be useful in the
design phase for studying the dynamic behaviour of dams, in order to provide valuable experimental data
to help calibrate and validate numerical models. So, they continued to be employed (Fig. 2.23) in shaking
table tests for seismic response analysis (Jorge P. Gomes, 2010; R. Wang, 2016; R. Wang et al., 2018), and
for dynamic analysis of dam-reservoir-foundation systems (Mendes & Oliveira, 2007; Sevim et al., 2012).

a) Scheme of shake table test Damage locations

Fig. 2.23 Physical models used for dynamic analysis of concrete dams: a) Scheme of shaking table test and location
of damage after the seismic test for Xiluodu dam, 285.5 m high, China (R. Wang et al., 2018); and b) Model of the
Type-1 arch dam used for analysing the influence of the reservoir level variations (Sevim et al., 2012).
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MODAL IDENTIFICATION MODELS

There are other types of models, to be used only during the operation phase for supporting the interpretation
of data from dynamic monitoring, including the so-called modal identification models. These models are
used to estimate the main modal parameters of dams (Fig. 2.24), namely natural frequencies, mode shapes
and damping ratios.

Essentially, modal parameter identification is carried out based on idealized mathematical models, with the
physical properties of the structural system under analysis, which are fitted to or estimated from the
measured dynamic response. Extensive work has been conducted in this field, leading to the development
of several well-established methods, which can be classified as frequency-domain, time-domain, or joint
frequency-time domain methods (Brincker & Ventura, 2015; Peeters, 2000; J. Rodrigues, 2004).
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Fig. 2.24 Modal identification results for Cabril dam, using data recorded on November 6, 2011. Identified natural
frequencies and mode shapes [adapted from (S. Oliveira et al., 2012)].

In current practice, there are two types of approaches for experimental modal identification, which differ
in terms of the origin of the dynamic excitations. The first is Experimental Modal Analysis (EMA), also
known as input-output modal analysis (Maia & Silva, 1997), based on deterministic modal identification
methods. The modal parameters are obtained based on the relation between the dynamic load (input), which
is known and controlled, and the measured response (output), using deterministic modal identification
methods. This approach can be employed for modal identification in laboratory tests on physical models or
in forced vibration tests carried out on site (Cunha & Caetano, 2006; Severn, 2010). The second is
Operational Modal Analysis (OMA), or output-only modal analysis (Brincker & Ventura, 2015; Peeters,
2000; J. Rodrigues, 2004). The modal parameters are identified from the measured dynamic response
(output) in operating conditions, assuming the excitation is an unknown random white noise, using
stochastic modal identification methods. This methodology is used to analyse the measured vibrations
during ambient vibration tests or from continuous dynamic monitoring systems (Li et al., 2016; Limongelli
& Celebi, 2019). Both approaches can be valuable for characterizing the dynamic properties and dynamic
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behaviour of dams. However, as mentioned earlier, OMA is the best approach when intending to
continuously evaluate the dynamic performance of dams under ambient/operational excitations.

Following the advances in this field and the large number of studies carried out for large concrete dams
(see section 2.5.3), it has been recognised that the interpretation and analysis of modal identification outputs
can provide valuable information for evaluating the dynamic performance of dams in normal operating
conditions, and for validating and calibrating numerical models (S. Oliveira & Alegre, 2020).

DATA-BASED MODELS

The first data-based models were developed by (Rocha et al., 1958) in order to help the interpretation of
data from static monitoring of dams. More recently, these models were also used for analysing data from
dynamic monitoring, namely to interpret the evolution of natural frequencies over time (Mendes, 2010).

Monitoring dam behaviour leads to the acquisition of data sets which are often difficult to interpret, since
they characterize the evolution of the response of dams due to the joint effect of several loads and processes,
some of which are known (e.g. self-weight and hydrostatic pressure), while others are possibly unknown
(S. Oliveira, 2000). For example, the dynamic behaviour of dams can change considerably due to reservoir
level variations, annual or daily thermal variations, and the evolution of concrete deterioration processes.
Therefore, data-based models were developed to facilitate interpretation and analysis of observed dam
behaviour, as a complement to visual inspections and numerical models.

Data-based or data-driven models aim to predict the values of specific quantities, e.g., displacements or
natural frequencies, etc., based on the analysis of temporal series from dam behaviour monitoring, including
external variables (reservoir level, air temperature, etc.) or internal variables (temperature in the dam body,
displacements, stresses, etc.). These models have the advantage of not being based on physical laws or
calculation hypotheses, which can be beneficial for interpreting dam behaviour and for analysing certain
phenomena that are not so easily incorporated in numerical models (ICOLD, 2018). Nevertheless, their use
requires a great amount of data to be available, and, in general, cannot be applied to non-stationary data.
The main limitation of these methods is their inability to generate accurate predictions beyond the variation
range of available data (Salazar et al., 2017). Data-based models used for analysing dam monitoring data
can be statistical models and machine learning models.

The most popular statistical data-based approach is based on the hydrostatic-seasonal-time (HST) models,
developed to interpret and predict displacements from static monitoring of concrete dams. These models
consider that the dam response is a linear combination of the reversible effects of the hydrostatic pressure
and of air temperature and of the irreversible effects due to the evolution of the dam response over time.
The earlier versions of the HST models were presented by (Rocha et al., 1958) in LNEC, where it is also
known as quantitative interpretation or effects separation model, and by (Willm & Beaujoint, 1967), which
differed in the way of simulating the temperature effect. Over time, several variations were developed,
considering new formulas for the effects of time, water level, and temperature (Chouinard & Roy, 2006;
Mata et al., 2013, 2014). The HST models can also be applied to analyse strains, in order to determine
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stresses (S. Oliveira, 2000), water flow and uplift pressures (Simon et al., 2013), joint/crack openings (Yu
et al., 2010). Recently, hybrid HSCT-FEM models, including the separation of the creep structural effects,
have also been used to analyse displacement histories (M. Rodrigues et al., 2019, 2020). For dynamic
behaviour analysis, HST models can even be applied to investigate the evolution of natural frequencies
over time, extracted from continuous vibrations monitoring data (Mendes, 2010).

In recent years, there has been a tendency to invest in machine learning models for interpretation and
analysis of dam behaviour, since they are more appropriate for modelling more complex and non-linear
phenomena, thus being a possible future alternative to classic models (ICOLD, 2018). The aim is to build
data-based predictive models that rely exclusively on data and on their ability to match patterns (Salazar et
al., 2017). Machine learning models have been used in several applications for dam monitoring (Kao &
Loh, 2013; Mata et al., 2013; Simon et al., 2013), and the vast majority is based on Neural Networks
(Bishop, 1995; Mitchell, 1997).

ABOUT THE USE OF MODELS FOR DAM SAFETY

Regarding the structural safety control, the types of models described in this section can be used, as referred,
with different purposes in different phases of the lifetime of dams.

In the design phase, only numerical models and physical models can be applied, namely to analyse current
scenarios, for safety assessment under load combinations involving static loads and lower-intensity
earthquakes, and to evaluate failure scenarios, including the concrete strength decrease scenario, seismic
response analysis under strong earthquakes, and dam foundation failure. Additionally, numerical models
can also be employed in special studies for predicting the response of dams during the construction phase
and during the first filling of the reservoir.

During the operation phase, numerical models are of great value: (i) to control structural integrity by
providing reference values or by simulating processes of dam ageing and evolutive deterioration, to be
compared with experimental data and/or results obtained using modal identification models (used to
estimate the main modal parameters) or data-based models (e.g. effects separation models); and (ii) for
monitoring seismic response, by comparing computed accelerations with reference models and recorded
accelerations. Furthermore, additional studies might be necessary for re-assessment of structural safety
conditions for both current and failure scenarios of dams, using more advanced numerical models and
possibly physical models.

In this thesis, the main concerns are the structural safety control of large concrete dams during their
operation phase, in normal operating conditions and under seismic events, and the seismic safety assessment
under strong earthquakes. Consequently, aiming to ensure the best safety conditions for both new and older
large concrete dams in operation, it is important to continue investing in the development of new
methodologies and suitable computational tools for analysing their dynamic behaviour, with emphasis on
the development of advanced finite element numerical models for simulating the response of dam-reservoir-
foundation systems and of software to complement the SSHM systems installed in large concrete dams.
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2.4  SEISMIC SAFETY

Currently, the long-term safety of dams is associated with an integral safety concept, which comprises
structural safety, monitoring, operational safety and maintenance, and emergency planning (Wieland,
2016). As such, in addition to the structural safety control in normal operating conditions, the seismic safety
of large concrete dams must be ensured, namely by monitoring their seismic response under low, medium,
or high intensity earthquakes, using suitable measuring devices, and by evaluating their seismic
performance for current or failure scenarios, using appropriate ground motion parameters obtained in
seismic hazard studies, reliable methods for seismic analysis, and advanced numerical models. The
assessment of the seismic safety of dams must be carried out multiple times during their long lifetime.

Large concrete dams were among the first structures to be designed against earthquakes considering specific
seismic design criteria (Wieland, 2008). This practice began in the 1930s with the seismic analysis method
developed by Westergaard (1933) for studying the behaviour of Hoover arch-gravity dam: this was a simple
pseudo-static analysis method, considering both the inertia forces of the dam body in the upstream-
downstream direction and the hydrodynamic pressures in the reservoir acting on the upstream face of the
dam, but ignoring the dynamic properties of the dam-reservoir system. This method found worldwide
acceptance among engineers and designers of concrete dams, and it was widely used for many decades. In
addition, it was common practice to consider a seismic coefficient of 0.1 (equivalent to a horizontal ground
acceleration of 0.1 g) for seismic response analysis, almost irrespective of the seismic hazard at the dam
site (in most cases this was unknown; slightly higher values were considered in exceptional cases, e.g., for
dams in Japan or Iran).

However, the turning point in the seismic analysis of dams was the 1971 San Fernando earthquake (6.5
magnitude), in California, which caused damages in the San Fernando embankment dams and also in the
Pacoima arch dam (Fig. 2.25), where a section of the upper left abutment (thrust block) slightly moved
away from the dam, resulting in an opening of almost 1 cm in the contraction joint and in the formation of
a crack in that block. The epicentre of the San Fernando earthquake was at about 8 km to the north of
Pacoima dam. Peak ground accelerations of 1.25g (horizontal) and of 0.7g (vertical) were recorded with an
accelerometer located at the top of the left bank, about 15 m above the crest level (Alves, 2004; Hall, 1998).

After that, it was recognised that the methods used until then were not reliable for seismic safety assessment
of large dams and that ground motions larger than the values commonly applied for design could occur, as
mentioned in (Wieland, 2019b). Consequently, along with the advances in computational capacity and the
evolution of available numerical methods, the seismic behaviour of large concrete dams started to be
analysed using more appropriate methods, in particular based on linear-elastic dynamic analyses of dam-
reservoir-foundation system models and considering more rational seismic design and performance criteria
(Chopra, 1976; Fenves & Chopra, 1986).

For example, during the 1970s and 1980s several seismic studies were carried out in LNEC, Portugal, using
not only physical models but also numerical models for several large dams (Cémara, 1989; Pedro, 1977;
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Pedro & Cémara, 1986; Pedro & Pereira, 1979), including for Cabril dam (Fig. 2.26), which showed the
good performance of arch dams under earthquakes.
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Fig. 2.25 Pacoima dam: a) Ground motions recorded above the left abutment during the 1971 San Fernando
earthquake (Hall, 1998) and b) view of the left abutment; thrust block that moved away from the dam (Alves, 2004).
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Fig. 2.26 Finite element analysis of Cabril dam for a strong earthquake. Model of dam-reservoir-foundation system,
seismic input, and peak compressive stresses at the upstream and downstream faces (Pedro, 1999).

The developments in this field led to the publication of ICOLD guidelines on procedures of earthquake
analysis for dams (ICOLD, 1986), comprising linear-elastic dynamic analysis methods that are still used
today, and ICOLD guidelines on the selection of seismic designed criteria for large dams (ICOLD, 1989),
in which different earthquake levels for seismic design and safety assessment were defined, including the
operating basis earthquake (OBE), the maximum design earthquake (MDE), and the maximum credible
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earthquake (MCE). The simplest method was the response spectrum or modal superposition method,
considering an acceleration response spectrum as seismic input. Although efficient, this method only
worked for linear behaviour and proportional damping (Clough & Penzien, 2003; Zienkiewicz et al., 2013).
Due to these limitations and to the evolution in available computational resources, the use of direct time
integration methods (Clough & Penzien, 2003; Zienkiewicz et al., 2013), in which the seismic input is given
in terms of acceleration time histories, was recommended. These methods enable the use of more realistic
damping hypothesis and can solve problems considering either linear or non-linear behaviour.

Nowadays, the guidelines for seismic analysis, safety assessment and design of dams are documented in
the bulletins from the Committee on Seismic Aspects of Dam Design of ICOLD, which address several
topics such as dams on faults and reservoir-triggered seismicity, seismic design concepts and special
features, and seismic criteria and analysis methods (ICOLD, 1998, 2001, 2002, 2011, 2016a). In current
practice, the methods of analysis for seismic safety assessment require seismic inputs in the form of
acceleration time histories, which are essentially models of earthquake ground motion, whose ground
motion parameters must be obtained based on site-specific seismic hazard studies (Wieland, 2019a).
Furthermore, given that structural non-linearities are acceptable to a certain extent according to modern
criteria, time integration methods and advanced models for non-linear response simulations are needed.

Following the conducted work and the advances achieved over time in this field, and aiming to meet the
increasing demands from owners and entities responsible for dam safety, the seismic safety assessment
became a fundamental requirement to ensure the global structural safety of large concrete dams (H. Chen,
2014; Wieland, 2016), and thus the seismic load became one of the most important for the design of some
of the large concrete dams built recently. However, this was not the case for most of the older dams, built
decades ago, since the seismic design criteria were outdated, and the methods of analysis used at the time
were unreliable. Therefore, the need to reassess the seismic safety of existing dams based on current
practices became clear, particularly for those located in high seismicity zones.

For example, a major program started in 1996 in the United States to evaluate the seismic safety of dams,
including Deadwood dam, Hoover dam, Monticello dam and Morrow Point dam (USBR, 1998a, 1998b,
1999, 2002), while in Switzerland, in the early 2000s, the seismic safety reassessment of all 208 large dams
in the country was required based on modern standards, an endeavour that was completed recently (Darbre
et al., 2019). On the other hand, many studies using physical models and advanced numerical models were
conducted over the past two decades in China, one of the regions with the highest seismic activity in the
world, fostered by the design and construction of many ultra-high concrete dams. From these studies
resulted some proposals of seismic reinforcement, in order to prevent or mitigate phenomena like
unacceptable joint opening and/or high tensions in unwanted zones, including the use of shear-keys in the
contact between adjacent blocks, joint reinforcements, and steel belts or nets (recall Fig. 2.15) where higher
tensions are expected (Lau et al., 1998; R. Wang, 2016; R. Wang et al., 2018; C. Zhang et al., 2000, 2004).
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2.4.1 SEISMIC HAZARD

It has been recognized that the seismic hazard is a multi-hazard, since it may affect large concrete dams in
multiple ways (Wieland, 2010, 2014, 2016). The main hazards are: (i) ground motion, resulting in high
amplitude vibrations in the dam, appurtenant structures or other equipment, and in the rock mass, which
can cause structural damage; (ii) movements in the foundation along major faults or discontinuities in the
footprint of the dam, leading to structural distortions, and in the footprint of the reservoir, inducing water
waves; (iii) mass movements with rock falls in the surrounding area, causing damages to appurtenant
structures such as spillways, bottom outlets, power plants, intake towers, etc. and blocking access roads and
rivers; (iv) mass movements into the reservoir, triggering impulse waves and reservoir level increase which
may result in dam overtopping; (v) site-specific hazards, including ground deformations, settlements due
to liquefaction and densification of soil, seepage, etc.

Besides the 1971 San Fernando earthquake mentioned above, historic examples of important multi-hazard
seismic events are the 7.5 magnitude earthquake that occurred in 1990 in Manijil, Iran, which caused
significant damages on the Sefid Rud dam and rockfalls that blocked access roads (Fig. 2.27), and the 7.6
magnitude Chi-Chi earthquake that happened in 1999 in Taiwan, resulting in the failure of two openings of
the Shih-Kang weir, close to the right bank due to foundation movements along a fault (Fig. 2.28).

Fig. 2.27 Sefid Rud buttress dam, 106 m high, Iran. Damages during the 1990 Manjil Earthquake: a) crack at the top
of the upstream face; b) crack at the kink of a buttress (downstream face); and c) access roads blocked by rockfalls.
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Fig. 2.28 Shih-Kang weir, 25 m high and 352 m long, Taiwan. Failure of two openings, close to the right bank due
to fault movements during the 1999 Chi-Chi earthquake.

Other example of a multi-hazard earthquake is the May 12, 2008, Wenchuan earthquake. This was a
magnitude 8 earthquake that occurred in the Sichuan province in China, the one with the largest hydropower
potential in the country. This was perhaps the most important seismic event in decades and affected more
dams than any other: there were reports of damages in hundreds of dams (Fig. 2.29), power plants (Fig.
2.30), and reservoirs (Wieland, 2010; Wieland & Chen, 2009). Effects of the earthquake included high
intensity and long duration ground shaking, a large number of rockfalls and landslides, overtopping of run-
of-river power plants, and failure of hydromechanical equipment. The duration of strong ground shaking
was between 90 to 120 seconds, and the maximum recorded peak ground accelerations were of 9.58 m/s?
in the horizontal direction and of 9.48 m/s? in the vertical direction.

The main seismic hazard usually addressed in codes and regulations for seismic design and structural safety
assessment of large concrete dams is the earthquake ground motion, given that strong ground motions can
induce high amplitude vibrations in the dam body and thus cause important structural effects such as
deformations, joint movements, high tensile and compressive stresses that result in concrete damage, etc.
Therefore, the ground motion must be properly considered in the assessment of the structural safety of dams
for both current and failure scenarios, along with general performance criteria for the dam body, appurtenant
structures, and safety-relevant equipment. However, it is worth reminding that the remaining hazards must
not be overlooked since they might be critical for the safety of dams and appurtenant works, which must
be able to resist the multiple effects of high intensity earthquakes. As such, essential information is required
by dam engineers from seismologists and geologists on ground motion, movements in the footprint of a
dam, and critical slopes in the dam and reservoir region.
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Fig. 2.29 Zipingpu concrete face rockfill dam, 156 m high, China. Consequences of the 2008 Wenchuan earthquake:
a) damaged structure on top of the intake tower; b) damage along vertical joints on the concrete upstream face; c)
damage on the downstream face and gap between the stone masonry and the crest; and d) crack at the crest.

Fig. 2.30 Shapai RCC arch dam, 132 m high, China. Consequences of the 2008 Wenchuan earthquake: effects of
rockfalls on the powerplant and damage equipment inside the powerhouse.
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The ground motion parameters can be determined in seismic hazard analysis on the dam site based on
deterministic and/or probabilistic methods (ICOLD, 2016a; Wieland, 2019a). In the deterministic approach,
the ground motion is estimated for earthquakes corresponding to the worst-case scenarios based on
attenuation models, taking into account existing critical faults in the dam and reservoir region, the definition
of the maximum magnitude and distance, and the corresponding earthquake mechanism. The scenario
resulting in the most severe ground motion at the dam site is selected. As for the probabilistic analysis, the
ground motion parameters are defined in terms of return periods, which are associated with specific
probabilities of occurrence. Thus, the ground motion parameters can be obtained for various design
earthquakes characterized by different return periods.

2.4.2 SEISMIC DESIGN AND PERFORMANCE CRITERIA

According to the ICOLD guidelines on the selection of seismic parameters for large dams (ICOLD, 2016a),
there are two main levels to be considered for the seismic design and safety assessment of a large dam
project: the Operating Basis Earthquake (OBE) and the Safety Evaluation Earthquake (SEE).

The OBE is the earthquake that may be expected to occur during the dam lifetime, under which significant
damage or loss of service must not occur. The OBE is associated with a minimum return period of 145
years, and it has a probability of occurrence of about 50% during a service life of 100 years. The ground
motion parameters are estimated based on probabilistic methods and the mean values must be taken.

The SEE corresponds to the earthquake a dam must be able to resist without uncontrolled release of the
reservoir, although damage can occur. This is the governing earthquake event for seismic design and safety
assessment of the dam and safety-relevant components, which must be functioning after the SEE. The
ground motion parameters of the SEE can be estimated based on deterministic or probabilistic seismic
hazard analysis: therefore, the SEE can be taken as the Maximum Credible Earthquake (MCE) or the
Maximum Design Earthquake (MDE). The MCE is the seismic event that causes the largest ground motion
expected at the dam site, considering seismic history and the seismotectonic setup in the dam region
(deterministic analysis), while the MDE is the earthquake associated with the return period of 10 000 years
for large dams (although shorter return periods can be prescribed for damages with less damage potential),
using the mean values of the ground motion parameters (probabilistic analysis). In case both analyses are
available, the most unfavourable ground motion parameters must be taken; however, if a realistic
assessment of the MCE cannot be made, then the SEE should be at least assumed as the MDE.

In this scope, it is also worth mentioning the Design Basis Earthquake (DBE), which is used in many
countries as a design earthquake for the appurtenant structures (return period of 475 years), and the
Construction Earthquake (CE), to be used for the design of temporary structures such as coffer dams,
considering the duration of their service life. For some dams, another earthquake load can be defined the
scenario of reservoir-triggered seismicity (RTS), which has been observed? in over 100 reservoirs with

2 The first and most important case of reservoir-triggered seismicity was the 6.1 magnitude earthquake that occurred after the
reservoir filling of the Xinfengjiang dam, in China (L. Chen & Talwani, 1998).
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water depths of over 100 m (ICOLD, 2011): the Reservoir-Triggered Earthquake (RTE) represents the
maximum ground motion capable of being triggered at the dam site by the filling, drawdown, or the
presence of the reservoir. If this phenomenon is possible or expected for a large dam, then the OBE and
DBE ground motion parameters ought to cover those from RTS scenarios.

The different design earthquakes, obtained based on either deterministic or probabilistic methods as
described above, are characterized by the ground motion parameters, which include the peak ground
acceleration and the acceleration response spectra of horizontal and vertical earthquake components, as
well as the corresponding spectrum-matched artificially generated acceleration time histories.

With respect to the seismic performance of dams, general performance criteria for the dam body and safety-
relevant components and equipment, which include bottom outlets, spillways, gates, hydraulic systems,
control panels, power supply, etc., are provided in the ICOLD guidelines (ICOLD, 2016a) and duly
explained in (Wieland, 2014, 2016, 2019b).

Regarding the OBE, no structural damage that affects the operation of the dam is acceptable, including
cracks, deformations, leakage, etc. Thus, only minor repairable damage that does not cause loss of service
is permitted. Furthermore, safety-relevant components and equipment must remain undamaged and be fully
operable during and after the earthquake.

As for the SEE, structural damage is considered acceptable, provided that the stability of the dam is ensured
and its structural integrity is not compromised, and that the uncontrolled release of water from the reservoir
does not occur, in order to avoid flooding in the downstream region. Moreover, minor damage is acceptable
in the safety-relevant components and equipment, as long as they can continue functioning properly during
and after the earthquake. After the SEE, the reservoir level must be controlled, and it must be possible to
lower the reservoir for repairing eventual damages and/or to increase dam safety.

The seismic performance criteria for the OBE can be verified based on linear-elastic dynamic analysis, by
analysing stresses and deformations, and on rigid body sliding and overturning stability analysis, by
evaluating stability safety factors.

The assessment of the performance criteria under the SEE for the dam body require non-linear dynamic
analyses to be carried out, using time domain methods and seismic inputs in the form of accelerations time
histories, as already mentioned. For concrete gravity dams and buttress dams, the main seismic failure
modes due to earthquake ground motion include global sliding of dam or of blocks along discontinuities in
the foundation or along the dam-foundation surface (downstream direction), and local sliding stability of
concrete blocks near the dam crest along lift joints (downstream direction). For concrete arch dams, the
main failure modes under seismic ground motion are the crushing of concrete in key areas under high
compressive arch stresses, leading to the loss of bearing capacity in the arch direction, and the local sliding
or overturning stability of blocks at the crest, due to movements in the upstream direction (larger
movements occur for lower reservoir levels than for full reservoirs). Therefore, the main results needed
may include inelastic deformations, stresses, and tensile and compressive damage after the earthquake.
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2.4.3 MODELS AND METHODS FOR SEISMIC ANALYSIS OF DAMS

The study of the seismic behaviour of large concrete dams and the evaluation of their seismic capacity
continue to represent some of the most significant challenges in dam engineering, aiming at reliable seismic
design and safety assessment. Extensive scientific research activities have been conducted in this field, and
nowadays it is recognised the importance of the definition of the seismic input for time history analyses
(Houqun, 2020; Wieland, 2019a), of developing advanced numerical models for simulating the dynamic
behaviour of dam-reservoir-foundation systems (H. Chen, 2014; Chopra, 2012), and of using suitable
methods for seismic performance evaluation (Furgani et al., 2019). Nevertheless, it is relevant to note that
uncertainties are inherent to all steps of this process, thus requiring sensitive engineering judgement and
results analysis.

The best way to define the earthquake ground motion for seismic design and safety assessment is by means
of acceleration time histories (Fig. 2.31), particularly since these are required as seismic input for non-linear
dynamic analyses. The earthquake ground motion should preferably be represented by real accelerograms,
recorded for site conditions similar to those of the dam to be analysed (Bommer & Acevedo, 2004).
However, currently available records of strong earthquakes are not enough to cover the range of possible
conditions, and thus artificial accelerations time histories have to be supplemented (ICOLD, 2016a).

Proper acceleration time histories can be generated from response spectra (Clough & Penzien, 2003), taking
into account specific features regarding their horizontal and vertical components and duration. Several
methods have been developed for generating seismic acceleration time histories, including the classic
stochastic stationary procedure implemented in the computer program SIMQKE (Gasparini & Vanmarcke,
1976b, 1976a), widely used by engineers, or the so-called stochastic method developed by (Boore, 2003).
In this scope, it is also worth highlighting the stochastic fault rupture and seismic wave propagation model
developed by (A. Carvalho, 2007) in LNEC, which generates non-stationary accelerograms, as well as the
endurance time excitation functions, corresponding to intensifying acceleration time histories, first
developed by (Estekanchi et al., 2004) for Endurance Time Analysis (ETA).

Naturally, the generated accelerograms used in seismic design and safety assessment may be quite different
from the acceleration records of real earthquakes since they are simplified models of the seismic load.
However, considering appropriate methods of analysis, the use of these artificial acceleration time histories
as seismic input in advanced numerical models of dam-reservoir-foundation systems will lead to a safe
design or to a proper safety assessment, which is essentially the main goal (Wieland, 2014, 2019a).
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Fig. 2.31 Seismic acceleration time histories: a) real accelerogram (N21°E component) recorded in 1952 during the
magnitude 7.3 Taft earthquake, in California (Clough & Penzien, 2003); b) design spectrum compatible generated
acceleration time history (Clough & Penzien, 2003); c) intensifying dynamic excitation produced based on an
endurance time excitation function (Estekanchi et al., 2004).

The evaluation of the seismic performance of dams for seismic design and safety assessment requires the
use of advanced models for dynamic analysis of three-dimensional dam-reservoir-foundation systems,
since large concrete dams are complex structures, whose dynamic behaviour is strongly influenced by the
interaction between all parts of the dam-reservoir-foundation system (Cémara, 1989; Pedro & Camara,
1986). Therefore, critical factors to be considered include dam-water interaction, the pressure waves
propagation in the reservoir domain, the dam-foundation interaction, the behaviour of the rock mass, and
the damping mechanisms, including viscous damping in the dam and radiation damping in the reservoir
and foundation. These factors can have a significant influence in the overall seismic behaviour of the dam-
reservoir-foundation system, and thus in the structural response of the dam (H. Chen, 2014; Chopra, 2012).

Additionally, for non-linear dynamic analysis under strong earthquake ground motion, it is fundamental to
properly account for the non-linearities associated with opening/closing and sliding movements of
contraction joints or other discontinuities, as well as the behaviour of concrete up to failure under tension
and compression, which can lead to concrete cracking or crushing, using appropriate constitutive models
and accurate material properties.
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Significant research in this field led to the development of various formulations and models for seismic
analysis of dam-reservoir-foundation systems (see the state-of-the-art review of Chapter 3). In current
practice, there are several programs based on the FEM used for linear and non-linear seismic analysis of
concrete dams (Fig. 2.32), namely EACD-3D (J.-T. Wang & Chopra, 2008), ANSY'S (ANSYS Inc., 2020),
ABAQUS (Dassault Systémes Simulia Corp., 2020), ADINA (ADINA R & D Inc., 2020), DIANA
(DIANA FEA BV., 2020), and the open-source software Code_Aster (http://www.code-aster.org). In
LNEC, the DEM-based program 3DEC (ltasca Consulting Group Inc., 2020) is commonly used. In this
work, new mathematical formulations are developed for linear and non-linear seismic analysis, considering
joint movements and concrete damage under tension and compression (see Chapter 3).

a) 3D finite element model of Pacoima dam b) Non-linear seismic response
Left thrust block
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Location of Channel 8

Joint opening (mm)
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Fig. 2.32 Non-linear seismic analysis of Pacoima dam (J.-T. Wang et al., 2013): a) finite element model of the dam-
reservoir-foundation system used in ABAQUS and b) non-linear results of joint opening (upstream face) and
damage distribution (downstream face) under the 1994 Northridge earthquake.

Following the developments in this field, the methods used today for analysing the seismic response of
large concrete dams are based on time domain procedures, using acceleration time histories as inputs. Thus,
the performance of the dam under strong earthquakes can be analysed considering the structural non-
linearities, which are acceptable according to modern criteria, unlike in traditional pseudo-static analysis
or in linear dynamic analysis. Nevertheless, the seismic capacity evaluation must be conducted based on
sensitive engineering judgement, in order to meet the general requirements and performance criteria

provided in the guidelines of ICOLD and in the regulations of countries.
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The seismic design and safety assessment of large concrete dams is usually conducted by performing
multiple time history seismic analyses, using appropriate acceleration time histories to analyse both current
and failure scenarios. Ideally, the acceleration time histories are obtained based on the design ground
motion parameters from specific seismic hazard analysis for the dam site, for both the OBE and the SEE,
and the seismic response is calculated for the intended scenarios, using several generated accelerograms
(with distinct frequency content). Otherwise, the seismic calculations can be carried out according to the
principals of Incremental Dynamic Analysis (Vamvatsikos & Cornell, 2002), using one or more generated
accelerograms from appropriate response spectra, which are then scaled to obtain seismic actions with
various peak ground accelerations, corresponding to weaker or stronger ground motions.

These are more classical approaches, which allow to achieve valuable results and to draw assertive
conclusions on the seismic capacity of dams, for example as done in LNEC for seismic safety assessment
of Ribeiradio dam (S. Oliveira, Silvestre, & Céamara, 2014) and Cahora Bassa dam (LNEC, 2009).
However, the need to conduct multiple calculations for different excitation levels and to analyse different
scenarios will result in longer calculation times, particularly if non-linear analyses are carried out.

Alternatively, the seismic performance of dams can be evaluated based on the Endurance Time Analysis
(ETA) method. This a seismic analysis pushover procedure used to estimate the seismic response of the
dam under a pre-designed intensifying seismic load (Estekanchi et al., 2004; Mashayekhi, Estekanchi, &
Vafai, 2019; Mashayekhi, Estekanchi, Vafai, et al., 2019; Nozari & Estekanchi, 2011), which ideally should
increase linearly with time. The aim is to subject the dam to earthquake ground motion from a low excitation
level, with structural behaviour within the linear domain, to a medium excitation level, where significant
structural non-linearities start to occur, and finally to a high excitation level, ultimately causing dam failure.
The evolution in the dam structural response can be analysed in a single time history analysis, by analysing
the results in multiple time steps along the process. Essentially, based on this procedure, the endurance limit
is determined as the duration the structure can endure under the intensifying seismic action.

Not only does this approach enables to achieve a good assessment of the seismic capacity of concrete dams,
as shown in various studies (Hariri-Ardebili et al., 2014; Hariri-Ardebili & Mirzabozorg, 2014; Meghella
& Furgani, 2014; Valamanesh et al., 2011), but it is also highly efficient when compared to the traditional
approach, thus significantly reducing the computational demands.

Finally, it is important to mention experimental seismic studies, carried out using physical models on
shaking tables, which, although expensive and somewhat impractical when compared to numerical
analyses, make it possible to obtain valuable experimental data for various purposes, namely to support
seismic design and safety assessment, to investigate possible solutions of seismic reinforcement, and to
provide results for validating and calibrating numerical models (Gomes, 2010; Ros¢a, 2008; R. Wang,
2016; R. Wang et al., 2018; Zhou et al., 2000).

In this work, a methodology for seismic safety assessment of large arch dams is proposed (Fig. 2.33), using
the Endurance Time method and considering appropriate performance criteria. Essentially, the seismic
response is calculated under a pre-designed intensifying seismic action, and the dam performance is
evaluated based on the evolution of tensile and compressive damage. The goal is to determine the endurance
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limits that correspond to the duration of the seismic action (and the respective acceleration level) that the
dam can withstand without presenting unacceptable levels of damage.

The adopted performance criterion is related to the amount of damage at the upstream and downstream
faces of the dam, and particularly along the thickness of the main cantilevers: basically, the occurrence of
significant volumes in which concrete failure propagates across the entire thickness of the cantilevers is
considered as unacceptable. Regarding tensile damage, associated here with the OBE, this situation could
compromise the structural integrity of the dam, and thus require the interruption of normal operating
conditions for repairs. In terms of compressive damage, which is associated with the SEE, such a scenario
could originate concrete crushing and ultimately result in collapse and in an uncontrolled release of water
from the reservoir. This approach was considered in order to meet the requirements defined for large dams
under the OBE and the SEE in the current seismic design and safety guidelines (Wieland, 2016).

This method is illustrated in Fig. 2.33. The performance endurance limits are determined as the peak ground
acceleration values from which dam performance becomes unacceptable, namely: aq*, the acceleration
value from which tensile failure starts occurs in extensive areas, and aq, the peak acceleration that causes
concrete crushing under compression in key parts of the dam body. In summary, the seismic safety of the
dam is ensured under the OBE, if aoge < a4", and under the SEE, provided that asee < aq'.
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Fig. 2.33 Schematic representation of the proposed methodology for seismic safety evaluation of large concrete
dams, using the Endurance Time method and considering the evaluation of tensile and compressive damages.
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2.4.4 ON SEISMIC RECORDS

The seismic behaviour monitoring of large concrete dams under low, medium, or high intensity earthquakes
(Fig. 2.34), by means of trigger-event seismic monitoring systems or continuous dynamic monitoring
systems, can be very useful to gather acceleration records for characterizing earthquake ground motion and,
if there is available equipment, the spatial variation along the dam base and the free-field, as well as for
evaluating the seismic response, based on acceleration time histories measured in several points of the dam
body. Furthermore, the combined use of measured accelerations and of results from reference numerical
models can provide valuable data, not only to check if the performance of the dam is according to what was
expected, but also to calibrate and update numerical models of the dam-reservoir-foundation system,
enabling to investigate fundamental aspects regarding numerical modelling such as dam-water interaction,
seismic input modelling, and damping. Examples of studies based on measured and computed accelerations
on large concrete dams can be found in are referred in section 2.5.1

Mauvoisin dam, Switzerland Pacoima dam, United States
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Fig. 2.34 Measured accelerations on large concrete dams during earthquakes (Chopra & Wang, 2012): a) records in
Mauvoisin dam (upstream-downstream direction), during the magnitude 4.6 Valpelline earthquake of March 31,
1996; and b) records in Pacoima dam (upstream-downstream or radial direction), during the magnitude 4.3
earthquake of January 13, 2001.

Although the popularity of automatic dynamic monitoring systems has been increasing and the required
equipment is becoming not only more advanced but also more affordable, considerable challenges continue
to arise in this field, since the development and installation of monitoring systems requires time and specific
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expertise, and the proper analysis of acceleration records needs knowledge and specific processing tools.
For these reasons, available seismic records on large concrete dams throughout the world continue to be
insufficient today, specially under strong earthquakes, thus making it important to continue investing in
trigger-event or continuous dynamic monitoring systems, hopefully to obtain more records of seismic
accelerations, as well as in methodologies and tools for processing and analysing seismic data.

Furthermore, it can of great value for the dam engineering community to develop international platforms
for sharing data of seismic records on dams all over the world. This is the case of DamQuake, a project
presented in (Robbe & Humbert, 2019), with the goal of building “an international database of dam
response records under seismic loading”, which would allow users to evaluate measured data, carry out
quick analyses on selected records, and compare them with records obtained for other structures, aiming to
increase knowledge on the complex seismic response of dams.

2.5 MODELLING AND MONITORING THE DYNAMIC BEHAVIOUR OF CONCRETE DAMS

As mentioned previously, it is essential to evaluate the performance of large concrete dams in normal
operating conditions, to control structural health over time, and under earthquake ground motion, by
monitoring seismic response and performing seismic behaviour prediction analyses for current and failure
scenarios, ultimately aiming to ensure structural safety and optimal operation conditions. Therefore, both
modelling and monitoring the dynamic behaviour of large concrete dams are very important to deepen
knowledge on dam behaviour for different scenarios, to support and improve the design of new dams, and
also to provide useful data for developing better monitoring systems and for updating existing numerical
models or helping the development of new ones, ultimately working towards to increase dam safety.

However, the current state-of-knowledge of dam engineering was only possible due to the significant
research activities and the numerous studies and research projects developed for many decades in these two
fields. As such, a brief historical overview is provided, along with mention to important advances and
references to studies of interest in modelling the dynamic behaviour of dam-reservoir-foundation systems,
as well as to cases of seismic records, dynamic vibration tests, and dynamic monitoring systems for large
concrete dams.

2.5.1 MODELLING THE DYNAMIC BEHAVIOUR OF DAM-RESERVOIR-FOUNDATION SYSTEMS

Modelling the dynamic behaviour of dam-reservoir-foundation systems, particularly under seismic loads,
has been for many decades one of the most important subjects in dam engineering, posing significant
challenges for structural engineers and researchers in this field. The most used behaviour prediction models
are finite element numerical models, although mention should be made to reduced scale physical models.

The study of the dynamic behaviour of concrete dams began in the first half of the 20" century, a time when
the first large concrete dams were built, by performing behaviour analysis using simplified mathematical
models and tests on physical models.
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During this period, many theoretical studies were performed for supporting design and safety verification
of dams using mathematical models based on considerable simplifying hypotheses, which are reviewed in
detail in (Serafim, 1958). Among others, it is worth mentioning the research conducted by Westergaard,
including a paper on arch dam analysis by the traditional method of trial loads (Westergaard, 1931) and
especially his pioneer work dedicated to water pressures on dams during earthquakes (Westergaard, 1933),
where he proposed the pseudo-static method for seismic analysis of dam-reservoir systems and a solution
to calculate the hydrodynamic pressure on gravity dams with vertical upstream faces (Fig. 2.35). The
pseudo-static method was used during several decades for seismic design of dams (as mentioned in 2.4),
while the solution for calculating hydrodynamic pressures is still used to this day to simulate the reservoir
hydrodynamic behaviour in the classic added water mass models (see 3.2 for further details).
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Fig. 2.35 Water pressure distribution on a gravity dam. Exact solution proposed by (Westergaard, 1933).

On the other hand, physical models started to be developed and used for analysing the behaviour and
supporting the design of concrete dams in the 1920s, namely with an experimental study on the concrete
arch Stevenson Creek Test dam (COADI, 1922; Westergaard, 1928). Over the next two decades,
experimental studies were performed in the United States, namely for the iconic Hoover dam (USBR,
1930), as well as in France (Anclair, 1936) and in Italy (Oberti, 1946). In Portugal, the first test with a
physical dam model was performed in LNEC to study the Santa Luzia arch dam (Rocha & Serafim, 1948).

Computation capabilities were still quite limited in the 1950s/60s/70s, and due to the evolution of model
construction techniques and testing methodologies, experimental tests and physical models became quite
popular in dam engineering. Of note is the contribute given by LNEC in this field, where physical models
were used to analyse current scenarios, e.g. response under the hydrostatic pressure (Fialho, 1955) and self-
weight loads (Serafim & Costa, 1961), and failure scenarios, including the concrete strength decrease
(Rocha & Serafim, 1958) and the seismic load increase (Borges et al., 1963; J. Pereira & Ravara, 1973).
Furthermore, a research program carried out at the University of California, in Berkeley, succeeded in
developing and testing reduced scale models in shaking tables, namely to investigate the non-linear
behaviour of a monolith of Koyna dam and of a jointed arch section (Niwa & Clough, 1980, 1982), which
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provided valuable insight on the non-linear response of concrete dams. Relevant experimental tests on
reduced scale models were also carried out worldwide, namely in China, Japan, and Italy (Hall, 1988).

Around this time, important experimental studies were also conducted based on electric analogue
procedures in order to investigate the hydrodynamic pressures on concrete dams during earthquakes, first
on gravity dams (Zangar, 1952) and later on arch dams (Zienkiewicz & Nath, 1963).

Nevertheless, numerical methods started to be used in the early 1950s, and the first references to the
application of the FEM are made in the scope of research conducted for development of the United States
aerospace industry, as described in (Clough, 1991; Clough & Wilson, 1999). Among the first applications
of the FEM in Civil Engineering is dam behaviour modelling in the 1960s, including initial studies for
gravity dams (Clough, 1962; Clough & Wilson, 1962) and then for arch dams (Pedro, 1967). In parallel
with the appearance of the first computers, the FEM underwent significant developments (Zienkiewicz &
Cheung, 1967) and it started being applied for vibration analysis (Zienkiewicz, 1967; Zienkiewicz et al.,
1965) and later to solve fluid-structure coupled problems (Belytschko, 1977, 1980; Daniel, 1980; Olson &
Bathe, 1983; Zienkiewicz & Bettess, 1978; Zienkiewicz & Taylor, 1985).

Following the important advances in computer technology and the development of more advanced
numerical models that took place especially from the 1980s onwards, physical models became less and less
used considering that their construction and testing was neither practical nor economical. Therefore,
significant research on numerical modelling the dynamic behaviour o dam-reservoir-foundation-systems
was carried out.

For example, Chopra and colleagues such as Tan, Fok, Fenves and Hall carried out several studies on the
dynamic behaviour of gravity or arch dam-reservoir-foundation systems (Fig. 2.36), particularly under
seismic loads, with significant contributions regarding the influence of water compressibility,
hydrodynamic and foundation interaction effects, and reservoir bottom absorption on the structural seismic
response (Chakrabarti & Chopra, 1973; Chopra & Chakrabarti, 1981; Chopra & Tan, 1992; Fenves &
Chopra, 1983; Fok & Chopra, 1986b, 1986a, 1987; Tan & Chopra, 1995a, 1995b, 1996). As a result of
these works, the first version of the EACD-3D program was developed (Fok et al., 1986).
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Fig. 2.36 Dam-reservoir-foundation system: arch dam, fluid, and foundation substructures (Tan & Chopra, 1995b).
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With respect to the non-linear seismic behaviour of concrete dams (Fig. 2.37), important advances were
made in the late 1980s, during the 1990s, and in the first years of the 21% century, and valuable research
was conducted considering the non-linear behaviour of joints, in order to investigate the influence in the
dam structural response (Clough, 1980; Fenves et al., 1992; Hall, 1998; Lau et al., 1998; C. Zhang et al.,
2000), as well as the behaviour of concrete up to failure, aiming to predict the occurrence of damage under
strong earthquakes (Cervera et al., 1995; El-Aidi & Hall, 1989a, 1989b; Espandar & Lotfi, 2003; Faria,
1994; Faria et al., 1998; Valliappan et al., 1999; Vargas-Loli & Fenves, 1989).

a) Big Tujunga dam, California b) Talvacchia dam, Italy
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Fig. 2.37 Non-linear seismic analysis of arch dams: a) Big Tujunga dam, influence of joint movements on the
maximum arch stresses (Fenves et al., 1992); b) Talvacchia dam, damages on upstream and downstream faces for
different excitation level (Cervera et al., 1995).

In Portugal, the FEM was first introduced by (Pedro, 1967) for analysing the behaviour of dams in LNEC.
Following this breakthrough, significant research was carried out for dynamic behaviour modelling of dam-
reservoir-foundation systems, with focus on modal analysis and seismic response analysis of Portuguese
and foreign large concrete dams (Camara, 1989; Pedro, 1977; Pedro et al., 1996; Pedro & Camara, 1986;
Pedro & Pereira, 1979; Pina, 1988; Serafim & Oliveira, 1987). It is also worth mentioning the use of the
DEM in LNEC, initially applied for studying dam foundations (Lemos, 1987, 1999) and latter implemented
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for arch dam analysis (Lemos, 1998) as a new module for the program 3DEC. Furthermore, the FEM was
used for analysing the behaviour of both gravity and arch dams in (Delgado, 1984; Faria, 1994).

Over the last two decades there was a considerable evolution in terms of computer technology, particularly
in terms of processing speed and storage memory. This progress, in addition to the accumulated knowledge
from decades of considerable research, enabled the development of increasingly advanced models and of
more refined meshes for simulating and analysing the behaviour of dam-reservoir-foundation systems.

As such, there have been many research studies of interest regarding the dynamic behaviour of gravity and
arch dam-reservoir-foundation systems, with emphasis on the structural response under seismic loads,
carried out by researchers and dam engineers all over the world. In this context, it is worth referring those
concerned on investigating crucial numerical modelling aspects of dam-reservoir-foundation systems and
their influence on the modal parameters and on the seismic response (Fig. 2.38), including the coupled dam-
reservoir interaction and other hydrodynamic effects (Bouaanani & Lu, 2009; Bouaanani & Renaud, 2014;
Gogoi & Maity, 2010; Goldgruber et al., 2013; Kigukarslan, 2004; Kugukarslan et al., 2005; Miquel &
Bouaanani, 2010; Sani & Lotfi, 2010), the influence of foundation dynamic behaviour and damping
mechanisms (Arabshahi & Lotfi, 2008; D.-H. Chen et al., 2012; Hariri-Ardebili & Mirzabozorg, 2013;
Lokke & Chopra, 2018; C. Zhang et al., 2009). Other numerical studies have been performed for analysing
the influence of reservoir water level variations (Alegre, Oliveira, et al., 2019; Hariri-Ardebili &
Mirzabozorg, 2011; Sevim et al., 2012), canyon (Maeso et al., 2004) and reservoir geometry (Millan et al.,
2007), and the consideration of the ground motion spatial variation (Alves & Hall, 2006; Chopra & Wang,
2010; Maeso et al., 2002; J.-T. Wang & Chopra, 2010).
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Fig. 2.38 Three-dimensional semi-unbounded dam-reservoir-foundation system: a) dam-reservoir-foundation system
with truncated foundation and fluid domains for modelling using a finite element discretisation; and b) possible
method to obtain free-field earthquake motion (Lokke & Chopra, 2018)
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Significant work has also been conducted based on the comparison between numerical results from finite
element analyses and experimental results from monitoring data, including: (i) studies dedicated to the
analysis of the natural frequencies and modal configurations of dam-reservoir-foundation systems (Fig.
2.39) (Lemos et al., 2008; Mivehchi & Ahmadi, 2004; S. Oliveira et al., 2010, 2012; S. Oliveira, Silvestre,
Espada, et al., 2014), in particular to evaluate the influence of the reservoir water level in the modal
parameters (Alegre, Carvalho, et al., 2019; Alegre, Oliveira, et al., 2020; S. Oliveira & Alegre, 2018; Proulx
et al., 2001; Sevim et al., 2012) or to calibrate and update the numerical models (Calcina et al., 2014;
Garcia-Palacios et al., 2016; Makha & Moyo, 2012); and (ii) studies for seismic response analysis during
real seismic events (Fig. 2.40), not only to investigate fundamental aspects such as the required damping to
fit computed and recorded accelerations (Proulx et al., 2004; Proulx & Darbre, 2008; Robbe, 2017; Robbe
etal., 2017) but also the spatial variation of the ground motion used as input (Alves & Hall, 2006; Chopra
& Wang, 2010; Koufoudi et al., 2018; J.-T. Wang & Chopra, 2010).
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Fig. 2.39 Study on the dynamic behaviour of Emosson dam, Switzerland. Experimental setup, numerical model, and
comparison of natural frequencies (considering water level effects) and mode shapes (Proulx et al., 2001).
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Punt-Dal-Gall dam, Switzerland
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Fig. 2.40 Seismic response of Punt-Dal-Gall dam, Switzerland. Finite element model of the dam-reservoir-
foundation system and comparison between measured and computed accelerations at the crest (Proulx et al., 2004).

Furthermore, taking into consideration the increasing structural safety demands and the relevance of proper
seismic design and safety assessment, more numerical simulations have been carried out for non-linear
seismic analysis of large concrete arch dams under strong earthquakes (Fig. 2.41), namely to analyse the
non-linear joint behaviour and the influence on the dams structural response (Hariri-Ardebili et al., 2014;
Mirzabozorg et al., 2013; J.-T. Wang et al., 2012; C. Zhang et al., 2009), to predict and analyse the
occurrence of concrete failure (Hariri-Ardebili & Mirzabozorg, 2011, 2013, 2014; R. Wang, 2016), as well
as to evaluate both joint and material nonlinearities (Alegre, Oliveira, et al., 2020; Alegre & Oliveira, 2020;
Goldgruber, 2015; Hariri-Ardebili & Mirzabozorg, 2012b; J.-T. Wang et al., 2013).

Finally, although their use has decreased significantly over time in detriment of numerical models,
experimental tests using physical models of dams continued to be performed over the past two decades for
analysing the behaviour of large concrete dams, considering the useful experimental information that can
be provided, as a complement to numerical results (recall Fig. 2.23). Thus, experimental studies of note
include shaking table tests for seismic response analysis under strong earthquakes, namely a test carried out
for the Portuguese Odiéxere arch dam, in LNEC (Gomes, 2010; Rosga, 2008), several studies for the design
of ultra-high arch dams built in China (R. Wang, 2016; R. Wang et al., 2018; Zhou et al., 2000; Zou et al.,
2006), among others (Mridha & Maity, 2014; H. Wang & Li, 2006, 2007), as well as for evaluating the
influence of dam-water interaction (Mendes & Oliveira, 2007) and the influence of water level variations
(Sevim et al., 2012) or of vertical joint movements in the modal parameters of the dam-reservoir-foundation
systems (S. S. Wang et al., 2015).
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Fig. 2.41 Non-linear seismic response of Dez dam (203 m high): maximum principal stresses considering joint
nonlinearity or material nonlinearity, and cracked elements (Hariri-Ardebili & Mirzabozorg, 2012a).

2.5.2  SEISMIC MONITORING OF LARGE CONCRETE DAMS

The monitoring of the dynamic behaviour of large concrete dams is carried out by measuring and analysing
vibrations, aiming to evaluate the dynamic response during seismic events and/or to estimate the main
modal parameters, and it has become a fundamental part of dam safety control. Significant work has been
conducted in this field, not only in what concerns the seismic behaviour monitoring, particularly during
strong seismic events (addressed in the current section), but also regarding the performance of forced and
ambient vibration tests and, more recently, the installation of continuous dynamic monitoring systems
(topics covered in the following sections).

From an early stage, one of the main concerns regarding dynamic behaviour analysis and safety assessment
of dams has been their performance under seismic loads, as referred previously. Therefore, strong motion
devices, or accelerographs, were installed in several large concrete dams throughout the years, enabling the
measurement of acceleration time histories during moderate to strong earthquake ground motion.

One of the first instrumented concrete dams was the 221 m high Hoover arch dam, in the United States,
where three accelerographs were installed in 1937, enabling the recording of several earthquakes over the
years (USCOLD, 1977). The strongest ground motion was of 0.075g, at a free-field site 600 m away from
the dam, and the peak acceleration reached 0.2g at the crest. An iconic case study is the 133 m high Pacoima
arch dam. During the 1971 San Fernando earthquake, of magnitude 6.6, peak ground accelerations of 1.25¢g
(horizontal) and of 0.7g (vertical) were recorded in a device installed at the top of the left bank. These
accelerations gave clear indications on the vibration amplification caused by the topography of the canyon
and ridge (Alves, 2004; Hall, 1998). After that, an array of 17 accelerometers were installed in the dam
body, at the base, and at both abutments (Fig. 2.42). Later, during the 1994 Northridge earthquake of
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magnitude 6.7, peak ground accelerations around 0.5g were recorded at the base of the dam, while extreme
earthquake motion was measured near the crest of the dam, around 2.3g (the largest ever recorded in a large
concrete dam), and at the top of the left bank with the older accelerometer, about 1.6g.

Pacoima dam, California
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Fig. 2.42 Location of the 17 accelerometers installed in Pacoima dam in 1977 (Chopra & Wang, 2010).

In Switzerland, during the 1990s, trigger-event accelerograph arrays were installed on several large
concrete dams, namely in the 285 m high Grande-Dixence gravity dam (285 m high), and in the Mauvoisin
(250 m high), Emosson (180 m high), and Punt-dal-Gall (130 m high) arch dams (Darbre, 1995). The main
goals were to monitor the overall seismic behaviour during seismic events, investigate response patterns,
and establish a set of records for identifying input motions and for providing valuable data to calibrate finite
element models (Darbre, 1995; Proulx & Darbre, 2008). Twelve triaxial accelerographs were installed in
in Mauvoisin dam (Fig. 2.43), seven in Punt-dal-Gall dam, six in Grande-Dixence dam, and four in
Emosson dam. Examples of seismic events that triggered the accelerographs were the 1996 Valpelline
earthquake of magnitude 4.6 in Mauvoisin dam (recall Fig. 2.34), and the 1999 Bormio earthquake of
magnitude 4.9 detected in Punt-dal-Gall dam.

Mauvoisin dam, Switzerland
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Fig. 2.43 Strong-motion array at the Mauvoisin arch dam (Darbre, 1995).
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Other examples of large concrete dams where strong motion devices were installed are described in the
1970s and 1980s are described in (Hall, 1988), including Lower Crystal Springs, Big Dalton, Gibraltar and
Big Tujunga dams, in the United States, Xinfengjian dam in China, Tagokura, Kurobe and Nagawado dams,
in Japan, Koyna dam, in India, and Ambiesta and Talvacchia dams, in Italy.

In Portugal, several trigger-event devices for measuring seismic vibrations have been installed on large
concrete dams (Fig. 2.44), including on the Aguieira multiple-arch dam (89 m high), one of the first
instrumented dams in Portugal in the 1980s, as well as on the Alqueva arch dam (96 m high), the Alto Ceira
Il arch dam (46 m high), and the Ribeiradio arch-gravity dam (83 m high).
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Fig. 2.44 Strong motion devices in Aguieira dam (installed in the 80s) and in Alqueva dam (installed in the late 90s).

Over the past 20 years, there are more examples of strong-motion instrumentation installed in large concrete
dams. For example, in 2000, a seismic monitoring system composed of 10 strong motion recorders was
installed in Enguri dam (GeoSIG, 2009a), a 272 m high arch structure. This dam is located in Georgia, in
the Caucasus, one of the most active seismic regions in the Alpine-Himalayan collision belt. Later, in 2001,
a seismic monitoring setup including six triaxial and six uniaxial accelerographs was implemented in the
240 m high Ertan arch dam, in China (Fig. 2.45). This seismic monitoring system recorded over 20
earthquakes over the years, including the 2008 Wenchuan and PanZhiHua earthquakes (Yang et al., 2017).

With respect to strong motion records on large concrete dams, there are several well-known cases in
literature worth mentioning (USSD, 2014). In Xinfengjian dam, a 105 m high gravity dam in China, during
an aftershock of a reservoir-triggered earthquake of magnitude 6.1 that occurred in 1962, the peak
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acceleration at the crest reached 0.54q. In turn, for the 103 m high Koyna gravity dam, in India, the recorded
peak ground accelerations in the lower gallery reached 0.63g, 0.49g, and 0.34g in the cross-valley,
upstream-downstream, and vertical directions, during the magnitude 6.5 Koyna earthquake in 1967, which
occurred 12 km away from the dam.

Some years later, in 1976, the magnitude 6.5 Gemona-Friuli earthquake caused maximum accelerations of
0.36g in the right abutment of the Ambiesta arch dam (60 m high), in Italy, which was at 22.5 km from the
epicentre. As for Rapel arch dam (112 m high), in Chile, peak free-field accelerations of 0.31g were
recorded near the dam, in the cross-valley direction, during magnitude 7.8 Santiago Earthquake in 1985,
which occurred at 45 km from the dam. More recently, maximum accelerations of 0.21g occurred in this
dam because of the magnitude 8.8 Maul earthquake in 2010, with epicentre at 231 km from the dam site.
During the magnitude 7.6 Chi-Chi earthquake in Taiwan, in 1999, peak ground accelerations around 0.5¢g
were recorded at less than 500 m from Shih Kang gravity dam, while peak crest accelerations reached 0.86g
at the 180 m high Techi arch dam. In China, 2008, the magnitude 8 Wenchuan earthquake caused peak
ground accelerations of 0.5g to 0.6g at the base of the 156 m high concrete faced rockfill Zipingpu dam,
while records at the crest are around 1g, while the magnitude 5.7 PanZhiHua earthquake induced peak
accelerations of 0.08g at the dam base and of around 0.68g at the crest of 240 m high Ertan arch dam (Fig.
2.45), which was at 57 km from the epicentre (Yang et al., 2017).

Ertan dam, China
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Fig. 2.45 Seismic monitoring system installed in Ertan dam, China. Acceleration time histories recorded during the
2008 PanzhiHua earthquake (Yang et al., 2017).
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Some of the most important earthquake motions recorded on large concrete dams have occurred in Japan
in the past 20 years (USSD, 2014). For example, during the magnitude 6.7 Western-Tottori Prefecture
earthquake in 2000, peak accelerations of 0.62g and of 1.16g were measured underground and at the surface
of the Hino Observation Station, located at about 20 m from the 14 m high Uh gravity dam. Furthermore,
at the 46 m high Kasho gravity dam, located at less than 5 km from the epicentre, the peak ground
accelerations at the lower gallery were around 0.54g, which were amplified to a maximum of 2.09¢ at the
crest. Later, in 2007, Noto Hanto earthquake of magnitude 6.7 caused peak seismic vibrations in the
upstream-downstream direction of around 0.2g at the base and of 0.87g at the crest of the 52 m high
Hakkagawa gravity dam, which was at 14 km from the epicentre. More recently, in 2011, the 77 m high
Takou gravity dam, located at more than 110 km from the epicentre, experienced significant earthquake
motion during an aftershock (magnitude 7.1) of the magnitude 9 Tohuku earthquake (the main earthquake
caused a power failure): the peak ground accelerations in the foundation were of 0.29g, 0.38g and 0.27¢g in
the cross-valley, upstream-downstream, and vertical directions, respectively, and the maximum
accelerations at the crest were 2.04g, 1.79g, and 1.33g, in the same directions.

2.5.3 DYNAMIC VIBRATION TESTS ON LARGE CONCRETE DAMS

Dynamic vibration tests consist essentially of field tests conducted for estimating the main modal
parameters (natural frequencies, mode shapes, and damping ratios) from measured vibrations, with the goal
of evaluating the performance of dams under dynamic loads. The analysis of these dynamic properties can
also provide useful insight on the dynamic behaviour of the dam-reservoir-foundation system.

As referred previously, there are two types of field tests: forced vibration tests, in which dams are excited
using eccentric mass vibrations or hydraulic shakers, and ambient vibration tests, where the response of the
dam is measured under dynamic excitations from ambient and/or operational sources, like the wind, traffic,
operation of power groups, etc. The dynamic vibrations are measured in various locations of the dam body
using accelerometers and modal parameters are estimated using modal identification methods.

The first field tests on large concrete dams were forced vibration tests, aiming to provide additional data to
better understand their dynamic behaviour and to calibrate and validate numerical models. A large number
of forced vibration tests were carried out over the years, particularly during the 1970s and 1980s, when
some of the most relevant works in this field were conducted (Hall, 1988).

For example, several studies using data from field tests were carried out on concrete dams in the United
States. On Pine Flat dam, a 131 m high gravity dam, natural frequencies and mode shapes were identified
based on the measurements from various tests throughout the year of 1971 (Rea et al., 1972). Forced
vibration testing was also performed for Pacoima dam after the 1971 San Fernando Earthquake, namely to
calibrate the existing finite element model, as well as to analyse the main modal parameters before and after
repairs on the left abutment (Hall, 1988). As for the case of Morrow Point dam (Fig. 2.46a), a 143 m high
arch structure, measured accelerations and water pressures in 1985 were compared with finite element
results in a pioneer study, not only to investigate the influence of water compressibility, but also to calibrate
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the numerical model (Duron & Hall, 1988). Furthermore, experimental data measured in 1982 and 1986 on
the 93 m high Monticello arch dam (Fig. 2.46b) was used for studying the influence of the reservoir level
and water compressibility effects on the modal parameters (Clough & Ghanaat, 1987; Roehm, 1971).

References and results of other important early forced vibration tests are provided in (Hall, 1988), including
those carried out on the Kurobe and Nagawado arch dams, in Japan, on the Ambieste arch and Talvacchia
gravity-arch dams, in Italy, and on the Techi arch dam, in Taiwan.

a) Morrow Point dam, Colorado b) Monticello dam, California

Fig. 2.46 Forced vibration tests on Morrow Point dam and on Monticello dam, United States. Upstream elevations
and locations of devices used to measure accelerations (A) and dynamic pressures (P).

Forced vibration tests were also performed out for two Chinese dams in 1982, in the scope of a research
program that aimed to investigate the effects of reservoir and foundation interaction on the dynamic
behaviour of arch dams and to update the existing finite element models. The studied dams were Xiang
Hong Dian dam, a 87.5 m high gravity arch structure (Clough, Chang, Houqun, Stephen, Wang, et al.,
1984), and Quan Shui dam (Fig. 2.47), a 80 m high thin double curvature arch dam (Clough, Chang,
Houqun, Stephen, Ghanaat, et al., 1984).
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Quan Shui dam, China
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Fig. 2.47 Forced vibration test on Quan Shui dam. Upstream view showing the positions of the shaker and of the
recording devices.

In Europe, forced vibration tests were carried out in 1978 and 1979 on the Wimbleball buttress dam
(50 m high), in England, in order to investigate the effects of rising water level on the identified natural
frequencies (Severn et al., 1980). Forced vibration tests were conducted for the 180 m high Emosson arch
dam in Switzerland, first in 1980, to analyse the modal parameters and calibrate the numerical model
(Deinum et al., 1982), and later in 1997/1998, to analyse the influence of reservoir level variations and to
investigate dam-reservoir-foundation interaction in numerical modelling (Proulx et al., 2001). In 1996, a
well-known set of field tests were conducted for the 46 m high Norsjo dam, in Sweden, where the response
was measured in the form of a 270 point grid, aiming to detect several mode shapes and update a finite
element model based on experimental data (Cantieni et al., 1998).

In Canada, an extensive forced vibration testing project was conducted on Outardes 3 gravity dam, aiming
to evaluate the state-of-the-art numerical methods available at the time for modelling dam-reservoir-
foundation interaction, by comparing experimental results and numerical results obtained with two- and
three- dimensional models (Proulx & Paultre, 1997). More recently, forced vibration tests were carried out
on the 1314 m long Daniel-Johnson multiple-arch-buttress dam (Fig. 2.48), in order to detect natural
frequencies and mode shapes to be used as a basis for updating the numerical model (Gauron et al., 2017).

In Portugal, particularly in LNEC, there was a strong tradition regarding the performance of forced
vibration tests to characterize the dynamic behaviour of some of the most important dams in the country.
This tradition dates back to the 1960s, a time where an eccentric mass vibrator was built in LNEC. After
that, forced vibration field tests were conducted on several Portuguese dams, namely on Aguieira, Alto
Lindoso, Crestuma, Cabril, Alto Ceira, and Alqueva dams (Camara et al., 1993; Gomes & Oliveira, 1994;
Pina & Gomes, 1996; Portugal & Caetano, 1992). More recently, in LNEC, forced vibration tests were
carried out on the Cahora Bassa dam (Gomes & Carvalho, 2014), in Mozambique, and on the new Baixo
Sabor (Gomes & Lemos, 2016) and Alto Ceira Il (Gomes et al., 2016) dams, in Portugal.
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Daniel-Johnson dam, Canada

Setup 1Y

Fig. 2.48 Forced vibration test on Daniel-Johnson dam, Canada. Upstream view, positions of the shaker and
accelerometers, and finite element model.

Although forced vibration tests enabled to achieve useful results on the dynamic behaviour of dams and to
calibrate and validate numerical models of dam-reservoir-foundation systems, their use was not practical
nor economical, and so they could only be carried out from time to time. Furthermore, since ambient
vibration tests could be performed under ambient/operational excitation without disturbing the normal
operation of dams, and considering not only the advances in data acquisition and measuring technology but
also the development of methods for OMA, this type of field tests started to be performed on many dams,
especially since the 1990s, Overall, conducted studies aimed at numerical model calibration, evaluation of
the effects of water level variations, and, more recently, structural health monitoring.

One of the reported attempts on ambient vibration testing was conducted on Emosson arch dam, in 1980.
Ambient measurements were made during a period of 12 hours, and the estimated natural frequencies and
mode shapes were compared with results from previous forced vibration tests and with results from finite
element models (Deinum et al., 1982). Later, two visits for ambient vibration tests on the Contra arch dam
(200 m high) were carried out, in 1982 and 1985, under different reservoir conditions. The modal
parameters extracted from the measured response were compared with results from finite element analysis,
and the results showed the increase in the natural frequencies with the decrease of the reservoir water level
(Brownjohn et al., 1986).

Around the same time, studies based on ambient vibration data were carried out for Techi arch dam (180 m
high), in Taiwan (Clough et al., 1982), and for Xiang Hong and Quan Shui dams, in China (Clough, Chang,
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Hougqun, Stephen, Ghanaat, et al., 1984; Clough, Chang, Houqun, Stephen, Wang, et al., 1984). The natural
frequencies were estimated from ambient vibration data for different reservoir water levels to demonstrate
the influence of the water level in the frequency values, and then compared with previous forced vibration
results and finite element results.

Mauvoisin dam, in Switzerland, was the subject of two experimental studies of great interest (Fig. 2.49).
First, in 1995/1996, seven series of ambient vibration measurements were completed, over a period of 16
months between June 1995 and October 1996 (water levels varying from 13 to 127 m below the crest), with
the goal of evaluating the influence of the reservoir level variations in the dynamic properties of the dam-
reservoir-foundation system, considering the effects of the water mass and closing of contraction joints
(Darbre et al., 2000). In this study, the authors recommended the continuous measurement of vibrations
over a long period to improve this type of analysis. Therefore, some years later, an automated measurement
system was installed in Mauvoisin dam and ambient vibrations were recorded twice a day between
December 1998 and June 1999 (a total water level variation of 97.6 m). The obtained results confirmed the
effect of the water level variations on the natural frequencies of the dam-reservoir-foundation system and
showed the potential of continuously monitoring vibrations monitoring for safety evaluation purposes
(Darbre & Proulx, 2002). This study marked the beginning of long-term ambient vibration monitoring.

Mauvoisin dam, Switzerland
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Fig. 2.49 Ambient vibration testing of Mauvoisin dam, Switzerland. Experimental setup with movable and reference
measurement points (Darbre et al., 2000), and identified frequencies and mode shapes.

Ambient vibration tests were also performed on large concrete dams for calibrating and validating finite
element models based on experimental data, including the cases of the 43 m high Hermitage gravity dam,
in Jamaica (Brownjohn, 1990), the 59 m high Ruskin gravity dam, in Russia (Kemp, 1996; Kemp et al.,
1995), and the 56 m high Claewern stone-faced concrete gravity dam, in Wales (Daniell & Taylor, 1999).

85



LARGE CONCRETE DAMS. DYNAMIC BEHAVIOUR AND SAFETY

For the 122.5 m high Fei-Tsui arch dam, in Taiwan, the modal parameters obtained from ambient field
measurements where consistent with those estimated using seismic response data (Loh & Wu, 1996). Later,
during the winter of 1999 and autumn of 2000, several ambient vibration tests were conducted on two
Iranian dams under different ambient and operational conditions, and the obtained frequencies and mode
shapes were used to verify the results obtained using numerical models (Mivehchi et al., 2003; Mivehchi
& Ahmadi, 2004).

In Portugal, in the scope of the research studies carried out in LNEC, three ambient vibration tests were
conducted on Cabril arch dam (132 m high) between 2002 and 2003. To summarize, the estimated modal
parameters were analysed and compared with results from finite element models of the dam-reservoir-
foundation system, with a view to study the influence of the reservoir water level and of the contraction
joints on the dynamic behaviour in normal operating conditions, to evaluate the influence of the intake
tower on the modal identification of the dam, and to calibrate the numerical models (Mendes et al., 2004;
Mendes & Oliveira, 2009; S. Oliveira et al., 2004; S. Oliveira, Rodrigues, Campos Costa, et al., 2003).
Results obtained in these studies provided important insight on the dam dynamic performance and
contributed to the development of the continuous dynamic monitoring system installed a few years later in
Cabril dam (Mendes, 2010; Mendes et al., 2007; S. Oliveira et al., 2010, 2011).

In South Africa, ambient vibration survey tests were performed on two arch dams, Roode Elsberg dam
(72 m high) and Kouga dam (69 m high), aiming to obtain the modal parameters of these dams to be used
as reference values for posterior long-term dam safety monitoring (Bukenya, Moyo, & Oosthuizen, 2012;
Bukenya, Moyo, Beushausen, et al., 2012; Moyo et al., 2013; Moyo & Oosthuizen, 2010). Therefore, six
sets of ambient vibration tests were completed on Roode Eslberg dam, between December 2008 and April
2010, while two field tests were done on Kouga dam, in April 2010 and September 2010, under different
seasonal and reservoir conditions. Results from the tests on Roode Eslberg dam motivated the installation
of a continuous dynamic monitoring system for structural health monitoring, and hence an additional test
was performed on September 2013 (Bukenya et al., 2014).

In Japan, it is worth mentioning the long-term ambient vibration tests performed on two large concrete
dams. In Hitotsuse dam, a 130 m high arch dam, an automated system was installed for the ambient
vibration campaign that was carried out for five years, from August 2006 to November 2011 (Fig. 2.50).
After the first year, the estimated modal parameters were compared with those obtained in forced vibration
tests conducted 40 years earlier, to confirm that they had not changed: thus, those results were assumed as
reference to calibrate the numerical model of the dam and for future studies aiming at damage detection
(Okuma et al., 2008). At the end of the long-term vibration monitoring campaign, it was confirmed that the
seasonal changes of the natural frequencies were strongly influence by the reservoir water level and
temperature changes (Okuma et al., 2012). With respect to Ohkura dam, an 82 m high double-arch structure,
accelerations and temperatures were continuously recorded for over three years, between June 2010 and
October 2013. The achieved results clearly showed that the evolution of the natural frequencies of the first
two vibration modes clearly was influenced by the reservoir water level and thermal variations over time
(Ueshima et al., 2017).
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Hitotsuse dam, Japan
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Fig. 2.50 Setup of the automated system installed in Hitotsuse dam for long-term ambient vibration testing. Water
level and temperature variations and evolution of the first three vibration modes (Okuma et al., 2008, 2012).

There are also several other noteworthy studies conducted over the last decade based on ambient vibration
results. For the case of the 201 m high Berke arch dam, in Turkey, a set of ambient vibration tests were
performed in May 2009. The obtained experimental results were used to calibrate finite element model of
the dam-reservoir-foundation system, used for seismic behaviour analysis (Sevim, Bayraktar, et al., 2011).
Two ambient vibration tests were carried out on the 57 m high Punta Gennarta arch dam, in Italy, in two
different operational conditions, namely at the beginning of autumn (October 2012) and at the end of Winter
(March 2012), with the goal of evaluation the effects produced by different reservoir water levels on the
identified dynamic properties. The estimated modal parameters were compared with results obtained using
a finite element model of the dam-reservoir-foundation system (Calcina et al., 2014). For Karun IV dam,
in Iran, the modal parameters are estimated based on ambient measurements and on seismic response
records, which are compared with results from numerical models in order to assess the used modal
identification method (Tarinejad et al., 2016). On the 62 m high Tajera arch dam, two ambient vibration
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tests were conducted under different ambient and water level conditions. The estimated frequencies, mode
shapes, and damping ratios were estimated using OMA techniques, and then used for updating the finite
element modal of the dam-reservoir-foundation system, to be used for structural health monitoring or for
seismic analysis (Garcia-Palacios et al., 2016). A recent work mentions a long-term project for monitoring
the natural frequencies of the 232 m high Chirkey arch dam (Fig. 2.51), based on vibration measurements
carried out from January 2015 to December 2016. The identified modal parameters were compared with
finite element results. This study allowed to evaluate the influence of the reservoir water level on the
evolution of the natural frequencies, and motivated the proposal of a method for monitoring the structural
health of the dam (Liseikin et al., 2020).

Chirkey dam, Russia
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Fig. 2.51 Setup of the monitoring scheme installed in Chirkey dam for measuring ambient vibrations and seismic
vibrations. Water level variation and evolution the natural frequencies during 2016, and mode shapes of the first two
vibration modes (Liseikin et al., 2020).
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2.5.4 CONTINUOUS DYNAMIC MONITORING SYSTEMS INSTALLED IN LARGE CONCRETE DAMS

In addition to data from seismic monitoring, the results achieved in ambient vibration tests, particularly the
long-term campaigns that allowed the analysis of the dynamic behaviour of dams under different operating
conditions, provided additional insight on the value of vibration-based results for studying the dynamic
response of dam-reservoir-foundation systems, considering water level and thermal variations, and possibly
for detecting structural changes in the dam due to ageing or deterioration phenomena. Therefore, based on
the knowledge acquired over decades of experimental and numerical studies, and taking into consideration
the increasing demands regarding dam surveillance and safety control assessment (ICOLD, 2018),
automated continuous dynamic monitoring systems started to be developed and installed in several large
concrete dams worldwide, including new dams and older dams, most built decades ago and suffering from
deterioration problems, aiming to evaluate their performance in normal operating conditions and during
seismic events.

The first reported case occurred in Portugal, in 2008, with the installation of a pioneer system in Cabril dam
(Fig. 2.52), a 132 m high double curvature arch dam in operation since 1954, for seismic behaviour
monitoring and structural health monitoring over time (Mendes, 2010; S. Oliveira, 2002). This dynamic
monitoring system was designed in LNEC, based on data gathered from previous vibration tests and
numerical calculations, aiming at measuring vibrations under ambient/operation excitations and during
seismic events. The implemented monitoring scheme includes sixteen uniaxial accelerometers, positioned
along the two upper galleries of the dam, and three triaxial accelerometers, two installed near the dam-rock
interface at both banks, and another at the top of the central section (measuring devices from Kinemetrics).
This dam is one of the case studies of this thesis (further details are provided in chapter 5.2). Several studies
using both monitoring data and numerical results have been performed over the past decade for Cabril dam,
to characterize the dynamic properties of the dam-reservoir-foundation system and their evolution over

time, to assess structural health, and to analyse the seismic response (Alegre et al., 2021; Alegre, Carvalho,
etal., 2019; Alegre, Robbe, et al., 2020; S. Oliveira et al., 2010, 2011, 2012; S. Oliveira, Silvestre, Espada,
etal., 2014; S. Oliveira & Alegre, 2020, 2018, 2019b).
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Fig. 2.52 Cabril dam, Portugal. Downstream view and the pioneer continuous dynamic monitoring system, in
operating since 2008 (Mendes, 2010).
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Later, in 2010, a continuous dynamic monitoring system was installed in Cahora Bassa dam (Fig. 2.53), a
170 m high thin double curvature arch dam that started operating in 1974, in Mozambique. The goal of this
project was to continuously measure ambient and seismic vibrations in order to monitor dam performance
in normal operating conditions and during earthquake events (E. Carvalho et al., 2014; E. Carvalho &
Matsinhe, 2014). The system includes ten uniaxial accelerometers from Kinemetrics, deployed along the
upper gallery of the dam, and three triaxial accelerometers, one at the downstream base and two in the rock
mass, in both banks. Examples of studies on the dynamic behaviour of Cahora Bassa dam can be found in
(Alegre et al., 2021; Alegre, Carvalho, et al., 2019; Alegre, Oliveira, et al., 2020). This dam is the other
case study of this work (more details are given in chapter 5.3).
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Fig. 2.53 Cahora Bassa dam, Mozambique. Downstream view and continuous dynamic monitoring system, installed
in 2010 (Alegre, Carvalho, et al., 2019).

Roode Elsberg dam, in South Africa, is a double curvature arch dam with a maximum height of 72 m, which
entered in operation over 50 years ago. After a series of ambient vibration tests, conducted between 2008
and 2013, a simple permanent ambient vibration monitoring system was installed in the dam (Fig. 2.54), in
December 2013, in order to control the evolution of the dynamic properties of the dam over time, under
different environmental conditions (Bukenya, 2020; Bukenya et al., 2014; Bukenya & Moyo, 2017). The
monitoring scheme consists of three triaxial accelerometers from GeoSig, placed on top of the dam crest.
Their location was determined based on results from the previous ambient vibration campaigns.

Fig. 2.54 Roode Elsberg dam, South Africa. Downstream view and location of the installed accelerometers in
December 2013 (Bukenya, 2020).
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The investment in long-term dynamic monitoring of large concrete dams continued in Portugal a few years
later with the installation of continuous monitoring systems in two recently constructed dams. Both
monitoring projects were developed aiming to determine the dynamic properties of the dams and assess
their evolution over time, to study seismic behaviour, and to characterize the seismic action.

Baixo-Sabor dam is a 123 m high double curvature arch dam, located near the Vilarica fault, in a zone of
low to moderate seismicity. The dynamic monitoring system (Fig. 2.55) was developed for an accurate
long-term continuous characterization of the dam behaviour, and it has been in operation since the first
filling of the reservoir, in December 2015 (Gomes et al., 2018; S. Pereira, 2019; S. Pereira et al., 2018,
2017). The monitoring setup is comprised of twenty uniaxial accelerometers, installed along three galleries
of the dam. Also, as part of a seismic monitoring project for the Baixo Sabor Hydropower Scheme, there
are six triaxial accelerometers installed in the dam body, one at the downstream base, and other 3 located
around the reservoir. All equipment was provided by GeoSIG.
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Fig. 2.55 Baixo Sabor dam, Portugal. Downstream view and continuous dynamic monitoring system, in operation
since the first filling of the reservoir [adapted from (Gomes et al., 2018)].

Foz Tua dam is also a double-curvature arch dam, with a maximum height of 108 m, whose first reservoir
filling took place between June 2016 and June 2017. A complete dynamic monitoring system (Fig. 2.56)
was installed in the dam to measure ambient/operational vibrations and seismic vibrations (S. Pereira,
Magalhdes, Gomes, et al., 2021; Silva Matos, Tavares de Castro, Gomes, & Figueiredo, 2019; Silva Matos,
Tavares de Castro, Gomes, Faria, et al., 2019). The system, in full operation since the beginning of 2019,
is composed of 12 uniaxial accelerometers and 6 triaxial accelerometers, positioned along the two upper
galleries of the dam, and 1 triaxial accelerometer located at the drainage gallery of the dam, and it also
includes 4 remote stations deployed in the surrounding region.
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Fig. 2.56 Foz Tua dam, Portugal. Downstream view and continuous dynamic monitoring system, in operation since
2019 (Silva Matos, Tavares de Castro, Gomes, Faria, et al., 2019).

In this scope, reference should be made to other cases of large concrete dams around the world which were
instrumented with equipment for recording seismic motions and ambient dynamic vibrations, as seen in
(GeoSIG, 2021). For example, on Enguri arch dam (271.5 m high), in operation since 1987 in Georgia, ten
uniaxial accelerometers were installed, in addition to the ten strong motion recorders that had been
previously implemented in 2000 (Fig. 2.57).

STRONG MOTION RECORDERS'
LEFT BANK CONNECTION SCHEME RIGHT BANK

9 Strong Mation Recorder Power Supply Souree

Fig. 2.57 Enguri dam, Georgia. Downstream view and scheme of seismic monitoring system (GeoSIG, 2009b).

As for the case of Beli Iskar gravity dam (Fig. 2.58a), a 51 m high and 533 m long structure put into service
in 1948 in Bulgaria, the monitoring system includes three triaxial accelerometers and three strong-motion
recorders. Another example is the 191 m high and 909 m long Xiangjiaba gravity dam (Fig. 2.58b), in
operation since 2012 on the Yangtze River, In China, which has been instrumented with eighteen
earthquake recorders and eighteen triaxial accelerometers.
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Fig. 2.58 Other examples of dams currently under continuous vibrations monitoring: a) Beli Iskar dam, Bulgaria,
and b) Xiangjiaba dam, China (GeoSIG, 2021).

It is also relevant to mention the DEMS project (Dam Earthquake Monitoring System), undertaken by the
Korean Water Resources Corporation in 2006, aiming to operate and manage a network of recording
devices for a safe management of dams (Fig. 2.59). In the scope of this project, measuring devices for
recording mainly seismic motions but also other ambient vibrations were installed in 23 concrete dams
(GeoSIG, 2021).
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Fig. 2.59 Monitoring network of 23 dams in South Korea as part of the DEMS project (GeoSIG, 2021).
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2.6 FINAL CONSIDERATIONS

The current chapter was dedicated to large concrete dams and to their dynamic behaviour, with focus on
dam safety, particularly in what concerns the structural safety control during the operation phase and the
seismic safety assessment. Also, a complete overview was presented on modelling the dynamic behaviour
of dam-reservoir-foundation systems and on monitoring vibrations in large concrete dams, supported by
references to several studies of interest.

Large concrete dams are civil engineering structures that play a key role in the management of fresh-water
resources, and they are generally associated with high potential risks. Furthermore, dams are special
structures that are part of a complex dam-reservoir-foundation system, whose dynamic properties can be
affected, for example, by reservoir water level or temperature variations, ageing and concrete deterioration
phenomena, and joint movements.

Therefore, aiming to have a comprehensive understanding on the dynamic behaviour of large concrete
dams, as well as to ensure the best operational and safety conditions for recent dams and for dams built
several decades ago, it is fundamental a) to analyse their dynamic performance in normal operating
conditions and during seismic events, for structural health monitoring and seismic monitoring, and b) to
(re)evaluate their performance under strong earthquake ground motion, according to modern seismic design
and performance criteria, for seismic safety assessment.

In this context, it is worth stressing the need to continue investing in research projects that contribute to the
advancement of knowledge in dam engineering, particularly in terms of numerical modelling the dynamic
behaviour of dam-reservoir-foundation systems and of long-term continuous vibrations monitoring of large
concrete dams.

With respect to numerical modelling, advanced finite element numerical models should be developed to
enable a proper simulation of the dynamic response of dam-reservoir-foundation systems for the scenarios
that can occur over the lifetime of dams, involving variations of the static and dynamic loads, changes in
dynamic properties to reservoir level or thermal variations, and perhaps structural alterations due to
deterioration processes and/or joint movements. Furthermore, there is also room for improvement at the
level of the finite element-based formulations commonly used for modal analysis and seismic response
analysis of dam-reservoir-foundation systems, which are in essence solid-fluid coupled problems, a subject
that is covered in detail in Chapter 3.

Regarding monitoring vibrations on dams, it is of paramount importance to continue installing automated
continuous dynamic monitoring systems in large concrete dams, to enable a permanent long-term
evaluation of their performance, particularly for older dams, possibly suffering from deterioration
problems, and/or dams located in zones of high seismicity. In addition, although the companies that develop
and supply the equipment for these types of systems have started to take an interest in the software
component, there is still a clear need to complement monitoring systems by implementing appropriate
software tools, adapted and optimized to each dam, for management and analysis of monitoring data, with
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a view to enhance their operation and enable the retrieval of valuable information. This type of software is
presented in chapter 4.

Knowing that structural safety control should be based on the analysis and interpretation of the measured
behaviour and on its comparison with behaviour prediction models, it is also regarded important to work
towards the implementation of methodologies and graphical tools that allow for a simple and intuitive
comparison between experimental and numerical results (as shown in the application studies of Chapter 5).
This will enable to get of useful information for owners, engineers, or other entities responsible for dam
safety, in order to support informed management and help make better and timely decisions. Bearing in
mind the intent of integrating numerical models in the software component for continuous dynamic
monitoring systems, finite element programs should be not only reliable but also efficient, for an accurate
and quick comparison with the observed behaviour.

Finally, both the seismic design of new dams and for (re)evaluation of the seismic safety of older dams
(designed according to outdated seismic design criteria and analysis methods), adequate methods for
seismic safety assessment should be implemented, preferably based on efficient analysis procedures, using
advanced finite element models, and considering appropriate criteria, enabling to obtain reliable results and
to appropriately evaluate the performance of dams (see application studies in Chapter 5).
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CHAPTER 3

3. MODELLING THE DYNAMIC BEHAVIOUR OF DAM-RESERVOIR-FOUNDATION
SYSTEMS

3.1 INTRODUCTION

The development of advanced numerical models is of great importance to study the dynamic behaviour of
large concrete dams and to support the safety control in the different stages of their lifetime, namely when
used in combination with monitoring data. To this day, this subject continues to represent one of the greatest
challenges for dam engineers, given that large concrete dams are structures with complex geometry,
including different types of joints and discontinuities, and considering that their behaviour is strongly
conditioned by the interaction with the reservoir and the foundation (Camara, 1989; Chopra, 2012; Fenves
et al., 1992; Pedro & Camara, 1986), since dams are part of a global dam-reservoir-foundation system.
Therefore, there is an obvious need to continue the research work in this field and to keep investing in the
development of reliable models for modal analysis and for linear or non-linear seismic analysis of dam-
reservoir-foundation systems, aiming to properly simulate the dynamic behaviour of large concrete dams.

A coupled model is adopted in this work to simulate the dynamic behaviour of the dam-reservoir-foundation
system, based on a finite element formulation in displacements (dam and foundation) and hydrodynamic
pressures (reservoir) and considers the dam-water dynamic interaction and the propagation of pressure
waves in the reservoir. The main goal of the current chapter is to present the developed calculation methods,
which are based on a new approach to solve the coupled problem, namely for modal analysis and for linear
and non-linear seismic analysis. The coupled model and the numerical methods are implemented in
DamDySSA, a 3D finite element program for dynamic analysis of concrete dams.

Subchapter 3.2 presents a state-of-the-art review, by describing the types of models currently used for
considering dam-water dynamic interaction and for foundation behaviour and seismic input modelling. The
available numerical methods for modal analysis and for calculating seismic response are addressed. After
that, with a view to present the mathematical notation and the basis for the proposed finite element
formulations, section 3.3 is dedicated to the fundamental equations of Solids Mechanics and their
application to structural analysis and dynamic behaviour analysis, while section 3.4 addresses the
fundamental concepts and properties associated with joint behaviour. Then, subchapter 3.5 describes the
coupled problem and the corresponding finite element formulation in displacements and pressures that
governs the dynamic behaviour of the dam-reservoir-foundation system. With respect to the calculation
methods developed in this work, section 3.6 presents the state-space formulation for coupled complex
modal analysis, considering generalized damping, section 3.7 describes the coupled time-stepping
procedure linear seismic response calculation, and section 3.8 covers the proposed method for non-linear
seismic analysis and describes the constitutive models used for simulating joint movements and concrete
damage (under tension and compression). After that, section 3.9 presents the program DamDySSA,
including the algorithm and graphical user interface, as well as the main results achieved in several tests
for validation of the developed model. Section 3.10 describes the module developed for automatic
introduction of joints in finite element meshes of dams, incorporated in the program Dam3DMesh.
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3.2 STATE-OF-THE-ART

Significant research was carried out on the numerical modelling of the dynamic behaviour of concrete dam-
reservoir-foundation systems (Fig. 3.1) over the decades, leading to the development of various models and
formulations based on the Finite Element Method (Zienkiewicz et al., 2013), and to a considerable number
of relevant numerical studies (recall 2.5.1). A state-of-the-art review is presented here.

Fig. 3.1 Dam-reservoir-foundation system and example of 3D finite element model with discretized reservoir.

For simulating the dam-reservoir dynamic interaction and the hydrodynamic effects there are essentially
two types of models: added mass models and coupled models (Fig. 3.2).

The classic added water mass models use displacement-based formulations for the dam and foundation
(solid domain) and consider the reservoir mass effect by calculating added masses equivalent to the
hydrodynamic pressures on the dam-reservoir interface, based on the pioneer solution proposed by
Westergaard (1933). Although simple and efficient, this type of model neglects water compressibility and
hydrodynamic effects, which can influence dam behaviour (Chopra & Hall, 1982; Fok & Chopra, 1986b;
Goldgruber et al., 2013; Robbe et al., 2017; Tiliouine & Seghir, 1998). Also, since Westergaard’s solution
was prescribed for rigid gravity dams, the added water mass effect is overestimated on curved and flexible
dams (Alegre et al., 2017), and thus the use of reduction factors is required for arch dams (H. Chen, 2014).

Coupled models are based on finite element formulations for the dam and foundation (solid) and reservoir
(fluid) domains (Zienkiewicz & Bettess, 1978). In this case, two approaches can be adopted. The first
approach consists in using a displacement-based formulation for both the solid and fluid, treating the fluid
as an elastic solid with negligible shear modulus (Belytschko, 1977, 1980; Hamdi et al., 1978; Zienkiewicz
& Bettess, 1978). The nodal displacements are the degrees of freedom of the entire dam-reservoir-
foundation system, and the water is assumed as an elastic solid with negligible shear modulus. Although
simpler in principle, given that the solid and the fluid are treated in the same way, this type of approach
results in problems of larger dimensions (reduced computational efficiency) and may lead to numerical
instabilities. As for the second approach, the coupled model is formulated in displacements for the solid
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domain and in hydrodynamic pressures or velocity potentials for the reservoir domain (Fok et al., 1986;
Hall & Chopra, 1980; Zienkiewicz & Bettess, 1978), and proper boundary conditions are adopted to
simulate the dam-reservoir motion coupling, the free surface null pressure condition, the propagation of
pressure waves with radiation at the far-end of the reservoir, and the reservoir bottom absorption
(Bouaanani & Lu, 2009; Lokke & Chopra, 2018; Zienkiewicz et al., 2013). This method is more complex,
as it requires the definition of specific interfaces and equilibrium conditions, but it saves calculation time
and computational storage particularly for large scale problems. Coupled models with either pressure- or
velocity potential-based formulations have been widely used and successfully applied in several studies. A
coupled model in displacements and pressures is considered in the present work.

ADDED WATER MASS MODELS COUPLED MODELS

Fig. 3.2 Models used for simulating water-structure dynamic interaction: added water mass and coupled models.

Regarding the foundation behaviour, there are several types of approaches, considering either a massless
foundation or a foundation with mass (Fig. 3.3).

The simplest approach is based on the use of a massless foundation model (Clough, 1980), assuming that
the dam is supported by a deformable foundation block with a rigid boundary at the base and disregarding
the effects of wave propagation through the foundation and the radiation damping (only the foundation
flexibility is considered). For this type of model, the substructure method can be used to calculate the
foundation block as an elastic and massless substructure, considering an equivalent condensed stiffness
matrix at the dam-rock interface (Fenves et al., 1989; Fok et al., 1986; Fok & Chopra, 1986a). The seismic
input can be applied directly at the dam base, either as uniform ground motion or spatial variating ground
motion (J.-T. Wang & Chopra, 2010), or by generating specific free-field motions at the dam-foundation
interface (Alves, 2004; Alves & Hall, 2006).

As an alternative, there are energy dissipating foundation models that considering the foundation mass.
These models simulate the wave propagation and radiation effects in the rock mass, e.g., using viscous-
spring boundaries (Lysmer & Kuhlemeyer, 1969; C. Zhang et al., 2009) or transmitting boundaries (Liao
et al., 1984) in the truncated foundation limits, or by applying a finite-boundary element method (Chopra
& Tan, 1992; Dominguez & Maeso, 1992). The seismic input modelling can be achieved using different
methods. In the incident wave method, the seismic input is applied at the foundation base after being
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determined by a deconvolution analysis (Reimer, 1973) to a free-field motion; then, the spatial varying
ground motion histories at the dam-foundation interface are determined by compression and shear waves
vertically propagating from the foundation base (Lokke & Chopra, 2018; C. Zhang et al., 2009). As for the
free-field approach, the free-field motions can be applied directly at the dam base (Clough & Penzien,
2003), if available, or by employing an equivalent force scheme to generate the ground motion at the dam-
foundation surface (J.-T. Wang et al., 2013).

Several studies have shown that neglecting foundation inertia and radiation damping can lead to an
overestimation of stresses in the dam body (D.-H. Chen et al., 2012; Fok & Chopra, 1986b; Hariri-Ardebili
& Mirzabozorg, 2013; Mirzabozorg et al., 2012; C. Zhang et al., 2009) if no additional damping source is
considered. However, when using massless foundation models, a damping matrix proportional to the
foundation stiffness matrix can be introduced at the dam-rock interface, as considered in this work.
Furthermore, the massless approach is simpler and more efficient, saving storage memory and calculation
time. It is also relevant to mention that the consideration of a spatially varying seismic input can affect the
structural response of dams, which is more noticeable for higher intensity seismic excitations (Chopra &
Wang, 2010; Mirzabozorg et al., 2013).

MASSLESS FOUNDATION FOUNDATION WITH MASS

Fig. 3.3 Models used for simulating foundation behaviour: massless foundation and foundation with mass.

The studies on the dynamic behaviour of dam-reservoir-foundation systems may involve modal analysis
(Fig. 3.4), to compute the main modal parameters (hatural frequencies, mode shapes, and modal damping),
and seismic response analysis (Fig. 3.5), considering either linear behaviour or non-linear behaviour (joint
movements and concrete damage), in order to calculate the global system response (displacements and
stresses in the dam body and hydrodynamic pressures in the reservoir).

For modal analysis, it is necessary to solve the eigenproblem of the discretized dam-reservoir-foundation
system. For problems using the classic added water mass models, assuming null or proportional damping
the eigenproblem is symmetric (Zienkiewicz & Cheung, 1967) and the free vibration solution can be
obtained by solving a standard eigenproblem with real eigenvalues and eigenvectors (Clough & Penzien,
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2003; Zienkiewicz et al., 2013) - stationary modes are determined (Cahghey & O’Kelly, 1965). If the
hypothesis of generalized (non-proportional) damping is assumed, a state-space formulation written in
terms of the displacements and velocities should be used (Mendes, 2010; S. Oliveiraetal., 2011; S. Oliveira,
Silvestre, Espada, et al., 2014) to solve an eigenproblem with complex eigenvalues and eigenvectors, which
enables to obtain non-stationary modal configurations (Veletsos & Ventura, 1986).

As for coupled models the problem becomes non-symmetric due to the fluid-structure coupling term
(Zienkiewicz & Bettess, 1978) and hence the previous methods cannot be directly applied (Zienkiewicz et
al., 2013). In this case, the traditional approach that is usually adopted involves the determination of an
equivalent symmetric form of the eigenproblem for the dam-reservoir-foundation system (without
damping), from which real eigenvalues and eigenvectors are then calculated (Daniel, 1980; Felippa, 1988;
Lotfi, 2005; Ohayon, 1979; Ohayon & Valid, 1984; Sani & Lotfi, 2010; Zienkiewicz et al., 2013). As an
alternative, a new state-space approach is proposed in this thesis in order to perform the coupled modal
analysis of the entire system, considering generalized damping, and thus solve an eigenproblem with
complex eigenvalues and eigenvectors.

15T MODE — ANTISYMMETRIC 2"° MODE - SYMMETRIC

Fig. 3.4 Modal configurations of a large arch dam. First (antisymmetric) and second (symmetric) vibration modes.

Regarding the linear seismic analysis dam-reservoir-foundation systems, in studies using added water mass
models the solution over time can be obtained assuming two different approaches (Chopra, 2017; Clough
& Penzien, 2003; Zienkiewicz et al., 2013), namely a) based on the modal decomposition method, by
calculating the response as a linear combination of the modes - good results can be achieved with a reduced
number of modes, even for problems with many degrees of freedom, or b) considering time-stepping
methods for numerical integration in time domain, e.g. based on the based on the Euler (Euler, 1768),
Newmark (Newmark, 1959) or Wilson methods (Wilson, 1968) or on other single step algorithms
(Zienkiewicz et al., 1984).

For seismic analysis using coupled models, the problem is non-symmetric and thus the modal
decomposition method is not computationally viable for large problems. Therefore, time-stepping
procedures are required to calculate the dynamic solution for the coupled system. Similarly to modal
analysis, the solutions that are usually adopted are based on the initial separation of the solid and fluid
equations in order to obtain an equivalent symmetric form and hence solve the problem (Zienkiewicz et al.,
2013; Zienkiewicz & Taylor, 1985). As such, it is proposed in this thesis an efficient time-stepping
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procedure, based on the Newmark method, to directly solve the coupled dynamic equation of the entire
system with generalized damping.

For modelling non-linear seismic behaviour, numerical time-stepping procedures should be combined with
iterative methods, developed to solve non-linear problems (Clough & Penzien, 2003; Zienkiewicz et al.,
2014). Examples of these methods include the Newton-Raphson method, which solves the problem as a
succession of changing linear systems, or the stress-transfer method (also known as modified Newton-
Raphson), considering the use of the elastic stiffness matrix and the application of artificial forces
equivalent to the unbalanced stresses arising in the dam due to joint and/or material non-linear behaviour.

With regard to the seismic behaviour of arch dams (the type considered for the application studies of this
work), for low intensity earthquakes, commonly measured and inducing low amplitude vibrations (Alegre,
Carvalho, et al., 2019; Chopra & Wang, 2010; Proulx et al., 2004; Proulx & Darbre, 2008; J.-T. Wang &
Chopra, 2010), the numerical simulations can be conducted assuming linear-elastic behaviour for concrete
and that the joints remain closed. However, under high intensity earthquakes considerable deformations
can occur, leading to the contraction joints opening, and the subsequent stress redistributions (H. Chen,
1994; Clough, 1980; Fenves et al., 1992; Hall, 1998; Lau et al., 1998; Niwa & Clough, 1982), and
simultaneously resulting in the appearance of high tensile and compressive stresses, which may cause
damage in concrete (Cervera et al., 1995; Espandar & Lotfi, 2003; Faria et al., 1998; Valliappan et al.,
1999). As such, proper models are required for non-linear seismic analysis of arch dams, ideally considering
the effects due to joint movements and tensile and compressive concrete damage. Therefore, this work
proposes a complete method for non-linear seismic analysis that combines a time-stepping procedure with
the stress-transfer method, using an isotropic constitutive damage model for concrete, with two independent
damage variables for tension and compression, and a non-linear joint model based on the Mohr-Coulomb
criterion, to simulate opening/closing and sliding movements.

OPENING OF VERTICAL JOINTS TENSILE DAMAGE

Fig. 3.5 Non-linear seismic response of an arch dam. Deformed shape (vertical joint openings) and tensile damage.

There are several finite element programs used in current practice for linear and non-linear dynamic analysis
of concrete dams, based on the models and methods described above, including EACD-3D (J.-T. Wang &
Chopra, 2008), ANSYS (ANSYS Inc., 2020), ABAQUS (Dassault Systemes Simulia Corp., 2020), ADINA
(ADINA R & D Inc., 2020), DIANA (DIANA FEA BV., 2020), and the open-source software Code_Aster
(http://www.code-aster.org); mention should also be made to the discrete element program 3DEC (Itasca
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Consulting Group Inc., 2020). Nevertheless, one of the main goals of this work is not only the development
of calculation methods for modal analysis and linear/non-linear seismic analysis, but also the
implementation in a finite element program for dynamic analysis of concrete dams (DamDySSA). The
computational implementation of these methods can yield several benefits, since it allows a deeper
knowledge and control over all variables and algorithms, which can be constantly updated and optimized.
Also, graphical outputs can be adapted to the goals of the intended studies, e.g., to perform adequate
comparisons with dynamic monitoring results, for dynamic behaviour analysis and for supporting structural
health control, or to carry out seismic performance and safety evaluations. The proposed formulations and
the referred program are presented in this chapter.

3.3 FUNDAMENTAL EQUATIONS OF SOLID MECHANICS. DYNAMIC BEHAVIOUR

In any structural analysis problem, the main goal is to characterize the behaviour of the structure by
calculating the displacements, stresses, and strains under a set of applied forces, knowing its geometry,
material properties and boundary conditions. Under dynamic loads, the structural behaviour must be known
for each time instant. This section aims to present the mathematical notation and the bases for the
formulations described in the following sections.

Considering a generic three-dimensional structure, e.g., a concrete arch dam, under dynamic excitation, the
main unknown is the displacements vector, to be determined in every point P of the structure volume at
each time instant t, which is defined as

ul(xl’XZ’XS’t)
U =U(X Xy, Xg,1) = | Uy (X0, %, %5, 1) (3.1)
u3(xl’x2'x3't)

The corresponding stress and strain states at that same point can be described by the stress ¢ and strain ¢
second order tensors. Their components relatively to the global axis can be presented in 3x3 symmetric
matrices, or be conveniently gathered by 6x1 vectors using Voigt notation, which is useful for
computational programming, as

On &
O €2
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Aiming to solve the dynamic structural problem, the fundamental equations of Solids Mechanics can be
used to establish the relations between displacements, stresses, and strains. For a three-dimensional case,
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15 equations are defined, including six compatibility differential equations, that relate displacements and
strains, six algebraic constitutive relations for stresses and strains, and three differential equilibrium
equations between mass forces and stresses.

Starting with the displacements and strains, the relation between the three displacement components and
the normal and shear strain terms is given by

2 9 0
0X,
o 2 o
&y 0X,
21 10 o ai u,
X
G 1y, (3.3)
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Considering L to be a differential operator, the compatibility equation is thus written

g=L-u (3.4)

As for the stresses and strains, for isotropic materials the constitutive relations between all six stress and
strain components are defined as follows
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where E is Young’s modulus and v is Poisson’s ratio, while the shear modulus G and the bulk modulus K
are obtained as

G — (3.6)
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Therefore, assuming null initial deformations, the constitutive equation with the elasticity matrix D yields

Regarding the stress-force equilibrium, in each point of the material equilibrium is achieved if the sum of
all forces in any direction is equal to zero. Hence, the equilibrium equation that relates the six stress
components and the three mass body force terms is given by

Lg+f=0 (3.8)

where the term L' o represents the stress gradient and f=1(x,%,%,t) is the vector of body forces,
defined as

f=pg-cu-p(l,+U) (3.9)

The body forces include the gravity forces Py, where p (KN/m?d) is the material density and g (m/s?) is
the gravity acceleration, and the forces induced by dynamic motion, including damping forces, —cu, and
inertia forces, —p(U, +U), where c is the specific material damping (kN.s/m/m?), u and i are the relative
velocities and accelerations, and U, is the rigid body acceleration, which is equal to the acceleration applied
at the base of the structure; for seismic analysis, the seismic accelerations a, can be applied at the base of
the structure and the inertia forces become —p(ti +ay) .

Finally, by substituting eq. (3.4) into eg. (3.7) and the resulting one into eq. (3.8), the equilibrium equation
can be established in terms of the displacements and the body forces, considering the material properties in
the elasticity matrix, which must be verified for all points belonging to the structure domain Q and for all
instants in time t,

L' (DLu)+f =0, VP(X,%,%)e Q Vt (3.10)
This is Navier’s differential equation for structural analysis, based on a classic displacement formulation,
and it can be used for calculating the dynamic response of a dam-reservoir-foundation system (Fig. 3.6),
by solving an Initial and Boundary Values Problem, which requires both spatial and time integration.

For more complex problems involving three-dimensional behaviour and/or fluid-structure interaction, as is
the case of dam-reservoir-foundation systems, the use of numerical methods is required to approximate the
solutions for the corresponding differential equations (E. A. Oliveira & Pedro, 1986), since analytical
solutions are only possible for elementary problems. A viable solution is the Finite Element Method
(Zienkiewicz et al., 2013), widely used for solving problems in several fields, including structural analysis,
fluid behaviour, heat conduction, etc., due to its potential to simulate an extensive range of boundary and/or
initial value problems and to ensure computational robustness when applied to large problems, which
require models comprising a great amount of data.

107



MODELLING THE DYNAMIC BEHAVIOUR OF DAM-RESERVOIR-FOUNDATION SYSTEMS

FUNDAMENTAL EQUATIONS OF SOLIDS MECHANICS

Body forces
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Fig. 3.6 Three-dimensional structure: concrete arch dam. Fundamental equations of Solid Mechanics.

3.4 FUNDAMENTAL CONCEPTS ON JOINT BEHAVIOUR

Large concrete dams are structures that can have different types of discontinuities, like joints or cracks (Fig.
3.7). For example, arch dams are structures typically constructed as cantilever monoliths separated by
vertical contraction joints, which can present a curved and flat surface or a plain surface containing shear
keys of different shapes and sizes (Fig. 3.8). Some dams also have a peripheral joint separating the dam
body from the pulvino, a concrete mass supporting the dam, which extends over the entire length of the
structure. Furthermore, important cracks can arise in the dam body or along the dam base, due to water
pressure, thermal variations, or strong earthquakes. There can also be several types of discontinuities in the
foundation, although this subject is not considered in this work.

Under static loads, dams are generally under compression due to the hydrostatic water pressure, and thus,
the vertical joints remain closed while the resulting forces are transmitted along the arches to the abutments.
During a strong earthquake, however, significant dynamic motion may occur, and thus tensile stresses can
arise in the arch direction. Therefore, adjacent cantilevers may move relatively to each other, leading to the
opening/closing of the vertical joints and to shear sliding at the surfaces of joints. In that case, there is a
significant release of arch stresses and a redistribution of the forces to the cantilevers (Clough, 1980; Fenves
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et al., 1992; Lau et al., 1998; Niwa & Clough, 1982); this can also cause a loss of global dam stiffness,
hence changing the natural vibration frequencies. Furthermore, some dams may have cracked zones, which,
despite being under control in normal operating conditions (Alegre, Carvalho, et al., 2019; S. Oliveira &

Alegre, 2019a), can also influence the structural response of the dam.

- Vertical contraction joints

B Dam-foundation surface

B Horizontal crack

Fig. 3.7 Arch dam. Vertical contraction joints, horizontal crack, and dam-foundation surface.

In extraordinary circumstances, the scenario of sliding along the dam base, either at the dam-foundation or
dam-pulvino surface, must also be accounted for. The collapse scenario due to sliding along the base,
commonly studied for gravity dams, is very unlikely to occur in the case of arch dams due to the
considerable arch effect. Nevertheless, during a high-intensity earthquake, if there are important uplift
pressures at the base and/or deterioration along the insertion interface that result in a reduction of the shear
resistance, small shear slippage may occur and cause damage to the grout and drainage curtains.

Fig. 3.8 Alqueva dam during construction. View of a contraction joint with shear keys of hemispherical shape.
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Bearing in mind the above considerations, in addition to the fundamental equations describing the
behaviour of solids presented in the previous section, the subject of joint behaviour is addressed here, as
they might have an important influence in the structural response of dams.

Joints are essentially interfaces that act as discontinuities in the continuum, physically separating adjacent
continuous structural elements (Fig. 3.9), which consist of two coincident faces: a lower face (face 1) and
an upper face (face 2). Under a certain external load, relative displacements Au may occur between the
faces, namely normal Au,, and tangential Au, displacements. Considering a local tri-orthogonal coordinate
system (t,,t,,t,), with two axes contained in the tangential plane and an axis in the normal direction to the
joint plane, the displacements vector for any point a point belonging to the joint is given by

Auq,

Au=| AU, (3.11)
Au,

The corresponding stress and strain states are defined by the following vectors

7 Y1
a=T, | 1 £, (3.12)
Oy N

where 7, and 7, are the two shear stresses and o, is the normal stress, while y, and vy, indicate the
shear strains and ¢, represents the normal strain. For a joint with a unit area section, assuming an
infinitesimal thickness w;, the compatibility relations between the shear and normal strains and the relative
displacements yield

Vi=—— 5 Y, = s EN T (3.13)

7 G 0 Of|lm,
7, |=|0 G 0|y, (3.14)
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Assuming that there is an isotropic joint filling material with a Young’s modulus E and a shear modulus G,
the normal K, and shear K stiffness (kN.m™/m?) of the joint become

Koo K.~ (3.15)
Wj Wj
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Therefore, considering the normal and shear stiffness and the compatibility relations in (3.13), the relation

between stresses and relative displacements becomes

7, Ki 0 0 |[Au,
7, |=| 0 K; 0 ||Aug, (3.16)
oy 0 0 Ky|| Auy

which can be presented in a compact form, using the joint elasticity matrix D, as

o=D. Au (3.17)

| Standard interface element

Upper face (2)
T
= ty @
| i
Lower face (1)
15

Fig. 3.9 Example of an interface element for a vertical contraction joint in an arch dam.

3.5 DYNAMIC BEHAVIOUR OF THE DAM-RESERVOIR-FOUNDATION SYSTEM: COUPLED
PROBLEM AND FINITE ELEMENT FORMULATION

Under dynamic loads, concrete dams vibrate together with the foundation and the reservoir. Therefore, the
dynamic motion of the solid domain (dam-foundation) and of the fluid domain (reservoir) and the
interaction between all parts must be considered in order to analyse the dynamic behaviour of the entire
dam-reservoir-foundation system. As mentioned in (Zienkiewicz & Bettess, 1978), this is a fluid-structure
interaction problem in which the fluid motion is assumed to remain small while interaction is substantial.

In such cases, generation of pressures in the reservoir is influenced by structural motion.

In this thesis, the numerical modelling of the dam-reservoir-foundation system is achieved based on a
coupled model, using a finite element formulation in displacements and pressures (Zienkiewicz & Bettess,
1978) to simulate the dam-water dynamic interaction and the propagation of pressure waves in the reservoir,
and on the massless approach (Clough, 1980) to simulate the foundation behaviour. The hypothesis of
isotropic materials is assumed for the solid domain, while the impounded water in the reservoir is an

inviscid and compressible fluid (Zienkiewicz et al., 2013).
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3.5.1 COUPLED PROBLEM WITH SOLID-FLUID INTERACTION

The dynamic behaviour of a dam-reservoir-foundation system (Fig. 3.10) is described by a coupled problem
with initial and boundary values, including the governing differential equations for the solid domain Q,
(dam and foundation) and for the fluid Q,, domain (reservoir),

L (DLu)+f =0, VP (%,%,X%)eQ,, Vt (3.18)

vzp—c—gzo, VP, (X, %, %) € Q,, Vi (3.19)

w

and considering specific boundary conditions, prescribed at the main interfaces of the system,
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The unknowns of the coupled problem are the displacement vector, u =u(x, X,,X;,t), for points P, in the
solid domain, and the hydrodynamic pressure value, p = p (X, X,, X,,t), for points P, of the fluid domain.
To simplify the notation, the spatial and time indexes are omitted unless necessary.

For the solid domain, the Navier’s equilibrium equation (3.18) is considered. As referred previously, the
vector of body forces, I = f(xl,xz,x3,t) (kN/m?®), includes the gravity, inertia and damping forces. For
dynamic analysis under seismic excitation, the body forces become f =p, g —p,(U+as)—-cU, where u
and U denote the velocity and acceleration vectors, p, (kg/m®) represents the mass density of the solid
materials (if the massless foundation approach is adopted, p, =0 is used for the foundation materials), g
(m/s?) is the gravity acceleration vector, ¢, (kN.s/m/m?®) indicates the specific material damping, and lastly
as =a (X, %,,X;,t) (M/s?) represents the seismic accelerations (considering a massless foundation model,
the seismic input can be applied either at the base of the foundation block I'", or at the dam base T',).

For the fluid domain, the pressure wave equation (3.19) is derived assuming the hypothesis of inviscid and
compressible fluid (Zienkiewicz et al., 2013), where ¢, (m/s) is the speed of sound in water (speed of
pressure waves propagation). For dam reservoirs, the speed of sound in water can vary between 1400 m/s
and 1500 m/s, depending on the average water temperature (Alegre, Carvalho, et al., 2019).

Regarding the boundary conditions of the coupled dam-reservoir-foundation system (Fig. 3.10), a
displacement boundary condition is defined by prescribing null displacements, u =0, for the points at the
base of the foundation block I",, while a stress boundary condition is considered by applying forces,
g:ggl;/whw, at the upstream face of the dam I',, to simulate the reservoir hydrostatic pressures. The
boundary conditions for simulating fluid behaviour and fluid-structure interaction are the same as in
(Zienkiewicz et al., 2013). In order to consider the solid-fluid motion coupling, dam-water interaction is
considered by relating pressure gradients to structural accelerations at the dam-reservoir interface I'; , while
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at the reservoir bottom T',, it is assumed that only horizontal motion exists. Moreover, a radiation
boundary is introduced at the far end of the reservoir I",, assuming outgoing pressure waves only, and a
null pressure condition is prescribed at the free surface of the reservoir T',. The normal vector to each
interface I'; is given by n,. .

Fig. 3.10 Modelling the dynamic behaviour of the dam-reservoir-foundation system. Governing equations and main
system interfaces.

To define the discrete formulation for the described coupled problem and thus calculate the numerical
solution based on the Finite Element Method, some standard steps must be taken (Zienkiewicz et al., 2013).
Initially, the governing equations of the dam-reservoir-foundation system, (3.18) and (3.19), are
transformed from the strong (differential) form to the corresponding weak (integral) form, considering the
prescribed boundary conditions in (3.20). Then, the continuous domain of the entire system is discretized
into finite elements, connected by nodal points. Finally, the FEM approach, based on the concept of finite
element interpolation functions, is used to establish the discrete equilibrium equations that describe the
structural motion of the dam and the hydrodynamic behaviour of the reservoir.

COUPLED PROBLEM: WEAK FORMULATION

As part of the FEM procedure, first it is necessary to establish the equivalent weak or integral form of the
governing equations of motion for the solid (3.18) and fluid (3.19) domains, e.g. using either Weighted
Residual Methods or Variational Principles (Zienkiewicz et al., 2013). After integration by parts and
substitution of the prescribed boundary conditions (3.20), the weak form is obtained for each part of the
coupled system.
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Accordingly, for the solid (dam-foundation) domain the weak form is

J e | LUDLu+(p g - o +as) - ct) [d0- [0 pdr-[e tdr =0 (3.21)

Qg Iy Iy

while for the fluid (reservoir) domain the weak form is given by

1. ) 1. 1,
I[%C—zp+(V%p)T(Vp)}dQ+Itgppnglg dr +rj%5pdr+rj%c_pdr:o (3.22)

Q, w Ty w

where the integral over the surface I'; is related to the solid-fluid motion coupling at the dam-reservoir

interface, and the terms «, and «  are the so-called arbitrary or test functions (the term virtual

p
displacements is also used in Portuguese literature).

3.5.2 DISCRETIZED SYSTEM: FINITE ELEMENT FORMULATION IN DISPLACEMENTS AND PRESSURES

In the present work, the dam-reservoir-foundation system is discretized using displacement-based finite
elements for the dam and the foundation, with three displacement degrees of freedom per node, and
pressure-based finite elements for the reservoir, considering a single pressure degree of freedom per node
(Fig. 3.11). The number of degrees of freedom of the entire system n is obtained by adding the displacement
ns and pressure n, degrees of freedom, n = ns + n,. Hexahedral type finite elements (6 faces), namely
isoparametric elements with 20 nodes, are used for the continuum, i.e., dam, foundation, and reservoir, and
compatible interface elements with 16 nodes are used for the discretisation of the main interfaces, including
the dam-foundation interface and other discontinuities as vertical contraction joints and cracks.

X3
DAM AND FOUNDATION

Displacement finite elements
(3 degrees of freedom per node)

RESERVOIR
Fluid finite elements

(1 degree of freedom per node) /

3D cubic elements with 20
nodal points
(27 Gauss integration points)

INTERFACES, JOINTS, CRACKS, ETC.
Compatible interface elements

3D interface elements with 16

S . nodal points

(9 Gauss integration points at
each face)

Fig. 3.11 Discretized dam-reservoir-foundation system and types of finite elements used.
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The FEM procedure requires the definition of approximation functions to achieve the numerical solutions
for all nodal points of the discrete solid-fluid system (Zienkiewicz et al., 2013). Considering the coupled
problem to be discretized in the standard manner, the displacements vector on each point in the solid domain
is approximated as

[ -
Il

1Z

[ e

e (3.23)

and similarly, the pressure value on each point within the reservoir domain is approximated as
p=N, p° (3.24)

e

where u® and p

are the nodal parameters, while N, and N are matrices containing the appropriate
interpolation functions (Zienkiewicz et al., 2013).

For the discretized solid domain, based on the displacement approximation, strain- and stress-displacement
relations can be written as

[ e
@
Il

oo}

[f
@

(3.25)

m
Il

L

|Z

c

lw)

L

ICm
Il
10
|0

; (3.26)

Q‘:

1Z
1=

where B, is the matrix containing the derivatives of the displacement interpolation functions. Also, if
interface elements are considered, the relative displacements for every point in the interface can be
approximated as

1Z
]

e (3.27)

where u®’ are the nodal parameters for all nodes of both faces of the interface element, T, represents a
matrix to account for the transformation from the local tri-orthogonal system to the global coordinate
system, and N is the matrix that contains appropriate interpolation functions, which is defined to get the
differences between the nodal displacements in coincident nodes in the lower and upper faces of the
interface element (Fenves et al., 1992).

In order to define the dynamic equations for the discretized system, the solid (3.21) and fluid (3.22)
equations in weak form can be established at an elementary level, considering the volume domain Q° and
the boundaries I'° of the elements. The displacement approximation (3.23) can be introduced in the
elementary solid weak equation to determine the elementary mass, damping and stiffness matrices as

m’= [ ANIN, dO; ¢ = [ 4NN, dQ; K'=[B[DB, d© (3.28)
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Similarly, substitution of the pressure approximation (3.24) into the elementary fluid domain weak equation
leads to the corresponding mass, damping and stiffness components,

1)
é‘v‘?p'—-

T 1 e T 1 . e T e

=[N N, dO; ;R :jupc—updr, H* = [ VN VN, dO;, (3.29)
w FAe w Qs\/

The solid-fluid coupling matrix, which establishes the correlation between pressures in the reservoir and
motion in the dam on the dam-reservoir boundary, is given by

= [Nin, N, dr (3.30)
l—e

Regarding the interface elements, taking into account the approximation for relative displacements in
interface elements, the elementary interface stiffness matrices are obtained as follows

K; =[N/ T/D,T,N; dr (3.31)

In addition, the static loads may include, e.g., the dam self-weight (SW), obtained from the gravity body
forces p, g, and the hydrostatic pressure (HP), resulting from the stress forces t =n!y,, h, at the upstream
face. The corresponding elementary nodal forces are defined as

fow = [Nip,gdQ; £ = [N nly,h,dr . (3.32)
i

oK

The above elementary matrices are obtained by calculating the volume and surface integrals. Integration
over each element or surface domain is performed by numerical quadrature, e.g. based on the Gauss
integration method, accounting for the mapping from local coordinates (at the element level) to global
coordinates (Zienkiewicz et al., 2013).

The global matrices and force vectors of the discrete solid (dam-foundation) and fluid (reservoir) domains
are calculated by assembling the element contributions, resulting in the solid and fluid dynamic equations,

mi+cu+k

Sp+Rp+Hp=

IC

99 (3.33)
Q'u (3.34)

I'O
IETI
>

The mass, damping and stiffness matrices for the solid domain are, m, ¢ and k (nsxns), while the
corresponding terms for the fluid domain are S, R and H (nyxnp). The coupling matrix associated with
water-structure motion coupling is Q (npxns) (Zienkiewicz & Bettess, 1978). The solid and fluid nodal force
vectors are given by F, =F(t) (nsx1) and F, =F,(t) (nsx1). For example, the solid forces may include
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those due to static loads, such as the dam self-weight and the hydrostatic pressure on the upstream face, and
to dynamic loads, e.g., seismic excitation or harmonic vibrations from operational sources.

Finally, the coupled equation of the discretized dam-reservoir-foundation system is defined as

e sl s alells e HE 03

For the particular case of dynamic behaviour under seismic loads, and omitting other excitation sources,
the solid and fluid forces become F,=—-msag and F,=-p, QT s as, Where a5 =ag(t) (3x1) is the
seismic input, which includes three acceleration time histories in the upstream-downstream, cross-valley
and vertical directions, and s (nsx3) is a matrix to uniformly distribute the seismic accelerations by all
degrees of freedom,

o o -
o +» O
= O O

(3.36)

Thus, the above coupled equation can be expressed as

[ e

or, by placing the mass forces due to the seismic accelerations on the right-hand side, as

o T S SR e

In this thesis, based on the proposed calculation methods, the goal is to solve the coupled problem in order
to calculate the dynamic response of the solid-fluid system as a whole, assuming natural viscous damping
in the solid and radiation damping in the reservoir. Therefore, the discrete dynamic equation of the dam-
reservoir-foundation system with generalized damping becomes

M§+Cq+Kq=F (3.39

considering the coupled unknown given by

} (3.40)
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The global mass, damping and stiffness matrices are M, C and K (nxn) and the global nodal force vector
is E =F(t) (nx1). The unknown vector g =q(t) includes the displacements vector u=u(t) (nsx1) and the
hydrodynamic pressures vector p =p(t) (npx1).

The substructure method is used in the implemented model in order to simulate the foundation block as an
elastic and massless substructure: a condensed foundation stiffness matrix is calculated and assembled in
matrix K, at the dam-foundation interface nodes, and similarly, a foundation damping matrix, proportional
to the stiffness, is incorporated in matrix c. Based on this method, the degrees of freedom of the solid
domain become only those associated with the dam, thus reducing the total degrees of freedom of the
problem and increasing computational efficiency.

The proposed methods for solving the dynamic coupled problem of the dam-reservoir-foundation system
are presented in the following subchapters, namely for modal analysis (subchapter 3.6), linear seismic
analysis (subchapter 3.7) and non-linear seismic analysis (subchapter 3.8).

3.6 STATE-SPACE FORMULATION FOR MODAL ANALYSIS

A new state-space approach is proposed for coupled modal analysis of the dam-reservoir-foundation
system, considering generalized damping (e.g., this allows the definition of zones with different material
properties or under dissimilar deterioration states). The goal is to solve a complex eigenproblem and
calculate the main modal parameters, i.e., natural frequencies, damping ratios, and modal configurations.

The state-space formulation requires the definition of a new variable, v, which is the first time derivative
of the coupled unknown, hence including the derivatives of the displacements and pressures,

v=Q {u} (3.41)

By introducing this new variable into the problem, the second order equation of motion of the coupled
system (3.39) can be equivalently presented as a set of two first order equations

<

v+Cv+Kg=F
. - (3.42)

<

=9

Then, multiplication of the first equation by the inverse of the global mass matrix leads to

mz[—MQ*rs e BHM%J o
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Therefore, the state-space dynamic equation of motion of the coupled system is written as

X=Ax+P (3.44)

where A (2nx2n) is the state matrix, which includes the mass, damping and stiffness of the dam-reservoir-
foundation system, and P (2nx1) is the state force vector. The state-space unknown of dynamic coupled
problem, x=x(t) (2nx1), comprises the displacements and pressures and the respective time derivatives,

(3.45)

L 1
Il
O 1S 1O S

Based on the proposed state-space approach, the coupled eigenproblem of the discretized dam-reservoir-
foundation system is

[A-21]g =0 (3.46)

where A denotes a single eigenvalue and ¢ represents the respective eigenvector. Since the adopted
coupled model considers fluid-structure interaction and generalized (or non-proportional) damping, the
eigenvalues and eigenvectors are complex conjugate pairs. The eigenvalue pairs A, and A, are defined as

2.
no

A, =—E,0,—im,1-&] (3.47)

n

7\‘n:_&n("‘)n-'-i(“on 1—&
where ©, is the undamped natural frequency and &, denotes the modal damping ratio. The

corresponding eigenvector pairs, ¢, and ¢, (2nx1), contain complex modal coordinates for all n degrees
of freedom of the discretized system,

?n =&, + Ibn ; ?Tn =4, _ipn (348)

The eigenvalues can be presented in a diagonal matrix A (2nx2n) as

>
Il

(3.49)

while the eigenvectors are stored in the state modal matrix ® (2nx2n), represented by
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@,
@ ZLD } (3.50)

where the sub-modal matrices ®, and ®, (nx2n) comprise all the eigenvector pairs

RSN
S|
|

o, =[4 ¢ 4 8] O=[hs Ab - Ad 4D, ] (351)

n

Lastly, the main modal parameters of the dam-reservoir-foundation system can be calculated from the
complex eigenvalues and eigenvectors. For a generic vibration mode n, the undamped ®, and damped
o, , natural frequencies and the modal damping ratio &, are calculated as

0‘)n:|}\‘n R e O l_zj (352)
“Re(),)

=——"n° 3.53

&.:n |)\‘n| ( )

The modal oscillatory motion ¢, for all displacement and pressure degrees of freedom is obtained as
o, () =g, et + g eMt (3.54)

The modal configurations are graphically represented by calculating modal displacement time histories and
3D mode shapes, enabling the representation of the modal oscillation of the dam and of the reservoir modal
pressure variations (Fig. 3.12). Based on the adopted coupled model, since generalized damping is
considered, non-stationary modes can be obtained from the complex eigenvectors (Veletsos & Ventura,
1986) - this type of modal configuration has been identified from vibrations measured on large concrete
dams before (Alegre, Carvalho, et al., 2019; S. Oliveira et al., 2011, 2012; S. Oliveira, Silvestre, Espada, et
al., 2014), and the same is shown later in the present work.

Non-stationary modal oscillation (dam)

o gooor

Fig. 3.12 Modal analysis for a coupled model, considering generalized damping. Example of a complex vibration
mode (non-stationary): dam oscillation and reservoir hydrodynamic pressures.
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3.7 TIME-STEPPING METHOD FOR LINEAR SEISMIC RESPONSE ANALYSIS

A time-stepping formulation based on the Newmark method (Newmark, 1959) is developed for linear
seismic analysis of the dam-reservoir-foundation system. The aim is to directly the coupled dynamic
equation (3.39) in time domain and compute the response of the discretized system in displacements and
pressures. Assuming null initial conditions, the problem is defined at each time step t+At as,

M gm +C gnm +K 9t+m = Et+At (3.55)

The proposed time-stepping method follows the basic ideas of the original Newmark method, where the
solutions for displacements and velocities at t+At are obtained from Taylor series expansions, while the
accelerations are assumed to vary linearly within each time step (Newmark, 1959). By applying the same
principles to the coupled problem allows the definition of approximate solutions for the coupled unknown
q=q(t) and the respective velocities §=q(t) at the end of a generic time interval [t; t+At], as follows

. 1 - .
gtm =9t +At'9t +At? (E_ﬂ) 'gt +At® 'ﬂ'gnm

Qeeae = s +At'(1_7)'(jt +AL-y -Giop

(3.56)

The Newmark parameters g and y indicate the weighting contributions of the values of the coupled
accelerations, , at the beginning (’g‘t) and at the end (fjm) of the time interval, in the values of both Qeent
and Qeae- IN the developed formulation these parameters are taken to be 2=1/2 and B =1/4, meaning
that the constant acceleration hypothesis is adopted and that the Newmark method is unconditionally stable,
with no artificial damping (Clough & Penzien, 2003).

Considering the above approximations, the coupled dynamic equation of the discretized dam-reservoir-
foundation system at t+At (3.55) is expressed in terms of the coupled unknown q,,,, as

(oM +,C+ K)o = Fu + M( 0, + 2,0, + 8 )+ C (g, + 8, + el ) (3.57)

where the auxiliary constants ¢, , defined by Newmark in (1959), are

1. r . I 1
“Tar Mm% ST
At (3.58)

Gathering terms on equation (3.57) enables to define the equivalent “stiffness” matrix and force vector

*

K'=a,M+aC+K ; Pi=F.+ M(%gt +a,q, +asgt)+§(0519t +a,9, +asgt) (3.59)
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and therefore, to establish the equivalent coupled dynamic equation of the dam-reservoir-foundation system

K" Qeeae = Et:—At (3.60)

Based on the proposed time-stepping method, considering null initial conditions, 9(0) =0, g(O) =0 and
9(0) =0, the coupled response g =q(t) is calculated by solving the above equation for each time step t+At.
First, Q. 1S computed at t+AL, using only the variables available at the beginning of the time interval and
the values of the nodal forces at t+At. Then the value of q,,, and g, are calculated accordingly. The
dynamic response of the dam-reservoir-foundation system in displacements and pressures (Fig. 3.13) is

obtained by extracting the corresponding time histories, u=u(t) and p=p(t), from q=q(t).

Displacements in the dam

Hydrodynamic pressure
in the reservoir

Fig. 3.13 Computed seismic response: displacements and hydrodynamic pressures time histories.

For structural analysis of the dam, accurate deformed shapes and stress fields are required. Considering this
method is based on a finite element formulation, the approximation of the solution in each node gives a
proper representation of the displacement field over the discretized dam domain (good results can be
achieved even using simpler finite element meshes of dams). Furthermore, aiming to evaluate the stress
fields in the dam body, it is very important to ensure that the principal stresses are represented in a realistic
way, knowing that these are continuous within the material; this can be achieved by calculating the stress
tensors (and the respective principal stress components) for all Gauss integration points within every finite
element of the dam mesh, as follows

gs, =D By U° (3.61)

Similarly, for the evaluation of stresses in joints, the stress tensors containing the normal and shear
components, can be calculated for all Gauss points in both faces of the interface elements as

By, U° (362)
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3.8 TIME-STEPPING METHOD FOR NON-LINEAR SEISMIC ANALYSIS, CONSIDERING JOINT
MOVEMENTS AND CONCRETE DAMAGE

A complete time-stepping method is proposed for non-linear seismic analysis of arch dam-reservoir-
foundation systems, considering the opening/closing and sliding joint movements and tensile and
compressive damage in the dam.

The goal is to compute the non-linear response of the discretized system in time domain. However,
structural non-linearities are expected to alter the stiffness of the dam and hence non-linear dam behaviour
must be simulated within each time step t+At. Therefore, the developed approach combines the previous
time-stepping method with a non-linear iterative method, in order to account for the redistribution of
unbalanced stresses in the dam body (3.8.1), considering appropriate constitutive models for joints (3.8.2)
and for concrete (3.8.3).

In the developed model, structural non-linear behaviour is simulated using the Modified Newton’s iterative
method (de Borst & Sluys, 1999; Zienkiewicz et al., 2014), also referred to as stress-transfer or initial stress-
method. Based on this method, the linear-elastic dam stiffness matrix, computed a priori, is used throughout
the entire calculation process®, while the loads are increased by applying additional fictitious forces on the
dam, in order to reproduce the redistribution of unbalanced stresses that occurs due to joints and/or concrete
non-linear behaviour. Thus, considering the application of a vector of unbalanced nodal forces ¥, the
coupled dynamic equation (3.39) of the dam-reservoir-foundation system becomes

MG+Cq+Kg=FE+Y¥ (3.63)

Following the time-stepping procedure based on the Newmark method, described in section 3.7, the non-
linear dynamic equation at each time step t+At is written as

L gt"M +C gtﬂt +K Qrear = Foa + Poa (3.64)

and it can be simply expressed using the equivalent form

K Queae = Post + Vion (3.65)

where the equivalent global “stiffness” K™ and nodal force vector P, are the same as in eg. (3.59), and
Y. represents the vector of total unbalanced forces (obtained at the end of the stress-transfer process
conducted within each time step, as explained next).

Based on the proposed non-linear method, the non-linear coupled response ¢ =q(t) is calculated by solving
the equivalent equation for each time step t+At. For non-linear structural analysis of the dam (Fig. 3.14),

3 Newton’s iterative method is commonly used to deal with non-linear structural behaviour. There are several variants to this
method which require the recalculation of a tangent stiffness matrix in every iteration or once every n iterations. Although of rapid
convergence, such techniques can be significantly demanding computationally, particularly for problems of large dimensions.
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the displacements time histories are extracted from the coupled unknown. Then, based on a finite element
formulation, the stresses are calculated for every Gauss point of the interface elements, using eq. (3.62),
and non-linear joint behaviour is analysed based on the constitutive model presented in 3.8.2. Moreover,
the stress state of the dam is evaluated by computing the stress tensors for all Gauss points, using the
approximation defined in eq. (3.61), and concrete non-linear behaviour is simulated based on the
constitutive damage model for concrete (3.8.3), considering both tensile and compressive damage.

Deformed shape L .
(with joint movements) Principal stresses Tensile damage

Fig. 3.14 Non-linear dam seismic response: deformed shape, principal stresses field and tensile damage.

3.8.1 STRESS-TRANSFER PROCESS: UNBALANCED FORCES AND CONVERGENCE CRITERIA

The stress-transfer iterative process is conducted within each time step t+At and it results in the calculation
of the unbalanced nodal forces ¥.,,,, which are calculated by summing the partial terms that arise in each
iteration n, Wy, => ¥, .

In practice, in order to simulate non-linear dam behaviour considering both joint movements and concrete
damage, the stress-transfer process is divided into two iterative sub-processes. These sub-processes are
performed consecutively: the first, to model the effects due to non-linear joint behaviour under normal and
shear stress, and the second, to account for tensile and compressive damage in concrete. As such, the partial
unbalanced forces in every iteration n are defined as

Y, +Y¥,
T (3.66)

where ¥, and ¥ are the nodal forces associated with unbalanced stresses that arise due to joints and
concrete non-linear behaviour, respectively. The unbalanced stresses are computed as the difference
between the installed stresses and material strength, using the appropriate constitutive models for the joints
(3.8.2) and for concrete (3.8.3).

The convergence of the stress-transfer process is verified at the end of each iteration, with the goal of
evaluating structural equilibrium (de Borst & Sluys, 1999; Zienkiewicz et al., 2014). If the dam has enough
resistant capacity to support the applied loads, being able to redistribute the unbalanced stresses,
equilibrium is reached, and the non-linear iterative process is convergent. Otherwise, overall equilibrium is
not achieved and the process diverges. This convergence verification is usually carried out by analysing the
computed unbalanced forces ¥, ,,, or the corresponding displacements u & ., which are compared with

<~ t+Atn?
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a predefined tolerance value. The technique adopted in the proposed method aims to control the
convergence of the stress-transfer process (Fig. 3.15) based on the “unbalanced displacements” vector,
which is obtained at the end of iteration n as

¥ w1 |V, +Y
Ueatn | _ K™y K| *? 0 =¢ (3.67)
R Tan =8B
9 t+ALN

Essentially, these “unbalanced displacements™ are compared with those computed in the first iteration, and
the relation between their norms must be smaller than the tolerance value u (e.g., £ =10"). Based on this
criterion, the non-linear iterative process is convergent if the displacements associated with the unbalanced
forces decrease from iteration to iteration, until they become small enough to be disregarded. In that case,
global equilibrium is reached at t+At, the stress-transfer process ends, and the dynamic calculation will
move on to the next time step. Otherwise, the process diverges if the unbalanced stresses, and hence the
corresponding forces, increase consecutively over several iterations, resulting in unreasonable values for
the “unbalanced displacements”. Thus, structural equilibrium will not occur. In summary, the adopted
stress-transfer convergence criterion can be expressed as

Norm < ¢ — convergence lu?, |

o _ ., Norm= =" (3.68)
Norm > x  — divergence n U Gepc il
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Fig. 3.15 Stress-transfer iterative method. Scheme representing a global applied force-displacement equilibrium for
convergent and divergent processes (the time step index is omitted as a simplification).
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3.8.2 CONSTITUTIVE MODEL FOR NON-LINEAR JOINT BEHAVIOUR

The non-linear joint behaviour of joints is simulated in this work using a constitutive model based on the
Mohr-Coulomb failure criterion and considering appropriate normal and shear stress-displacement laws to
simulate opening/closing and sliding movements, assuming that joints cannot develop high tensile stresses
(Fenves et al., 1992; Lau et al., 1998).

In this model*, the main properties are the elastic properties of the joint material (recall subchapter 3.4),
namely the namely the normal K, and shear K, stiffness, and the strength properties, which are the
cohesion ¢ and the friction angle ¢ . Moreover, in order to evaluate the admissibility of the stress state
installed in a generic point of the joint surface®, given by q:[r1 T, Oy ]T, it is convenient to consider
the normal stress value o, and an equivalent positive shear stress value 7 =4z, +7,”, to be compared
with the joint material strength.

Regarding the stress thresholds that bound linear elastic behaviour, based on the Mohr Coulomb criterion
the normal tensile strength f, and the shear strength 7., always positive valued, are defined as

o 2cos(¢)
fi=co s 0 (3.69)
Tx =C+|O'N|-tan (¢) (3.70)

As seen in the above equations, the joints resist to opening and sliding movements by friction and cohesion,
while the resistance to shear forces also depends on the applied normal stress (the dilatancy effect is not
considered). The cohesion can be equal to zero, to represent flat and/or smooth joints, or have a specific
value, to account for a certain degree of resistance to sliding (e.g., in arch dams, the contact surfaces
between adjacent blocks may include shear keys to increase resistance to shear forces). Assuming the
hypothesis of null cohesion (Fig. 3.16), the normal tensile strength f, is equal to zero and the joint opens
under tensile forces, while the shear strength 7, becomes proportional to the normal compression.
Otherwise, if cohesion is considered (Fig. 3.17), then the joint resists to tensile forces to some extent, while
the resistance to shear forces increases.

Regarding joint behaviour under normal stresses, under compression the joint closes and therefore it
behaves linearly. However, under tension the joint opens once the tensile strength is reached, o, > f,. In
what concerns the response under shear stress, considering an applied normal stress o, , joint behaviour is
linear until the corresponding shear strength is exceeded, 7> z,, and henceforth, shear sliding occurs.
When the joint is closed, the friction between the two faces is more effective and hence the shear resistance
7, Increases.

4 The interfaces are simulated in the finite element meshes using compatible interface elements with 16 nodes (recall Fig. 3.11).
5 Considering a local orthogonal coordinate system, it is assumed that displacement in direction i only produces stress in direction
i (Fenves et al., 1992).
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Fig. 3.16 Joint model used to simulate non-linear behaviour, assuming null cohesion: a) Mohr-Coulomb failure
criterion, and b) shear stress-displacement law and c¢) normal stress-relative displacement law.
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Concerning its implementation in the developed non-linear time-stepping method, the joint constitutive
model is incorporated into the global stress-transfer iterative process. Furthermore, the fact that it is based
on simple stress-relative displacement relations simplifies its use in the finite element code, since nodal
displacements are easily obtained for the nodes of the surface elements in the dynamic calculations.

Therefore, the stress tensor that includes normal and shear components, g:[r1 7, aN]T, can be
calculated for all Gauss points on both faces of all surface elements. Then, knowing the joint material elastic
and strength properties, the applied normal o, and equivalent shear z stresses are compared with the
tensile f, and shear 7, strength at each point. In case the material strength is exceeded, the corresponding
unbalanced stresses are calculated, oy > f, >0, =f -0y and 7z >7, > 7, =7, —7. After that,
knowing that the equivalent unbalanced shear stress z,, is decomposed into two tangential components,
ry, and z,,, the vector of unbalanced normal and shear stresses at each point of the joint is
Oy = [rw Ty, Oyn :|T . Finally, the vector of unbalanced forces of the surface element

w5 = [N]T/g,dr (3.71)

e
T

is calculated using the Gauss integration method (as explained in section 3.5.2), and the global vector of
unbalanced forces due to non-linear join behaviour ¥, is calculated by summing all the element
contributions (Zienkiewicz et al., 2013).

3.8.3 CONSTITUTIVE DAMAGE MODEL FOR CONCRETE

The non-linear behaviour of concrete up to failure is simulated based on a three-dimensional isotropic
constitutive damage model with strain-softening, considering two independent scalar damage variables, d*
for tension and d” for compression. (Faria, 1994; S. Oliveira, 2000; S. Oliveira & Faria, 2006). This damage
model is able to reproduce crack formation and propagation under tension, and it can also cope with 3D
confinement under compression (S. Oliveira, 2000), based on the fundamental concepts of Continuum
Damage Mechanics® (CDM) and of Fracture Mechanics’. These are two fundamental features to account
for in non-linear seismic analysis of concrete dams, given that considerable tensions and compressions may
occur in the dam body under strong earthquakes.

Concrete is a material with high compressive strength that presents a fragile behaviour under tension. Its
instantaneous failure process is characterized by a softening phenomenon, i.e. a post-peak stress strength

6 Continuum Damage Mechanics, introduced by Kachanov (1958), describes the evolution of the irreversible deterioration
phenomenon that occurs inside a given material under applied forces that exceed its strength, from the undamaged state to the
occurrence of macroscopic cracks, resulting in a reduction of its intrinsic stiffness.

7 Fracture Mechanics is a field that studies the propagation process of existing cracks in materials, accounting for the energy release
and softening phenomena, in order to describe the non-linear behaviour of structural elements with macroscopic discontinuities up
to failure (Bazant & Oh, 1983; Hillerborg, 1985).
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decrease, combined with a global stiffness decrease, due to the increase of internal damage (e.g., formation
and growth of microcracks) and the accumulation of irreversible strains (Faria, 1994; S. Oliveira, 2000).

In Continuum Damage Mechanics, the state of internal damage of a certain material can be characterized
and quantified based on internal damage variables (Kachanov, 1958, 1986). Considering a material point
of initial elemental area A, the application of external loading can lead to the formation and growth of
micro-cracks due and consequently to a reduction of the “effective” resisting area A, which is determined
by subtracting the damaged area A, to the initial undamaged area. Therefore, the damage variable d
represents the surface density of material defects at a local level,

d="d-1-2 (3.72)

and its value ranges from 0, representing an undamaged or intact state, to 1, when failure occurs. Damage
can only increase, given the irreversible nature of the internal material deterioration process. For a material

with internal damage d, the stress installed at the resisting area A is referred to as effective stress &
(Lemaitre, 1984), to be distinguished from the true stress, o ( Fig. 3.18).

al

\
B>

Fig. 3.18 Material with internal damage: effective area and effective and true stress (S. Oliveira, 2000).

The stress-strain constitutive relation can be written in terms of the effective stress as, 6 =E - ¢, as done
for an undamaged material (Lemaitre & Chaboche, 1978), or in terms of the true stress, o =(1-d)E- ¢,
considering the damage value, where E is the material Young’s modulus and & is the strain value.
Generalizing for a three-dimensional problem, the effective stress tensor & is given by 6 =D-¢, where
D the elasticity matrix and ¢ stands for the strain tensor. Therefore, assuming a material with internal
isotropic damage d, the non-linear constitutive relation can be defined as

g=(-d)é=(1-d)D ¢ (3.73)

The implemented constitutive model aims to simulate concrete non-linear behaviour with strain-softening
under both tensile and compressive stresses, which naturally involve dissimilar features (the accumulation
of irreversible strains is not incorporated). As such, to characterize the state of internal damage of concrete,
two independent scalar damage variables are considered: d*, for damage under tension, and d", for damage
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under compression (Faria, 1994; S. Oliveira, 2000; S. Oliveira & Faria, 2006). Furthermore, the effective
stress tensor & is decomposed into tensile and compressive effective stress tensors, 6" and G,
represented in the space of the principal stresses and directions (Faria et al., 1998).

The formulation of a realistic constitutive model must be consistent from a thermodynamic point of view,
to properly represent the irreversible naturel of material deterioration. For the present model, this
requirement leads to the postulation of a free energy potential y that must verify the fundamental
thermodynamic condition y >0, using an expression similar to the specific elastic strain energy (Mazars
& Pijaudier-Cabot, 1989) that is related to the area underneath an uniaxial stress-strain diagram. Taking
into account that the energy dissipation can never decrease during the material deterioration process, then
the Clausius-Duhem inequality, —y +o'£>0 , must be fulfilled (Lubliner, 1972).

Therefore, from the defined free energy potential (Faria et al., 1998), considering the decomposition of the

effective stress tensor tensile 6 and compressive &~ stresses, and the use of two independent scalar
damage variables d* and d-, the constitutive damage law is simply defined as (S. Oliveira & Faria, 2006)

ec=(1-d )G +(1-d)G (3.74)

where the damage variables are always d* >0 and d~ >0, in order to in order to properly represent the
irreversible nature of material deterioration.

This non-linear constitutive law enables the calculation of the true stresses ¢ at any material point, knowing
the tensile and compressive components of the effective stress, and considering an internal damage state
characterized by the isotropic tensile and compressive damage variables. To facilitate the interpretation of
this constitutive law, stress-strain diagrams for uniaxial tension and compression are presented in Fig. 3.19,
where f;" and f; indicate the maximum admissible tension and compression for linear elastic behaviour,
as determined in a standard uniaxial tests, while f, and f_ are the peak tensile and compressive stresses.

With regard to the implementation of the constitutive damage model, the fact that it is based on a clear
stress-strain relation makes it perfectly suitable to be used in a finite element code, since the displacements
(and hence stresses and strains) can be easily obtained, thus allowing a simple calculation of the required
internal variables. In this work, the damage model is implemented as part of the stress-transfer iterative
process for non-linear dam behaviour simulation. Therefore, from the nodal displacements calculated at
each time step t+At in the dam body, the strain tensors and the effective stresses are easily computed for all
Gauss points of every dam finite element. Then, if concrete strength is exceeded, the tensile and
compressive damage variables are obtained based on appropriate damage evolution laws (as described
next), and the and the real stress tensor is obtained using the constitutive damage law in eq. (3.74). After
that, the unbalanced stresses are computed as the difference between the effective and true stress tensors,
o, =0 —¢ . At last, the corresponding elementary unbalanced forces,

¥ = [Blg, dO (3.75)
Qe
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are calculated using the Gauss integration, and then the global vector of unbalanced forces due to non-linear
concrete behaviour ¥ is determined by assembling all element contributions (Zienkiewicz et al., 2013).

Tension

-
© A t
¢
ie
B
Jo =11 \
G=F¢
o= (I-d JE€
] >
€ €=0
Compression _
- ;
A
G =E¢
4 ¢
"“I
f(’_ ]
t
fo
‘ o= (I-d)Ee
l.ff-d'JE
L
0= -
€ c-0

Fig. 3.19 Constitutive damage model with two independent damage variables. Stress-strain diagrams for uniaxial
tension and compression.

DAMAGE CRITERIA AND DAMAGE EVOLUTION LAWS

In order to simulate the evolution of the concrete deterioration process, the constitutive model includes
specific damage criteria and damage evolution laws, to bound linear elastic behaviour and to control the
progression of both tensile and compressive damage. This is a consistent damage formulation which
incorporates a “memory” feature that accounts for the irreversible nature of the damage process (S. Oliveira,
2000; S. Oliveira & Faria, 2006).
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The bounding surfaces of the linear elastic domain are determined based on specific stress thresholds. To
enable the comparison with general stress states, and considering the partition of the effective stress tensor
6 into its tensile " and compressive ¢~ components, it is convenient the use of equivalent effective
stresses 7, quantified by positive scalar values (Faria & Oliver, 1993; Simo & Ju, 1987). Concerning

behaviour under tension, the equivalent effective tensile stress is expressed as
#=|(6") Dlg (3.76)

and the tensile threshold is defined as (Faria et al., 1998)

+
r+= 1:0

©JE

(3.77)

As for behaviour under compression, assuming a bounding surface based on the Drucker-Prager yield
criterion, the equivalent effective compressive stress is given by

F = VB(K G +70) (3.78)

and the compressive threshold is determined as

r =\/§(K.fo‘ +2/f5]) (3.79)

where K is a material property related to the yield surface, while 6. and 7. are the normal and shear

< oct oct

components of the octahedral stress obtained from tensor .

Regarding the damage criterion, it is assumed that the damage process begins once the equivalent stress
exceeds the linear elastic threshold, 7*>r;. From that moment on, structural analysis is performed
assuming non-linear behaviour, and the stress thresholds r,” are redefined as the greatest values ever
reached by the respective equivalent stresses 7~ . Subsequently, the deterioration process will progress and
hence the damage variables increase when the new equivalent effective stresses surpass the last stress
threshold, 7., >, (Lemaitre, 1984). Based on this criterion (Faria, 1994; S. Oliveira, 2000; S. Oliveira
& Faria, 2006) the stress thresholds and the damage values are constantly updated throughout the non-linear
calculation, enabling to control the evolution of the damage phenomenon and simultaneously to account
for its irreversibility. In summary, the damage criteria for both tension and compression are as follows

~t ot
{Tk+l - rO (380)

d*=0 = =1 (linear domain)
~+ +
T > I 2

d; >0 — 1, =max(r’;7.,) (non-linear domain)
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In what concerns damage progression, appropriate evolution laws are used for tensile and compressive
damage variables (Faria, 1994; S. Oliveira, 2000; S. Oliveira & Faria, 2006), with a view to reproduce the
phenomena that occur in concrete up to failure, namely of softening under tension and of hardening
followed by softening under compression.

Considering the behaviour under tension, the stress-strain constitutive law has an ascending branch, for the
linear elastic domain, followed by a post-peak descending branch to simulate softening until failure.
Assuming an exponential softening branch, the evolution of the scalar tensile damage variable yields

o
d*=1-2¢ | ® (3.81)

where A" is a parameter fixed to ensure an appropriate dissipation of the tensile fracture energy G, during
the fracture process.

In what concerns the behaviour up to failure under compression, the constitutive stress-strain relation is
characterized by a linear ascending branch until the maximum uniaxial stress is exceeded, followed by a
hardening branch, and, after surpassing the peak compressive stress, by a descending curve to simulate
softening. Accounting for both hardening and softening phenomena under compression, the evolution law
of the scalar compressive damage variable is defined as

d =1-5 q_a)- Aes[l_;J (3.82)

T

where A~ and B~ are parameters defined by adjusting the numerical stress-strain curve with an
experimental one for uniaxial compression, to guarantee an adequate energy dissipation during the
compressive crushing process.

FRACTURE PROCESS AND STRAIN LOCALIZATION

Considering the lower tensile strength of concrete and its fragile behaviour under tension, it is required to
properly simulate the cracking growth process leading to fracture. When the tensile strength is exceeded,
the strain-softening and internal damage increase due to the formation/growth of microcracks. According
to the fundamentals of Non-Linear Fracture Mechanics, this happens in a microcracking zone located at the
crack tip, spread over a band of width w8, the so-called Fracture Process Zone (Fig. 3.20).

The fracture process originates a certain amount of energy, associated with crack formation/growth, which
must be fully dissipated in the distributed cracking band (Hillerborg et al., 1976). The surface energy

8 The width of the Fracture Process Zone is a constant material property and depends on the maximum concrete aggregate
dimension. For example, in large concrete dams aggregates of large dimensions (around several cm) are used, and a cracking band
width of about 1 m can be assumed.
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involved in the crack growth can be considered as a material property, referred to as fracture energy G,
(kN.m/m2). The energy dissipated per volume unit is the specific fracture energy g, (kN.m/m?), given by

9¢ :Gf/Wb (3.83)

Furthermore, the crack propagation depends on the stress installed at the crack tip. Therefore, it is possible
to establish a correlation between this stress and the dissipated energy, by regarding the area under the
stress-strain diagram as the specific fracture energy g, (Bazant & Oh, 1983; Pietruszczak & Mroz, 1981).

Fracture Process Zone

Fig. 3.20 The Fracture Process Zone. Different stress-strain states (S. Oliveira, 2000).

As mentioned previously, during the concrete fracture under tensile stresses, the strain-softening
phenomena and consequently damage evolution are localized inside the Fracture Process Zone. For this
reason, it is necessary to use constitutive models with softening, which, however, is a feature that involves
considerable numerical difficulties due to the localization phenomenon (Bazant & Cedolin, 1979; Bazant
& Oh, 1983).

If the non-linear analysis is performed adopting a finite element discretisation and using a constitutive
model with softening based on principles resembling the Smeared Crack Approach, as done in this work,
then each crack is thought to be distributed over a band inside the finite element and the fracture energy
G, is dissipated on an artificial cracking bandwidth or characteristic length w, (Bazant & Oh, 1983).
Usually, given that stresses and damage values are computed at all Gauss quadrature points, the value of
the bandwidth is related to their volume (or weight). This can lead to numerical solutions strongly dependent
on the mesh refinement, a problem commonly referred to as lack of objectivity of numerical solutions (S.
Oliveira & Faria, 2006), a problem that must be wisely accounted for in order to be minimized or avoided
(Bazant & Cedolin, 1979; Bazant & Oh, 1983).

For small-scale problems, where very refined meshes are used, the Fracture Process Zone comprises various
finite elements, and failure can be localized in zones of null volume. In this case, localization limiters are

adopted to make sure that cracking occurs in a minimum volume (Bazant & Planas, 1998; Jirasek, 2002).
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For large-scale problems, as is the case for large concrete dams, due to limitations imposed by limited
computational capacity, the use of less refined meshes is required. Here, the dimension of the finite elements
(and hence associated with Gauss points) is significantly greater than the real cracking bandwidth (S.
Oliveira, Faria, et al., 2003; S. Oliveira & Faria, 2006). For this type of problem, in order to ensure an
adequate dissipation of the fracture energy G, , the area below the stress-strain curve must fulfil the
condition in eq. (3.83). Therefore, in order to achieve objectivity, it is necessary to use a special constitutive
law, associated with an artificial specific fracture energy g, and, regarding a certain finite element
discretisation, to adopt an artificial dimension for the Fracture Process Zone w;, hence guaranteeing that

Gy =gW, =g W, (3.84)

The artificial cracking bandwidth w, can be simply calculated based on the size of the finite element where
failure occurs, w, = \/\F , Or using a consistent formulation that also considers the cracking orientation (S.
Oliveira, Faria, et al., 2003; S. Oliveira & Faria, 2006; Oliver, 1989). In some cases, it might be possible to
adopt a mesh discretisation such that the volumes of the Gauss points are of the same order of magnitude
as the dimension of the real FPZ, w, ~ w, ; consequently, the real stress-strain diagrams could be used.

ct { ot {
si /i "
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Fig. 3.21 Fracture process: smeared approach. Real and artificial constitutive law and fracture energy (S. Oliveira &
Faria, 2006).

3.9 DAMDYSSA4.0: FINITE ELEMENT PROGRAM FOR DYNAMIC ANALYSIS OF CONCRETE DAMS

DamDySSA is a 3D finite element program developed in MATLAB for dynamic analysis of concrete dams.
This program has been under continuous development for several years in LNEC, in the scope of extensive
research conducted at the Concrete Dams Department on modelling the dynamic behaviour of dam-
reservoir-foundation systems. The numerical methods proposed in this thesis were implemented in the code
of the program (Alegre, 2015; S. Oliveiraet al., 2015), which is updated to the new version, DamDySSA4.0.
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The dynamic behaviour of the dam-reservoir-foundation system is simulated based on the coupled model
described in subchapter 3.5, using a finite element formulation in displacements (dam and foundation) and
in hydrodynamic pressures (reservoir), and considering specific boundary conditions to account for the
dam-water dynamic interaction and the propagation of pressure waves in the reservoir. Generalized
damping is considered, with viscous Rayleigh damping being calculated element by element in the solid
domain (enabling the definition of areas with different materials or under dissimilar states of deterioration)
and energy dissipation due to radiation in the fluid domain. The substructure method is used to compute
the foundation block as an elastic and massless substructure, with stiffness and damping components
introduced the dam-foundation interface, hence increasing computational efficiency The main loads that
can be selected for structural analysis are the dam self-weight (SW), the hydrostatic pressure at the upstream
face (HP), and the seismic load (SEISMICL), considering a seismic input composed by three accelerograms.

This new version of the program now includes three modules for dynamic analysis of concrete dams,
namely for: (i) complex modal analysis with generalized damping, using the state-space formulation
proposed in 3.6; (ii) linear seismic response analysis, based on the coupled time-stepping procedure
described in 3.7; and (iii) non-linear seismic analysis, using the time-stepping formulation and the stress-
transfer method presented in 3.8, considering non-linear constitutive models to simulate joint movements
and tensile and compressive damage in concrete. The algorithm of the program is presented in Fig. 3.22.

In order to run the intended calculations DamDySSA requires, as input, a specific Excel data file containing
all data on the mesh of the dam-reservoir-foundation system, including the coordinates of nodes, the
definition of the solid and fluid 3D elements and the interface elements, the elastic properties of the dam
and foundation materials, the water properties, and the strength properties needed for the non-linear
constitutive models of both concrete and joints. The water level is chosen as an input by the user and thus
the reservoir mesh is automatically readjusted accordingly. The program also needs an additional file with
the acceleration time histories that define the seismic input.

As for the main outputs, DamDySSA provides: (i) the frequency values and modal configurations for several
vibration modes, computed using the modal analysis module; and (ii) the coupled response time histories
(displacements and pressures), 3D deformed shapes, fields of principal stresses, displacements and stresses
envelopes, and damage distributions, calculated using the linear or non-linear seismic analyses modules.

3.9.1 GRAPHICAL USER INTERFACE

After the implementation of the proposed methods into the finite element code of DamDySSA, a graphical
user interface was developed using the GUIDE tool in MATLAB. The aim was not only to develop an
interactive and easy-to-use executable version of the program, allowing numerical simulations to be
conducted in a simple way and to facilitate the analysis and interpretation of the results, but also to provide
a tool that can be used in the future in LNEC, by researchers and by master and doctoral students, to analyse
the dynamic behaviour of concrete dams, to support structural health monitoring and to conduct seismic
safety studies. The main menus and panels of this graphical interface are shown in Fig. 3.23 to Fig. 3.29.
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DAMDYSSA4.0

Data input. Finite element coupled model

1.

Read input data files: mesh data (coordinates, elements), material properties (dam, foundation,
reservoir), and seismic input

Reservoir mesh: select reservoir level and automatically readjust reservoir mesh
Compute foundation substructure

Calculate the solid (m, ¢, k), fluid (S, R, H), and coupling (Q ) matrices, and assemble the global
mass M, damping C, and stiffness K matrices of the dam-reservoir-foundation system

Dynamic analysis

5.

Complex modal analysis

5.1. Select number of modes Nwmop (reduced modal analysis)
5.2. State-space formulation: dam-reservoir-foundation system with generalized damping
I

0
5.2.1. Calculate the coupled state matrix A=| .
-M*K -M"C

5.2.2. Solve the eigenproblem [A—-11]¢ =0

5.2.3. Vibration mode n: compute the natural frequency o,, damping ratio &,, and modal
configuration a,
5.3. Present results: natural frequencies; oscillatory motion time histories and 3D modal
configurations (dam and reservoir)
Linear seismic analysis

6.1. Select load combination (SW; HP; SEismicL) and calculate the vector of nodal forces F

6.2. Define null initial conditions q(0)=0, ¢(0)=0, §(0)=0 and calculate the constants ¢; for
Newmark’s method ) ) )

6.3. Compute the equivalent stiffness matrix, K" = ¢;M +,C+K
6.4. Time-stepping procedure: calculate the response of dam-reservoir-foundation system [step
t+AL]

6.4.1. Compute the equivalent force, P, =F,,, +M (%91 +a,0, + a3, ) + Q(%gt +a,d,+ asgt)
6.4.2. Solve the equation K Gupe = P, to calculate the coupled response et

6.4.3. Compute the first- and second-time derivatives: g,,,, and §i.,,

6.4.4. Repeat for the next time step

6.5. Calculate the displacements u, velocities 0 and accelerations U, and the hydrodynamic
pressures p

6.6. For each dam finite element: compute the elastic stress tensors o for all Gauss points

6.7. Present results: response time histories for selected points; 3D deformed shapes and stress
fields, displacements and stresses envelopes

Non-linear seismic analysis
7.1. Same as 6.1 and 6.2
7.2. Initialize damage variables, d* and d~, and stress thresholds, r* and r~

7.3. Time-stepping procedure: calculate the response of dam-reservoir-foundation system [step
t+At]

7.3.1. Same as 6.4.1 and 6.4.2

Fig. 3.22 Algorithm of the new version of the program DamDySSA4.0.

137



138

7.4.

7.5.

7.6.
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7.3.2. Obtain the response in displacements q,,,, — U,.,, for the iterative process

7.3.3. Stress-transfer iterative process 1 — joint non-linear behaviour (iteration n+1)

Calculate non-linear displacements: first iteration, u,, =u,,, ; next iterations, u,, =u, .,

t+At ’
For each joint element:

Read joint material elastic and strength properties (K, K;, ¢ and ¢) and the
nodal displacements uy,

For each Gauss point: compute elastic stresses ¢ , verify non-linear behaviour,

and calculate the unbalanced stresses g,

Calculate the elementary unbalanced nodal forces ¥
Assemble the unbalanced forces ¥, .,
Verify the convergence of the iterative process 1: Nonrm =[|U o pn ||/||g el <
+

Repeat all previous steps for the next iteration until convergence is achieved

*

Update the non-linear response at t+At, by solving K" -0, = Pp.

7.3.4. Stress-transfer iterative process 2 — concrete non-linear behaviour (iteration n+1)

Compute non-linear displacements: first iteration: u,, from iterative process 1,
subsequent iterations: u,, =Au=u,,, —u, (displacement increment)

Read data from iteration n (all Gauss points): damage variables, d, and d , stress
thresholds, r;” and r, , and effective stress tensors &

For each dam element

Load concrete elastic and strength properties (E,v,D; f;',G, ,w; f, fo,, .
and the nodal displacements ug,

Compute parameters for tensile/compressive damage evolution laws r,", A*;
r,,B, A”

For each Gauss point: calculate effective stresses & , verify damage criteria and
compute damage variables d+ and d-, true stresses ¢ , and unbalanced stresses o,

Calculate the elementary unbalanced nodal forces ¥¢ .,

Assemble the unbalanced forces ¥ .,
Verify the convergence of the iterative process 2: N%rm =|lu ;iAm ||/||g :"m’n:l” <u
+¥

*

Update the non-linear response at t+At, by solving K" -q,,,, = Pr.

Verify the convergence of the iterative process 2
Repeat all previous steps for the next iteration until convergence is achieved

Determine the displacements u, velocities U and accelerations i, and the hydrodynamic pressures

p

For each dam finite element; calculate the nodal displacements u®, the elastic stress tensors o ,
and the tensile d* and compressive d~ damage values for all Gauss points

Present results: response time histories; 3D deformed shapes and stress fields, displacements and
stresses envelopes, and tensile/compressive damage distributions

Fig. 3.22 Algorithm of the new version of the program DamDySSA4.0 (continued).
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DamDySSA4.0

A 3D finite element program for dynamic analysis of concrete dams

Fig. 3.23 DamDySSA4.0: graphical user interface. Initial opening menu.
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Fig. 3.24 DamDySSAA4.0: graphical user interface. Menu with the 3D mesh of the dam-reservoir-foundation system
and user inputs for selecting the reservoir water level and the number of modes for modal analysis.
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Fig. 3.25 DamDySSA4.0: graphical user interface. Menus with material properties. Elastic properties for

dam/foundation materials. Main properties for concrete and/or joint non-linear behaviour.
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Fig. 3.26 DamDySSA4.0: graphical user interface. Menu to select static loads and read the seismic input. Drop-down
options for static analysis (run linear or non-linear response) and for dynamic analysis (modal analysis, linear
seismic analysis, or non-linear seismic analysis).
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Fig. 3.27 DamDySSA4.0: graphical user interface. Results from dynamic analysis: complex modal analysis. Natural
frequencies and modal configurations.
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Fig. 3.28 DamDySSA4.0: graphical user interface. Results from dynamic analysis: linear seismic analysis. Response
time histories /displacements and hydrodynamic pressures
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Fig. 3.29 DamDySSA4.0: graphical user interface. Results from dynamic analysis: non-linear seismic analysis.
Displacements, stress fields, and damages.
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3.9.2 TESTS CONDUCTED USING DAMDYSSA: VALIDATION OF THE DEVELOPED MODEL

In this work, there was a clear intention to validate the implemented model and the proposed numerical
methods, as well as to show its potential for simulating the dynamic behaviour of dam-reservoir-foundation
systems. Therefore, several tests carried out using the program DamDySSA and involving dam models are
presented here. Overall, numerical results are compared with experimental data and analytical solutions.

MODAL ANALYSIS

Aiming to validate the proposed state-space formulation for modal analysis (recall subchapter 3.6),
considering dam-water dynamic interaction and generalized damping, the first test consists essentially in
the comparison between computed natural frequencies and mode shapes and modal identification results
(see Chapter 4).

This test is carried out using experimental data obtained from continuous dynamic monitoring of namely
Cabril dam (132 m high), in Portugal, and Cahora Bassa dam (171 m high), in Mozambigue. As mentioned,
these are the two case studies of this work, which are presented in greater detail in Chapter 5.

Regarding Cabril dam, the comparison for the first three vibration modes is shown in Fig. 3.30 and Fig.
3.31. The identified natural frequencies and mode shapes were obtained from accelerations recorded on
June 16, 2018, from 16:00 to 17:00, when the water level was at el. 294 m (just 3 m lower than the crest
level). The numerical analysis was performed using a model of the dam-reservoir-foundation system with
the reservoir level at el. 293.5 m, as close as possible to the real water level. In the dam, the Young’s
modulus of concrete is 25 GPa, assuming an increase of 30% for dynamic analysis, as detected during in
situ ultrasound tests (Espada, 2010). In the reservoir, the pressure waves propagation velocity is set to
1440 m/s, according to the mean reservoir water temperature.

As for Cahora Bassa dam, the comparison between numerical and experimental results is presented in Fig.
3.32 and Fig. 3.33. The experimental results were extracted from dynamic vibrations measured on August
6, 2017, between 06:00 and 07:00, with the reservoir level at el. 319.5 m (around 11.5 m below the crest).
The dynamic calculation was conducted with the water level exactly 12 m below the dam crest in the dam-
reservoir-foundation model. For this case, the concrete Young’s modulus is 40 GPa, considering an
amplification of 25% for dynamic behaviour, while the pressure waves propagation velocity in water is set
to 1500 m/s.

Overall, in this comparative study it was possible to achieve a very good agreement between numerical and
experimental results. Regarding natural frequencies, not only the computed frequency values for each mode
are close to those extracted from dynamic monitoring data, but the differences between the values for
consecutive modes are also properly reproduced. As for the modal configurations, the implemented
numerical model can properly simulate symmetric and antisymmetric modal configurations. Moreover, as
dam-water dynamic interaction and generalized damping are considered, complex (or non-stationary)
vibration modes are calculated (for both dams, non-stationary modes are identified)
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To conclude, the proposed state-space formulation, applied to solve the dynamic equation of the coupled
model in displacements and pressures, is capable of accurately simulating the free vibration response of the
dam-reservoir-foundation system and to get a good agreement with the measured response of both dams
under ambient/operational excitations. These results required only the definition of well-known material
properties and of appropriate values for the pressure waves propagation velocity.

In this context, it is important to emphasize that such promising results were not reached in previous studies,
conducted for Cabril dam using the classic added water mass models (Mendes et al., 2004; S. Oliveira et
al., 2011, 2012), which are based on the Westergaard formulation - this formulation, which is postulated
for dams with rigid vertical upstream faces), results in an overestimation of the added water mass, thus
requiring the application of empirical water mass reduction factors for analysing arch dams (H. Chen,
2014). This subject is properly addressed in one of the next tests.

LINEAR DYNAMIC RESPONSE: DISPLACEMENTS

The second test is performed to evaluate the reliability and numerical stability of the proposed time-stepping
formulation (see subchapter 3.7), which was developed to solve the coupled dynamic equation in time
domain and thus compute the forced dynamic response (displacements and pressures) of the dam-reservoir-
foundation system.

In this test, the dynamic response in displacements, calculated using DamDySSA, is compared with a known
solution: the static response under the self-weight load®. With that aim, the dynamic force input is an
acceleration time history applied in the vertical direction, with constant value equal to the gravitational
acceleration (9.81 m/s?). To confirm if the dynamic calculations are correct, the steady-state response (when
the oscillatory movement stabilizes after the transient state) should be equal to the static response.

The results from this comparative analysis are presented in Fig. 3.34. Once again, Cabril arch dam is used
as case study, considering the same properties as before. The vertical displacement time history, calculated
for the nodal point at the top of the central section in the dynamic analysis, is compared with the
corresponding value obtained in the static analysis. The provided comparison shows that the value obtained
at the end of the displacement time history, around 6.5 mm, perfectly matches the displacement calculated
in the static response. Furthermore, a perfect agreement was achieved between the 3D deformed shape
under the self-weight load and the deformed shape computed from the steady-state dynamic response under
the gravitational acceleration input.

To summarize, this test has shown that the steady-state dynamic response was correctly calculated, and, as
intended, demonstrated the potential and stability of the implemented time-stepping formulation for linear
dynamic analysis of dam-reservoir-foundation systems.

% Cabril dam’s response under static loads was analysed in detail in a special dam behaviour report (LNEC, 2003), using
experimental observation results and finite element numerical results.
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EXAMPLE 1. CABRIL DAM

Dynamic monitoring results Finite element numerical results

e, el

Singular value spectrum obtained from
accelerations recorded on June 16, 2018, from
16:00 to 17:00, water level at el. 294 m Reservoir Dam; Foundation
cw = 1440 m/s E =25 GPa
Water level: el. 293.5 m Egyn=13xE
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Mode 2: Symmetric Mode 2: Symmetric
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o TN f2=2.31Hz
Mode 3: Symmetric Mode 3: Symmetric
f3=3.14 Hz

f2=3.11Hz

Fig. 3.30 Test 1: modal analysis. Natural frequencies and mode shapes. Comparison between experimental and
numerical results for Cabril dam.
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EXAMPLE 1: CABRIL DAM
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Fig. 3.31 Test 1: modal analysis. Experimental and numerical modes for Cabril dam: stationary and non-stationary
modal configurations.
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EXAMPLE 2: CAHORA BASSA DAM

Dynamic monitoring results Finite element numerical results
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Singular value spectrum obtained from
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Fig. 3.32 Test 1: modal analysis. Natural frequencies and mode shapes. Comparison between experimental and
numerical results for Cahora Bassa dam.
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EXAMPLE 2: CAHORA BASSA DAM
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Fig. 3.33 Test 1: modal analysis. Stationary and non-stationary modes for Cahora Bassa dam.
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LINEAR DYNAMIC RESPONSE
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Fig. 3.34 Test 2: linear dynamic response. Displacement time history and deformed shape (steady-state response)
under gravitational acceleration input. Comparison with static response.
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LINEAR DYNAMIC RESPONSE: HYDRODYNAMIC PRESSURES ON DAMS

The third test is performed not only to evaluate once again the proposed coupled time-stepping formulation,
but also to show the potential of the coupled model in displacements and pressures to simulate the
hydrodynamic behaviour of the reservoir and dam-reservoir interaction. This test is focused on the study of
hydrodynamic pressures on dams, and it is essentially divided into two parts.

The first part analyses the distributions of hydrodynamic pressures on 100 m high gravity dams with vertical
and sloped upstream faces. The numerical results calculated using DamDySSA are compared with both
analytical and experimental values (Fig. 3.35), namely: (i) with the pressure values obtained using an exact
formula of Westergaard’s solution (Westergaard, 1933), which assumes the hypotheses of rigid dam and
incompressible fluid; and (ii) with experimental pressure curves obtained by Zangar in (1952), based on
the so-called electric analog method, for upstream faces with different slopes.

WESTERGAARD’S FORMULATION
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Fig. 3.35 Test 3: hydrodynamic pressures on dams. Westergaard’s formulation for vertical upstream faces (Itasca
Consulting Group Inc., 2019) and Zangar’s experimental results for different upstream slopes (Zangar, 1952).

The dynamic analyses with DamDySSA are carried out using two 3D models of simple gravity dams, one
with a vertical upstream surface and another with a 30° slope (Fig. 3.36). For this study, to enable a coherent
comparison with the referred results, the hypothesis of rigid dam is considered by assuming a high value of
Young’s modulus for concrete. In the reservoir, the hypothesis of water compressibility is considered, with
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fluid motion in both horizonal and in the vertical directions. As dynamic load input, an acceleration time
history with constant unitary value (1 m/s?) is applied at the base, in the upstream-downstream direction.
In order to obtain the distribution of pressures in the dam-reservoir interface, the hydrodynamic pressures
time histories are calculated for all nodes along the height of the upstream face of the dam and then the
steady-state values are selected.

The results of this comparative study show that it was possible to achieve a very good agreement between
the hydrodynamic pressures computed with DamDySSA (in red), for models with vertical and sloped
upstream faces, and the pressure values calculated using Westergaard’s formula (in blue) and the
experimental curves obtained by Zangar (in black). It is therefore possible to conclude that the
hydrodynamic behaviour of the reservoir and dam-reservoir interaction were properly simulated for rigid
gravity dams with vertical and sloped upstream faces.

In the second part, the aim is to analyse the hydrodynamic pressures on an arch dam (Fig. 3.37). Once again,
Cabril dam (132 m high) is used as application example. The hypothesis of flexible dam behaviour is
assumed. As done in the first parts, the dynamic calculation is carried out using DamDySSA, considering
an acceleration time history with constant value of 1 m/s? applied in the upstream downstream direction:
the hydrodynamic pressures time histories are calculated at all points of the dam-reservoir interface, and
subsequently the steady-state values are used to get a 3D graphical representation with the distribution of
pressures in the upstream face. For comparison, the water pressures are directly computed at all nodes of
the upstream face using Westergaard’s solution, assuming a unitary acceleration value and considering z as
the coordinate in the vertical axis.

These results show clear differences between the pressures computed with DamDySSA (coupled model)
and the values calculated using Westergaard’s formula, not only in terms of the pressure values but also in
their distribution over the upstream face in the horizontal and vertical directions - it is interesting to note
how the coupled model gives a more uniform distribution of the hydrodynamic pressures along the height
of the dam, in accordance with the reservoir water level. Furthermore, the pressures obtained using
Westergaard’s solution, which is valid for rigid vertical upstream faces, are overestimated when compared
to the values calculated with the coupled model for a flexible dam with a curved upstream face.

This observation has great value because it allows to clarify, for the first time, the need to apply an empirical
added mass reduction factor (of around 50 to 70%) when using the classic added water mass models based
on Westergaard’s hypothesis, as has been recommended in this field for dynamic analysis of arch dams (H.
Chen, 2014). For the case of Cabril dam, the pressures calculated with Westergaard’s solution are
overestimated by about 30%, on average. These results also help explain the added mass reduction factors
used in previous studies (around 70%), which were defined to get the best agreement possible between
identified and computed natural frequencies (Mendes et al., 2004; S. Oliveira et al., 2011, 2012)

To conclude, the results presented in this third test allowed to prove the potential of the implemented
coupled model to simulate the hydrodynamic behaviour of the reservoir and the dam-water dynamic
interaction. In combination with the results of the second test, it is thus possible to emphasize the capacity
of DamDySSA to predict the dynamic behaviour of concrete dam-reservoir-foundation systems.
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3D MODELS OF GRAVITY DAMS AND DYNAMIC RESPONSE
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Fig. 3.36 Test 3: hydrodynamic pressures on dams. 3D models of gravity dams with vertical and sloped (30°)
upstream faces. Hydrodynamic pressures time histories under constant unitary acceleration. Comparison with
analytical and experimental results.
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CABRIL DAM: HYDRODYNAMIC PRESSURES
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mass reduction factors for ach dam (0.5 to 0.7) — as shown here, such a reduction
would give pressure values coherent with those obtained using coupled models

Fig. 3.37 Test 3: hydrodynamic pressures on an arch dam. Comparison of pressures obtained using a coupled model
(implemented in DamDySSA) and pressures calculated using Westergaard’s formula.
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NON-LINEAR DYNAMIC RESPONSE: DISPLACEMENTS AND JOINT MOVEMENTS

The fourth and last test aims to check the stability and validate the formulation developed for non-linear
seismic analysis (recall subchapter 3.8), which combines a time-stepping algorithm with the stress-transfer
method, considering opening/closing and sliding joint movements and tensile and compressive damage in
concrete.

It is worth reminding that the implemented non-linear constitutive model has already been properly tested,
separately, elsewhere. In what concerns the joint model, it was applied to analyse the non-linear static
response of a test structure and of a gravity dam for sliding scenarios, and consequently validated through
the comparison with theoretical and analytical results (M. Rodrigues & Oliveira, 2019). With respect to the
damage model, it has been extensively used and validated in various studies (Alegre & Oliveira, 2019;
Faria, 1994; S. Oliveira, 2000; S. Oliveira, Faria, et al., 2003; S. Oliveira & Faria, 2006), namely to generate
stress-strain diagrams under uniaxial loading, to analyse the static response of simple test structures and
compare the results with known theoretical solutions, and to evaluate the so-called concrete strength
decrease scenario for large concrete dams, including the comparison with experimental results obtained
with reduced scale physical models.

What is new in this work is the incorporation of both non-linear models into a coupled finite element
formulation for simulating the non-linear seismic behaviour of dam-reservoir-foundation systems.
Therefore, a simple test is presented here, following the same line of thought as in the linear dynamic
analysis test. This test consists of a comparison between the non-linear static response, under the self-weight
load, and the non-linear dynamic response, considering as input an acceleration time history applied in the
vertical direction, with a value that goes progressively from 0 to the gravitational acceleration (9.81 m/s?)
in half a second and remains constant from that moment on. Yet again, the intent is to verify if the steady-
state non-linear dynamic response matches the non-linear static behaviour.

The 3D finite element model of Cabril dam, used as case study, as well as the interface elements that
represent the vertical contraction joints and the dam-foundation surface can be seen in Fig. 3.38. For this
study, the same Young’s modulus E = 25 GPa was used for concrete. Normal and shear stiffness of
Kn = 10°kN.m*/m? and Kt = 0.5 Ky are considered for the vertical contraction joints, to simulate shear
and normal strength that allow joint movements to occur, while higher values are defined for the dam-
foundation joint to ensure it remains completely closed. The non-linear vertical displacement time history,
calculated for the nodal point at the top of the central section of the dam, is compared with the corresponding
vertical displacement value calculated in the non-linear static analysis. As can be observed, the steady-state
value of the non-linear displacement time history is coincident with the static value.

Furthermore, the steady-state non-linear dynamic response is compared with the non-linear static response
in Fig. 3.39, including the deformed shapes and representations giving the opening and sliding values of all
vertical joints (in this case, as the dam is essentially under compressions, no concrete damage occurs).
Overall, an excellent agreement was reached between the non-linear static response under the self-weight
and the non-linear dynamic response under the gravitational acceleration input, hence demonstrating the
value of the proposed formulation for non-linear dynamic analysis and the stability achieved in the
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numerical solutions. It can therefore be concluded that DamDySSA is a reliable tool for predicting the non-

linear seismic behaviour of large concrete dams under strong earthgquakes.

NON-LINEAR DYNAMIC RESPONSE

Input: vertical acceleration time history
- with a value of 9.81 m/s? (after 0.5 s)

Response: displacement time history calculated at the top of the
central cantilever (vertical direction)

0 T T T T T T

2 -
E 4r Dynamic 7
£ / Y|
s -6 -

Static
8 ~-88mm |
_10 | | | | | | | 1 1
0 1 2 3 4 5 6 7 8 9 10

Ju] (mm)
104

Fig. 3.38 Test 4: non-linear dynamic response. 3D dam mesh and joint elements. Displacement time history
computed in non-linear dynamic analysis under a gravitational acceleration input, and 3D representation of the
deformed shape with joint movements.
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NON-LINEAR DYNAMIC RESPONSE VS NON-LINEAR STATIC RESPONSE (SELF-WEIGHT LOAD)
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Fig. 3.39 Test 4: non-linear dynamic response: joint opening/sliding values from dynamic analysis under a
gravitational acceleration input. Comparison with results from non-linear static analysis under the self-weigh load.

3.10 DAM3DMESH: AUTOMATIC MESH GENERATION

Aiming to perform the studies intended in this thesis on the dynamic behaviour of large concrete dams, and
particularly to carry out the numerical calculations with DamDySSA, it became necessary to use realistic
3D finite element meshes. Therefore, these meshes were obtained using the program Dam3DMesh,
developed in LNEC in the 1990s for automatic generation of 3D finite element meshes of dam-reservoir-
foundation systems, considering cubic elements with 20 nodes (Fig. 3.40). As inputs, the program requires
the data of a 2D plane mesh representing the front elevation of the dam from the downstream face, using
quadrilateral elements with 4 nodal points, as well as the specific dam equations that define its geometry.
Based on this information, first the program generates the 3D mesh of the dam, and then, depending on that
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mesh, it also generates the meshes for the reservoir and the foundation block. The data on the 3D mesh of
the dam-reservoir-foundation system is written on a text file, which can be reorganized into a specific Excel
file to be read later by DamDySSA.

DAM3DMESH
INPUTS

- 2D plane mesh of the dam

(quadrilateral 4 node elements)

- Specific dam equations

OUTPUTS

- 3D mesh of the dam-reservoir-foundation
system (cubic 20 node elements)

Fig. 3.40 Dam3DMesh. Inputs and outputs.

In the scope of this thesis, considering the goal of performing non-linear seismic simulations, a new module
was developed for Dam3DMesh to automatically introduce joints in the finite element mesh of the dam
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(Fig. 3.41). As input, this new module requires only the Excel data file with the data on the 3D mesh of the
3D dam-reservoir-foundation system, to which it is only necessary to add a list with the elements of the
blocks or cantilevers composing the dam body; if required, additional lists of elements to simulate cracks
or other discontinuities can also be given. Then, through a set of consecutive programming routines, the
implemented code provides a list of joints elements, which includes the number of each element and the
corresponding face, namely: (i) along the dam base, to define the dam-foundation surface; (ii) in the
contacts between adjacent cantilevers, to introduce the vertical contraction joints; and (iii) between specific
elements in the dam body, to reproduce existing cracks or other discontinuities.

DAM3DMESH: NEW MODULE FOR INTRODUCTION OF JOINT ELEMENTS
INPUTS

- 3D mesh of the dam-reservoir-foundation
system without joints (cubic 20 node elements)

- List with elements defining the cantilevers
(and possibly cracks or other discontinuities)

OUTPUTS

- Updated 3D mesh (and corresponding
data file) of the dam-reservoir-foundation
system with joints in the dam body

Fig. 3.41 New module for Dam3DMesh: introduction of joint elements in 3D finite element meshes.
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3.11 FINAL CONSIDERATIONS

The current chapter was dedicated to the numerical modelling of the dynamic behaviour of dam-reservoir-
foundation systems, and the main goal was the presentation of the finite element-based formulations for
modal analysis, linear seismic analysis, and non-linear seismic analysis.

The chapter started with a comprehensive state-of-the-art review, which described the principal types of
models used to simulate dam-reservoir dynamic interaction and hydrodynamic effects - added water mass
models or coupled models in displacements and pressures/velocity potentials with radiation in the
reservoir -, and to simulate the dam-foundation interaction and the foundation behaviour — massless
foundation or foundation with mass and radiation energy dissipation.

The advantages and disadvantages of the different approaches used in current practice were referred. For
example, traditional added water mass models are simpler and do not require the reservoir discretisation,
but neglect water compressibility and other hydrodynamic effects. Consequently, added water mass
reduction factors are recommended for dynamic analysis of arch dams. On the other hand, coupled models
require the reservoir discretisation, leading to larger problems, and the definition of specific boundary
conditions. However, these boundary conditions enable the proper simulation of dam-water dynamic
interaction and radiation damping. Regarding the Foundation, models based on the massless approach do
not account for the foundation inertia nor the radiation damping, which can alter the dam stress state if no
additional damping source is considered. Nevertheless, massless foundation models are simple, and a
damping component can be applied at the dam-rock interface. Also, the use of the substructure method to
consider the foundation block as an elastic massless substructure enables to achieve highly efficient models.
Various types of models combining the different modelling approaches have been used successfully in the
past but coupled models with massless or massed foundations usually lead to the best results. A coupled
model with massless foundation was considered in this thesis.

After that, the provided review addressed the mathematical formulations that are usually used to perform
modal analysis and to calculate the forced dynamic response, both for symmetric problems, as is the case
of the classic added water mass models, and for non-symmetric problems, case of coupled problems,
considering either linear or non-linear behaviour. Overall, classic solutions from Structural Dynamics can
be adopted to solve problems using added water mass models with proportional damping, whereas the
formulations commonly used to solve dynamic equations of coupled problems require special procedures
that treat the solid and fluid separately and/or neglect the generalized (or non-proportional) damping matrix.

Therefore, in this work it was decided to develop a complete finite element formulation in displacements
and pressures calculate the global dynamic response the dam-reservoir-foundation system, by solving the
coupled dynamic equation and considering generalized damping.

A state-space formulation was adopted for coupled modal analysis of the dam-reservoir-foundation system,
resulting in the calculation of complex eigenvalues and eigenvectors. Complex eigenproblems are typical
of dynamic systems described by non-symmetric matrices, such as those resulting from structure-fluid
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coupled analysis and/or from the use of damping matrices non-proportional to the mass and stiffness.
Physically, complex eigenvectors correspond to the calculation of non-stationary vibration modes.

A time-stepping coupled formulation was proposed for numerical integration in time domain, based on the
application of the Newmark method to the global dynamic equation, in order to calculate the response of
the dam-reservoir-foundation system in displacements and pressures, under applied dynamic loads. For
seismic analysis, acceleration time histories are used as input.

In addition, a complete formulation was also developed for non-linear dynamic analysis, by combining the
referred time-stepping procedure with the stress-transfer iterative method, which enables the simulation of
non-linear structural behaviour. Aiming to use this finite element formulation for non-linear seismic
analysis of arch dams, a strain-softening constitutive damage model with two independent damage variables
was implemented to simulate concrete failure under tension and compression, and a joint constitutive
model, based on the Mohr-Coulomb failure criterion and considering normal and shear stress-relative
displacement laws, was used to account for opening/closing and sliding movements.

The formulations proposed in this chapter were implemented in the new version of the finite element
program DamDySSA, developed for dynamic analysis of concrete dams. In the course of this work, the first
version a new interactive graphic interface was developed for this program, with a view to simplify its use,
as well as the analysis and interpretation of the results.

Regarding the developed formulations, it is important to highlight their simplicity and elegance, which has
facilitated the implementation into the pre-existing finite element code of DamDySSA, as well as their
computational efficiency, despite considering hydrodynamic displacements and pressures as variables.

Moreover, it is worth emphasizing that the development of the referred formulations and their
implementation in DamDySSA, instead of opting to use a commercial software, brought numerous
advantages for this work. On the one hand, this allowed to obtain a deeper knowledge of the formulations
and of the behaviour intended to simulate, and, at the same time, to ensure complete control over all
variables and lines of code, which could be corrected or updated whenever necessary. On the other hand, it
was necessary to develop several graphical tools from scratch, which enabled to optimize and adapt the
figures according to the goals of the studies to be conducted. Examples include figures representing the
evolution of natural frequencies or with the modal configurations, to be compared with experimental results
obtained from continuous dynamic monitoring systems, as well as high-quality 3D representations of
deformed shapes, stress fields, and damage distributions, to ensure a proper evaluation of the non-linear
seismic behaviour and particularly for seismic safety assessment.

Finally, the chapter ended with several tests on the dynamic behaviour of dam-reservoir-foundation
systems, namely to analyse modal parameters, displacements and hydrodynamic pressures, and joint
movements, involving the comparison of numerical results with experimental results or analytical solutions.
The results achieved in these tests enabled to validate the proposed formulations and show the potential of
the program DamDySSA. Therefore, DamDySSA was used to carry out the numerical calculations for the
application studies on the dynamic behaviour of two large arch dams, presented in Chapter 5.
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CHAPTER 4

4. SEISMIC AND STRUCTURAL HEALTH MONITORING OF LARGE CONCRETE DAMS

4.1 INTRODUCTION

The observation and analysis of the dynamic behaviour of large concrete dams is essential for increasing
knowledge on the response of dam-reservoir-foundation systems and for supporting structural safety
control, something that has been widely recognised for decades as a result of the considerable research
conducted on monitoring vibrations on large dams (recall subchapter 2.5). Furthermore, the concept of
Seismic and Structural Health Monitoring (SSHM) has emerged and asserted itself on a global level over
the past years, not only due to the needs of owners, managers and users, but also to the inherent advantages
of SSHM and the useful data that can be provided (Limongelli & Celebi, 2019).

Therefore, considering the importance of evaluating the performance of dams in normal operating
conditions and during seismic events (ICOLD, 2018, 2019b), the installation of SSHM systems (Fig. 4.1)
has been proposed and undertaken for new and old large concrete dams worldwide, as described in detail
in section 2.5.4. Nevertheless, in parallel with the continuous evolution in the technology for measuring
vibrations and for data acquisition and storage, important challenges continue to arise in this field,
particularly in what concerns the software component, which is essential to ensure a proper operation of
monitoring systems and thus to provide useful data for dynamic behaviour analysis, particularly when
monitoring data is used in combination with modelling results (Alegre, Carvalho, et al., 2019; S. Oliveira
et al., 2011, 2012; S. Oliveira & Alegre, 2018), and for informed decision making (S. Oliveira & Alegre,
2020). The need to complement these systems by developing programs adapted and optimized to each dam
is highlighted, aiming to perform tasks such as automatic and continuous management and analysis of
monitoring data.

In this scope, the aim in this chapter is to present the programs developed to integrate and complement the
software component of continuous dynamic monitoring systems installed in large concrete dams,
comprising computational tools for automatic analysis and management of continuous monitoring data and
for automatic identification of modal parameters.

As for the contents of the current chapter, subchapter 4.2 presents a state-of-the-art review on SSHM
systems, with emphasis on their use for continuous dynamic monitoring of large concrete dams. This
includes three sections, namely, to address the main goals and advantages of this type of system for dam
safety control, general considerations regarding monitoring schemes and the hardware used, and important
aspects on their installation and operation. The following two subchapters describe the software developed
in this work. Subchapter 4.3 presents the program DamSSHM, developed for automatic analysis and
management of continuous dynamic monitoring data, which is implemented for testing in the SSHM system
installed in Cabril dam. Detailed descriptions are provided regarding the four modules of the program and
the tasks executed by each one, including the reading of the data files, the analysis and management of the
acceleration records, the automatic detection of dynamic vibrations during seismic events, and the
automatic maintenance of the server storage. Subchapter 4.4 is focused on the program DamModallD,
developed for automatic modal identification and optimized for the identification of modal parameters for
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dams. First, a brief review on Operational Modal Analysis (OMA) is given, and the main modal
identification methods are referred. Then, general remarks on signal processing and frequency-domain
modal identification are addressed. After that, the modal identification method implemented in
DamModallD is presented in detail, which is based on the frequency domain decomposition method, and
complemented by new techniques proposed in this work for automatic selection of spectral and for
enhancing modal parameter estimation of dams. Finally, the algorithm and the developed graphical user
interface of DamModallD are shown.

?
|
|

Fig. 4.1 Representation of an SSHM scheme for a large dam. Seismic acceleration records and modal identification
results (mode shapes and evolution of natural frequencies over time).

4.2 STATE-OF-THE-ART: SSHM SYSTEMS FOR LARGE CONCRETE DAMS

The concept of Seismic and Structural Health Monitoring (SSHM) refers to the implementation of a set of
procedures and strategies aiming to characterize the dynamic behaviour of structures based on their
response to ambient/operational vibrations and to seismic vibrations, recorded using a permanent
monitoring network, and consequently to provide useful information for controlling structural integrity and
for supporting informed management.

Nowadays, the dynamic behaviour monitoring and the structural safety control of many large structures all
over the world, such as tall buildings, long-span bridges, large dams and other important structures, is based
on methods that use data retrieved from Seismic and Structural Health Monitoring (SSHM) systems
(Limongelli & Celebi, 2019). When installed, configured, and operated correctly, these systems enable the
continuous evaluation of structural performance in normal operating conditions and during extraordinary
events such as earthquakes, and can be a valuable asset to assess structural health conditions as well as
serviceability and functionality. Namely, data from continuous dynamic monitoring can be used to analyse
the seismic response under earthquakes of various intensities and study the evolution of modal parameters
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over time. Possibly, damage detection, often associated with stiffness losses, can be performed by
comparing the measured response with a reference state or with numerical models calibrated based on that
reference state. Furthermore, the permanent surveillance of this type of structures can be fundamental
(Limongelli, 2020), on one hand, because there is a need for effective maintenance interventions, to ensure
that normal service conditions are not affected and that structural integrity is maintained, and, on the other,
given that hazards from the natural or man-made environment, such as earthquakes or floods, can result in
emergency situations that have to be dealt with efficiency, to reduce service interruption and prevent or
minimize environmental, material and human damages. Despite the significant investment required and the
challenges still posed in this field (Limongelli, 2019), SSHM systems have proven to be a superior
alternative to traditional observation and monitoring methods and are capable of providing useful results
for different types of structures, including large dams, bridges, high-rise buildings and towers and historical
monuments (Li etal., 2016; Limongelli & Celebi, 2019). In addition, the evolution and increasing efficiency
of monitoring equipment for continuous vibrations measurement and acquisition and of hardware for data
storage and management enable to design sophisticated and reliable permanent monitoring systems.

The popularity of SSHM methodologies for dam safety control has suffered an important growth over the
past 10 to 15 years, which is well evidenced by the number of dams instrumented with continuous dynamic
monitoring systems all over the world today (Fig. 4.2), as addressed in section 2.5.4, namely for new large
dams, to evaluate their behaviour since the first filling of the reservoir, and for older dams, built decades
ago and possibly suffering from deterioration problems.

Rood Elsberg dam (1969), South Africa, 72 m high

B : e
Cahora Bassa dam (1974), Mozambique, 171 m high

Fig. 4.2 Large concrete dams currently under continuous dynamic monitoring using SSHM systems.
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This was fostered by the undeniable advantages of continuous dynamic monitoring, both for analysing the
response of dam-reservoir-foundation systems and to support safety control studies, as well as by the
increasing safety requirements from dam owners and from the researchers and engineers responsible for
dam safety. In addition, the use of SSHM systems makes it possible to meet the recommendations on the
need for continuously monitoring of the performance of large concrete dams in normal operating conditions
and during seismic events (ICOLD, 2018, 2019b).

4.2.1 MAIN GOALS AND ADVANTAGES

In what concerns the application of SSHM systems for monitoring the dynamic behaviour of large concrete
dams (Fig. 4.3), the monitoring scheme should ideally be designed to measure vibrations in the dam body,
in as many positions as possible, at several points along the dam-foundation surface, mainly at the dam
base, and, if possible, in the free field (Darbre, 1995), aiming to continuously evaluate their performance
in normal operating conditions and when seismic events occur (Alegre, Carvalho, et al., 2019; Bukenya &
Moyo, 2017; S. Oliveira & Alegre, 2019a). Therefore, this type of systems must be configured with a high
dynamic range, to ensure an accurate measurement of both low amplitude accelerations, induced by ambient
and operational vibrations or by lower intensity earthquakes, and high amplitude accelerations, caused by
strong earthquakes or other extraordinary events (Mendes, 2010).

With the abovementioned goal in mind, these monitoring systems should be installed using cutting-edge
and quality hardware for automatic data measurement and acquisition, including digitizers, recorders,
transducers, accelerometers, data concentrators, etc., which are usually provided by specialized companies
like Kinemetrics, Inc. (https://kinemetrics.com/), GeoSIG Ltd. (https://www.geosig.com/) and Nanometrics
(https://www.nanometrics.ca/). Nevertheless, it is vital to complement the hardware component with
suitable software, adapted and optimized to each dam and the respective monitoring system, to process,
manage and analyse monitoring data (Alegre, Oliveira, et al., 2020; S. Oliveira & Alegre, 2020, 2018).

In order to obtain useful data for dynamic behaviour analysis and taking the SSHM goals into consideration,
the software component should include tools for automatic identification of modal parameters, i.e. natural
frequencies, mode shapes and damping ratios, and for automatic detection of vibrations induced by seismic
events, which must be distinguished from those induced by the operation of gates and turbines, as well as
modules that allow the comparison with results from reference numerical models in a simple and
expeditious way.

According to the experience accumulated in this field, particularly in recent studies carried out in LNEC
on the dynamic behaviour of Cabril dam and Cahora Bassa dam, the combined use of experimental results
retrieved from SSHM data and of numerical results from advanced finite element models have proven to
be really useful, namely: (i) to study the evolution of the modal parameters over time, enabling to evaluate
the effects of reservoir water level variations (Alegre, Carvalho, et al., 2019; Bukenya & Moyo, 2017;
Darbre & Proulx, 2002; Okuma et al., 2012; S. Oliveira et al., 2012; Proulx et al., 2001) and/or thermal
variations (Ueshima et al., 2017) on the dynamic response of the dam-reservoir-foundation system; (ii) to
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assess the effects due to the ageing of dams or to perform damage detection based on the evolution of
natural frequencies (Alegre, Oliveira, et al., 2020; S. Oliveira & Alegre, 2020), by comparing the observed
behaviour at a certain point in time with a specific reference state or with the behaviour simulated using a
reference numerical model (calibrated for that same reference state); (iii) to evaluate possible damages or
other structural effects caused by strong earthquakes, by analysing the dynamic performance in normal
operating conditions before and after the seismic events; and iv) to analyse the acceleration time histories
recorded during seismic events, in order to characterize the seismic actions and to analyse the response
during low, medium or high intensity earthquakes, with focus on the amplification of peak accelerations
from the base to the top of the dam (Alegre, Robbe, et al., 2020; Chopra & Wang, 2010; S. Oliveira &
Alegre, 2020; Proulx & Darbre, 2008; Robbe, 2017; Robbe et al., 2017).

This SSHM methodology, based on the comparison of measured and computed responses under
ambient/operational vibrations and seismic vibrations, can be a very important source for increasing
knowledge on the dynamic behaviour of large concrete dams, in terms of both modal analysis and seismic
response analysis. Furthermore, valuable data can be gathered to provide additional insight on the response
of dam-reservoir-foundation systems, namely in what concerns the dam-water dynamic interaction, the
effects of water level or thermal variations in the dynamic properties, the response in accelerations and the
damping mechanism for earthquakes of different intensities, etc., which are fundamental aspects to take
into account in numerical modelling. This data can therefore be used for calibrating and validating existing
models or help in the development of new ones, which will then be used as reference models for structural
health monitoring, or for simulating different scenarios, in order to support the design of new dams or to
carry out safety assessment of existing dams. Finally, in the scope of dam safety control, valuable
information can also be provided to owners and to entities responsible for safety control and health
monitoring, enabling cost-effective and condition-based decisions to be made in a timely fashion, for
ordinary maintenance needs and for management of eventual emergency situations.

4.2.2 MONITORING SCHEME AND MAIN COMPONENTS

The definition of the overall architecture of an SSHM system for a large concrete dam should be carried
out carefully for each specific case. The monitoring scheme should be designed based on results obtained
with dynamic behaviour prediction models, such as finite element numerical models, as well as on
experimental data gathered from forced and/or ambient vibration tests, previously performed on site
(Limongelli & Celebi, 2019). Therefore, it is possible to determine the best location for the measuring
equipment in order to characterize the dynamic response of the dam in normal operating conditions and
during seismic events, by positioning the sensors in zones of the dam body where the most significant
oscillatory movements are expected, as well as to characterize the seismic accelerations arriving at the dam
site, by placing accelerometers along the dam base or in the free field.
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SSHM SYSTEMS FOR LARGE CONCRETE DAMS

Hardware Software
e Accelerometers, digitizers, data concentrators, » Data acquisition and management
electric/optical signal converters, cables for data
transmission e Automatic detection of seismic vibrations

and modal identification
e Local computer server and hard drives for data
storage

e Internet connection and devices to enable remote
access

e Finite element modelling: modal analysis and
seismic analysis

Combined use of experimental and numerical results

e Evolution of natural frequencies (Hz) over time

1dentified

N 4

Computed 7
16 | | | | | | |

Reservoir water level
T T T T

e Seismic accelerations (mg)

Fig. 4.3 SSHM systems for large concrete dams. Main hardware and software components and results.
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The regular solutions of monitoring schemes of SSHM systems comprise a reasonable number of
accelerometers, which are installed in the upper zone of the dam, usually near the crest, and also close to
the dam-foundation interface, e.g., at the base (central section) and/or near the abutments (Fig. 4.4).
However, the ideal solution would be to install a large number of sensors, not only near the crest but also
at other elevations along the height of the dam, which would allow for a more accurate modal identification
of the frequencies and modal configurations of the vibration modes, particularly those associated to higher
frequencies (Cantieni, 2005; Cantieni et al., 1998; Darbre et al., 2000). Moreover, it would be very
advantageous to deploy several accelerometers along the insertion, not only near the dam-foundation
interface, but also in the free-field, to better characterise the seismic action and its propagation along the
rock mass from different directions, enabling to further investigate the phenomenon of the ground motion
spatial variation (Alves, 2004; Chopra & Wang, 2010; Koufoudi et al., 2018).

SSHM SCHEME FOR A LARGE CONCRETE DAM

Important positions to measure the dynamic response
in normal operating conditions (modal analysis) and

ig,"f‘f":. R
during seismic events (seismic analysis) wwmwwwmw WW o = _ %ﬁ . 2

Accelerometers at the insertion are
useful for the characterization of
the seismic action

wwwwwwwwﬂ-MMWW
ww'w«wwwwwmw.‘wt%w«w ettt

IDEAL SSHM SCHEME FOR A LARGE CONCRETE DAM

/ ° ° Increase number of measurement

) o ° points to improve characterization
Record accelerations along the ° of the dynamic behaviour (specially
free-field to better characterize for higher frequencies)

the seismic action

Fig. 4.4 Schematic representation of common and ideal solutions of monitoring schemes for large concrete dams.
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In what regards the instrumentation, it is necessary to perform a cost-benefit analysis and to evaluate the
equipment available on the market, aiming to provide the system with the best solutions according to the
available funds. It is also fundamental to assess the metrological requirements for the quantities to be
measured, namely the dynamic range, the sensitivity, the admissible uncertainties, and the sampling
frequency (Cantieni, 2001; Cantieni et al., 1994, 1998; Darbre et al., 2000; de Smet et al., 1998; Pietrzko
& Cantieni, 1994). Other relevant features to consider when choosing accelerometers are the hysteresis, the
cross-axis sensitivity, and the thermal drift. Furthermore, the equipment in general must be reliable and
durable, have mechanical ruggedness, to resist the imposed actions and environmental conditions during
their operation, and be protected from damages caused by power surges and voltage spikes (e.g., due to
lightning), to keep the system in operation.

As the name indicates, an SSHM system is installed in a large concrete dam aiming to measure the seismic
response and to assess its structural health condition. Considering these purposes, it is therefore
recommended the use of force-balance accelerometers, including triaxial accelerometers, set for recording
accelerations in the cross-valley, upstream-downstream and vertical directions, and uniaxial
accelerometers, for measuring vibrations in the upstream-downstream or radial direction.

Usually, the triaxial sensors are especially useful for characterizing the seismic action and the dam response
during a seismic event, while the uniaxial sensors are best suited for gathering data to study the dynamic
behaviour of the dam in normal operating conditions, by recording ambient/operational vibrations.
Therefore, the accelerometers should be configured differently: the uniaxial accelerometers with a lower
full-scale range (e.g. of + 0.25g), given the lower amplitude of vibrations from ambient/operational sources,
while the triaxial accelerometers must have a higher range (e.g. from 0.5g to 4g), to enable recording of
accelerations under seismic events with different intensities and to avoid saturation under a strong
earthquake (Mendes, 2010; S. Oliveira & Silvestre, 2017). In this way, the uniaxial sensors ensure greater
accuracy when recording low amplitude vibrations from ambient/operational sources, while also being able
to measure low amplitude seismic vibrations, depending on the earthquake intensity and on the distance
from its epicentre to the dam site. Moreover, provided that triaxial accelerometers are installed near the
dam-rock interface and at the top of dam near the crest, where the maximum response values are expected
according to the prediction models (Alegre, Robbe, et al., 2020; Chopra & Wang, 2010; Proulx & Darbre,
2008; Robbe, 2017; Robbe et al., 2017), it is possible to accurately evaluate the base-to-top amplification
factors of peak accelerations.

In what concerns data acquisition units, the most recent solutions available include equipment with several
functionalities and advantages. These units, specifically developed for continuous monitoring systems,
have multiple channels for connection of several measurement sensors and are able to acquire and store
data with high sampling rates and excellent resolution. Furthermore, they also allow to create and manage
databases and to establish communications via internet for remote access and control of the units installed
on site. Some of these solutions even include their own software or dedicated webservers to allow remote
access and perform diagnostic and maintenance tests. Currently, there are several solutions of measuring
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equipment and data acquisition available on the market for seismic response monitoring and/or for
structural health monitoring, provided by specialised companies in the field (Fig. 4.5).

FORCE-BALANCE ACCELEROMETERS DATA ACQUISITION UNITS
Kinemetrics

Multi-channel recorder

Triaxial sensor Uniaxial sensor Obsidian
Episensor (ES-T) Episensor (ES-U2)
Nanometrics
bm - -
] r4Centaur
.( I“ ® .‘ .f' .j
Triaxial sensor Multi-channel recorder
Titan Centaur

GeoSIG

Multi-channel recorder
scai - GMS series

Accelerometer AC-7X

Fig. 4.5 Examples of available equipment for SSHM systems. Accelerometers and data acquisition units.

In order to establish the connection between the measuring sensors and the data acquisition units, optical-
fibre cables or wireless networks can be used, as alternatives to classic electrical cables with copper
conductors. In the particular case of the optical-fibre cables, these are an excellent solution for
implementation in a large concrete dam monitoring system, considering that this type of cables are able to
avoid electromagnetic problems in locations where power surges occur (a common situation in dams), offer
protection during thunderstorms, and are suitable for transmitting data over long distances (Garrett, 2007).
Moreover, the use of optical fibres has become more common over the years and their availability in the
market has increased, hence their cost has decreased. As for wireless networks, if designed properly, they
could permit higher distances between sensors, lower energy consumption and no need of further devices
to ensure data synchronization (Lynch, 2007). Also, the data recorded on the data acquisition units should
be continuously stored in local or remote data repositories and synchronised with computer servers at the
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workplaces to enable the creation of databases and to carry out proper dam behaviour analyses, via proper,
high-quality Internet connections.

In the case of a large concrete dam, the aim is to continuously measure vibrations at various locations, with
high sampling frequencies. Thus, depending on the location and distribution of the measuring equipment
along the dam galleries, the installation of several data acquisition units, which must be perfectly
synchronised, may be recommended. In addition, considering that data acquisition units have limited data
storage capacity, it is necessary to install a central computer server to collect and store all monitoring data.
Given the significant amount of recorded data that has to be transmitted and stored, the distances to be
covered and the existing constraints on the dam site, which is usually a remote site, a possible solution may
be to design and implement a local network, using optical-fibre cables, to connect the referred equipment
and to enable data transmission to the central server (Mendes, 2010; S. Oliveira & Alegre, 2019a). In that
case, it can be beneficial to design a ring network layout, which allows for two alternative paths for data
transmission between all data acquisition units and the central server; hence, in the event of any type of
malfunction that prevents one of the data paths, all data can be sent in the other direction of the ring network.
This design was adopted for the pioneer SSHM system installed in Cabril dam (Fig. 4.6).

mp D D A B C D E F G H I J K[L M N O P Q R S T U V IE IE
DI L DY 2

20 ] I“
10 2 X ical-fi
. \ # F Optical-fibre network
“\. ; ‘,4".
L B \ E .,/f'.‘ ’
é Triaxial sensors (3) O ‘ &
Uniaxial 16 2 isition uni
<> Uniaxial sensors (16) /“\ £ 2,3,5,6: Data acquisition units

Central computer server

Fig. 4.6 SSHM systems installed in Cabril dam. Optical-fibre network, data acquisition units (2,3,5,6), and positions
of the accelerometers. Adapted from (S. Oliveira & Silvestre, 2017).

4.2.3 INSTALLATION, OPERATION AND REQUIRED SOFTWARE

The installation of an SSHM system on a large dam involves a series of works on the dam site and of tests
in the laboratory. These should be carried out carefully and follow a well-defined plan, with a view to
guarantee the reliability of the system and that it functions properly during its operation. Overall, in an
initial phase, the equipment for data measurement and acquisition, as well as the software for data
processing, management, and analysis, should be properly configured and tested. Then, the local network
for data transmission, whether optical fibre or wireless, is installed in the dam, to ensure a proper connection
between the accelerometers (and maybe other measuring sensors) to the data acquisition units, and the latter
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to the computer server for data storage. In addition, equipment storage boxes, where the data acquisition
units and all associated accessories are assembled, are placed in the proper locations, and concrete niches
are created in the dam galleries, to isolate and protect the accelerometers (Mendes, 2010; S. Oliveira &
Silvestre, 2017). After that, to store/manage all monitoring data and to use appropriate software that
complements the SSHM system, the computer servers for data storage must properly installed in suitable
locations and ensure enough memory capacity to gather all monitoring data. Finally, all equipment can be
correctly deployed and connected to the local network to form the overall monitoring system (Fig. 4.7).

Fig. 4.7 Installation of the dynamic monitoring system at Cabril dam. Uniaxial and triaxial accelerometers,
equipment storage box for data acquisition units, and optical-fibre cables (S. Oliveira & Silvestre, 2017).

After completing the installation of all equipment, the operation phase of the SSHM system can begin.
Nevertheless, to achieve the proposed objectives, it is essential to guarantee not only an effective control
of the system over time, but also the ability to retrieve useful information from collected monitoring data.

On the one hand, given that the dam site is usually in a remote location, far from the workplace of
researchers and technicians/engineers responsible for dam safety control, remote access to the system must
be assured, e.g., using existing tools such as TeamViewer or Chrome Remote Desktop. Therefore, it is also
essential to ensure a good, or at least stable, Internet connection, to allow all required tasks to be performed
in a simple and trouble-free way, and, if necessary, to transfer data via cloud storage. In this way, it is
possible to evaluate the status of the system over time, assess the need for repair/maintenance actions
(ideally carried out by technicians working on the dam site), carry out software maintenance, and perform
specific analyses on the latest recorded data using software suitable for seismic response and structural
health condition studies. However, periodic visits to the site must also be accounted for.

On the other hand, it is important to emphasize the need to complement the SSHM systems with appropriate
software for processing, managing, and analysing dynamic monitoring data collected on a continuous basis.
In recent years, the specialized companies that develop and supply measuring and data acquisition
equipment have also started to invest in software for data acquisition and processing, as well as in tools for
analysing vibrations measured under normal operating conditions and vibrations induced by seismic events.
However, dams are special structures, whose dynamic behaviour is influenced by multiple factors, and each
dam has unique features. Therefore, there is a clear need to develop software, adapted and optimised for
each dam and the installed SSHM system, for data processing, management, and analysis. This SSHM
software, properly equipped with adequate graphical tools, will allow the retrieval of useful data, and
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facilitate the analysis and interpretation of the dynamic behaviour of dams under normal operating
conditions and during seismic events, as well as provide relevant information dam owners and to the entities
responsible for dam safety, to support decision making in current or emergency maintenance situations.

The present work intends to contribute with the development of specific software and computational tools
to complement and improve SSHM systems installed in large concrete dams, namely DamSSHM, for
automatic data analysis and management, and DamModallD, for automatic modal identification. These
programs are described in detail in subchapters 4.3 and 4.4, respectively.

4.3 SOFTWARE FOR MANAGEMENT AND ANALYSIS OF MONITORING DATA: DAMSSHM

DamSSHM is a program developed in MATLAB for automatic analysis and management of continuous
vibrations monitoring data collected with SSHM systems installed in large concrete dams. The first version
of DamSSHM was specifically designed and optimized to complement and improve the operation of the
SSHM installed in Cabril dam (Mendes, 2010; S. Oliveira & Silvestre, 2017), which has been in operation
since 2008 and under LNEC's supervision ever since. This program is installed in the central computer
server of the system (Fig. 4.8) and it includes four modules, namely for: (i) reading data files recorded with
the data acquisition units; (ii) automatic data analysis and management, (iii) automatic detection of seismic
vibrations, and (iii) automatic management of storage hardware. Each module is described in detail in the

following sections.
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DamSSHM is executed automatically, every day at 9:30 am, as a specific task scheduled using the Windows
Task Scheduler tool. Furthermore, a private email account, associated with the SSHM system, was created
to allow the program to automatically send emails, and a Google Drive folder was configured to enable
automatic cloud storage of data. Since 2018, and still in the testing phase, DamSSHM is working
automatically and independently in Cabril dam, as shown in this chapter.

4.3.1 MODULE 1: READ DATA FILES

The automatic collection, management and analysis of continuous monitoring data is fundamental for the
successful operation of an SSHM system, as previously emphasized in this chapter. In the case of Cabril
dam, the data continuously recorded with the measuring sensors is collected with 4 data acquisition units
(recall Fig. 4.6) and sent to the central computer server, Then, using Cabril_Aquis, a program developed in
LabView at the Scientific Instrumentation Centre of LNEC (S. Oliveira & Silvestre, 2017; Reis & Oliveira
Costa, 2009), this data is stored in 4 binary files, one for each unit, every hour. The files are saved in a pre-
defined computer directory, and their names are basically sets of characters that contain information on the
number of the corresponding data acquisition unit X (from 1 to 4) and on the year Y'Y, month MM, day DD
and hour HH of recording, e.g., EOLEOX@YYMMDDHH.dat. Therefore, to take advantage of the previously
carried out work, the first module of DamSSHM was specifically prepared to read the sets of 4 binary data
files from Cabril_Aquis and to create matrices in MATLAB with all the acceleration records.

First, as soon as the program runs, module 1 begins by setting the date of the previous day as the analysis
date and selects all files from that day in the main storage directory. For example, if the program runs on
November 11, all files recorded during the 24 hours of November 10, i.e., files with the designation
EOLEOX@YY1110HH.dat, are selected. Then, for each hour of the day, the data is extracted from the 4
binary data files, using the commands fopen and fread to access and read binary files, in order to obtain the
acceleration time histories (in m/s? or in g) for all accelerometers installed in the dam. In addition, aiming
to increase the efficiency of future analyses while also maintaining the quality of the data, the original
acceleration records, measured with a sampling frequency of 1000 Hz, are converted to decimated versions,
considering an artificial sampling rate of 50 Hz. Finally, a moving average filter is applied to all signals to
regulate the time histories by filtering unwanted noise components, thus ensuring their mean value is set to
zero (see section 4.4.2 for further details).

Following these preliminary tasks, the analysis and management of the acceleration records (module 2),
the automatic detection of seismic vibrations (module 3) and the maintenance of the storage hardware
(module 4) can be carried out.

4.3.2 MODULE 2: AUTOMATIC DATA ANALYSIS AND MANAGEMENT

The second module of DamSSHM was developed both for analysing the acceleration records, aiming to
detect errors and evaluate their integrity, and for management of the collected data files, with a view to
perform the maintenance of the storage hardware installed on the dam site. The tasks described next are
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carried out for each hour of the analysis date, i.e., using all the files selected with module 1 for the
corresponding day.

In the first phase, module 2 executes a series of tasks to evaluate all the accelerations records, aiming to
detect corrupt files or records with measurement errors (Fig. 4.9). These errors can be occasional, if they
occur only in one or two sensors, or general, when detected in most or in all sensors. Also, errors in the
data files can also be associated with problems occurring with specific data acquisition units, and, in such
cases, the acceleration records of the sensors connected to those units will be corrupt. As a result of this
evaluation, and to allow for a proper management of data files and accurate studies on the dam dynamic
behaviour to be performed in the future, the hour under analysis is associated with a generic tag as 00000,
when no errors are detected, or with a tag like error, if errors are detected in a number of records considered
unacceptable. Nevertheless, in case there are errors in a small number of records, say less than three, while
all others are in good conditions, then the corresponding time histories are filled automatically with null
values (and latter excluded from the analysis) and the hour under analysis is assumed as viable.

Incomplete record
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Fig. 4.9 Examples of detected records with errors from the SSHM system installed in Cabril dam.

In what concerns the system installed in Cabril dam, several types of errors have been detected during the
development of this work, including records with null or constant values during all or a large part of the
hour, records with single or multiple spikes and/or with several plateaus throughout the hour, and even
incomplete records due to malfunctions in the sensors or the data acquisition units. These types of errors
were gradually discovered over time in an empirical way, simply based on the observation of the measured
acceleration time histories. Therefore, continuous updates and improvements to the code of module 2 were
necessary during this period, to enable the detection of all these errors and hence achieve a reliable tool.

In the second phase, module 2 includes a code to generate new data files containing the decimated records
with an artificial sample rate of 50 Hz. Essentially, for the hour under analysis a single data file is created
with a new designation as E01E01234@YYMMDDHHtag.dec, where YY gives the last two digits of the
year, MM, DD and HH indicate the month, day, and hour, while the string tag is replaced by 00000 if the
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file is normal, or by error, if the file is corrupt. Each generated file is then automatically stored in an extra
external storage device, acquired for that sole purpose, in a directory corresponding to the respective month
MM and year YY, where all files of each day of that month are located. Moreover, copies of the new files
are saved in a Google Drive folder for cloud storage (Fig. 4.10), hence enabling a direct retrieval of data
once the synchronisation is complete, which currently must be done manually.

Automatic SSHM data management in Cabril dam
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Fig. 4.10 Scheme illustrating the data management of the SSHM system of Cabril dam (top) and desktop
environment of the central computer server (bottom).

This feature of DamSSHM s critical not only for an efficient management of the storage space of the
hardware, but also for increasing the speed of data transfer to Google Drive and of its remote access. To
demonstrate how significant this is, it should be noted that a set of 4 original binary data files, which include
all the acceleration records for a single hour, consume a total of 370 Megabytes (MB) of storage space; for
a whole month, the files would take around 265 Gigabytes (GB). This means that a 3 Terabyte (TB) storage
device would be full in around 11 months, which is not at all sustainable. Therefore, the decision was made
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to save backups of new files containing the records decimated to 50 Hz. In this case, the size of the file for
a single hour is around 17 MB, while all files corresponding to a whole month of continuous monitoring
consumes around 12.3 GB, and thus a 3 TB storage device would allow to store around 244 months (or 20

years) of data.

Finally, on a third phase, module 2 generates a series of figures and a text file with a daily summary of
monitoring results, which are automatically sent by email (Fig. 4.11) for any intended recipient, e.g.,

researchers and engineers responsible for dam safety.
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4.3.3 MODULE 3: AUTOMATIC DETECTION OF VIBRATIONS DURING SEISMIC EVENTS

The third module of DamSSHM was developed for automatic detection of vibrations induced by seismic
events on dams, and simultaneously to distinguish them from those induced by the operation of gates and
by turbines of generator sets, based on the analysis of the acceleration records. The procedures described
below are performed following module 2, namely for all hours of the date under analysis whose files are
error-free or uncorrupted.

On the first phase, for each hour, module 3 includes a series of tasks that aim at evaluating certain
parameters and patterns, which, based on experience, are usually observed in seismic accelerograms. These
tasks are carried out for all the acceleration records measured during that hour. First, the relation between
the maximum (or peak) acceleration and a specific comparison level, which is calculated as the sum of the
mean value of the local maxima of the signal and the respective standard deviation, is calculated to
investigate if there is a relevant increase in the amplitude of recorded vibrations. After that, the difference
in seconds between the maximum acceleration, either positive- or negative- valued, and the second
maximum but of opposite signal, is computed in order to evaluate if significant vibrations occur in both
directions in a short period. These first two parameters can be quite important on their own for analysing
patterns on acceleration records in order to detect vibrations induced by seismic events. Nevertheless,
additional verification is required when analysing recorded vibrations on a large concrete dam, since the
operation of the generator sets and the actions of closing/opening the spillways can induce a sudden increase
in the amplitude of recorded vibrations, result in peak accelerations that could be confused with those
usually measured during low intensity seismic events if only the first two parameters were evaluated.
However, based on experience, the variation between the normal level of ambient vibrations and the peaks
due to operational sources is more abrupt, while during earthquakes it is common to note a more gradual
variation in the amplitude of vibrations before and after the peak values. Therefore, it is necessary to
evaluate the gradual variation of the acceleration values, based on the gradient of the local maxima, during
a certain time interval before and after the peak acceleration, aiming to increase the accuracy of the
proposed method and to be able to distinguish between seismic vibrations and those induced by the
operation of generator sets or spillways. At last, if the analysed parameters meet the established
requirements (based on specific tolerance values) for all acceleration records, the program determines that
a seismic event was detected on the dam site and module 3 continues to the following tasks; otherwise,
DamSSHM continues to module 4.

On the second phase, if a seismic event was detected, a new tag sismo (which means earthquake in
Portuguese) is associated with the hour under analysis, replacing the generic tag 00000, assigned by module
2 because the file didn’t have errors. Then, module 3 «creates a new data file,
E01E01234@YYMMDDHHSsismo.dec, which is stored both in the directory previously created by module
2, according to the year/month, and in Google Drive folder for cloud storage. In addition, the 4 original
binary data files are copied to a new folder created by module 3 in the external storage device, with a view
to create backups of the original seismic accelerograms, recorded with the sampling frequency of 1000 Hz.
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Finally, on the third phase, module 3 automatically sends an additional email to inform that a seismic event
was detected in Cabril dam, containing figures of the acceleration time histories recorded both near the
dam-rock interface and at the top of the central section (Fig. 4.12).

Since the system entered in operation at Cabril dam in 2008, only small to medium intensity earthquakes
have occurred in Portugal and in adjacent zones, usually at a great distance from the dam, resulting in low
amplitude vibrations at the dam site, namely of the order of magnitude of the milli-g (mg). Nevertheless,
even for these earthquakes the system has been able to record the resulting seismic accelerations with great
accuracy. Furthermore, throughout the development of this work, several seismic events have been
automatically detected with DamSSHM, clearly demonstrating the potential of this module for automatic
detection of seismic vibrations. Next are two examples of automatically detected seismic events. The first
is an earthquake of magnitude 4.6, recorded on September 4, 2018, with the epicentre located in the abyssal
region off the coast of Peniche, at about 200 km from the dam (Fig. 4.13). The second is an earthquake of
magnitude 3.6, detected on February 12, 2021, which occurred to the North of Rio Maior, at round 89 km
from the dam site (Fig. 4.14).

Barragem do Cabril - sistema SSHM - AVISO: SISMO (Cabril Dam - SSHM system - WARNING: SISMO)

My, Inec cabril pgmail.com

“

Earthquake on 12/02/2021, 22h. Accelerations at KL294 (Top of Central Cantilever)
T T T T T

ts)

Fig. 4.12 Example of received email when a seismic event is detected in Cabril dam.

182



CHAPTER 4

EARTHQUAKE (4.6 M) ON SEPTEMBER 4, 2018. DISTANCE: 206 km FROM CABRIL DAM
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Fig. 4.13 Seismic event detected with DamSSHM on September 4, 2018. Recorded seismic accelerations at the dam-
foundation interface and in various positions of the dam body.

183



SEISMIC AND STRUCTURAL HEALTH MONITORING OF LARGE CONCRETE DAMS

EARTHQUAKE (3.6 M) ON FEBRUARY 12, 2021. DISTANCE: 206 km FROM CABRIL DAM
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Fig. 4.14 Seismic event detected with DamSSHM on February 12, 2021. Recorded seismic accelerations at the dam-
foundation interface and in various positions of the dam body.
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4.3.4 MODULE 4: AUTOMATIC MAINTENANCE OF THE SERVER STORAGE

As described previously, modules 2 and 3 create files with the decimated acceleration records, which are
much smaller in size than the original binary files and save them in both an external storage device for a
backup and a Google Drive folder to allow remote access to the data. Moreover, module 3 also saves the
sets of 4 binary files when seismic events are detected. These tasks are fundamental for managing,
preserving, and facilitating the access to dynamic monitoring data. Nevertheless, the original files continue
to be continuously saved in the central server with Cabril_Aquis, every hour. As mentioned, a set of 4
binary data files, containing all the acceleration records for an hour, has a total file size of 370 MB. Hence,
a whole month consumes around 265 GB of storage space. Although the server in Cabril dam has an internal
disk used only for data storage, this was installed more than 10 years ago and hence its capacity is only
about 360 GB (enough for less than 2 months of monitoring data). Thus, it became essential to ensure that
data storage on the server, and hence the system operation, are not compromised. Therefore, the fourth and
last module of DamSSHM, was specifically prepared to perform the maintenance of the computer server
installed in the Cabril dam SSHM system, through the management and elimination of data files. First,
module 4 defines the analysis date to 21 days before the day when DamSSHM is executed, and it selects all
files for every hour of that date. Then, the program saves a backup for a single hour of the analysis date, by
moving the corresponding original set of 4 data files to the external storage device, hamely to a new
directory created for this purpose according to the year/month, in order to preserve some of the original
data files. After that, the remaining files of that day are eliminated, to ensure the storage capacity of the
computer server in the future (Fig. 4.15). Finally, an email with relevant information is sent, in which the
total storage capacity of the server is indicated, as well as an update on used and the available storage space,
to allow an effective control and maintenance of the storage hardware.
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Fig. 4.15 Desktop environment of the central server installed in Cabril dam” SSHM system: available and used
storage space in both the computer server disk and in the external storage device.
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435 DAMSSHM: ALGORITHM

The algorithm of DamSSHM, describing all tasks currently thar are automatically executed as part of the
SSHM system installed in Cabril dam, is presented in Fig. 4.16.

DAMSSHM

1. Module 1: read data files
1.1. Define the analysis date (DD/MM/YY) to the previous day and select all corresponding data
files
1.2. Read monitoring data. For each hour HH:
1.2.1. Open and read the 4 binary files
1.2.2. Create matrix with all acceleration time histories (measured at 1000 Hz)
1.2.3. Decimate the acceleration time histories (new sample rate of 50 Hz)

2. Module 2: Automatic data analysis and management

2.1. Analyse monitoring data. For each hour HH:
2.1.1. ldentify corrupt files or detect measurement errors in the acceleration records
2.1.2. Evaluate file integrity
2.1.3. Normal files: attribute tag 00000; Corrupt file: attribute tag errors.
2.2. Management of monitoring data. For each hour HH:
2.2.1. Create new data file with decimated acceleration record: EO1E01234@YYMMDDHHtag.dec
2.2.2. Store data file in external storage device (subfolder MM of folder YY) and in Google Drive
2.3. Send email with figures and daily summary of results

3. Module 3: Automatic detection of seismic vibrations

3.1. Analyse monitoring data (files without errors). For each hour HH:
3.1.1. Evaluate specific parameters and patterns in the acceleration records
3.1.2. Distinguish possible seismic vibrations from those induce be operational sources

3.1.3. Assess if a seismic event has occurred: Yes — replace the tag by sismo and continue to 3.2; No
— continue to 4.

3.2. Management of files with seismic records
3.2.1. Create new data file with the seismic accelerations: E01E01234@YYMMDDHHSsismo.dec
3.2.2. Store data file in external storage device (subfolder MM of folder YY) and in Google Drive
3.2.3. Save the 4 original binary data files in the external storage device (subfolders MM and YY of
main folder Earthquakes)
3.3. Send email with figures of the acceleration time histories recorded both near the dam-rock
interface and at the top of the central section.

4. Module 4: Automatic maintenance of the server storage

4.1. Define the second analysis date (DD/MM/YY) to the 21 days before and select all
corresponding data files

4.2. Save backup of a single hour HH: move the set of 4 binary data files to the external storage
device (subfolders MM and YY of main folder OriginalDataBackup)

4.3. Eliminate remaining files associated with the analysis date
4.4. Send email with information on the task and on the storage capacity of the computer server

Fig. 4.16 Algorithm of DamSSHM.
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4.4 SOFTWARE FOR AUTOMATIC MODAL IDENTIFICATION: DAMMODALID

DamModallD is the second program developed in this work for complementing and enhancing the software
component of SSHM systems installed in large concrete dams, aiming to provide data for studies on the
dynamic behaviour of dam-reservoir-foundation systems and to support structural health monitoring
activities (Fig. 4.17). More specifically, this program is designed to perform modal analysis based on
continuous vibrations monitoring data in large concrete dams, in order to determine the natural frequencies
and modal configurations of the main vibration modes. The first version, presented in this chapter, includes
three modules, namely: (i) for frequency domain modal identification, based on the Frequency Domain
Decomposition method with Singular Value Decomposition (FDD-SVD); (ii) to automate the selection of
spectral peaks, using a new proposed technique; and (iii) to enhance modal parameter identification of dams
over time, based on previous dynamic behaviour results and considering the reservoir level variations). In
addition, an interactive version of the program was developed, with its own graphical user interface, to
allow for periodic studies to be performed, based on data collected on specific dates and hours, and thus to
analyse in detail both the acceleration records and modal identification results. DamModallD was properly
tested by performing various studies using continuous dynamic monitoring data from two large concrete
dams, namely Cabril dam Cahora Bassa dam, the two case studies of this work.
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Fig. 4.17 DamModallD. Automatic modal identification results and version with graphical interface.

44,1 MODAL IDENTIFICATION: GENERAL REVIEW

The analysis of the dynamic behaviour of a structure from a modal identification perspective aims to obtain

accurate estimates of its main modal parameters, i.e. natural frequencies, modal configurations, and
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damping ratios, based on the measured response under certain dynamic excitations (Peeters, 2000; J.
Rodrigues, 2004). The determination of modal parameters from measured vibrations in structures and their
careful analysis can provide extremely useful results for evaluating their dynamic performance, for
supporting structural health monitoring and vibration-based damage detection, and for validating and
updating numerical models (Li et al., 2016; Limongelli & Celebi, 2019).

The identification of the modal parameters of a structural system is a research field where extensive work
has been conducted over several decades, leading to the development of well-established methods based
on solid theoretical foundations. In current practice, there are two main approaches used for experimental
characterization of structural dynamic behaviour, which differ essentially with respect to the origin of the
dynamic excitation.

The first approach, known as Experimental Modal Analysis (EMA), or input-output modal analysis (Maia
& Silva, 1997), is based on the measured dynamic behaviour of the structure (output) under one or several
dynamic loads (input), which are known and controlled. The modal parameters are then estimated from the
relation between the applied input and the observed dynamic response, using appropriate deterministic
modal identification methods. This methodology can be applied in laboratory tests with reduced scale
structures, e.g., using shaking tables, or in forced vibration tests, which entail the application of controlled
excitations using special devices and the measurement of the response at various points of the structure.
EMA has been successfully used for experimental identification of civil engineering structures, such as
buildings, bridges and dams, by performing forced vibration tests which provided useful and insightful data
on their dynamic behaviour (Cunha & Caetano, 2006; Severn, 2010). Although they can provide important
experimental data, forced vibration tests can only be performed from time to time and thus do not allow for
a continuous evaluation of structural dynamic performance.

The second approach, referred to as Operational Modal Analysis (OMA) or output-only modal analysis
(Brincker & Ventura, 2015; Peeters, 2000; J. Rodrigues, 2004), is based on the measurement of the dynamic
response under ambient or operational excitations. In this type of approach, the modal parameters are
retrieved from the measured vibrations using stochastic modal identification methods, by assuming that the
unknown dynamic excitation is a random excitation with white noise characteristics, i.e. a realization of a
stochastic Gaussian process with zero mean value (Brincker & Ventura, 2015). As the name indicates, in
OMA the dynamic behaviour of a structure is analysed in normal operating conditions, which entails the
advantage of allowing dynamic monitoring without disturbing its operation, by conducting ambient
vibration tests over a certain time period or by using continuous monitoring systems. It is therefore clear
that the OMA methodology is perfectly appropriate for continuous dynamic monitoring. The OMA
approach has been extensively used in civil engineering to characterize the dynamic behaviour of large
structures and to perform vibration-based health monitoring (Li et al., 2016; Limongelli & Celebi, 2019),
namely in bridges (Brownjohn et al., 2010; Cunha et al., 2018; Magalhdes et al., 2012; Y. Zhang et al.,
2017), high-rise buildings and towers (Ni et al., 2009; Su et al., 2013), historical monuments (Ceravolo et
al., 2019; Monti et al., 2018), and, of particular interest for this thesis, in large concrete dams (Fig. 4.18)
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(Alegre, Carvalho, et al., 2019; Bukenya & Moyo, 2017; S. Oliveira et al., 2012; S. Pereira, Magalhaes,
Cunha, et al., 2021; S. Pereira, Magalhdes, Gomes, et al., 2021).

OPERATIONAL MODAL ANALYSIS

Modal identification methods
- Natural frequencies - fa
- Damping ratios - &

- Modal configurations

Fig. 4.18 Operational modal analysis of a large concrete dam.

Since one of the objectives of this thesis is the development of a modal identification program, as part of a
software component for complementing continuous monitoring systems installed in large concrete dams,
this subchapter is focused only on the OMA approach. Therefore, a brief overview of some the most popular
modal identification methods available for OMA is given here, in order to provide a framework for the
implemented methodology.

MODAL IDENTIFICATION METHODS FOR OPERATIONAL MODAL ANALYSIS

The characterization of the dynamic behaviour of a structure under ambient/operational excitations is
usually performed using frequency-domain or time-domain modal identification methods (Brincker &
Ventura, 2015; Peeters, 2000; J. Rodrigues, 2004). In practice, the identification of modal parameters of
the structural system is carried out by correlating the dynamic characteristics of an idealized mathematical
model with the physical properties of the system, which are extracted from the measured response:
essentially, the mathematical models are fitted to or estimated from experimental measurements. The most

relevant and widely used methods in current practice are summarised next.

In frequency-domain modal identification, the power spectral density (PSD) matrix (or output spectrum
matrix) is obtained from the response time histories, measured in several points in the structure, and thus
analysed based on non-parametric or parametric methods.

The Basic Frequency Domain (BFD) method, also known as Peak-Picking (PP) method (J. S. Bendat &
Piersol, 1993; Felber, 1993), is a simple and fast non-parametric method in which the frequencies are
estimated by selecting the peaks of the auto-spectra of the measured outputs, while the mode shapes can be
extracted by analysing one row/column of the PSD matrices, under the condition of well separated modes

189



SEISMIC AND STRUCTURAL HEALTH MONITORING OF LARGE CONCRETE DAMS

and low damping. The modal damping ratios can be determined based on the half-power bandwidth method.
Being non-parametric, the PP method enables the determination of the eigenfrequencies just by evaluating
features of the signal without fitting nor estimating a mathematical model. The Frequency Domain
Decomposition (FDD) method, also called Complex Mode Identification Function (CMIF) method
(Brincker et al., 2000; Peeters, 2000), is a more advanced non-parametric method that overcomes some
limitations of the BFD method, while maintaining simplicity and efficiency. It is based on the analysis of
the singular value decomposition (SVD) of the PSD matrix to identify natural frequencies and mode shapes,
and it works well even for closely spaced modes. Furthermore, an enhanced version of the method, the
Enhanced Frequency Domain Decomposition (EFDD), has been developed to allow for the determination
of modal damping ratios, as detailed in (Brincker et al., 2001), based on the Modal Assurance Criterion
(MAC) index first introduced by (Allemang & Brown, 1982). This is a quite popular method for OMA,
being implemented in commercial software like ARTeMIS Modal (Structural Vibration Solutions, 2020).

In what concerns parametric methods for frequency-domain identification, these are based on the fitting of
a mathematical model of the dynamic system to the output PSD matrix, on a first phase, in order to retrieve
the modal parameters on a second phase. This problem can be solved based on optimization-based methods,
using the linear least squares method or the Maximum Likelihood estimator (Guillaume et al., 1999), or
considering stochastic subspace identification methods, using frequency-domain state space models (P. Van
Overschee et al., 1997). The parametric method most used today in civil engineering applications is the
poly-Least Squares Complex Frequency (p-LSCF) due to its good performance and to its implementation
on the commercial software PolyMax (Peeters & Van der Auweraer, 2005).

As for time-domain modal identification, the mathematical models (and respective dynamic properties) are
fitted directly to the response time histories or to the corresponding correlation functions, using parametric
stochastic methods.

The Ibrahim Time Domain (ITD) method was among the first used for OMA, in which relevant information
is extracted from the measured responses in multiple positions of the structure (Ibrahim, 1977; Ibrahim &
Milkulcik, 1977), namely by applying the random decrement technique originally proposed in (Cole, 1968).

The time-domain methods based on Auto-Regressive (AR) models or Auto-Regressive Moving Average
(ARMA) models (Andersen, 1997; Ljung, 1999) are those in which the parameters of the model are
estimated either from the correlation functions of the measured output, using the Instrumental Variable
method (Peeters, 2000), or by directly fitting the mathematical model to the measured signals.

The Stochastic Subspace Identification (SSI) methods are methods that identify a stochastic state space
model from output-only data (Peeters, 2000; Peter Van Overschee & De Moor, 1996), being among the
most popular adopted in civil engineering applications. Two main types of SSI formulation can be used,
namely, the Covariance-driven Stochastic Subspace ldentification (SSI-COV) and the Data-driven
Stochastic Subspace Identification (SSI-DATA). Therefore, the state-space model can be estimated either
from the correlation functions (or covariances) of the measured outputs, using the SSI-COV, or directly
from the recorded time series, using the SSI-DATA.
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4.4.2 SIGNAL PROCESSING AND FUNDAMENTAL CONCEPTS FOR FREQUENCY-DOMAIN MODAL
IDENTIFICATION

In this thesis, the decision was made to implement a frequency-domain procedure in the developed modal
identification program. In particular, this procedure is based on the FDD method, since this is a well-
established and widely used method in current practice, which has been successfully used previously for
studying the dynamic response of Cabril dam in normal operating conditions (Mendes et al., 2004; S.
Oliveira et al., 2011, 2012; S. Oliveira, Silvestre, Espada, et al., 2014). Considering the main goal of
subchapter 4.4 to be the presentation of said program, the purpose here is not to discuss thoroughly the
subjects of data acquisition and signal processing, properly explained elsewhere (J. Bendat & Piersol, 2010;
J. S. Bendat & Piersol, 1993; Brincker & Ventura, 2015), nor to present in detail the theoretical bases
supporting frequency-domain modal identification and the corresponding mathematical formulations,
which can be found in several works (Brincker & Ventura, 2015; Magalhdes, 2010; Maia & Silva, 1997;
Peeters, 2000; J. Rodrigues, 2004). Thus, the present section aims to concisely addresses some fundamental
concepts deemed essential for the development of this work.

In OMA, the goal is to estimate the correlation functions (in time-domain) or the spectral densities (in
frequency-domain) of the measured response, and consequently extract the physical information (modal
parameters) about the structural system. Therefore, the phase of signal processing is vital, to enable the
retrieval of reliable results on the dynamic response of the structure and thus to provide useful information
for dynamic behaviour analysis and structural health monitoring. The application of signal processing
techniques aims essentially at removing spurious components from experimental data and to amplify the
most important elements hidden in the noise of measured signals. In this way, it is possible to extract
important the intended information for interpretation and analysis of the physical problem.

PRE-PROCESSING

For measuring vibrations, sensors that record discrete temporal series x(t) are used. Typically, these
sensors record data series containing values of electrical voltage, within a predefined scale, which are
proportional to the physical parameter intended to measure. Then, the required conversion to digital values
is achieved using analogue-to-digital conversers. This process is denoted sampling, and the goal is to obtain
a discrete sample of a physical quantity, e.g., velocity or acceleration, intending to represent the
corresponding continuous signal in time domain. At this stage, as soon as the data is collected, it is vital to
check its quality, to prevent the use of bad quality records for subsequent modal identification analyses.
Therefore, the measured signals should be checked for clipping, dropouts, and spikes.

The obtained discrete temporal series, or data sample, of total length T, is composed of a sequence of n,
values recorded with a constant time interval At. A fundamental parameter is the sampling rate, or sampling
frequency, which indicates the number of data values recorded per time unit, f, =1/At, in Hz. Moreover,
the sampling frequency also defines the upper limit of the frequency band covered in the spectral analysis,
as explained further below.
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In the first instance, the definition of a very high sampling rate would seem like the best decision, in order
both to obtain a temporal data series as close to the continuous signal as possible and to cover a wider
frequency band. However, this would lead to the measurement and acquisition of data series with a great
number of points, hence requiring a significant storage capacity and significantly demanding computational
analyses, as referred in the previous subchapter regarding the Cabril dam SSHM system. Therefore, the
chosen sampling frequency should be large enough so that the frequencies of the vibration modes of interest
fall within the effective frequency band, hence being dependent on the type of structure, whether it is more
or less stiff, and of the type of analyses to be carried out. Moreover, the characterization of seismic
accelerograms and of the seismic response can be improved by using higher sampling rates. At the same
time, this sampling frequency should not be so large that compromises the capability of data storage and
management of data servers. Nonetheless, it is always possible to decimate oversampled series (Brincker
& Ventura, 2015), to a smaller and more suitable sampling frequency, while also maintaining the quality
of measured signals (Fig. 4.19).
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Fig. 4.19 Measured acceleration time history in Cabril dam. Original signal in red (recorded at 1000 Hz) and
decimated signal (test sampling rate of 50 and 100 Hz).

It is also important to mention that, in the sampling process, it is common to obtain data series with a non-
zero and/or variable mean, which is not in agreement with the principles of a stochastic analysis. This type
of issue might be caused by problems in the calibration of measuring sensors, signals with excessive noise
in the low frequency region, events or incidents that disturb the signals, or undesired thermal variations. If
that is the case, before proceeding with data analysis, it is necessary to apply digital filters to detrend the
signals (Fig. 4.20) and thus force them to have a zero mean (Brincker & Ventura, 2015). A possible solution
involves the application of a moving average filter, where the detrended signal, x'(t), is obtained by
removing the moving average (t) from the measured signal, as in X" (t) = x(t) — «(t) . As an alternative,
detrending can be achieved by segmenting the signal in shorter overlapping segments, and hence removing
the mean value of each data segment. In this case, the data segments are tapered by applying a tapering
window (Brincker & Ventura, 2015), to minimize continuity issues between adjacent segments and reduce
leakage in Fourier transforms.
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Fig. 4.20 Example of measured signal at Cahora Bassa dam before and after detrending.

TIME TO FREQUENCY DOMAIN TRANSFORMATION: DISCRETE FOURIER TRANSFORM

With the goal of retrieving useful physical information about the dynamic behaviour of a structural system
from experimental measurements, the discrete temporal series can be transformed into the frequency
domain, to make them more suitable for further analysis, and thus to enable the estimation of the modal
parameters using frequency-domain modal identification methods.

The time to frequency domain transformation of an acceleration, velocity, or displacement time history,
measured at a certain point of a structure under dynamic excitation(s), is performed by decomposing the
signal into a sum of k sinusoidal waves at distinct frequencies o, (Fig. 4.21), each one associated with a
specific amplitude /a; +b; and phase atan(b, /a,) - these are basically the waves that compose the signal
in the frequency domain. This transformation is performed using the Discrete Fourier Transform (DFT),
which is a real valued function that quantifies the distribution of the energy content of a signal in the
frequency domain, X (@)= [x(t)]. Usually, the DFT is obtained using the Fast Fourier Transform (FFT),
a highly efficient algorithm called proposed in (Cooley & Tukey, 1965).

Given that the discrete time series is composed by a finite number of values N,, recorded at time intervals
of amplitude At, the DFT is calculated for discrete frequency values given by @, =k-Aw@, where the
frequency interval is Aw=27/T . The maximum frequency captured in this procedure is known as the

Nyquist frequency, f,,, = f,/2 (Hz), or N =( f5/2)/27z (rad/s), meaning that only half of the complex

Nyq
values of the spectrum are covered, which corresponds to the signal frequency content between 0 and f, /2

Hz (Maia & Silva, 1997).
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Discrete Fourier Transform (DFT)
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Fig. 4.21 Discrete Fourier Transform (DFT). Decomposition of a discrete signal into a sum of sinusoidal waves.
[Adapted from (S. Oliveira, 2013)].

The transformation of a discrete time signal to the frequency domain can be achieved by calculating the
DFT of the complete signal, as a single data segment, or considering multiple data segments (Fig. 4.22). If
the full signal is used, considering that a longer data series is analysed, then spectra with higher frequency
discretisation and excessive noise are obtained. Nevertheless, the resulting spectra can be smoothed to a
certain extent, e.g., by applying a moving average filter, using a reduced number of adjacent points to
calculate the mean in order not to eliminate the main peaks. As for the second approach, the data time series
is divided into multiple, shorter segments, assuming a certain overlapping between adjacent segments,
aiming at calculating a smoothed spectrum as the average of the spectra calculated for each of the data
segments - this method is known as the Welch estimate (Welch, 1967), In this case, a lower frequency
discretisation is achieved, since the length of each time segment T, is shorter. Therefore, in order to ensure
continuity between adjacent segments and reduce leakage errors, each data segment must be tapered using
specific tapering windows w, based on functions with different shapes, e.g. Tukey, Hamming, or Hanning
windows (Maia & Silva, 1997).

Regarding computational implementation in MATLAB, the DFT of a signal x(t), or of the multiple data
segments, is calculated using the function fft(), in order the obtain the corresponding amplitude and phase
spectra. However, considering that said function assumes a unitary time step by default, and that the signal
is measured with a sampling frequency f, =1/At, the DFT is obtained through a line of code such as
DFT = fft(x(t))-At.

194



CHAPTER 4
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Fig. 4.22 Measured signal at Cahora Bassa dam. DTF calculated: a) using the full signal with 3600 s length; and b)
using multiple data segments with 600 s length and an overlap of 0.5 (Welch estimate).

After transforming the measured signals from the time domain to the frequency domain, it is then possible
to analyse the frequency content of the signals and thus retrieve useful physical information about the
structural system. Even before the application of any specific modal identification method, the natural
frequencies of the main vibration modes can be detected as the frequencies of the waves with greater
amplitude, that is, the peaks of the amplitude spectrum. This is possible because in the frequency domain
each mode has a small frequency band where it is dominant (Brincker & Ventura, 2015). Furthermore, if
this technique is applied to the spectra obtained from multiple time series, recorded in a synchronized way
at multiple points of the structural system, it is even possible to obtain good estimates of the modal
configurations by comparing the waves associated with the selected frequencies. This spectral analysis
approach constitutes the foundations of several mathematical formulations that have been developed for
frequency domain stochastic modal identification of structures.

THE POWER SPECTRAL DENSITY (PSD) MATRIX

In frequency-domain modal identification the main idea is to extract the physical information of the
structural system from the spectral density functions. Therefore, the majority of frequency-domain methods
start with the calculation of the so-called spectral density (SD) or power spectral density (PSD) matrix S,
which is a matrix containing the auto-spectral density functions S, of all measured outputs, along the main
diagonal, and the cross-spectral densities S;; that correlate signals measured in different points i and j of
the structure, in the remaining positions outside the diagonal (Fig. 4.23). The PSD matrix can be a square
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matrix, with n, rows by n, columns, where n, indicates the number of measured outputs, or of observed
degrees of freedom, or a rectangular matrix, containing some columns of the complete matrix, where the
n, signals of the selected columns are associated with the reference sensors.

The use of a rectangular PSD matrix leads to a reduction in size, and thus to faster calculations that also
require less computer memory. Also, if the reference sensors are appropriately selected this technique does
not result in a loss of accuracy. Usually, this means selecting the reference signals as those that present
significant modal components for all the modes to be identified. In other cases, e.g., when measuring
vibrations in large structures as bridges or dams, an ideal dynamic identification process would require a
significant number of experimental measurements, which is not always possible as the number of sensors
is usually limited. Therefore, a solution is to define several measurement setups, by moving some sensors
while keeping the reference ones in the same positions, so that all measurements records can be correlated
later (Cantieni, 2005).
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Fig. 4.23 Power Spectral Density (PSD) matrix. Example considering 4 measured signals.

The PSD matrix can be obtained using different approaches for estimating the measured signal spectra. In
a first type of approach, the PSD matrix is calculated directly from the measured time series. First, the
signals are divided into segments and the DFT is computed for each segment, based on the Welch estimate
(using tapering windows) or on the Random Decrement Technique. Then, the PSD matrix is estimated by
calculating the average of the auto-spectra or crossed spectra associated with all data segments. When the
data segments are longer, frequency discretisation is increased and the leakage effect is reduced, although
the number of segments used for averaging the PSD matrix is smaller. In a second type of approach, the
PSD matrix is obtained through the application of the DFT to the correlation matrix, which contains the
autocorrelations and the cross-correlations of the measured signals. When the DFTs are calculated
considering the positive and negative parts of the correlation functions, the full spectra are obtained; if only
the positive parts are used, the half-spectra are estimated instead. The fundamentals and the mathematical
formulations used for estimating the PSD matrix are described in detail in the works cited above.
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4.4.3 MODULE 1: FREQUENCY DOMAIN DECOMPOSITION METHOD WITH SINGULAR VALUE
DECOMPOSITION (FDD-SVD)

The first module of the program DamModallD was developed to perform frequency-domain modal
identification. The classic FDD-SVD method is used for identification of the natural frequencies and modal
configurations of large concrete dams, based on continuous vibrations monitoring data recorded under
ambient/operational excitation. This method was adopted because it is relatively simple to implement and
it also ensures good computational efficiency, while making it possible to overcome some limitations of
the BFD method. In addition, the FDD-SVD approach makes frequency-domain identification simpler,
considering that all information required can be extracted from the matrices of singular values and singular
vectors of the PSD matrix. This also enables the generation of plots which facilitate the analysis and
interpretation of modal identification results, and the comparison with results from finite element analyses.

The FDD-SVD method is an approximate solution to the modal analysis problem, considering that modal
identification is performed based on the PSD matrix, which in turn is estimated from measured discrete
time series. Nevertheless, good estimates of the modal parameters can be achieved for certain conditions,
namely: (i) assuming that the structure is subjected to ambient/operational dynamic excitations that are
realizations of Gaussian stochastic processes with zero mean, i.e. to white noise type excitations, as in all
output-only methods; (ii) for structural systems with low damping; and (iii) in the case of vibration modes
with well-separated frequencies, or of modes with close frequencies, if the condition of orthogonality is
respected (uncorrelated modal coordinates). For these reasons, the FDD-SVD method is a suitable solution
for modal identification of dams under ambient/operational excitations, considering that dams are
reasonably lightly damped structures which usually present well separated modes and/or with
distinguishable modal configurations.

The fundamentals of the FDD method with SVD of the PSD matrix are presented here, and the main steps
to follow for estimating the modal parameters are described. Essentially, the implementation of FDD
approach consists of three main steps: (i) estimate the PSD matrix from the measured outputs, based on the
Welch method; (ii) perform SVD of the PSD matrix and use the singular values and singular vectors to
identify the main modal parameters; and (iii) analyse the modal identification results.

CALCULATION OF THE PSD MATRIX USING THE WELCH METHOD

The estimation of the PSD matrix from the response time histories, measured simultaneously in several
points in the structure and in multiple degrees of freedom, represents the first step in the non-parametric
FDD method. As mentioned in the previous section, the PSD matrix has the auto-spectral density functions

S, of all measured signals along the main diagonal, and the cross-spectral densities S, , which correlate

ij !
different signals, in the remaining positions. This can be a n, x n, square matrix, where n, gives the number
of measured outputs or observed degrees of freedom, or a n, xn, rectangular matrix, where n, indicates

the number of outputs referred to as reference signals. The PSD matrix can be obtained in the frequency
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domain, by calculating the auto- and cross-spectral density functions for all frequency values that compose
the measured temporal series. For a discrete signal x(t) of length T, the power spectral density is

(o)X Xlo) "

where X () and X(w) are the DFT and the respective conjugate of the discrete signal. Therefore,
considering the concepts of auto- and cross- spectral density (J. Bendat & Piersol, 2010; Brincker &
Ventura, 2015) and their application to generic time series x;(t) and X (t) , recorded at points i and j, the
spectral densities can be estimated as

S () = - - (4.2)

where X, gives the conjugate of the DFT of signal x,(t) and X, is the DFT of signal X, (t) . The indexes
associated with measured signals, i and j, go from 1to n,, while the number of the sinusoidal wave at
frequency @, =k-Aw goesfromOto N, —1,where N, is the number of sampling values of the time series.

Since the above expression is established considering its direct application to the complete signals, although
a superior frequency discretisation is achieved, the resulting spectral densities would present considerable
noise, as already mentioned for the calculation of the DFTs. Therefore, with the goal of obtaining smoother
estimates of the auto- and cross- spectral density functions and improve the accuracy of parameter
identification, the Welch method is used (Welch, 1967), i.e., the temporal series are divided into ~"n,
shorter data segments of length T, assuming a certain overlapping between adjacent segments, thus
enabling the calculation of average spectra. Nevertheless, in order to minimize leakage errors, it is
recommended the application of tapering windows w, to the data segments, which obey to specific shape
functions (J. Bendat & Piersol, 2010; Maia & Silva, 1997).

In this way, the elements of the PSD matrix S (a)k) are estimated for all frequency values by averaging the
auto- and cross- spectral density functions obtained for each tapered data segment, using the expression

_1S Xi(@)-X; ()

— N
N, =1 : 2
) Tsz /Ns
p k

where the wave or frequency index k ranges from 0 to N, -1, with N, being the number of sampling

Si (@)

(4.3)

WS'p

values of the data segments, while the number of data segments n, depends on the predefined overlapping
between adjacent windows.

Essentially, for each frequency o,, the PSD matrix consists of real values along the main diagonal, which
correspond to the auto spectral density functions, and of complex values in the remaining positions, which
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relate to the cross-spectral density functions. According to the equation above, these values result from the
multiplication of the waves that compose the measured signals in the frequency domain (obtained with the
DFT).In graphical terms, it is then possible to represent the PSD matrix through plots with the amplitude

and phase of the auto- and cross-spectral densities (Fig. 4.24).
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Fig. 4.24 PSD matrix calculated from three acceleration time series recorded in Cahora Bassa dam. Graphical
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Regarding the tapering data windows, there are several types of windows, based on functions with different
shapes (Fig. 4.25), including Tukey, Hamming, or Hanning windows (Maia & Silva, 1997). In terms of the
data segments overlapping, it is common to consider an overlapping of 2/3 or 1/2. According to some
authors, the use of the Hanning tapering window associated with an overlapping of 2/3 results in an

optimization of the use of the information hidden in the recorded time series.

Tuckey Hamming Hanning
1 1r 1r /\\
of 1 of of \

Fig. 4.25 Tapering data windows: Tukey, Hamming, and Hanning.
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SINGULAR VALUE DECOMPOSITION AND MODAL PARAMETER IDENTIFICATION

Considering the hypothesis of a structural system subjected to white noise excitation, based on a modal
decomposition approach the theoretical PSD matrix G (a)) can be expressed as a superposition of the modes
of the structural system (Ljung, 1999; Peeters, 2000), provided the modes are orthogonal. This theoretical
matrix can be represented in a simplified way as

G(@)=0-A(w)-0" (4.4)

where A(a)) is a diagonal matrix composed of functions that depend on the natural frequencies and modal
damping ratios, while O is a matrix whose columns are associated with mode shapes.

On the other hand, the PSD matrix estimated from the measured signals S(e, ) can be decomposed by
SVD as follows

§(a’k)=9k§(wk)l_JE' (4.5)

where U is the matrix including the singular vectors of the estimated PSD matrix, and S is a diagonal
matrix containing the corresponding singular values sorted in descending order, for each frequency value.
The comparison between egs. (4.4) and (4.5) shows that the singular values are associated with the natural
frequencies of the structural system, and that the singular vectors can be used to determine the
corresponding mode shapes (Fig. 4.26).

The singular values are associated with the ordinates of the auto-spectra of single degree of freedom systems
with the same modal parameters as the modes contributing to the response of the global structural system
under analysis. Therefore, for each discrete frequency value, the first singular value gives the ordinate of
the spectrum associated with the dominant mode at that frequency. In case the modes are well separated,
the plot of the first singular value spectrum presents amplitude peaks in the natural frequencies of the
structural system, while the ordinates of the remaining singular value spectra are not significant. If two or
more vibration modes are close within certain frequency band, there will be that many peaks of the first
singular value spectrum in that band, and of other singular value spectra with important amplitudes.

In what concerns the modal configurations, for well-separated modes the modal shape of each mode
associated with the frequencies pf the spectrum peaks can be estimated from the corresponding first singular
vector, i.e., the first column of matrix U, obtained for those frequencies. Also, if there are two or more
closely spaced modes, the modal configuration of the dominant mode is determined using the first singular
vector, while the configurations of the other modes are evaluated based on the singular vectors
corresponding to the singular values that present local peaks in the vicinity of the dominant frequency.

In what concerns the graphical representation of vibration modes, a simple procedure can be adopted. For
a mode associated with a certain natural frequency o, , identified as the peak of the first singular value, the
singular vector in the first column of the corresponding matrix U, contains, in each row, acomplex number
a, +1ib,, which essentially can be used to get the parameters of waves vy, (t) that describe the oscillatory
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movement of the measurement points associated with that row of the matrix, for the natural frequency under
analysis. Therefore, it is possible to obtain the modal displacement time history vy, (t) for each measurement
point in order to represent the vibration mode, by calculating y, (t) =Y, -cos(w, — 6, ), where Y, =/a; +b;
is the amplitude and 4, is the phase angle.

With respect to the implementation of the FDD-SVD method in MATLAB, the SVD of the PSD matrix
can be carried out using the command [U, S, V] = svd (A), where U gives the singular vector matrix and S

is a diagonal singular value matrix, obtained from matrix A.

First singular value spectrum

Amplitude

£ (Hz)

Mode 1 (e,)
First singular vector
o tib, |
: Modal displacement (t)
a, +ibn >
: Y, (®) =Y, -cos(ay —0,)
a, +ib,

Fig. 4.26 Representation of the first singular value spectrum of the PSD matrix, estimated from measured signals at
Cahora Bassa dam. Identification of natural frequencies from the spectral peaks and estimation of the first mode
shape from the first singular vector.

The simplest version of the FDD method only estimates the natural frequencies and modal configurations
of structural system based on the singulars values and vectors of the PSD matrix. However, for situations
where damping is not an issue, this method can be use due to its user friendliness and because it gives good
estimates of the modal parameters. Also denoted as peak-picking FDD, this was the first version of the
method introduced by (Brincker et al., 2000). Later, an improved and more advanced version was
developed, named EFDD method (Brincker et al., 2001), which allows to estimate the modal damping and
to improve the accuracy in the identification of natural frequencies and mode shapes.
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In this work, the decision was to implement the simplest version of the FDD method presented above, and
then invest in the development of additional technigques to automate the selection of spectral peaks and to
enhance the modal identification process for dams. The main reason is that the primary focus of the
application studies will be on the evolution of natural frequencies and corresponding modal configurations
over time, not only for dynamic behaviour analysis but also for structural health monitoring purposes.
Besides, the determination of damping in dams, which are structures whose dynamic response clearly
influenced by the dynamic dam-water interaction, is a topic that continues to require further developments
and investigation (in general, low damping is expected under ambient/operational vibrations). Therefore,
the referred techniques are described in detail in the next two subchapters.

444 MODULE 2: AUTOMATIC SELECTION OF SPECTRAL PEAKS

The second module of the program DamModallD was developed to complement the implemented FDD-
SVD method, namely for automating the identification of natural frequencies. An original and efficient
method is proposed to automatically select the peaks from singular value spectra of the PSD matrix, using
a Smoothed Threshold Curve (STC) technique, and considering the distinction of modes with different
modal configurations, based on the MAC index.

In the first phase of this procedure, the STC technique is applied to automatically select a set of spectral
peaks from a singular value spectrum, as well as the corresponding frequency values. If necessary, the first
singular value spectrum can be slightly smoothed a priori, in order to reduce existing noise and facilitate
the peak selection: this can be done by applying a moving average filter in a consecutive way, considering
a reduced number of points for averaging at each frequency value; however, the spectrum smoothing should
not be exaggerated too many times, to avoid “hiding” relevant peaks. After that, the smoothed curve is
obtained by calculating a significantly smoothed version of the singular value spectrum itself, using the
moving average filter (Fig. 4.27). Then, a user-defined vertical shift is applied to the curve and a specific
algorithm is used to automatically select the peaks of the singular value spectrum which remain above the
shifted threshold curve, thus obtaining a preliminary set of frequencies IN of the vibration modes the
structural system.

A fundamental aspect that must be accounted for, and that can greatly influence the obtained results, is the
frequency resolution, which depends on the length of the data segments used to estimate the PSD matrix
based on the Welch method (recall Fig. 4.22). When a higher discretisation is considered, the frequency
interval, Aw (rad/s) or Af (Hz), is smaller and the spectral will likely present more noise, given that fewer
averages are used to calculate the spectral densities, and thus the identification process is hampered. On the
other hand, a lower frequency discretisation can limit he accuracy in the estimation of the natural
frequencies corresponding to spectral peaks, since the real frequency values may not be captured.
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Fig. 4.27 Automatic selection of spectral peaks using the STC technique: first singular value spectrum, shifted
threshold curve, and selected peaks. Example of first singular value spectrum of the PSD matrix, estimated from
measured signals at Cahora Bassa dam.

In the second phase of this procedure, the mode shapes of the selected natural frequencies are evaluated in
order to determine which spectral peaks are associated with true vibration modes of the structural system
(Fig. 4.28), and simultaneously to distinguish closely spaced modes with different modal configurations,
by establishing a minimum similitude criterion This step, inspired by the approach described in (Brincker
et al., 2007), is based on analysing all modes within a predefined frequency band (or search domain),
through the comparison of a reference mode with other local modes existing in its neighbourhood.

The modal configuration comparison is carried out based on the MAC index (Allemang & Brown, 1982),
which measures the correlation between two mode shapes as

(4.6)

where qj and géj are the first singular vectors, retrieved from the singular vector matrices, obtained for the
frequencies of modes i and j under analysis. The value of the MAC index varies from 0, when the modes
are not correlated (i.e., orthogonal modes), to 1, for very similar modal configurations, which may differ
only on a scale factor. Based on this index, it can be assumed that two modes have approximate modal
configurations if the MAC index is higher than a certain minimum value, e.g., 0.8 or 0.9. The search domain
includes the points of the singular value spectra around the peak centred at the mode under analysis: for a
mode with frequency f, , the search domain is defined as [fk —r(Af); f, +r(Af )] , where r(Af) gives the
frequency range to both sides of the peak under analysis, which depends on the frequency interval Af (Hz).
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Fig. 4.28 Automatic selection of spectral peaks using the STC technique. Evaluation of modal configurations.

In practice, the analysis of the modes associated with each peak is an iterative process where, for each peak,
the corresponding mode is compared to the other modes located within the search domain. Therefore, if
two or more modes located within the search domain are very similar between them, MAC, ;> 0.9, then
frequency value associated to the highest local peak is selected as the natural frequency of the dominant
mode with that modal configuration, while the remaining frequencies in the search domain are discarded.
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Otherwise, if the modal configurations are different, then these may by closely spaced modes with different
configurations, and hence those peaks are kept. With this procedure, the set of peaks and corresponding
frequencies is constantly updated as modes are eliminated or selected as resonant nodes of the structural

system, until a new set of natural frequencies f is achieved.

_N,new

It is also relevant to point out that the implemented procedure allows to separate the peaks associated with
true physical modes of the structure and peaks caused by noise or harmonic excitations. In the case of large
concrete dams, the operation of existing turbines of generator sets excites the structure with a well-known
frequency that can be easily identified and separated from the analysis to be conducted.

The proposed method for automating peak selection, besides being efficient, has allowed to obtain good
results, as shown in the examples given here and later in the application studies presented in Chapter 5.
However, the success of its application depends on an adequate definition of key parameters, namely the
frequency discretisation, the smoothing factor and vertical shift applied to obtain the STC, the frequency
range defining the search domain, and the minimum similitude criterion based on the MAC index. Problems
that may arise associated with setting these parameters have already been addressed throughout this chapter.
Therefore, when intending to carry out automatic analysis of data gathered from continuous dynamic
monitoring over several years, it is of utmost importance to carefully select, calibrate and test the chosen
parameters, aiming to obtain reliable results for studying the evolution of the modal parameters over time.

In order to demonstrate the potential of the proposed method for automatic peak selection, Fig. 4.29 shows
the evolution over time the automatically identified natural frequencies, based on continuous monitoring
data collected for Cahora Bassa dam from 2010 to 2020. It is possible to see that the method enables to
obtain very good results, particularly for modes with lower frequencies, given that singular value spectra
usually present more noise in regions of higher frequency values. Nevertheless, 10 modes of the dam can
be identified with good precision.
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Fig. 4.29 Evolution of natural frequencies over time for Cahora Bassa dam. Modal identification test using
DamModallD (FDD-SVD method and automatic selection of spectral peaks).
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445 MODULE 3: OPTIMIZATION OF MODAL IDENTIFICATION USING FREQUENCY INFLUENCE
CURVES FOR DAMS

A study on the dynamic behaviour of a large concrete dam or the assessment of its structural health over
time requires an accurate identification of the modal parameters and their careful analysis. In this context,
it is worth reminding the influence of the dam-reservoir interaction in the dynamic response of the dam,
since water level variations resulting in alterations in the global dynamic properties of the dam-reservoir-
foundation system. Essentially, for each water level a different dynamic system should be considered. On
the other hand, if the powerplant is close to the dam, the operation of turbines of generator sets excites the
structure with specific frequencies, which despite being well-known and easily detectable, may overlap
with the real natural frequencies of the dam and difficult their identification. Therefore, under different
operating periods over time, the singular value spectra estimated from the measured signals will be
different, with varying modal information, hence requiring extra care in modal parameter estimation.

From another perspective, it is important to note that continuous dynamic monitoring is carried out using
systems comprised of a reasonable number of sensors, which permanently record files with high sampling
frequencies. As such, after several months or years it will be necessary to process, analyse and interpret a
large amount of gathered data, which, in addition to the classical problem associated with efficiency, might
make the analyses of the frequencies identified over time less intuitive, given the large amount of data
represented in the plots.

Therefore, the third module of DamModallD was developed in order to enhance the modal identification
process that is performed using continuous dynamic monitoring data of large concrete dams over time. The
proposed method consists of an original technique based on Dam Frequency Influence Curves (DamFIC),
which are used to group the frequency values associated with each vibration mode of the dam, as in a cluster
analysis. The development of this method took advantage of the experience acquired in previous studies on
modal parameters of dams, using both experimental results, retrieved from continuous dynamic monitoring
data, and numerical results from finite element models (calibrated based on experimental data). In
particular, the patterns usually observed in the evolution of the natural frequencies over time are considered,
since the frequency values follow a certain variation according to the water level in the reservoir (Alegre,
Carvalho, et al., 2019; Bukenya & Moyo, 2017; Darbre & Proulx, 2002; S. Oliveira et al., 2012; Proulx et
al., 2001; Sevim et al., 2012). Furtheremore, the type of outputs obtained with this technique also intend to
facilitate the analysis and interpretation of the results.

For each vibration mode n of the dam, the frequency influence curve is defined by a function that is a linear
combination of exponential terms, and it enables to estimate an expected frequency value f~ from the

reservoir water level h,, as follows

W !

f'(h,)=-a- e[gj —b- e[‘%J -c- e[‘%) —d- e[‘%] +f, 4.7)
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The parameters of the functions for each mode are obtained using previous experimental data and numerical
results, as mentioned. The coefficients of the exponential terms, a, b, ¢, and d, are calculated by fitting the
function to data sets containing experimental natural frequencies and the corresponding reservoir water
levels, based on the Least Squares Method. However, the frequency value for an empty reservoir scenario
f, o is obtained from the numerical models (due to the unavailability of experimental frequency data under
these conditions). The other coefficients Q, are values predefined in order to achieve adequate frequency
curves; in this work, these are taken to be Q1 = 15; Q2 = 20; Q3 = 25; Q4 = 30. The definition of the curve
parameters must be properly adapted to each dam in order to obtain the corresponding DamFIC. For
example, Fig. 4.30 shows the natural frequencies automatically identified for Cahora Bassa dam, for the
monitoring period between 2010 and 2020 (shown previously in Fig. 4.29), and the frequency influence
curves defined in this work for 10 vibration modes.

1.5 - -
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Reservoir water level
I [ I I I I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Fig. 4.30 Evolution of natural frequencies over time (Cahora Bassa dam). Example of personalised frequency
influence curves (in black) for 10 vibration modes.

Based on the proposed method, the calculated frequency influence curves are incorporated in a specific
algorithm that analyses the set of peaks/natural frequencies estimated before, using the FDD-SVD method
and the SCT technique, aiming to select the identified frequency values that are associated with each
vibration mode to be considered. In practice, for each mode n, with an expected frequency value fn* for
water level h,, the implemented algorithm selects the peaks whose frequency values are located within a

*

small influence search domain given by [fn At +/1] , Where A is a predefined tolerance in Hz.

Aiming to exemplify the potential of this method, as well as the usefulness of the DamFIC for enhancing
and optimising the automatic identification of natural frequencies over time for large dams, Fig. 4.31
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presents updated results concerning the evolution of the natural frequencies of Cahora Bassa dam over time.
These results represent the final output computed with the program DamModallD after applying the
frequency influence curves (shown in Fig. 4.30) in the modal identification process. The evolution of
natural frequencies is shown for ten dam vibration modes, as well as frequencies associated with the
operation of generator sets (at 1.785 Hz and 3.57 Hz).
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Fig. 4.31 Evolution of natural frequencies over time (Cahora Bassa dam). Modal identification test using
DamModallD after the implementation of the DamFIC method.

446 INPUTS, OUTPUTS, ALGORITHM, AND GRAPHICAL USER INTERFACE

DamModallD is one of the programs developed in this thesis for integrating and complementing the
software component of SSHM systems installed in large concrete dams (together with DamSSHM). The
first version of the program, DamModallD1.0, implemented using MATLAB, includes the three modules
describe before, namely: (i) module 1, for frequency-domain modal identification, based on the FDD-SVD
method (section 4.4.3); (ii) for automatic selection of spectral peaks, using an original approach based on
the STC technique and considering the MAC index (section 4.4.4); and (iii) for enhancing the modal
identification process for dams, using a new method based on DamFIC, considering the variation of the
reservoir water level over time (section 4.4.5).

In order to perform modal identification, DamModallD requires, as inputs, the data files collected from
continuous dynamic monitoring over time, as well as an Excel or text file containing information on the
observed water levels and the corresponding dates. Furthermore, to run automatically and thus analyse the
data for extended monitoring periods, the program also needs the user to define some parameters in
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advance, including: (i) the length and overlapping of the data segments used in the Welch estimate, for the
FDD-SVD method (the time discretisation and frequency resolution depend on the measured data); (ii) the
factors used to smooth the singular value spectrum and to calculate the shifted threshold curve, as well as
the minimum similitude value of the MAC index, for the procedure implemented for automatic peak
selection; and (iii) data sets with frequency-water level values for each vibration mode of the dam under
analysis, to enable the determination of the frequency influence curves.

It is relevant to note that the program should be properly adapted to read the data files from the monitoring
systems installed in each dam, since these files are most likely recorded using a different number of
accelerometers, with distinct features, and with different data formats. In addition, depending on the
sampling frequency and on other parameters that influence the discretisation in the time and, consequently,
in the frequency domain, it may be necessary to make some changes in the referred parameters, for different
case studies. Furthermore, the frequency influence curves, which depend on the variation of the reservoir
water level, are defined on the basis of information gathered from experimental data and of results from
finite element analyses and must therefore be adapted for each dam to be studied. In this work, with Cabril
dam and Cahora Bassa dam as case studies, it was necessary to make slight adaptations in the code, namely
in the parts concerning the reading of the data files and the definition of the frequency influence curves.

In what concerns the main outputs, the program is prepared to save a file with extension of the type .mat,
including, for all evaluated hours and dates, the observed reservoir water level and a list with the values of
the identified natural frequencies (in Hz), namely using: (i) the peak-picking technique only; (ii) the method
for automatic peak selection; and (iii) the method for automatic peak selection and the method based on the
DamFIC. Moreover, auxiliary codes were also developed to serve as a complement to the main program,
in order to automatically generate figures representing the evolution of the natural frequencies over the
monitoring period under evaluation (see, e.g., Fig. 4.29, Fig. 4.30, and Fig. 4.31), as well as graphical
representations of the modal configurations of the main vibration modes, including figures with the modal
oscillatory motion of each measuring point in the dam and figures with 2D mode shapes (as shown, e.g. in
Fig. 4.28) - these auxiliary codes can be executed separately while the main program is analysing all
monitoring data, in order to control the evolution of the results. This significant investment in the graphical
component was carried out, on the one hand, to facilitate the analysis and interpretation of data to support
both dynamic behaviour studies and structural health monitoring, and on the other hand, to simplify the
comparison with results from finite element numerical models, as shown in Chapter 5.

The algorithm of DamModallD is presented in Fig. 4.32. Regarding the operation of the program, it is
important to note that the analysis is performed hour by hour, for all available dates throughout the whole
monitoring period. Thus, DamModallD performs 24 cycles of analysis, in which all the files associated
with a particular hour are analysed consecutively: for each file, modules 1, 2 and 3 are executed to perform
modal identification. Then, at the end of each hour cycle, the program saves a .mat file with the results for
that hour. Considering the great amount of data that needs to be analysed, the program was implemented in
this way to allow the evaluation of the modal identification results for the entire monitoring period as soon
as the cycle for a certain hour ends, only based on the file for that hour. Furthermore, it should be made
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clear that all data files must go through the processing phase (check for errors, detrend, etc.) before being
analysed with DamModallD.

DAMMODALID
1. Read main inputs
1.1. Identify the main directory with all monitoring data files and create a data matrix with the
following information for each file: year, month, day, hour, and file name
1.2. Read file with the water levels in the reservoir
1.3. Read parameters for modal identification and automatic peak selection
1.4. Read file with frequency-water level values to define the frequency influence curves
2. Frequency-domain modal identification [for each hour h]
2.1. Select all rows of the data matrix associated with hour H and identify all dates/files to be
analysed
2.2. For each data file
2.2.1. Open and read the data files from the corresponding folder
2.2.2. Create a matrix with all measured acceleration time histories
2.2.3. Run Module 1: FDD-SVD method
- Estimate the PSD matrix S () from all measured signals, using the Welch method

~ Perform singular value decomposition of the PSD matrix: S(a,)=U, -S(&,)- U,
- Obtain the singular value S(, ) and singular vector U, matrices

2.2.4. Run Module 2: automatic peak selection
- Calculate the smoothed threshold curve

- Select the peaks of the first singular value spectrum above the threshold curve, and
identify the corresponding frequencies fN

- Obtain the mode shape for each frequency value from the singular vector matrix
- Re-evaluate the peak selection based on the mode shapes. For each peak:
Define the corresponding frequency f and mode shape ¢

Define the search domain [ f, —r(Af); T, +r(Af )] and select the peaks/modes
for comparison

Calculate the MAC index and eliminate (MAC; < 0.8) or select the resonant
modes (MAC; >0.8)

Update the set of selected peaks and identified natural frequencies f

N, new
- Detect peaks/frequency values associated with the operation of turbines of generator sets
or other equipment

2.2.5. Run Module 3: optimization of modal identification for dams

- Read the water level h, associated with the date of the file
- For each mode n:

Calculate the expected natural frequency f,, using the predefined frequency
influence curve f, (h,)

Define the influence search domain [ fr—Af +/1]
Select the peak and corresponding frequency within the search domain
Update the frequency vector f,
2.2.6. Save the results in the file for hour H: ResulfsMIDdata_H.mat
2.3. Repeat from 2.1

Fig. 4.32 Algorithm of DamModallD.
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After concluding the implementation of the code for automatic modal identification based on continuous
dynamic monitoring data, a graphical user interface was developed for DamModallD using the GUIDE tool
of MATLAB. The goal was to provide an interactive and user-friendly version of the DamModallD,
enabling to carry out studies using monitoring data recorded at specific dates and hours, and to analyse in
detail not only the acceleration records but also the modal identification results. Furthermore, this version
can facilitate parametric tests to be conducted, in order to calibrate and assess the parameters used for
automatic modal identification. On the other hand, as in the case of DamDySSA, the intent was also to
develop a software that can be useful in practice for integration in SSHM systems installed in large concrete
dams, allowing a constant monitoring of their dynamic behaviour in real time.

In this work, two versions were developed and specifically prepared to analyse dynamic monitoring data
collected with the SSHM systems installed in Cabril dam and Cahora Bassa dam, chosen as case studies.
In particular, the interactive version for Cabril dam was installed for testing in the central server of the
SSHM system of the dam, as done with the program DamSSHM. The main menus and panels of the
graphical user interface developed for Cabril dam are presented next, from Fig. 4.33 to Fig. 4.36.

Year Month Day Hour

2020 ~ |06 v 8 v

Load accelerograms

Fig. 4.33 DamModallD: graphical user interface. Home panel with drop-down menus to choose date and hour for
analysis, and pushbutton to load the respective file with acceleration records.
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Fig. 4.34 DamModallD: graphical user interface. Accelerograms menu with drop-down options to show the
measured accelerations with the uniaxial sensors located at the upper gallery and lower gallery, as well as with the
triaxial sensors.
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4.5 FINAL CONSIDERATIONS

Chapter 4 focused on the use of SSHM systems for long-term continuous vibrations monitoring on large
concrete dams. This chapter began with a review about the Seismic and Structural Health Monitoring
methodology and then it addressed its application for continuous dynamic monitoring of dams in detail,
namely in what concerns the main goals and advantages in the scope of dam safety control, as well as
important aspects that must be considered for the design of monitoring schemes, used equipment, and the
installation and operation of the system

The installation of an SSHM system on a large concrete dam aims essentially to enable a permanent
characterization of its performance in normal operating conditions and during seismic events, by
continuously measuring ambient/operational vibrations and seismic vibrations, and to evaluate structural
integrity, in order to support informed management. Thus, the use of these systems allows to meet the
ICOLD recommendations regarding dam surveillance.

Ideally, SSHM systems should be developed to measure vibrations at as many points as possible, in the
dam body, along the insertion (near the dam-rock interface), and in the free-field. Furthermore, to allow an
accurate recording of low and high amplitude vibrations, measuring sensors should have very low self-
noise and be configured with high dynamic ranges. Overall, it is recommended the use of cutting-edge,
high-quality equipment for automatic data measurement and acquisition, usually provided by specialized
companies.

However, it is worth stressing the need to complement these monitoring systems with suitable software for
processing, managing, and analysing monitoring data, which is collected on a continuous basis, with a view
to enhance their operation and obtain reliable experimental results. As shown in several studies conducted
over the last decade, particularly in LNEC, the combined use of experimental results from SSHM systems
and numerical results from finite element models can be of great value for increasing knowledge on the
dynamic behaviour of large concrete dams, to investigate the response of dam-reservoir-foundation systems
and gather data for calibrating, validating and developing numerical models, and to provide useful
information to owners and to engineers and technicians responsible for dam safety.

Although the specialized companies that develop and supply the hardware have also started investing in
software for SSHM systems, there continues to be a clear need for the development of computational tools
for continuous dynamic monitoring data management and for modal identification of dams, which must be
properly adapted and optimised for each dam, as well as for the investment in graphical tools to facilitate
the comparison with finite element results. Therefore, in this work it was considered important to contribute
with the development of specific software to integrate and complement the SSHM systems installed in large
concrete dams, namely: DamSSHM and DamModallD.

The program DamSSHM was developed for automatic analysis and management of continuous dynamic
monitoring data from SSHM systems, and it was implemented for testing the central server of the Cabril
dam SSHM system, in 2019. DamSSHM is automatically executed every day at 9 a.m., and it comprises
four modules to execute the following tasks: (i) read data files and apply moving average filters to the
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acceleration records; (ii) carry data analysis and management, including evaluation of the integrity of
records and saving decimated files to external storage units and Google Drive folders; (iii) analysis of
acceleration time histories to automatically detect vibrations induced by seismic events (and distinction
from those induced by the operation of gates and by turbines of generator sets), and save backups when
detection is successful; and (iv) perform the maintenance of the server storage and save backups of original
files. After performing these tasks, DamSSHM automatically sends emails with resumes of measured data
and information regarding the available storage space. Furthermore, the program also sends emails when
seismic vibrations are detected, which include figures of recorded acceleration time histories.

Throughout this testing period, it was demonstrated that DamSSHM was successfully implemented in
system of Cabril dam. For example, the emails containing information summaries have been sent daily, and
the performed file management has ensured that storage space is always available. In addition, many
acceleration time histories, recorded during low-intensity seismic events, were automatically detected,
including those used in the application study presented in section 5.2.4.

The program DamModallD was developed for automatic frequency domain modal identification of dams,
in order to obtain the main modal parameters, including natural frequencies and mode shapes. This program
includes three modules. In the first module, the classic Frequency Domain Decomposition (FDD) method
with Singular Value Decomposition (SVD) was implemented, in order to calculate the spectral density
matrix from measured accelerations, extract the corresponding singular values and singular vectors, and
estimate the main modal parameters. The second module was developed to complement the FDD-SVD
method, namely for automating the selection of spectral peaks and for distinguishing closely spaced modes,
using an original method based on Smoothed Threshold Curve (STC) in combination with the MAC index.
The third module was implemented aiming to enhance modal identification for dams based on Dam
Frequency Influence Curves (DamFIC), which are obtained for each vibration mode using previous
monitoring data and numerical results, considering reservoir level variations

The first version of a graphic user interface was developed for DamModallD. This interactive version of
the program has also been installed in the central server of the SSHM system of Cabril dam, and it has
enabled to examine acceleration records and perform modal identification tests using monitoring data
collected in specific hours and dates.

The methods developed in this work were tested by using DamModallD to perform modal identification
based on dynamic monitoring data gathered for two large concrete dams over the last decade: very good
estimates were obtained for natural frequencies and their evolution over more than 10 years and for the
corresponding modal configurations, thus showing the suitability of the proposed methods. These results
are analysed in detail and compared with numerical results from DamDySSA in Chapter 5.
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CHAPTER 5

5. APPLICATION STUDIES. DYNAMIC BEHAVIOUR OF TWO LARGE ARCH DAMS:
MODAL ANALYSIS AND SEISMIC RESPONSE

5.1 INTRODUCTION

Chapter 3 was dedicated to presenting the coupled finite element formulation used for simulating the
dynamic behaviour of dam-reservoir-foundation systems, as well as the mathematical formulations
proposed in this thesis for complex modal analysis, linear seismic analysis, and non-linear seismic analysis,
which were implemented in DamDySSA, a finite element program developed for dynamic analysis of
concrete dams. In turn, chapter 4 focused on describing the software developed in this work to integrate
and complement the SSHM systems installed in large concrete dams, namely DamSSHM, prepared for
automatic management and analysis of monitoring data, which includes a module for automatic detection
of vibrations due to seismic events, and DamModallD, developed for frequency-domain modal
identification and specifically automated and optimized for identification of modal parameters in large
dams.

Following the work accomplished both at the level of numerical modelling the dynamic behaviour of dam-
reservoir-foundation systems and of software for SSHM systems installed in large concrete dams, the main
goal in this chapter is to use the developed programs in practical applications for studying the dynamic
behaviour of two large concrete dams, with focus on modal analysis and on linear and non-linear seismic
response analysis. Therefore, this chapter aims to demonstrate the potential of these programs for analysing
the dynamic response of large concrete dams, to highlight the value of the combined use of numerical
results from advanced finite element models and of experimental results from SSHM systems to support
seismic monitoring and structural health monitoring, to present the main results from advanced non-linear
seismic analyses, and to contribute for increasing knowledge on the dynamic behaviour of large arch dams
by presenting results of great interest.

In this thesis, the dams chosen as case studies are the 132 m high Cabril dam, in Portugal, and the 170 m
high Cahora Bassa dam, in Mozambique, two double-curvature arch dams (Fig. 5.1) which have been under
continuous dynamic monitoring since 2008 and 2010, respectively. Detailed descriptions of the dams and
their systems, as well as the results of the performed studies, are provided in sub-chapter 5.2, for Cabril
dam, and in sub-chapter 5.3, for Cahora Bassa dam.

With regard to the application studies, this chapter presents the main results obtained from the continuous
dynamic monitoring of the referred dams over the last decade, including: (i) the analysis of the evolution
of the identified natural frequencies over time and the comparison with results from finite element
calculations, aiming a) to study the influence of the reservoir water level variations in the dynamic response
of the dam-reservoir-foundation system, and b) to provide data that can be useful for supporting structural
health assessment of dams subject to deterioration phenomena; and (ii) the analysis of the seismic response,
based on acceleration time histories recorded during seismic events and on results from linear seismic

calculations, enabling a) the evaluation of the amplification factors between the response measured near
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the dam-rock interface and the top of the dam, and b) to investigate the influence of the seismic input and
of the required damping ratios for large arch dams under low to medium intensity earthquakes.

Furthermore, the current chapter also provides the most significant results from numerical simulations
carried out for analysing the non-linear seismic response of large arch dams under strong earthquakes, using
artificial accelerograms, in order a) to investigate the influence of opening and sliding movements of
vertical contraction joints in the global seismic behaviour, based on the deformed shapes and stress fields,
as well as the concrete damage distributions at the upstream and downstream faces and along the thickness,
and b) to evaluate the dynamic performance of both dams under intensifying seismic excitation based on
the Endurance Time method, by analysing tensile and compressive damages for different excitation levels,
and therefore to assess their resistant capacity and to verify the seismic safety.

CABRIL DAM CAHORA BASSA DAM

| L

Ve Q«'—“%f:"\ TP

Fig. 5.1 Cabril dam and Cahora Bassa dam. SSHM systems and examples of 3D finite element models of the dam-
reservoir-foundation systems.

5.2 DYNAMIC BEHAVIOUR OF CABRIL DAM

5.2.1 CABRIL DAM DESCRIPTION
THE DAM

Cabril dam is a large concrete dam in operation since 1954, being located on the Z&zere River, in the
municipality of Sertd, district of Castelo Branco, Portugal (Fig. 5.2). It is the highest Portuguese dam and
one of the most important in the country. A remarkable dam engineering work, Cabril dam is a 132 m high
double curvature arch dam, founded on a granite mass rock foundation of good quality. The crest is at el.
297 m and its arch is 290 m long. In the central cantilever (section KL), the maximum thickness is of 20 m,
at the base, and the minimum is of 4.5 m, around 7 m below the crest level, which in turn has a greater
thickness. The volume of the dam body is of 360 000 m?.
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Horizontal cracks appeared at the downstream face of the dam, around el. 280 m to 290 m, during the first
filling of the reservoir, caused by the crest with a larger thickness. Also, internal concrete swelling
phenomena were identified in the late 1990s. Nevertheless, the dam performance has been monitored over
the decades in order to monitor structural integrity, and normal operating conditions have not been affected.

As for appurtenant works, the dam has two bottom spillways, one in each riverbank, with a global maximum
discharge capacity of 2200 m3/s. Moreover, a reinforced concrete intake tower with the same height of the
dam was constructed upstream of the dam, near to its surface. This tower is connected to the central
cantilever via a concrete walkway at the crest level, with a joint in the contact surface. On the downstream
base of the dam there is a hydropower plant with a total installed capacity of 97 MW, capable of producing
a mean annual energy output of 301 GWh (CNPGB, 2021).

In what concerns the reservoir, its area is around 20 million m2, while its effective storage is of about 615
million m3. The water level in the reservoir usually ranges from a minimum at el. 265 m to the normal water
level (NWL) at el. 294 m, while the maximum flood level (MFL) is el. 296.3 m.

SSHM SYSTEM

In Portugal, the use of dynamic monitoring systems for continuously measuring vibrations in large concrete
dams began in 2008 (S. Oliveira & Alegre, 2019a), when LNEC and Energias de Portugal (EDP) made the
decision to invest in the installation of a pioneer SSHM system in Cabril dam (Fig. 5.3). The goal was to
monitor the performance of the dam in normal operating conditions over time and to measure its response
during seismic events, enabling to gather and provide useful information for owners and engineers
responsible for safety control.

The SSHM system installed in Cabril dam was designed and implemented in the scope of a long-term
LNEC research program (S. Oliveira, 2002), focused on modelling and monitoring the dynamic behaviour
of large concrete dams, which was supported by EDP and the Portuguese Foundation for Science and
Technology (FCT). The project was developed in LNEC (Mendes, 2010; S. Oliveira & Silvestre, 2017),
with collaboration from the Concrete Dams Department (DBB) and the Scientific Instrumentation Centre
(CIC), and included the design of the monitoring scheme, assembling and installation of all hardware
components (optical fibre networks, data concentrators, accelerometers, etc.), and the development of
software for automatic data management and analysis, and for finite element numerical analysis, to which
this thesis has contributed.

The monitoring scheme was developed to record accelerations at the upper part of the dam body and near
the dam-rock interface, using 16 uniaxial (EpiSensor ES-U2) and 3 triaxial (EpiSensor ES-T) force balance
accelerometers from Kinemetrics. The uniaxial accelerometers were configured to measure accelerations
in the radial direction and are located at the upper part of the dam, distributed along two galleries: 9 in the
upper gallery (el. 294 m), below the crest, and the other 7 in a second gallery (el. 275 m), below the cracked
zone. As for the triaxial sensors, one is positioned in the upper gallery, in the central section, while the other
two are placed in the gallery near the dam-rock interface (around el. 274 m), in both banks.
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CABRIL DAM (PORTUGAL)

Portugal

Lisbon

Central section

Thickness
U v E E mE 7m

a0 Height =132 m

Downstream face cracking Intake tower and power plant

Crest with larger thickness

Horizontal
cracks

Fig. 5.2 Cabril dam, Portugal. Aerial view, technical drawings (downstream view, central cantilever cross section,
and plan view), detail of downstream face cracking, intake tower and power plant.
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Furthermore, the aim was to implement a system with a high dynamic range, capable of accurately
measuring the response of Cabril dam under low amplitude ambient/operational vibrations and during low
to high intensity earthquakes. Therefore, full-scale recording ranges of + 0.25g and of + 1g were defined
for the uniaxial and triaxial accelerometers, respectively. All accelerometers are connected to a modular
system, composed by four data acquisition units that gather all recorded data. In turn, the data acquisition
units send the data through a local network to the central server, installed in an office at the powerplant
(located at the dam toe). The connections are established by means of an optical fibre ring network. In
summary, 25 signals are recorded, in 24 bit, at a sampling rate of 1000 Hz, collected and then stored in the
central server, every hour.

CABRIL DAM: SSHM SYSTEM (INSTALLED IN 2008)

RB L@ LB
R \’x.‘—'ﬂ&r\ N A '

Optical fibre network

A\ Triaxial accelerometers (3)
&, Uniaxial accelerometers (16)

1 Data acquisition units (4)

HWW Internet connection Wm
&
Remote access software
= i:'

Computer server (Cabril) Personal computer (LNEC)
- Software for: automatic data storage (Cabril_Aquis), - Software for: automatic modal
automatic data analysis and management (DamSSHM), identification (DamModallD), and finite
and modal identification (DamModallD) element analysis (DamDySSA)

Fig. 5.3 SSHM system installed in Cabril dam. Monitoring scheme, hardware, and software elements.

Regarding the software component, which is fundamental not only to ensure a proper operation and
maintenance of the system but also to provide useful data for dynamic behaviour analyses (Alegre,
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Carvalho, et al., 2019; S. Oliveira et al., 2012; S. Oliveira, Silvestre, Espada, et al., 2014; S. Oliveira &
Alegre, 2018) and for informed decision making (S. Oliveira & Alegre, 2020), the SSHM system of Cabril
dam includes: the program Cabril_Aquis, to collect the measured signals and save data files, and the
programs developed in this thesis and described in Chapter 4, namely DamSSHM, for automatic data
analysis and management, and DamModallD, for automatic modal identification.

During the first decade, there were some periods during which the monitoring system was not active, either
due to malfunctions or damages in measuring equipment or in data acquisition units. However, several
visits for maintenance and repair interventions were carried during the initial phase of this thesis, and the
system has been fully operational and under periodical maintenance since June 2018.

SEISMIC ACTION

Cabril dam, located in the centre of Portugal, is integrated in a national region of high seismic risk, close
to some active intraplate faults, as shown in a map provided by the Portuguese Institute for Sea and
Atmosphere (IPMA) (Fig. 5.4a).

In the Portuguese Standard for national implementation of Eurocode 8 (NP EN1998-1, 2010) the national
territory is divided into seismic zones, depending on the local seismicity. These seismic zones are described

by reference values of peak ground acceleration a_, corresponding to the reference return periods for the

R
no-collapse requirement (475 years). For structures of a superior importance class, associated with higher
return periods, the design peak ground acceleration a, is obtained by multiplying the reference value by
an importance factor (EN 1998, 2004). Knowing the reference peak ground acceleration, the ground
acceleration response spectrum that represents the seismic action can be defined and suitable acceleration
time histories can be generated for numerical analysis. However, Eurocode 8 does not cover special
structures such as nuclear power plants and large concrete dams, which are associated with high potential
risks and thus require special ground investigations and/or geological studies to be conducted in order to

define the seismic action.

According to the Portuguese Standards for dam design (NPB, 1993), the Operating Basis Earthquake (OBE)
and the Maximum Design Earthquake (MDE) must be considered for seismic safety verification of current
and failure scenarios of large concrete dams. As such, and following the ICOLD guidelines (ICOLD,
2016a), specific seismic hazard studies must be carried out for the region where the dam is located, in order
to prescribe the seismic actions for seismic design and seismic safety evaluations (Wieland, 2016, 2019b).

In the case of Cabril dam, a seismic hazard study has not yet been performed at the dam site, and thus there
are no acceleration values to be used as reference in the present work. Nevertheless, a study of this type
was performed for Ribeiradio dam (S. Oliveira, Silvestre, & Camara, 2014), a large dam built 100 km to
the north-northwest of Cabril dam, based on a fault rupture and seismic wave propagation model developed
in LNEC (A. Carvalho, 2007). The acceleration response spectra calculated using this model enabled to
confirm the suitability of the spectra used to prescribe the seismic actions in the dam design (Fig. 5.4b). For
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Ribeiradio dam, peak ground accelerations of 0.06g and 0.14g were defined for the OBE and the MDE (S.
Oliveira, Silvestre, & Camara, 2014).

As mentioned before, one of the objectives of this chapter is to perform non-linear seismic analysis and
seismic safety assessment of Cabril dam, which requires appropriate seismic design criteria. Taking as
reference the study carried out for Ribeiradio dam and bearing in mind that Cabril dam is relatively close
but located in an area of higher seismic risk, similar or perhaps higher values of peak ground accelerations
can be expected. Therefore, for the application studies to be conducted in this work, peak ground
accelerations of 0.1g for the OBE and of 0.2g for the MDE are assumed. However, it is worth reminding
that higher values could be determined in seismic hazard studies conducted for the dam site.

a) Seismic hazard in Portugal (IPMA) b) Seismic action for the site of Ribeiradio dam, located 100 km
‘ to the north-northwest of Cabril dam

oa Acceleration spectra
49

MDE

Tectonic
plates
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dam B
| ap=0.06g
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Fig. 5.4 a) Seismic hazard zones in Portugal (map from IPMA), b) Design acceleration response spectra with peak

ground acceleration values for the OBE and MDE and example of generated 10 s accelerogram for a site located
100 km to the north-northwest of Cabril dam (S. Oliveira, Silvestre, & Camara, 2014).

5.2.2 MODAL ANALYSIS: EVOLUTION OF NATURAL FREQUENCIES OVER TIME

In this section, the aim is to study the dynamic behaviour of Cabril dam under ambient/operational
excitations (in normal operating conditions), for the monitoring period between 2008 and 2020. Therefore,
the most important results obtained from continuous vibrations monitoring data, gathered with the SSHM
system, are presented here. In particular, the evolution of the automatically identified natural frequencies
over time are analysed and compared with frequency values from finite element simulations. This will
enable, on the one hand, to evaluate the influence of water level variations on the dynamic response of the
global dam-reservoir-foundation system, and, on the other hand, to assess the difficulties encountered in
the modal identification for lower water levels due to the interaction between the dam and the intake tower.
Furthermore, it is intended to demonstrate how this type of analysis can be useful for vibration-based
damage detection and thus for supporting structural health monitoring of dams.
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MODAL IDENTIFICATION RESULTS FROM CONTINUOUS DYNAMIC MONITORING DATA

The evolution of the identified natural frequencies for the first five vibration modes of Cabril dam is
presented in Fig. 5.5. The frequencies and modal configurations estimated from the accelerations measured
on two specific dates are also presented, namely on June 16, 2018, between 5 and 6 p.m., and on May 4,
2019, from 4 to 5 a.m. The modal identification results were obtained using DamModallD, from monitoring
data collected between December 2008 and December 2020.

During the monitoring period, the reservoir level varied from el. 261.5 mtoel. 295 m, i.e., 35.5mto2m
below the crest, a 33.5 m water level variation. Regarding temperature, the air temperature amplitude in the
dam site is of only about + 8° throughout the year, and thus the influence of thermal variations on the dam
dynamic behaviour is assumed to be negligible in comparison with the influence of water level variations.

These results show that the dynamic response of the dam-reservoir-foundation system is considerably
influenced by the reservoir level, since the values of the natural frequencies clearly follow the water level
variations over time. Considering the maximum and minimum water levels during the period under
analysis, the natural frequencies of the five modes present the following variations, where the lower values
correspond to higher water levels: (i) mode 1, from 2.09 to 2.72 Hz; (ii) mode 2, between 2.31 and 2.79 Hz;
(iii) mode 3, from 3.09 to 4 Hz; (iv) mode 4, between 3.55 and 4.23 Hz; and (v) mode 5, from 3.64 to 4.42
Hz. As expected, the frequency values decrease as the water level increases. It is also worth noting how
this effect is more noticeable for vibration modes with higher natural frequencies, and that the first two
modes have relatively close frequencies (maximum differences of about 0.2 Hz), which become closer for
lower water levels. Additionally, the frequency values associated with the operation of the energy
production groups, with a known rotation frequency of 3.57 Hz, are also captured.

Regarding the vibration mode shapes, the first and fifth modes are antisymmetric, while the second and
third modes are symmetric. The fourth mode, approximately symmetric, is influenced by the existing
horizontal cracking band in Cabril dam, and it corresponds to the vibrations of the upper blocks of the dam.
Furthermore, it is relevant to note that non-stationary modes are identified (recall section 3.9.2).

In the case of Cabril dam, it is worth addressing the issue of the intake tower. For higher water levels, the
tower is not in contact with the dam, as the joint between the tower and the dam opens, and hence there is
not a noticeable influence in dam behaviour. However, for lower water levels, below around el. 285 m, the
tower leans into the dam, resulting in dam-tower dynamic interaction and in an added mass effect that
influences the response of the dam-reservoir-foundation system. This phenomenon has been studied
previously, enabling the identification of vibration modes of the tower from measured vibrations in the dam
(Espada, 2010; Mendes, 2010; Mendes & Oliveira, 2009). This is in line with the results obtained here,
based on which it was possible to detect natural frequencies that are most likely associated to dynamic
vibrations of the intake tower, since the corresponding dam mode shapes are inconclusive and do not have
a clear physical meaning, and to observe how the symmetric modes seem to be particularly affected by the
dam-tower interaction, namely for lower reservoir levels. Nevertheless, further investigation is required in
order to fully comprehend the dam-tower dynamic interaction, ideally supported by more detailed finite
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element models that includes the intake tower, to enable a proper simulation of the modes shapes of the

tower-dam-reservoir-foundation system.

CABRIL DAM: EVOLUTION OF NATURAL FREQUENCIES OVER TIME
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Fig. 5.5 Results from continuous dynamic monitoring of Cabril dam: evolution of identified natural frequencies over
time (2008 to 2020). Singular value spectra and estimated frequencies and mode shapes for specific dates.
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FINITE ELEMENT MODAL ANALYSIS AND COMPARISON WITH MODAL IDENTIFICATION RESULTS

The finite element dynamic calculations were carried out using the module of DamDySSA for modal
analysis, based on the proposed coupled state-space formulation with generalized damping (recall
subchapter 3.6), and considering the 3D finite element model of the dam-reservoir-foundation system
presented in Fig. 5.6.

The dam concrete and the foundation rock are isotropic materials with linear-elastic behaviour, considering
Young’s modulus E = 25 GPa and Poisson’s ratio v = 0.2; for dynamic calculations, a factor of 1.3 is applied
to the Young’s modulus. The water was assumed as a compressible fluid, with a pressure wave propagation
velocity of ¢, = 1440 m/s, according to a mean water temperature of around 15° C. The existing cracking
band around el. 280 to 285 m is simulated in a simplified way in this work by incorporating several interface
elements to form a single horizontal crack, considering linear joint behaviour (high normal and shear
stiffness value are used). This a simplified model that does not incorporate the intake tower.

The adopted material properties and assumed hypotheses have been validated in previous studies carried
out in LNEC, based on experimental data from the reference period in the initial monitoring phase (S.
Oliveira et al., 2011, 2012; S. Oliveira & Alegre, 2018).

3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM

2914 elements
15267 nodes

Dam (concrete)
E=25GPa; v=0.2; y=24kN/m?
(Egyn = 1.3 E)

Rayleigh damping: £ = 1%
(@=0.125;p=8.5x10 %)

Interfaces

Foundation (rock)
E=25GPa; v=0.2

Reservoir (water)
cw= 1440 m/s; y=10 kN/m®
Interface elements
representing the cracking band

Kn = 2.5 x107 kN/m c=0
Kt =1.25 x10” kN/m ¢ =30°

814 interface
elements

Fig. 5.6 Cabril dam. 3D finite element model of the dam-reservoir-foundation system and material properties
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The comparison between the identified natural frequencies over time (coloured circles) and the calculated
frequency values (coloured lines) is presented in Fig. 5.7. The computed frequencies and mode shapes for
two reservoir water levels (el. 293.5 m and 285 m) are also shown for comparison with the experimental
modal configurations. An additional graphical representation, where the natural frequencies are displayed
according to the reservoir level, is provided in Fig. 5.8. The finite element dynamic calculations were
carried out using the described linear reference model, considering various realistic water level values as
input in order to define the reservoir mesh.

This comparative study shows that it was possible to achieve a very good agreement between identified and
computed frequencies for all first five modes of Cabril dam, especially for higher water levels. For mode
1, a good comparison is also obtained for lower water levels, since it has an antisymmetric mode shape,
with motion of null (or low) amplitude in the central section, which does not appear to be particularly
affected by the intake tower. The same can be said of mode 3, which, despite being symmetric, is a mode
that presents dynamic movements of higher amplitude in lateral sections of the dam, apparently reducing
the influence of dam-tower interaction and resulting in a good agreement also for lower reservoir levels.
Regarding mode 2, a symmetric mode with oscillatory motion of higher amplitude in the central upper part
of the dam, the agreement is not as good for lower water levels due to the influence of the dam-tower
dynamic interaction and to the tower added mass effect. Nevertheless, even for the second mode, the
differences between identified and computed frequencies are never greater than 0.15 Hz. Concerning modes
4 and 5, despite the good comparison between experimental and numerical frequency values, there seems
to be a swap in the mode shapes: the fourth mode is the symmetric one, with a modal configuration
associated with the movements of the dam body above the cracked zone, and the fifth mode is a regular
antisymmetric mode, while in the finite element calculations the contrary was obtained. This might be
related to the interaction of the dam with the intake tower, which is not simulated in the model.

The conducted study, based on the combined use of numerical results and of experimental results obtained
in normal operating conditions, was valuable to increase knowledge on the dynamic behaviour of Cabril
dam under ambient/operational and to evaluate the influence of the intake tower in the modal parameters.
Furthermore, the provided results allowed to show how the dynamic response of the dam-reservoir-
foundation system and thus the evolution of the natural frequencies is mostly dependent on the reservoir
water level variations.

The good agreement achieved between monitoring and modelling results enabled to demonstrate the
suitability of the developed reference linear model for simulating the dynamic response of the dam-
reservoir-foundation system of Cabril dam. However, additional studies must be conducted in the future to
better understand the phenomena associated with the intake tower behaviour and the dam-tower dynamic
interaction, ideally using a finite element mesh that incorporates the intake tower.
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CABRIL DAM: IDENTIFIED FREQUENCIES OVER TIME VS COMPUTED FREQUENCIES
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Fig. 5.7 Comparison between identified natural frequencies over time and computed frequencies for Cabril dam.
Finite element modal analysis: mode shapes for two reservoir water levels.
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CABRIL DAM: IDENTIFIED FREQUENCIES VS COMPUTED FREQUENCIES.
RESERVOIR LEVEL VARIATION

Modal identification results: measured signals on June 8, 2020,
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Fig. 5.8 Comparison between identified and computed natural frequencies for Cabril dam considering the reservoir
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DAMAGE DETECTION USING MEASURED VIBRATIONS AND FINITE ELEMENT RESULTS

For structural health monitoring, the natural frequencies identified based on recent data can be compared
with those identified in a previous reference period or computed using reference linear models, calibrated
using data from that reference period. Models that enable to simulate the process of evolutive damage can
also be useful for analysing possible structural changes that occur over time.

Therefore, an additional analysis is how provided, aiming to exemplify how the combined use of results
extracted from continuous vibrations monitoring and of results from finite element dynamic simulations
can be of great value for evaluating structural integrity, particularly for vibration-based damage detection.
With that goal, the automatically identified natural frequencies over time (in red) are compared with
calculated frequencies for the first, second, and third vibration modes of Cabril dam, as well as for the mode
associated with the movement of the dam body above the cracked zone (Fig. 5.9 and Fig. 5.10). In this
analysis, the numerical frequency curves (in blue) are computed using: (i) a linear reference model without
concrete damage, with properties calibrated using data from the early monitoring period; and (ii) a model
to simulate a scenario of evolutive damage over time, assuming a gradual decrease in concrete stiffness -
this is modelled in a simplified way, considering a gradual damage (d) increase from 0 to 5% over the
period under analysis and a uniform deterioration over the whole dam body, with the Young’s modulus of
concrete becoming E, (t)=E-(1-d(t)).

Based on these results, the most important observations to be made in the scope of structural health
monitoring are that the frequency values extracted from recent monitoring data are equivalent to those
obtained for the initial monitoring period, in late 2008 and early 2009, and that there is a good agreement
between identified and computed frequencies with the linear reference model (the differences between the
experimental and numerical values do not change over the ongoing monitoring period, for similar reservoir
levels). Besides, the model that simulates the scenario of evolutive damage shows how the numerical
frequency values start to decrease gradually, and, from a certain point, to diverge from the experimental
frequencies, for all analysed vibration modes; the predicted response with this model suggests that the
effects of a considerable deterioration phenomenon can be detected based on information extracted from
measured vibrations.

Therefore, it is possible to state that the main modal parameters of Cabril dam have not changed over the
last decade, which means that the existing cracking and swelling phenomena have not progressed
significantly and hence are not affecting the structural integrity of the dam nor disturbing its regular
operation in a noticeable way. Nevertheless, it is fundamental to continue performing this type of analysis
on a regular basis in the future, in order to properly control the structural integrity of Cabril dam, which has
been in operation for almost 70 years.
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CABRIL DAM: COMPARISON FOR VIBRATION-BASED DAMAGE DETECTION
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Fig. 5.9 Analysis of natural frequencies for vibration-based damage detection of Cabril dam. Evolution of identified
frequencies over time (2008 to 2020) and comparison with computed frequencies using the reference model (no
damage) and a model considering evolutive damage (0 to 5 %). First and second modes.
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CABRIL DAM: COMPARISON FOR VIBRATION-BASED DAMAGE DETECTION
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Fig. 5.10 Analysis of natural frequencies for vibration-based damage detection of Cabril dam. Evolution of
identified frequencies over time (2008 to 2020) and comparison with computed frequencies using the reference
model (no damage) and a model considering evolutive damage (0 to 5 %). Third mode and mode associated with the
movement of the dam above the cracked zone.
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5.2.3 LINEAR SEISMIC RESPONSE: MEASURED AND COMPUTED ACCELERATIONS

The measured dynamic response of Cabril dam during a real seismic event is analysed in this section. The
analysis is performed based on the accelerations recorded with the SSHM system of Cabril dam near the
dam-rock interface and in various points at the upper part of the dam body, which are compared with results
from finite element analysis. The numerical calculations were carried out using the program DamDySSA,
developed in this thesis, and the program Code Aster, an open-source software developed by EDF
(www.code_aster.org), to provide a comparison between the results of two different modelling programs
and the experimental results from dam monitoring.

The purpose of this application study is to evaluate the amplification of the measured accelerations between
the dam-rock interface and the crest of the dam (central section), and to discuss the use of adequate input
accelerograms and damping ratios in the numerical models, in order to properly reproduce the measured
dynamic response under low amplitude seismic vibrations. Therefore, it is intended to contribute not only
for increasing knowledge on the seismic behaviour of Cabril dam under low to medium intensity
earthquakes, but also to calibrate the linear model used for seismic response simulations.

EARTHQUAKE ON SEPTEMBER 4, 2018. MEASURED ACCELERATIONS

The seismic event detected in Cabril dam on September 4, 2018, was due to an earthquake of magnitude
4.6 that occurred in the Peniche abyssal region, off the coast of Portugal, at about 200 km from the dam site
(Fig. 5.11). The seismic waves hit the dam from the west-northwest, approximately in the cross-valley
direction. At the time, the water level was at el. 281.2 m, 15.8 m below the crest. This was a distant
earthquake that induced low amplitude vibrations in Cabril dam, with peak values of 3.6 mg at the crest,
which were recorded with great accuracy by the installed SSHM system (Fig. 5.12 and Fig. 5.13).

EARTHQUAKE (4.6 M) ON SEPTEMBER 4, 2018. DISTANCE: 206 km FROM CABRIL DAM

Epicentre

(®North Atlantic O

Fig. 5.11 Seismic event (4.6M) on September 4, 2018, automatically recorded and detected at Cabril dam.
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The seismic accelerations measured with the triaxial sensor RB,y, installed at the right bank near the dam-
rock interface, at el. 274 m, are shown in Fig. 5.12. The recorded peak accelerations are 1.48 mg in the
cross-valley direction, 1.31 mg in the upstream-downstream direction, and 1.3 mg in the vertical direction.

EARTHQUAKE (4.6 M) ON SEPTEMBER 4, 2018. DISTANCE: 206 km FROM CABRIL DAM
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Fig. 5.12 Seismic event (4.6M) on September 4, 2018. Measured accelerations at the dam-rock interface with the
triaxial sensor at the right bank RBxy..

In this application study the aim is to analyse the measured response in various positions of the dam, both
in the upper gallery, at el. 294 m, and in the second lower gallery, at el. 275 m, which will then be compared
with the numerical results. Fig. 5.13 presents the acceleration time histories recorded using: (i) the triaxial
accelerometer KL294,y,, located in the central section of the dam (block KL), in the upper gallery; (ii) the
uniaxial accelerometers NO294 and QR294, positioned in the left part of the dam (blocks NO and QR), also
in the upper gallery; and (iii) the uniaxial accelerometer KL275, installed in the central section (block KL),
in the second gallery. For this earthquake, the maximum acceleration, 3.62 mg, was recorded with sensor
KL294,y, in the upstream-downstream direction. Compared to the peak acceleration near the abutment in
the same direction (1.31 mg), the amplification factor is approximately 2.8 from the dam-rock interface to
the top of the central section of the dam. Considering the maximum accelerations recorded in the radial
direction with sensors NO294 and QR294, amplification factors of 2.1 and 2.5 are obtained, respectively,
in relation the upstream-downstream acceleration. The presented acceleration records show that the
vibrations of greater amplitude were recorded in the upper part of the dam, as expected.
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Fig. 5.13 Seismic event (4.6M) on September 4, 2018. Measured accelerations at the upper part of the dam, in the
upper and lower gallery.
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This analysis allowed to show not only the capability of the SSHM system installed in Cabril dam to
measure vibrations induced by seismic events with great accuracy, even low amplitude vibrations due to
earthquakes that occur at a long distance from the dam site, but also the value that these records can have
in order to characterize the seismic action and to analyse the measured dynamic response.

FINITE ELEMENT SEISMIC ANALYSIS USING DAMDYSSA. COMPARISON WITH MEASURED RESPONSE

In order to reproduce the measured seismic response, finite element calculations were carried out using the
module of DamDySSA for linear seismic analysis. The reference model of the dam-reservoir-foundation
system used previously for modal analysis was adopted here, considering the same material properties for
the dam concrete and foundation and the described horizontal crack to simulate the cracked zone (recall
Fig. 5.6). Considering the low amplitude of the recorded seismic accelerations, linear behaviour is assumed
for the concrete and the horizontal crack.

Aiming to consider realistic conditions in the numerical simulation of the measured response, the seismic
analysis was performed by setting the model reservoir level to 17 m below the crest, at el. 280 m, as close
as possible to the observed water level on the day of the seismic event (Fig. 5.14). Furthermore, the seismic
accelerograms recorded with RB,y; at the right bank, are used as seismic input. In DamDySSA, which is
based on the massless approach to simulate the foundation, the seismic input is applied at the foundation
base without spatial variation.

3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM
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Fig. 5.14 Cabril dam. 3D finite element model of the dam-reservoir-foundation system used for linear seismic
analysis and used seismic input.
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For comparison with the measured computed response, the acceleration time histories were calculated in
nodal points of the dam mesh equivalent to the real positions of accelerometers KL294,y,, NO294, QR294,
and KL275, as presented next.

In the case of the triaxial accelerometer KL294,y,, located in the central section of the upper gallery, there
is a good agreement with the numerical accelerations in the upstream-downstream direction, while in the
cross-valley and vertical directions the numerical response is overestimated (Fig. 5.15). In what concerns
accelerometers NO294 and QR294, positioned in the left part of the dam, also in the upper gallery, it was
possible to reproduce the accelerations in the radial direction quite well (Fig. 5.16). A good comparison
was also achieved for the accelerograms calculated in the position of accelerometer KL275, installed in the
central section of the second lower gallery (Fig. 5.17).

Overall, the provided results show that it was possible to reach a good agreement between the measured
accelerations in Cabril dam during the seismic event on September 4, 2018, and the seismic accelerations
calculated using DamDySSA, considering as uniform seismic input the available seismic accelerograms,
i.e., those recorded near the base of the right abutment. However, in order to reproduce the measured
response in Cabril dam, it was necessary to consider a damping ratio of about 10% for the frequency band
around 2 to 3 Hz (frequency values of the first modes of the dam-reservoir-foundation system).

It is recognised that it would be more appropriate to use accelerations recorded at the bottom of the valley,
near the dam-rock interface, as seismic input. In that case, the same good agreement would be expected
when assuming a significantly lower damping value. The use of lower damping values, around 1%, has
been successfully used in studies carried out for simulating the response of several large arch dams (Chopra
& Wang, 2012; Proulx et al., 2004; Proulx & Darbre, 2008; Robbe, 2017; Robbe et al., 2017), in which
seismic accelerograms measured at the dam base are used as inputs. This can also be observed in the
application example conducted in this work for the case of Cahora Bassa dam (see section 5.3).

The analysis of the measured accelerations in Cabril dam during a low intensity seismic event and the
comparison with the computed response enable some general remarks to be made, namely that additional
studies are required in the future. With that purpose, it is recommended the installation of an additional
triaxial accelerometer in the SSHM system of Cabril dam, more specifically at the downstream base of the
dam, with a view to improve the characterization of the seismic action and to better understand the linear
seismic behaviour. Moreover, it is important to recall that the dam-tower dynamic interaction can also
influence the response of the dam under earthquake motion, particularly for lower reservoir water levels,
and thus additional analyses should be performed in the future to evaluate the seismic response using a
complete tower-dam-reservoir-foundation model.

Finally, it is worth mentioning that the numerical calculations were carried out using decimated versions of
the recorded accelerograms, considering a decrease in the sampling frequency from 1000 Hz (time step
At=0.001) to 100 Hz (At = 0.01). With the program DamDySSA, considering the presented 3D mesh of
the dam-reservoir-foundation system and the seismic input with a 0.01 s time step, the calculations took
about 1 hour for every 10 seconds on a laptop with a CPU processing speed of 2.2 GHz.
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SEISMIC RESPONSE OF CABRIL DAM: MEASURED AND COMPUTED ACCELERATIONS
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SEISMIC RESPONSE OF CABRIL DAM: MEASURED AND COMPUTED ACCELERATIONS

Accelerations at the upper gallery, left part of the dam — NO294
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Fig. 5.16 Seismic response of Cabril dam: seismic event (4.6M) on September 4, 2018. Comparison between
measured and computed accelerations - upper gallery, left part of the dam.
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SEISMIC RESPONSE OF CABRIL DAM: MEASURED AND COMPUTED ACCELERATIONS

Accelerations at the lower gallery, central section — KL275
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Fig. 5.17 Seismic response of Cabril dam: seismic event (4.6M) on September 4, 2018. Comparison between
measured and computed accelerations - second gallery, central section.

COMPARISON WITH FINITE ELEMENT RESULTS FROM CODE_ASTER

A linear seismic calculation of Cabril dam was also performed using the open-source software Code_Aster,
developed by EDF, in the scope of a study conducted in collaboration with Emmanuel Robbe'® (Alegre,
Robbe, et al., 2020). In this study, the results computed using DamDySSA are compared with results from
Code_Aster, and both are compared with the measured seismic response, aiming to evaluate the suitability
of the programs for linear seismic analysis of arch dams.

Code_Aster has been used to conduct various studies on the seismic response of large concrete dams, based
on measured and computed accelerations (Robbe, 2017; Robbe et al., 2017), which have provided aluable
information on the subject. In Code_Aster, the dynamic behaviour of the dam-reservoir-foundation system
is simulated using potential-based fluid elements for the reservoir domain. Specific boundary conditions
are established to account not only for the radiation at the far end of the reservoir domain and for fluid-
structure interaction between the dam and the reservoir, but also for the rock-water interaction between the
reservoir and the foundation. Furthermore, a viscous-spring boundary model (Fig. 5.18) is implemented for
simulating the foundation behaviour and interaction effects, as proposed and well-described in (Robbe,
2017; Robbe et al., 2017). This model is adopted to account for the absorption of the wave energy radiation

10 Emmanuel Robbe is a Specialist Dam Engineer at EDF, France, responsible for the safety evaluation of dams in operation and
for developing numerical models.
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from the dam and the foundation mass, while the seismic input is introduced as compression and shear
waves vertically propagating from the bottom of the foundation block to the dam-rock interface.

The finite element calculation with Code_Aster was carried out using a 3D model of the dam-reservoir-
foundation system; the dam mesh is the same as the one used in DamDySSA, while new meshes were
generated for the foundation and reservoir (Fig. 5.18). The same values as before are used for the dam and
foundation material elastic properties and the reservoir water level is also set to el. 280 m. In Code_Aster,
the seismic input was introduced at the bottom of the massed foundation and subsequently calibrated in
order to reproduce the accelerations recorded with triaxial accelerometer RB,y, at the dam-rock interface of
the right bank. Therefore, as in the calculations performed with DamDySSA, realistic accelerations are
considered at the proper location of the model used in Code_Aster. To save calculation time, the simulations
with this second program were performed considering a length of 50 s for the seismic accelerograms.

CODE_ASTER

SR AN .

e | <
T P

)
/ ¢ ¢

Viscous-spring boundary model 3D mesh of dam-reservoir-foundation system

Fig. 5.18 Code_Aster: scheme of dam-reservoir-foundation system with viscous-spring boundary model for the
foundation, and new 3D model of Cabril dam-reservoir-foundation system.

The comparison between the accelerations calculated using the programs DamDySSA and Code_Aster, and
the radial acceleration time histories recorded during the earthquake event on September 4, 2018, is
presented next (Alegre, Robbe, et al., 2020), namely for accelerometer KL294,,, (Fig. 5.19) and for
accelerometers NO294, QR294 and KL275 (Fig. 5.20).
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The results obtained using Code_Aster allow to confirm the observations made previously based on the
results from DamDySSA: for Cabril dam, it is possible to reach a good agreement between measured
accelerations and computed response, considering as input the accelerograms measured near the dam-rock
interface at the right bank, but only if a higher damping ratio is used. The comparison provided in Fig. 5.19
and Fig. 5.20 allow to see that both programs, which are based on different approaches for modelling the
foundation behaviour and the seismic input, lead to similar results when using a 10% damping ratio for the
frequency band of the first vibration modes.

Nevertheless, it is worth noting that with DamDySSA it was possible to achieve a slightly better agreement
between monitoring and modelling results. Therefore, this study allowed to confirm the potential of
DamDySSA to simulate the linear seismic response of arch dams, as well as the suitability the reference
model currently used for Cabril dam (even without incorporating the tower). Moreover, these new results
help corroborate the conclusion that the need for high damping values to fit the computed response to the
measured response might be associated with the use of input accelerations recorded at the right bank (the
only that were available), hence highlighting the importance of investing in the installation of a new triaxial
accelerometer at the downstream base of Cabril dam.

SEISMIC RESPONSE OF CABRIL DAM: MEASURED AND COMPUTED ACCELERATIONS

Accelerations at the upper gallery, central section - KL294xy.

Upstream-downstream

a(m/s?)

DamDySSA
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Fig. 5.19 Seismic response of Cabril dam: seismic event (4.6M) on September 4, 2018. Comparison between
measured accelerations (upper gallery, central section) and numerical results from DamDySSA and Code_Aster.
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SEISMIC RESPONSE OF CABRIL DAM: MEASURED AND COMPUTED ACCELERATIONS

Accelerations at the upper gallery, left part of the dam
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Fig. 5.20 Seismic response of Cabril dam: seismic event (4.6M) on September 4, 2018. Comparison between
measured accelerations (upper gallery, left part of the dam; lower gallery, central section) and numerical results
from DamDySSA and Code_Aster.
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5.2.4 NON-LINEAR SEISMIC ANALYSIS CONSIDERING JOINT MOVEMENTS AND CONCRETE DAMAGE

The current section is focused on analysing the non-linear seismic behaviour of Cabril dam under strong
earthquakes, considering the effects due to joint movements and the occurrence of concrete damage, based
on results from numerical simulations carried out using DamDySSA. The presented analysis aims to
investigate the influence of the opening/closing and sliding movements of the vertical contraction joints on
the structural response of Cabril dam, by comparing results from linear and non-linear analyses, and to
evaluate the resulting tensile and compressive damages in the dam body.

This study also intends to show the potential of the proposed method for non-linear dynamic analysis of
arch dams, implemented in the program DamDySSA. The main results include 3D graphical representations
of deformed shapes, stress fields, tensile and compressive damages in the dam body, and displacements and
stresses envelopes.

The finite element calculations were performed using the 3D finite element model of the dam-reservoir-
foundation system*! shown in (Fig. 5.21). The dam concrete and foundation rock are isotropic materials,
while the water in the reservoir is a compressible fluid, assuming the same properties as in the previous
studies. All vertical contraction joints, the dam-rock interface, and a horizontal crack, representing the
existing cracking band around el. 280 m to 285 m, are incorporated into the model, using interface elements.
For non-linear analysis, a damping ratio of about 10% is considered on the frequency band around the first
and second vibration modes (2 to 3 Hz).

The non-linear behaviour of concrete is simulated using the strain-softening constitutive damage law with
tensile strength f, =3 MPa and compressive strength f, =-30 MPa (LNEC, 2003). In order to obtain
coherent stress-strain laws, which guarantee an adequate energy dissipation during material failure, a
fracture energy G, =0.9kN.m/m? and an ultimate compressive strain &, =— 9.5x10are used (Alegre
& Oliveira, 2019).

The opening/closing and sliding joint movements are modelled considering proper failure criteria and
normal and shear stress-relative displacement laws. For the vertical contraction joints, null cohesion is
assumed to enable joint opening under tensions and a 30° friction angle is used, while for the dam-rock
interface joint elements with high values of cohesion and friction angle are used. Furthermore, two
hypotheses are adopted for simulating the behaviour of the horizontal crack (representing the existing
cracking band) under strong seismic motion, namely considering: a) a horizontal crack with higher stiffness
(K, =2.5x10" kN/m), in order to limit opening movements and thus allow for tensions and concrete
damage to occur in that zone; and b) horizontal crack with lower stiffness (K, =10" kN/m) that enables
opening and closing movements to occur, aiming to evaluate its influence on the global seismic response
of the dam.

11 The calculations for this study were the first to be carried out for non-linear seismic analysis of Cabril dam in this work. Thus, a
coarser mesh was used to increase computational efficiency.
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3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM

Dam (concrete)

E=25GPa; v=0.2; y=24kN/m?

Foundation (rock)

E=25GPa; v=0.2

Reservoir (water)

626 elements Cw = 1440 m/s; y=10 kN/m3

4822 nodes

Damping

137 joint elements E=10%

Joint properties

Vertical contraction joints

Kn=10"kN/m ¢=0
Kr=0.5 Ky é = 30°

Il

Horizontal crack

Higher Stiffness Lower Stiffness
Dam-foundation surface Ky = 2.5 x107 kN/m Kn = 107 kN/m
Kn=2.5 x108 kN/m Kr=10.5Kn Kr=0.5Kn
Kr=0.5Kn c=0;¢=30°

Concrete constitutive law

f =3 MPa
s G, =09 kN.m/m’
g
° f =-30 MPa

g =-95x10"°

£ (x109)
Load combination: SW + HP297 + SEISMICL
Hydrostatic

pressure
(full reservoir)

/ ‘l' Self-weight
Seismic load

Fig. 5.21 Cabril dam. 3D finite element model of the dam-reservoir-foundation system used for non-linear seismic
analysis. Material properties, joints, concrete constitutive law, load combination, and seismic input.
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The seismic response of Cabril dam is analysed for the load combination including the self-weight of the
dam (SW), the hydrostatic pressure for full reservoir (HP297), and a seismic load (SEIsmICL) applied in
the upstream-downstream direction. For this study, a 10 s artificial seismic accelerogram was generated
from the response spectrum presented in Fig. 5.4, and then scaled to obtain a peak ground acceleration of
0.69, three times greater than the excitation level assumed in this work for the MDE (0.29).

STATIC RESPONSE: CALIBRATION OF THE CONTRACTION JOINTS STIFFNESS

The static response of Cabril dam for the load combination with the self-weight and the hydrostatic pressure
(SW+HP297) is presented in Fig. 5.22, considering the use of a linear model, without joint elements, and
the previous non-linear model with joints, aiming to verify the suitability of the properties assumed for the
vertical contraction joints. Since tensile stresses are very low, then significant non-linearities in joints and
concrete do not occur. Thus, the stress fields calculated with both models are almost equal, as intended.
However, the maximum displacement calculated using the non-linear model (49.5 mm) is, as expected,
slightly greater than the value computed with the linear model (44 mm). The provided results show that a
good agreement was achieved between the linear and non-linear models, considering vertical joints with a
normal stiffness of 2.5 x 10" kN/m.

SW + HP297

Linear model (without joints) Non-linear model (with vertical joints)

Kn=2.5%107 kN/m

Fig. 5.22 Static response of Cabril dam for SW + HP297. Displacements and stresses calculated using a linear model
without vertical joints and a non-linear model with vertical joints.
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SEISMIC RESPONSE (HORIZONTAL CRACK WITH HIGHER STIFFNESS)

The seismic response of Cabril dam is analysed here for the referred dynamic load combination, considering
the seismic load with a 0.6g peak ground acceleration. Results obtained using both linear and non-linear
models are presented.

Starting with the linear response (Fig. 5.23), it is possible to see that the deformation of the dam is
considerably influenced by the seismic motions in the upstream-downstream direction. The maximum
upstream displacements are =~ 50 mm, at the top of central section, and =~ 60 mm, at the crest of the lateral
cantilevers. The maximum downstream displacements (148.8 mm) occur at the top of the central
cantilevers.

In what concerns the corresponding principal stresses fields, when the dam moves towards upstream, the
higher compressions arise near the crest in the arch direction, both at the upstream face of the lateral
cantilevers (- 10.3 MPa) and at the downstream surface of the central cantilevers (- 9 MPa). Important
compressions also occur close to the downstream base of the lateral cantilevers (= - 8.7 MPa). The
maximum tensile stresses are calculated in the arch direction at the top of the lateral cantilevers (6.8 MPa),
at the upstream face. Considerable tensions (5.4MPa) also arise at the downstream upper part of the central
cantilevers. Other relevant locations under high tensions include the upstream base of the shorter lateral
cantilevers, with stresses oriented normally to the dam-rock interface (4.2 MPa), and the upper part of the
downstream surface of the taller lateral cantilevers (3.5 MPa). These high tensile stresses indicate that
opening/sliding movements of the vertical contraction joints and tensile damage in concrete are expected
under this seismic load in the non-linear seismic simulations. At the instant of maximum downstream
displacement, maximum arch compressions arise at the top of the central cantilevers (-14.8 MPa), and
important compressions (- 6.3 to - 8.5 MPa) occur along the downstream face of the lateral cantilevers.

The non-linear seismic response, computed assuming the hypothesis of a horizontal crack with higher
stiffness (limited opening movements), is shown in Fig. 5.24. The greater displacements at the top of the
central section are now of 56.3 mm, in the upstream direction, and of 138.3 mm, in the downstream
direction, values that are respectively higher and lower than those obtained in the linear analysis. The
maximum displacement at the crest of the lateral cantilevers increased to 92.2 mm, where the larger joint

opening movements occur (= 13 mm).

Regarding the non-linear stress fields, it is possible to note an overall decrease of the arch stresses due to
the movements of the vertical joints, namely when the dam moves towards upstream, as well as a release
of the tensions that ended up surpassing the material strength, as concrete damage occurred.

Next, to provide additional insight on the influence of the vertical joint movements on the seismic response
of Cabril dam, linear and non-linear seismic response envelopes are presented.

Regarding the displacements envelopes (Fig. 5.25), the radial displacement values under the static loads
are greater for the case of nonlinear behaviour, as shown previously in the linear response analysis (Fig.
5.22). The linear displacements envelope shows that the seismic motion at the top of the central section has
a semi-amplitude more than two times larger than the static displacement value, both in the upstream
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(91 mm) and downstream (103 mm) directions. By comparison, the non-linear response allows to see that
there is an increase of the semi-amplitude towards upstream, to about 100 mm, and a decrease of the semi-
amplitude towards downstream, to around 88 mm. These differences, already noted by comparing Fig. 5.23
and Fig. 5.24, are most likely due to the influence of the horizontal crack: in Cabril dam, the radial
displacements at the crest level tend to increase in the upstream direction, while at the horizontal crack level
they tend to increase in the opposite direction. However, the global displacement amplitude is slightly lower
in the non-linear response, which might be due to the damping hypothesis considered for the interface
elements used to model the contraction joints and horizontal crack (interface damping matrices proportional
to the stiffness matrices are considered).

With respect to the arch and cantilever stresses envelopes (Fig. 5.25, Fig. 5.26 and Fig. 5.27), the
comparison between linear and non-linear results enables to see how the vertical contraction joints non-
linear behaviour influenced the structural response of Cabril dam. When the dam moves towards upstream,
the opening joint movements result in an overall decrease of the compressive and tensile arch stresses at
the upper part of the dam, namely at the top of the central cantilevers, where there was a reduction of the
tensions from about 8 MPa (linear) to less than 3 MPa (non-linear) at the upstream face, and of around
5.5 MPa (linear) to 2.3 MPa (non-linear) at the downstream surface. Nevertheless, the release of the arch
stresses originated a stress redistribution process that contributed to a global increase of the cantilever
stresses, namely of tensions and compressions along the upstream surface of the lateral cantilevers, of the
tensions at the upper part of the downstream face of dam, and of the maximum compressions (9.7 MPa)
along the downstream base.

As mentioned before, it is worth emphasizing that the vertical and cantilever tensions end up surpassing the
adopted concrete tensile strength (3 MPa) and, as a result, high tensile damage occurs near the downstream
base, along the insertion, and in the upper part of the dam, at the downstream face (Fig. 5.28). Damage
values of 100% are calculated in some points, indicating the locations where concrete failure has occurred.
However, concrete failure is mostly superficial and does not propagate across the thickness of the
cantilevers. The provided results show that the release of the arch stresses at the top of the dam prevented
the occurrence of concrete damage there. Additionally, despite the significant deformations towards
downstream, the maximum compressions are much lower than concrete compressive strength (30 MPa)
and hence there was no compressive damage.

To summarise, this seismic analysis showed that the considered 0.6g seismic load caused dynamic motions
of significant amplitude, resulting in important movements of the vertical contraction joints that clearly
influenced the seismic behaviour of Cabril dam, as well as in high tensions in concrete, which lead to the
occurrence of concrete failure, in particular at the upper part of the downstream face and along the upstream
base, although this remained closer to the dam surface.

The conducted study demonstrated not only the suitability of the finite element model used for the Cabril
dam-reservoir-foundation system, but also the potential of the program DamDySSA to simulate the non-
linear seismic behaviour of large arch dams, considering simultaneously the effects due to joint movements
and concrete damage.
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SW + HP297 + SEIsmMICL (0.69)

LINEAR SEISMIC RESPONSE
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Fig. 5.23 Linear seismic response of Cabril dam for SW + HP297 + SEismicL (0.6g). Displacements and principal
stresses.
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SW + HP297 + SEIsmICL (0.69)

NON-LINEAR SEISMIC RESPONSE
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Fig. 5.24 Non-linear seismic response of Cabril dam for SW + HP297 + SEismicL (0.6g). Horizontal crack with
higher stiffness. Displacements, principal stresses, and joint movements.
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SW + HP297 + SEIsmMICL (0.69)
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Fig. 5.25 Linear and non-linear seismic response of Cabril dam for SW + HP297 + SeismicL (0.6g). Horizontal
crack with higher stiffness. Radial displacements and arch/cantilever stresses envelopes.

253



Linear

Maximum

Minimum

S PuE
PR F

W nam
-

Maximum

Minimum

- }

APPLICATION STUDIES. DYNAMIC BEHAVIOUR OF TWO LARGE ARCH DAMS

SW + HP297 + SEIsmICL (0.69)
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Fig. 5.26 Linear and non-linear seismic response of Cabril dam for SW + HP297 + SeismicL (0.6g). Horizontal
crack with higher stiffness. Arch stresses envelopes.
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SW + HP297 + SEIsmICL (0.69)
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Fig. 5.27 Linear and non-linear seismic response of Cabril dam for SW + HP297 + SeismicL (0.6g). Horizontal
crack with higher stiffness. Cantilever stresses envelopes.
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SW + HP297 + SEIsmICL (0.69)

NON-LINEAR SEISMIC RESPONSE
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Fig. 5.28 Non-linear seismic response of Cabril dam for SW + HP297 + SeEismicL (0.6g). Horizontal crack with
higher stiffness. Tensile damage.

SEISMIC RESPONSE (HORIZONTAL CRACK WITH LOWER STIFFNESS)

The existing cracking band in Cabril dam was incorporated into the model in a simplified way, considering
a single horizontal crack. In the previous analysis, higher stiffness properties were adopted to limit joint
movements and thus allow high tensions and concrete damage to arise in that part of the dam. However, it
was also assumed worthy to simulate the case of a horizontal crack with lower normal stiffness (opening
and closing movements can occur), to investigate the impact of possible movements of the cracking band
in the seismic response of Cabril dam; in that case, besides concrete damage, a strong earthquake could
also lead to the instability of the blocks above the cracked zone. Therefore, the non-linear seismic response,
calculated considering a horizontal crack with lower stiffness values, is presented (Fig. 5.29).

In comparison with the previous analysis, there is an increase of the maximum upstream displacements in
the central section, from 56.3 mm to around 60 mm, precisely when the largest horizontal crack opening
occurs (= 8.8 mm). As for the corresponding stress fields, the most important aspect to note is the decrease
of the vertical tensions in the surrounding blocks along the crack, at the downstream face, especially in the
central section where the opening movements of the horizontal crack are larger (Fig. 5.29). Therefore, there
is a decrease in the tensile damage distribution around that zone. However, the deformation of the blocks
above the horizontal crack originates new tensile stresses, resulting in tensile damage at the upstream and
especially at the downstream faces, particularly in the blocks closer the edges. When the dam moves
towards downstream, the vertical contraction joints and the horizontal crack close, and thus the structural
response is very similar to that presented before. These results show how the opening movements of the
horizontal cracking band can influence the seismic response of Cabril dam.

Both analyses enabled to highlight the importance of properly simulating the cracked zone for evaluating
the seismic behaviour of Cabril dam. To summarize, the non-linear simulations can be performed assuming

a horizontal crack with high stiffness, resulting in tensile damage to arise around the crack, or a horizontal
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crack with low stiffness (which can open), in which case such damages do not occur but the blocks above

the crack could suffer larger overturning movements.

SW + HP297 + SEIsmMICL (0.69)

NON-LINEAR SEISMIC RESPONSE
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Fig. 5.29 Non-linear seismic response of Cabril dam for SW + HP297 + SeismicL (0.6g). Horizontal crack with
lower stiffness. Displacements, principal stresses, and tensile damage.
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5.25 SEISMIC SAFETY ASSESSMENT. ENDURANCE TIME ANALYSIS

The non-linear seismic behaviour of Cabril dam is analysed in this section based on the safety assessment
methodology proposed in this work (section 2.4.3), using the Endurance Time method (Estekanchi et al.,
2004) and considering appropriate performance criteria (Wieland, 2016). The main goal is to evaluate the
performance of the dam under an intensifying seismic load, by examining the evolution of tensile and
compressive damages for increasing excitation levels. The performance endurance limits are defined as the
peak accelerations that the dam can withstand until an unacceptable damage state occurs.

The finite element calculations were conducted using DamDySSA, considering the 3D finite element model
of the dam-reservoir-foundation system presented in Fig. 5.30. This is an updated version of the reference
model used for modal analysis and linear seismic analysis of Cabril dam, now taking into account the non-
linear behaviour of concrete and the incorporation of all vertical contraction joints, the horizontal crack (the
hypotheses of higher and lower stiffness are simulated), and the dam-foundation interface. The same
constitutive models and the material properties used and calibrated in the previous section are adopted here.

Although good results were achieved in the previous section using a coarser mesh with only one element
in thickness in the dam body, for studies that require a greater accuracy in the characterization of damage
distributions, the use of more refined meshes with two or more elements in thickness is recommended, in
order to improve the simulation of the damage not only along the upstream and downstream faces but also
its propagation through the dam blocks. This motivated the use of this new finite element model.

The load combination includes the self-weight of the dam (SW), the hydrostatic pressure for full reservoir
(HP297), and a seismic load (SEismicL) applied in the upstream-downstream direction. For this study, the
seismic input was an artificially designed intensifying acceleration time history!? prepared for Endurance
Time Analysis, with peak accelerations increasing from around 0.1g to 1.5g in 15 s.

STATIC RESPONSE

The results of the non-linear response under static loads are presented first (Fig. 5.31). The maximum
displacement (54.3 mm) is calculated at the central upper part of the dam, around el. 280 to 285 m (where
the horizontal crack is located), with an important component towards downstream due to the applied water
pressures at the upstream face. The stress fields show that the dam is globally under compressions, which
means that, overall, the self-weight of the dam is able to compensate the tensions induced by water
pressures. The greater compressions are calculated at the downstream base, normally oriented to the
insertion (- 7.5 MPa), and at the upper part of the upstream face, in the arch direction (- 6 MPa). However,
high tensions arise at the upstream base of the dam, normal to the insertion, resulting in concrete tensile
damage. Moreover, since the dam moves towards downstream, there is a small opening of the horizontal
crack (= 1 mm) that causes a reduction of the vertical tensions that would arise in that zone.

12 The original intensifying acceleration time history was provided for the 15" International Benchmark Workshop on Numerical
Analysis of Dams, organized by ICOLD, for seismic analysis of a large concrete dam (Salamon et al., 2021).
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3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM
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Fig. 5.30 New 3D model of the dam-reservoir-foundation system used for non-linear seismic analysis of Cabril dam.
Properties, joints, concrete constitutive law, and intensifying seismic input.
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In comparison with the previous analysis, carried out using a coarser mesh, the non-linear response
calculated with a more refined mesh shows that larger displacement values were obtained, as expected.
Greater values are also obtained for principal stresses, considering that the elements are smaller and thus
numerical integration is performed at points closer to the dam base or to the upstream/downstream surfaces.

SW + HP297

NON-LINEAR STATIC RESPONSE

Tensile damage d*

Fig. 5.31 Non-linear static response of Cabril dam for SW + HP297. Displacements, principal stresses, and tensile
damage.

ENDURANCE TIME ANALYSIS (HORIZONTAL CRACK WITH HIGHER STIFFNESS)

The non-linear seismic performance of Cabril dam is evaluated here for the load combination SW + HP297
+ SEISMICL, assuming the hypothesis of horizontal crack with high stiffness. The main results are presented
at the end of various seconds of analysis, corresponding to increasing excitation levels.

Until t = 2 s (Fig. 5.32), the seismic action causes maximum dynamic motions with semi-amplitudes of
about 38 mm towards upstream and of 42 mm towards downstream, whereas the displacement due to the
static load combination SW+HP297 is of 54 mm in the downstream direction. Therefore, the maximum
displacement in the upstream direction is still towards downstream (= 12 mm) in relation to the initial
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undeformed position, while the maximum downstream displacement is 91.9 mm, both computed at the top
of the central section. At this time, no significant joint opening or sliding movements occurred.

With respect to the stress fields, the higher tensions arise along the upstream base of the dam, normally
oriented to the insertion, where the first signs of concrete damage occur. In turn, the greater compressions
occur at the downstream base (- 9 MPa), normally oriented to the insertion, and at the upper part of the
central cantilevers (- 8.1 MPa), in the arch direction, when the dam moves towards downstream; since the
installed compressions are much lower than the concrete compressive strength, there is no compressive
damage to report untilt=2s.

Moving on, until t =4 s (Fig. 5.33) the structural response of the dam has changed significantly. The greater
displacements at the top of the central section are now of around 25 mm in the upstream direction and of
165.4 mm in the downstream direction. However, the maximum displacements in the upstream direction
are now compute at the top of the shorter lateral cantilevers (83.9 mm), where the larger joint openings

occur (= 8 mm).

As for the non-linear stress fields, when the dam moves towards downstream and the greater displacements
occur at the central part of the dam, there is an increase of tensile cantilever stresses in the downstream face
of most cantilevers, around the horizontal crack (since its opening movements are limited, due to higher
stiffness value adopted, these tensile stresses are not released). Furthermore, when the greater displacements
occur at the lateral parts of the dam, the opening of the vertical contraction joints are now large enough to
release the arch stresses at the top, resulting in an increase of vertical compressions (upstream) and tensions
(downstream) along the height of the lateral cantilevers. As a result, besides the growth of concrete failure
along the upstream base, new areas with high tensile damage have appeared at the downstream face of the
lateral cantilevers; nevertheless, even for the shorter cantilevers, where the damaged areas are wider, tensile
damage is mostly superficial.

On the other hand, as the dam moves in the downstream direction, maximum arch compressions are
calculated at the top of upstream face of the central cantilevers (- 15.4 MPa), which are still about half the
value of the compressive strength, while important compressive stresses arise along the height of the lateral
cantilevers (- 8 to 9.8 MPa). Once again, there is no compressive damage.

Then, until t = 6 s it is possible to see that there was a considerable increase in the non-linear structural
response (Fig. 5.34). Significant upstream displacements were computed along the upper part of the dam,
with maximum values of 163.9 mm at the crest of the lateral cantilevers, resulting in large joint opening
(9.89 mm) and sliding (19.34 mm) movements.

Regarding the corresponding stress fields, the opening of the vertical contraction joints led to the release of
arch stresses at the top of the dam, resulting in an increase of the cantilever stresses at the upstream and
downstream faces of each cantilever monolith, especially on the taller ones. Therefore, in addition to the
damages that occurred until this time, there was an important growth of tensile damage at the downstream
face of the central cantilevers, at the upper part, as well as at the upstream face of the lateral cantilevers.
For this excitation level, there are some areas where concrete failure due to tensile damage propagates
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across the whole thickness of the cantilevers, particularly on the shorter lateral cantilevers. where these
areas are more widespread.

Finally, to enable an overall evaluation of the seismic performance of Cabril dam under the intensifying
acceleration time history, the evolution of tensile (Fig. 5.35) and compressive (Fig. 5.36) damage
distributions during the seismic analysis are provided.

The presented results show that until t = 5 s the tensile damage state is acceptable, since concrete failure is
mostly superficial and does not propagate across the thickness of the cantilevers. However, betweent=5s
and t = 6 s there is a considerable increase of zones with high tensile damage at the upstream and
downstream faces, and that concrete failure starts to propagate from upstream to downstream in large areas
of the dam body, particularly in the lateral cantilevers. Although this situation would not be expected to
cause the collapse of the dam, this damage state could compromise structural integrity and require the
interruption of the dam normal operation for repair and maintenance interventions. Therefore, in this case
the performance endurance limit associated with tensile damage should be t = 5 s, corresponding to a peak
acceleration around 0.5g, 5 times the value assumed in this work for the OBE (0.1g).

Furthermore, it is worth noting that until the previous endurance limit, no compressive damage was
calculated. For the case of Cabril dam, compressive damage stars to arise only after t = 11 s, while the first
occurrence of concrete failure under compression is reported only when the dam is subjected to peak
accelerations of around 1.4g. Thus, considering the adopted performance criterion pertains to the
occurrence of compressive failure crossing the cantilevers from upstream to downstream in key areas, the
endurance limit for Cabril dam would be higher than t = 14 s, corresponding to a peak acceleration that is
7 times higher than the assumed MDE (0.2g), which demonstrates an impressive resistant capacity of Cabril
dam in terms of compressive stresses.

As a final remark, the results obtained in these studies indicate that the structural safety of Cabril dam would
be easily verified in possible seismic safety assessment studies to be carried out in the future, in case similar
or even higher values than those assumed here for the OBE (0.1g) and for the MDE (0.2g) were used.
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SW + HP297 + SEISMICL (until t =2 s; a,~ 0.29)

NON-LINEAR SEISMIC RESPONSE
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Fig. 5.32 Non-linear seismic response of Cabril dam for SW + HP297 + SEISMICL (until t=2 s; ap = 0.2g).
Horizontal crack with higher stiffness. Displacements, principal stresses, and tensile damage.
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SW + HP297 + SEISMICL (until t =4 s; a,~ 0.49)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.33 Non-linear seismic response of Cabril dam for SW + HP297 + SEIsMICL (until t =4 s; ap = 0.4g).
Horizontal crack with higher stiffness. Displacements, principal stresses, and tensile damage.
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SW + HP297 + SEISMICL (until t =6 s; a,~ 0.69)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.34 Non-linear seismic response of Cabril dam for SW + HP297 + SEISMICL (until t= 6 s; ap = 0.6g).
Horizontal crack with higher stiffness. Displacements, principal stresses, joint movements, and tensile damage.
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SW + HP297 + SEISMICL (ETA)
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Fig. 5.35 Non-linear seismic response of Cabril dam for SW + HP297 + SeismicL. Horizontal crack with higher
stiffness. Tensile damage for consecutive excitation levels.
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SW + HP297 + SEISMICL (ETA)

SAFETY ASSESSMENT. COMPRESSIVE DAMAGE d-
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Fig. 5.36 Non-linear seismic response of Cabril dam for SW + HP297 + SeismicL. Horizontal crack with higher
stiffness. Compressive damage for consecutive excitation levels.
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ENDURANCE TIME ANALYSIS (HORIZONTAL CRACK WITH LOWER STIFFNESS)

The studies conducted in the previous subchapter allowed to investigate the influence of the opening
movements of the horizontal crack in the seismic response of Cabril dam and thus to demonstrate the
importance of properly simulating its non-linear behaviour. Therefore, the seismic performance of Cabril
dam under an intensifying seismic load is evaluated again, now considering the hypothesis of horizontal
crack with lower stiffness.

Overall, when the dam moves towards downstream, the horizontal crack closes and the structural response
is similar to that obtained assuming a higher horizontal crack stiffness. As such, the results provided here
show only the instants of maximum upstream displacements, in order to highlight the differences
considering both hypotheses.

Until t = 2 s, the structural response of the dam is not significantly different from the previous analysis (Fig.
5.37). However, the displacement field is altered by the opening of the horizontal crack, which leads to an
increase in the displacements at the top in the upstream direction. In what concerns the stress fields, the
horizontal crack movements result in a decrease of the vertical tensions in the area surrounding the crack,
as expected. Simultaneously, this leads to an increase of tensile stresses at the upstream base, originating
greater tensile damage. There is no compressive damage.

However, until t = 4 s, the influence of the horizontal crack movements become more noticeable (Fig. 5.38).
Now, the largest horizontal crack openings are of about 20 mm, leading to an increase in the maximum
upstream displacements at the top of the central cantilevers to around 50 mm, which is about two times
those obtained assuming a horizontal crack with higher stiffness.

In this case, due to the larger horizontal crack movements, there is a more significant release of the
cantilever tensions at around the crack area, the downstream face. Nevertheless, the deformations suffered
by the blocks above the crack induce the appearance of new tensions at the upper part of some blocks,
namely those located in the inflexion point seen in the deformed shape (low tensile damage values start to
appear). Simultaneously, vertical tensions occur on the upstream side of the cracked zone, which caused
high tensile damage values. There is also an increase in the compressions installed at the downstream base,
normal to the insertion, and at the upper part of the upstream face of the lateral cantilevers, approximately
in the arch direction.

At last, for t = 6 s, there was a notorious increase in the non-linear response, which is very different from
the response calculated considering the horizontal crack with higher stiffness. In this case there is a
considerable deformation of the upper part of the dam, namely of the blocks above the horizontal crack:
the maximum displacements (253.8 mm) were calculated at the crest of the central blocks (Fig. 5.39), which
are much greater than those in the rest of the dam body. This behaviour is clearly due to the considerable
opening of the horizontal cracks, which reaches maximum values of 91.68 mm.

The stress redistribution processes induced by the joint movements resulted in an increase of tensions and
compressions along the upstream base, in the upstream and downstream sides of the lateral cantilevers, thus
leading to a growth of the areas under concrete failure. In addition, there is a considerable increase of the
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tensile damage in the blocks above the crack, which propagate across the thickness. On the other hand, it
is worth noting the absence of damage in the area below the crack since the vertical stresses are released
when the horizontal crack opens.

Finally, the evolution of tensile (Fig. 5.40) and compressive (Fig. 5.41) damage distributions are presented
for several time steps during the seismic analysis, to allow for a global evaluation of the seismic
performance of Cabril dam.

With respect to the tensile damage evaluation (Fig. 5.40), in comparison with the results obtained assuming
a horizontal crack with higher stiffness, it is possible to see that, overall, the opening movements of the
horizontal crack resulted in a significant decrease of the vertical tensile stresses and hence of tensile damage
at the downstream face, below the crack, and at the same time, to the appearance of new damages at the
upstream face, around the cracked zone. Nevertheless, similarly to the previous analysis, there is an
important increase of tensile damage betweent =5 sand t = 6 s at both upstream and downstream faces,
and concrete failure starts to propagate from upstream to downstream along the height of the shorter lateral
cantilevers and in the blocks above the crack. Therefore, the performance endurance limit for tensile
damage is once again a peak acceleration of approximately 0.5g.

As for compressive damage, in comparison with the results obtained in the previous analysis, the
accumulated damage distributions (Fig. 5.41) enable to see that there was a clear decrease of arch
compressions at the upper part of the dam, hence preventing the occurrence of compressive failure near the
crest. In this case, the first noticeable damages, with values close to 100%, arise only after t = 13s, and there
is not significant compressive failure to report after that, which means that the endurance limit for
compressive damage would be higher than 15 s, corresponding to peak accelerations greater than 1.5g.

In conclusion, the results obtained here allow to reinforce the conclusion that Cabril dam presents an
impressive resistant capacity under strong earthquakes. Furthermore, since the opening movements of the
horizontal crack are enabled in this second analysis, it is relevant to emphasize that, although the largest
openings are of almost 20 cm, these movements occur at downstream side of blocks with a base width of
about 6 to 7 m; therefore, although this scenario is not considered in this work, the instability of said blocks
would not be expected until the established endurance limit.
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SW + HP297 + SEISMICL (until t =2 s; a,~ 0.29)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.37 Non-linear seismic response of Cabril dam for SW + HP297 + SeismICL (until t=2s; a, = 0.2g).
Horizontal crack with lower stiffness. Displacements, principal stresses, joint movements, and tensile damage.
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SW + HP297 + SEISMICL (until t =4 's; a,~ 0.4Q)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.38 Non-linear seismic response of Cabril dam for SW + HP297 + SEismICL (until t =4 s; a, = 0.4g).
Horizontal crack with lower stiffness. Displacements, principal stresses, joint movements, and tensile damage.
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SW + HP297 + SEISMICL (until t =6 s; a,~ 0.69)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.39 Non-linear seismic response of Cabril dam for SW + HP297 + SeismicL (until t=6's; a, = 0.6g).
Horizontal crack with lower stiffness. Displacements, principal stresses, joint movements, and tensile damage.
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SW + HP297 + SEIsMICL (ETA)

SAFETY ASSESSMENT. TENSILE DAMAGE d*
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Fig. 5.40 Non-linear seismic response of Cabril dam for SW + HP297 + SEismicL. Horizontal crack with lower
stiffness. Tensile damage for consecutive excitation levels.
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SW + HP297 + SEISMICL (ETA)
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Fig. 5.41 Non-linear seismic response of Cabril dam for SW + HP297 + SeismicL. Horizontal crack with lower
stiffness. Compressive damage for consecutive excitation levels.
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5.3 DYNAMIC BEHAVIOUR OF CAHORA BASSA DAM

5.3.1 CAHORA BASSA DAM DESCRIPTION
THE DAM

Cahora Bassa dam is a large concrete dam (Fig. 5.42) that was built from 1969 to 1974 on the Zambezi
River, in the Tete province, near Songo, in Western Mozambique. This is a thin 170 m high double
curvature arch dam with a 303 m long crest. The thickness of the central cantilever ranges from 23 m at the
base to 4 m at the crest, which presents a particular half-hollow geometry. One of the highest dams on the
African continent, reaching a maximum elevation at el. 331 m, this dam was constructed on a gneissic
granite rock mass of very good quality.

A concrete swelling phenomenon was detected in Cahora Bassa dam in the 1980s, which is evidenced by
a typical cracking pattern that can be seen at the crest, as detailed in the figure. However, the behaviour of
the dam has been monitored over the years and normal operating conditions have not been affected.

Regarding appurtenant works, the dam has one control surface spillway and eight half-height spillways,
with a total discharge capacity of 14 000 m3. Moreover, the dam has several concrete ribs at the upstream
face that go from the crest to the half-height spillways, which are used for lowering and lifting the
corresponding floodgates when necessary.

The hydroelectric power station, built at the same time of dam construction, is located on the south bank of
the river, and it has a total installed capacity of 2075 MW, provided by five 415 MW Francis Turbines,
making it the largest hydroelectric scheme in southern Africa.

As the name indicates, the dam impounds Lake Cahora Bassa, a 270 km long lake, which is 30 km wide at
is widest point, that extends to the Mozambique - Zimbabwe/Zambia border, thus forming a 55.8 billion
m? reservoir with a surface area of 2 739 km? at full supply level.

SSHM SYSTEM

In Africa, the continuous dynamic monitoring of large concrete dams started in 2010, when Hidroelétrica
de Cahora Bassa (HCB) decided to install an SSHM system in Cahora Bassa dam (E. Carvalho et al., 2014;
E. Carvalho & Matsinhe, 2014; E. Carvalho & Tembe, 2012) to enable the continuous evaluation of its
behaviour in normal operating conditions, as well as to measure the response in accelerations during seismic
events. The goal was to develop a system for collecting and providing valuable data to owners and engineers
responsible for safety control. Therefore, the system was designed to continuously record accelerations in
various positions at the top of the dam body, near the base, and in both banks (Fig. 5.43).

The monitoring scheme includes 10 uniaxial accelerometers (EpiSensor ES-U2), prepared to measure
vibrations in the radial direction, located in the upper gallery, at el. 326 m (5 m below the crest), and 3
triaxial sensors (EpiSensor ES-T), two placed in the right and left banks, and the third one positioned at the
dam base, in the central section.
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CAHORA BAssA DAM (MOZAMBIQUE)
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Fig. 5.42 Cahora Bassa dam, Mozambique. Aerial view, technical drawings (downstream view, central cantilever
cross section, and plan view), upstream view, and crest detail.
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Furthermore, in order to achieve a system with a high dynamic range and thus enable the accurate
measurement of the response of the dam under low amplitude ambient/operational vibrations and during
low to high intensity earthquakes, extremely low noise sensors with a full-scale recording range of + 1g
were used. All sensors are connected to a single 24-channel Granite unit from Kinemetrics for data
acquisition/digitalization, through a local optical fibre network. Basically, 19 acceleration time histories are
continuously recorded in 24 bit, every hour, at a sampling rate of 50 Hz, and then transmitted to the
computer server in the dam control centre. Regarding the software component, an essential part of any
SSHM system, there are specific tools installed in the computer server that were designed to automatically
collect the measured signals and save data files. To carry out the studies intended in this work, automatic
modal identification is performed using the developed program DamModallD.

CAHORA BASSA DAM: SSHM SYSTEM (INSTALLED IN 2010)
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Fig. 5.43 SSHM system installed in Cahora Bassa dam. Monitoring scheme. Hardware and software components.
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SEISMIC ACTION

Cahora Bassa dam is located in an earthquake hazard area, not far from the East African Rift system, an
approximately 4500 km long system that extends from the Red Sea to the Indic Ocean, across Mozambique
(Fig. 5.44). This is an active continental rift that is responsible for most earthquake events in Eastern Africa.

In terms of the seismic safety assessment of Cahora Bassa dam, the recommendations of the Portuguese
Standards for dam design (NPB, 1993) can be followed (LNEC, 2009). Therefore, the Operating Basis
Earthquake (OBE) and the Maximum Design Earthquake (MDE) must be considered for the evaluation of
both current and failure scenarios.

According to HCB, the excitation levels to consider for the seismic analysis of the dam are those determined
in a study that evaluated the seismic hazard for the Cahora Bassa dam area (Li-EDF-KP, 2001). In that
document, the values of the horizontal peak ground accelerations are a, = 0.076g for the OBE and
a, = 0.102g for the MDE. These values are used as reference for the seismic analyses to be carried out in
this work.

a) East African Rift System b) Map of earthquakes since 2001
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Fig. 5.44 a) East African Rift System (https://geology.com/articles/east-africa-rift.shtml) and b) Map of earthquakes
of magnitude greater than 3 since 2001 (https://earthquake.usgs.gov/earthquakes/map).

5.3.2 MODAL ANALYSIS: EVOLUTION OF NATURAL FREQUENCIES OVER TIME

This section presents a study on the dynamic behaviour of Cahora Bassa dam under ambient/operational
vibrations, during the monitoring period between 2010 and 2020. The main results retrieved from
continuous dynamic monitoring data in normal operating conditions are provided, with focus on the
evolution of the automatically identified natural frequencies over time. The modal identification outputs
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are compared with results from finite element modelling, aiming to investigate the influence of reservoir
level variations on the dynamic behaviour of the Cahora Bassa dam-reservoir-foundation system, as well
as to further demonstrate how this type of approach can be valuable to perform vibration-based damage
detection and help in the assessment of structural integrity of large concrete dams.

MODAL IDENTIFICATION RESULTS FROM CONTINUOUS DYNAMIC MONITORING DATA

The evolution of the identified natural frequencies of Cahora Bassa dam over time is presented for ten
vibration modes in Fig. 5.45. The frequency values were extracted from continuous vibrations monitoring
data, measured between August 2010 and June 2020, using DamModallD. The singular value spectra and
the corresponding frequency values and modal configurations, estimated from the vibrations recorded on
June 26, 2013, between 1 and 2 p.m., and on February 11, 2017, from 4 to 5 a.m., are also provided.

During this monitoring period, the reservoir water level varied from el. 312 m to el. 326 m, i.e., between
19 to about 5 m below the crest level, which represents a maximum reservoir level variation of 14 m. In
Cahora Bassa dam the temperature semi-amplitude at the dam site is around + 4° C throughout the year,
and thus the influence of thermal variations was not considered in this study.

The displayed results show that the dynamic behaviour of the dam is clearly influenced by the reservoir
water level, as expected: the higher the water level, and hence the global mass of the dam-reservoir-
foundation system, the lower the frequency values. For example, the natural frequency of mode 1 varies
between 1.76 and 1.95 Hz, while for mode 4 the frequency values range from 3.18 Hz to 3.51 Hz (these
values correspond to the maximum and minimum observed reservoir levels). The influence of the reservoir
level is more noticeable for vibration modes with higher frequencies. In what regards the mode shapes,
modes 1 and 4 are antisymmetric, while modes 2 and 3 are symmetric. The fifth mode is a symmetric one
where all measurement points move towards the same direction.

In the case of Cahora Bassa dam, which is a thin double curvature arch dam, it was possible to obtain
singular value spectra with reduced noise, thus facilitating the automatic spectral peak selection and
enabling to identify the natural frequencies of ten dam vibration modes for different water levels with good
accuracy. In addition, the figure displays the identified frequencies associated with the operation of the
power groups, at 1.785 and 3.57 Hz, values that are close to the frequencies of the first and fifth modes for
higher water levels.

FINITE ELEMENT MODAL ANALYSIS AND COMPARISON WITH MODAL IDENTIFICATION RESULTS

The dynamic simulations were performed using the DamDySSA module for modal analysis and the 3D
finite element model of the dam-reservoir-foundation system shown in Fig. 5.46. The dam concrete and the
foundation rock are assumed as isotropic materials with linear elastic behaviour, considering Young’s
modulus E = 40 GPa and Poisson’s ratio v = 0.2. For dynamic behaviour analysis, it is considered
Eayn=1.25 E (Alegre, Carvalho, et al., 2019).
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CAHORA BASSA DAM: EVOLUTION OF NATURAL FREQUENCIES OVER TIME
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Modal identification results: measured signals on June 26, 2013, 1 to 2 p.m., water level at el. 325.6 m (1)
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Fig. 5.45 Results from continuous dynamic monitoring of Cahora Bassa dam: evolution of identified natural
frequencies over time (2010 to 2020). Singular value spectra and estimated frequencies and mode shapes for specific
dates.
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The reservoir water is assumed as a compressible fluid, with an average pressure wave propagation velocity
cw = 1500 m/s, in accordance with the water temperature in the reservoir (mean value of about 25°C) (Rocha
e Silva et al., 2005). In the current finite element model the half-hollow crest, the concrete ribs at the
upstream face, and the geometry of the spillways are considered in a simplified way, by defining locally
adapted values of specific mass and Young’s modulus for the respective finite elements.

3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM

Dam (concrete)
E =40GPa; v=0.2; y=24kN/m?

(Edayn = 1.25 E)
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(i [ E =40GPa; v=0.2

[ Damping

1746 elements E=1% (a=0.1; p=0.0015)
10128 nodes

Reservoir (water)
Cw = 1500 m/s; y = 10 kN/m?®

T=25°C

20 40 60 80 100
Temperature (*C)

740 interface elements

Fig. 5.46 Cahora Bassa dam. 3D finite element model of the dam-reservoir-foundation system. Material properties.

The comparison between the identified natural frequencies of Cahora Bassa dam over time and the
computed frequency curves is presented in Fig. 5.47, for the first five vibration modes. The frequency
values and modal configuration, calculated for two different reservoir water levels (el. 326 m and 315 m),
are also shown. A new graphical representation with the frequency values represented in function of the
reservoir water level is provided in Fig. 5.48. For this study, the finite element dynamic simulations were
carried out assuming different water level values as inputs in the linear model of the dam-reservoir-
foundation system, in order to obtain the numerical frequency curves associated with the reservoir level.

The results show that a good agreement was achieved between identified and calculated frequencies,
particularly for the first three and the fifth modes, by increasing the dynamic Young’s modulus in 30% and
by setting the pressure wave propagation velocity to ¢, = 1500 m/s. Regarding the modal configurations,
the numerical model enabled to properly reproduce the shapes of the first (antisymmetric), second
(symmetric), and third (symmetric) modes, for higher and lower water levels.
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CAHORA BASSA DAM: EVOLUTION OF IDENTIFIED FREQUENCIES OVER TIME VS COMPUTED FREQUENCIES

4 \ T \ \ \ \ e \ T \

f (Hz)

1.5
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
(6)) 2
Reservoir water level @
330 f I f f f f I f I

Ea2

312

Modal analysis results considering the reservoir water level at el. 326 m (1)
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Fig. 5.47 Comparison between identified natural frequencies over time and computed frequencies for Cahora Bassa
dam. Finite element modal analysis: mode shapes for two reservoir water levels.
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CAHORA BASSA DAM: IDENTIFIED FREQUENCIES VS COMPUTED FREQUENCIES
RESERVOIR LEVEL VARIATION
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Fig. 5.48 Comparison between identified and computed natural frequencies for Cahora Bassa dam considering the
reservoir water level variations.
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In summary, this comparative study was of great value to increase knowledge on the dynamic response of
Cahora Bassa under ambient/operational excitations, by providing a set of results based on a decade of
monitoring data. First, these results have shown that the evolution of the natural frequencies of Cahora
Bassa dam over time are mostly dependent on the reservoir level variations. Second, the good agreement
obtained between modal identification outputs and finite element results allows to demonstrate once again
the value of the linear reference model to predict the dynamic response of the dam-reservoir-foundation
system of Cahora Bassa dam. Third, and despite the promising results, it could be interesting to improve
the current numerical model in order to represent the geometry in greater detail, particularly in what
concerns the half-hollow crest and the spillways geometry, and to propose the installation of more
accelerometers, allowing to optimise the estimation of modal configurations and improve the
characterization of modes with higher frequencies.

DAMAGE DETECTION USING MEASURED VIBRATIONS AND FINITE ELEMENT RESULTS

Aiming to emphasize the value of the combined use of experimental data from SSHM systems and of results
obtained using advanced finite element models for structural health evaluations, an analysis using graphical
representations developed to support vibration-based damage detection is presented next (Fig. 5.49). The
automatically identified natural frequencies over time (red circles) are compared with the calculated
frequencies (blue lines) for the first and second vibration modes of Cahora Bassa dam. As proposed
previously in the application study for Cabril dam, the numerical frequency curves are computed using: (i)
the reference model without damage; and (ii) a model to simulate evolutive damage over time, considering
a gradual increase of the damage value (d) from 0 to 5% over the last ten years, and assuming, in a simplified
way, a gradual decrease in the concrete Young’s modulus, E; (t) = E - (1—d(t)).

From this comparative study, it is worth highlighting that the modal parameters obtained from monitoring
data gathered in the last year are very close to those identified during the early monitoring period, for similar
water levels. In addition, for both vibration modes, a very good agreement is achieved between identified
and computed values when using the linear model without damage (calibrated for the initial monitoring
period taken as reference), which seems to indicate that there are no signs of relevant structural changes
due to concrete deterioration. However, in the numerical simulation for the scenario of evolutive damage,
there is a significant decrease in the computed natural frequencies over a period of 10 years that was not
detected by examining the identified frequencies; this shows that the effects of a considerable deterioration
phenomenon could possibly be detected using vibration-based data.

In conclusion, this study points to the fact that the behaviour of Cahora Bassa dam in normal operating
conditions has not suffered important alterations over the last decade, which could mean that the existing
deterioration phenomenon is not affecting the structural health of the dam in a noticeable way so far.
However, Cahora Bassa dam will reach 50 years in operation in 2024, hence making it essential to continue
to evaluate dam behaviour regularly based on this type of analysis, in order to support structural health
assessment.
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CAHORA BASSA DAM: COMPARISON FOR VIBRATION-BASED DAMAGE DETECTION
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Fig. 5.49 Analysis of natural frequencies for vibration-based damage detection in Cahora Bassa dam. Evolution of
identified natural frequencies over time (2010 to 2020) and comparison with computed frequencies using the
reference linear model (no damage) and a test model considering evolutive damage (0 to 5%). First and second
vibration modes.
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5.3.3 LINEAR SEISMIC RESPONSE: MEASURED AND COMPUTED ACCELERATIONS

This subchapter presents an analysis on the seismic behaviour of Cahora Bassa dam during a seismic event
detected at the dam site on June 21, 2017, using the acceleration time histories measured with the SSHM
system at the base and at the top the dam, which are compared with numerical results from DamDySSA.

The goal is to evaluate the recorded acceleration amplification from the base to the top of the dam, and then
to investigate the damping ratio that is required in the numerical model to enable an accurate simulation of
the dam response under low intensity earthquakes. Thus, this study aims not only to contribute by providing
results on the measured seismic response of a thin large arch dam, but also to validate the humerical model
used for linear seismic response analysis of Cahora Bassa dam.

EARTHQUAKE ON JUNE 21, 2017. MEASURED ACCELERATIONS

The seismic event that was detected on June 21, 2017, in Cahora Bassa dam had an epicentre at about 32 km
from the dam site (Fig. 5.51). The seismic waves arrived at the dam from the west-northwest, between the
upstream-downstream and cross-valley directions. The water level on the reservoir was at el. 319.70 m
(11.3 m below the crest) on the day of the earthquake. This was a close earthquake that caused relatively
low amplitude vibrations in Cahora Bassa dam, with peak accelerations of about 40 mg at the crest centre.

EARTHQUAKE ON JUNE 21, 2017. DISTANCE: 32 km FROM CAHORA BASSA DAM

Fig. 5.50 Seismic event on June 21, 2017, automatically recorded and detected at Cahora Bassa dam.

The seismic acceleration time histories recorded with the triaxial sensor By, installed at the dam
downstream base, are presented in Fig. 5.51. The maximum accelerations were 21.9 mg in the cross-valley
direction, 9.03 mg in the upstream-downstream direction, and 6.1 mg in the vertical direction.

In this study the goal is to evaluate the measured response at the top of the dam and then perform the
comparison with the numerical response. The seismic accelerations recorded at the upper gallery, at el. 326
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m, namely with uniaxial accelerometers Us and Ug, located to the right and to the left of the central section,
are shown in Fig. 5.52. For this earthquake, the peak acceleration recorded at the upper gallery with
accelerometer Ug, was of 37.76 mg, which is slightly higher than the maximum acceleration recorded with
Us, of 35.86 mg. In this case, the acceleration amplification factor from the base to the top is of about 4.2
times, in the upstream-downstream direction.

These results show the potential of the Cahora Bassa dam SSHM system to measure vibrations induced by
seismic events, enabling to record acceleration time histories in the crest gallery and near the dam-rock
interface, at both right and left banks and at the bottom of the valley, which can be used to characterize the
seismic actions on the dam site and to analyse the seismic behaviour of large arch dams.
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Fig. 5.51 Seismic event on June 21, 2017. Measured accelerations with the triaxial accelerometer By, at the

downstream base of Cahora Bassa dam.
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EARTHQUAKE ON JUNE 21, 2017. DISTANCE: 32 km FROM CAHORA BASSA DAM
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Fig. 5.52 Seismic event on June 21, 2017. Measured accelerations in the upper gallery of Cahora Basa dam with
uniaxial accelerometers Us and Us.

FINITE ELEMENT SEISMIC ANALYSIS AND COMPARISON WITH MEASURED RESPONSE

Aiming to simulate the measured seismic response of Cahora Bassa dam, a finite element analysis was
carried out using the module of DamDySSA module for linear seismic analysis, considering the same model
of the dam-reservoir-foundation system and material properties that were adopted for modal analysis (Fig.
5.53). Linear elastic behaviour is assumed for concrete and the model does not include any joints.

In order to consider realistic conditions in the seismic simulations, the model reservoir level was set to 12 m
below the crest, at el. 319 m, as close as possible to the water level on the day of the earthquake.
Additionally, the seismic accelerations recorded at the dam base with triaxial accelerometer Byy, are used
as seismic input. As previously mentioned, in DamDySSA the seismic input accelerations are applied at the
base of the massless foundation without considering spatial variation.

The comparison between recorded and calculated seismic response is provided in Fig. 5.54, showing that a
very good agreement was obtained for the upstream-downstream accelerations of both measurement points,
Us and Us, located at the upper gallery of Cahora Bassa dam. These results were achieved considering a
damping ratio of about 1% for the frequency of the first vibration modes of the dam-reservoir-foundation
system, assuming the Rayleigh damping parameters presented in Fig. 5.53 to calculate the damping
matrices of the dam and foundation; this damping value is perfectly reasonable to be used in linear seismic
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analysis of large arch dams (Chopra & Wang, 2012; Proulx et al., 2004; Proulx & Darbre, 2008; Robbe,
2017; Robbe et al., 2017).
3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM

Dam (concrete)
E=40GPa; v=0.2

(Eeyn = 1.25 E)
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Fig. 5.53 Cahora Bassa dam. 3D finite element model of the dam-reservoir-foundation system used for linear
seismic analysis and seismic input.

To summarise, the good agreement between measured and computed response for Cahora Bassa dam was
achieved using as seismic input the acceleration time histories recorded at the base of the dam and
considering a coherent damping ratio value of 1%. In this scope, it is worth recalling that for the case of
Cabril dam, accelerations at the dam base were not available, and thus the accelerations recorded near the
dam-rock interface, at a much higher elevation in the right bank, were used as seismic input. Consequently,
a good agreement between measured and computed accelerations was only achieved for Cabril dam when
a 10% damping ratio was used. Therefore, this study allowed to show once more the value of DamDySSA
for linear seismic response analysis of arch dams, under low amplitude earthquakes.

Furthermore, it is relevant to remind that the model of Cahora Bassa dam used in this study is a simplified
one, given that it does not consider the exact shape of the crest and does not include the half-height spillways
nor the ribs at the upstream face in detail. Therefore, even considering the good agreement achieved in this
study, it could be interesting to conduct additional analyses in the future to further investigate the seismic
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response of Cahora Bassa dam based on recorded accelerations, ideally using a more advanced model of
the dam that properly accounts for the mentioned features. In addition, not only to allow for a better
characterisation of the modes of higher frequencies (as mentioned in the previous section) but also to enable
a more detailed evaluation of the recorded accelerations in the dam body, it could be of great interest to
install more accelerometers in other positions of the structure.

SEISMIC RESPONSE OF CAHORA BASSA DAM: MEASURED AND COMPUTED ACCELERATIONS
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Fig. 5.54 Seismic response of Cahora Bassa dam: seismic event on June 21, 2017. Comparison between measured
and computed accelerations: upper gallery, right and left of the surface spillway.
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5.3.4 NON-LINEAR SEISMIC ANALYSIS CONSIDERING JOINT MOVEMENTS AND CONCRETE DAMAGE

This subchapter presents a study on the seismic response of Cahora Bassa dam under a strong earthquake,
considering the movements of the vertical contraction joints and the concrete damage. The intent is to
analyse the influence of the non-linear joint behaviour on the structural response of the Cahora Bassa thin
large arch dam, through the comparison between linear and non-linear results, and to examine the resulting
tensile and compressive damages in the dam body.

The numerical calculations were carried out using DamDySSA, in order to further demonstrate the potential
of the developed method for non-linear dynamic analysis, considering the 3D finite element model of the
dam-reservoir-foundation system shown in Fig. 5.55. This is an updated version of the model used in the
previous sections for linear dynamic analysis, which now includes interface elements for simulating the
vertical contraction joints and the dam-rock interface. The dam concrete and foundation rock are isotropic
materials and the water in the reservoir is a compressible fluid, considering the same properties as before.
A damping ratio of about 10 % is considered in order to account for a higher energy dissipation due to non-
linear concrete and joint behaviour.

The behaviour of concrete up to failure is modelled using a strain-softening constitutive damage law with
tensile strength f, =3MPa and compressive strength f,=-30MPa, assuming a fracture energy
G, =0.9kN.m/m? and an ultimate compressive strain &, =—9.5x10". Furthermore, the opening/closing
and sliding joint movements are simulated based on proper failure criteria and normal and shear stress-
relative displacement laws, using adequate values for normal and shear stiffness. Null cohesion and a 30°
friction angle are considered for the vertical contraction joints.

The seismic behaviour of Cahora Bassa dam is simulated for the dynamic load combination involving the
dam self-weight (SW), the hydrostatic pressure for a full reservoir scenario (HP331), and a seismic load
(SEismicL) applied in the upstream-downstream direction. The seismic input is the accelerogram presented
previously in the study for Cabril dam, with a duration of 10 s and a peak acceleration of 0.6g, which is six
times higher than the horizontal peak ground acceleration defined for the MDE (0.102g), in accordance
with the study that evaluated the seismic hazard for the area of Cahora Bassa dam (Li-EDF-KP, 2001).

STATIC RESPONSE: CALIBRATION OF CONTRACTION JOINTS STIFFNESS

The static response of Cahora Bassa dam is presented for the load combination SW+HP331 (Fig. 5.56).
The calculations were carried out using the linear model without joints and the above non-linear model with
joints, in order to verify the suitability of the elastic properties adopted for the vertical contraction joints.
As intended, the results obtained with both models are very similar. The good agreement between linear
and non-linear response was achieved assuming vertical joints with a normal stiffness of 5 x 107 kN/m,
which is used from now on. Nevertheless, as expected, the maximum displacement computed using the
non-linear model (42.4 mm) is slightly larger than the one obtained for the linear model (38.5 mm).
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3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM
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Fig. 5.55 Cahora Bassa dam. 3D finite element model of the dam-reservoir-foundation system used for non-linear
seismic analysis. Properties, joints, concrete constitutive law, load combination, and seismic input.
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Fig. 5.56 Static response of Cahora Bassa dam for SW + HP331. Displacements and principal stresses calculated
using a linear model without vertical joints and a non-linear model with vertical joints.

SEISMIC RESPONSE

The seismic response of Cahora Bassa dam under the dynamic load combination SW + HP331 + SEISMICL,
considering the seismic input with a 0.6g peak acceleration, is now analysed. Results from both linear and
non-linear calculations are presented.

Using the linear model without joints, the seismic response results are presented in Fig. 5.57. The dam
deformation is mainly influenced by the upstream-downstream motions induced by the seismic forces. The
maximum upstream displacement is 116.1 mm, and the maximum downstream displacement is 200.2 mm,
both calculated at the crest centre, around the surface spillway. Large displacements in the upstream

direction are also computed at the top of the lateral cantilevers (= 70 mm).
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Regarding the respective linear stress fields, when the dam moves towards upstream, high arch
compressions arise at the upper central part of the dam, below the surface spillway, both at the downstream
face (- 22.3 MPa), if the maximum deformations occur at the top of the central section, and at the upstream
face (- 19.9 MPa), in case the larger deformations occur at the lateral cantilevers. Important compressions,
approximately in the arch direction, also arise at the upstream upper part of the cantilevers to the right and
to the left of the central cantilevers (-17.1 MPa). Considerable arch tensions are calculated in the blocks
around the surface spillway, at the upstream (12.7 MPa) and downstream (7.2 MPa) faces, as well as at the
upper part of the lateral cantilevers, also at both the upstream (10.4 MPa) and downstream (7.4 MPa)
surfaces. When the dam moves in the downstream direction, maximum arch compressions of - 28.9 MPa
are computed at the upstream face, below the crest spillway. These stress values indicate that joint opening
movements and concrete damage are likely to occur in the non-linear calculations.

The non-linear seismic response, simulated considering joint movements and concrete damage, is presented
afterwards (Fig. 5.58). The maximum displacements calculated in the central section are now 83.1 mm, in
the upstream direction, and 195.8 mm, in the downstream direction: both values are lower than those
obtained in the linear analysis, which can be explained by the fact that damping has been introduced in the
vertical contraction joints. In this case, the maximum displacements in the upstream direction (112.5 mm)
are computed at the crest of the lateral cantilevers, when the larger joint movements occur - the maximum
sliding is of 5 mm, at the top of the cantilevers adjacent to the central section, while the maximum opening
is around 9 mm, at the upper part of the lateral cantilevers.

With regard to the non-linear stress fields, the results show that there was a decrease of the arch stresses at
the upper part of the dam, due to the opening of the vertical contraction joints, when the dam suffers
considerable deformations in the upstream direction. However, this release of arch stresses leads to an
increase of cantilever stresses, particularly along the height of the lateral cantilevers. It should be noted that
the maximum tensions represented here do not exceed the concrete tensile strength (3 MPa), which points
to the occurrence of tensile damage. When the dam moves in the downstream direction, the vertical joints
close and thus the response is similar to that obtained in the linear seismic simulation, with maximum arch
compressions (-23.6 MPa) calculated at the upstream face, below the surface spillway.

To enable a deeper analysis on the influence of the joint movements on the seismic behaviour of Cahora
Bassa dam, new results are provided for comparison between linear and non-linear seismic response.

First, by analysing the envelopes of radial displacements along the height of the central section (Fig. 5.59),
it is possible to see that the static displacement value at the crest is larger for the case of non-linear
behaviour. The linear displacement envelope shows that the seismic motion at the top of the central section
is of about four times the static displacement, corresponding to semi-amplitudes of around 151 mm towards
upstream and 160 mm towards downstream. However, when considering non-linear behaviour, there is a
decrease in the amplitude of the displacement envelope, with semi-amplitudes of around 122 mm in the
upstream direction and of 150 mm in the downstream direction. As stated previously, this is most likely
related to the damping associated with the joint elements used to simulate the behaviour of the vertical
contraction joints.
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Next, the observation of the arch and cantilever stresses envelopes (Fig. 5.59, Fig. 5.60 and Fig. 5.61)
enables to show how the opening/closing and sliding movements of the vertical contraction joints
significantly influenced the seismic response of Cahora Bassa dam. Regarding the arch stress envelopes,
when the dam moves in the upstream direction and the vertical contraction joints open, there is a
considerable release of the arch stresses along the upper part of the dam, near the crest and below the surface
spillway. This is particularly relevant in terms of arch tensions, which are considerably reduced: from 9.8
MPa (linear) to 0.8 MPa (non-linear), on the upstream face, and from 12.9 MPa (linear) to 3 MPa (non-
linear), on the downstream face. In addition, the results show that the decrease of arch stresses leads to an
overall increase of cantilever stresses, in particular of the tensions along the base and at the upper part of
the taller cantilevers, on the upstream face, as well as along the upper half of the downstream face of the
dam. Furthermore, it can be noted an increase of cantilever compressions at the upper part of the taller
cantilevers, at the upstream face, and along the downstream side of the central cantilevers.

In what regards the damaged state (Fig. 5.62), the results show that the installed cantilever stresses exceed
the concrete tensile strength (3 MPa), as expected, and thus high tensile damage arises along the upper half
of the downstream face, and in a sort of V shape at the upper part of the taller cantilevers, at the upstream
face. There are several locations where concrete failure occurs (damage values of 100%), including some
zones where it has propagated across the thickness of the main cantilevers. High tensile damages appear
also at the side cantilevers, close to the right and left banks, and at the upstream base. Nevertheless, it should
be emphasized that the release of the arch stresses along the top of the dam prevented the occurrence of
tensile damage. Furthermore, the significant compressive stresses installed at the upper part of the central
cantilevers, below the surface spillway, cause compressive damage in concrete, with maximum damage
values of about 60%.

To summarize, the results obtained here have shown that a 0.6g seismic load can cause significant
deformations in the Cahora Bassa arch dam, originating important contraction joint movements that clearly
alter the structural response of the dam. Moreover, the high tensions that arise result in considerable tensile
damage at the upper part of the structure, which even crosses the entire thickness of the taller cantilevers in
some areas. This tensile damage state would not be expected to cause global collapse, but it could affect its
structural integrity and require repairs. In addition, since the dam globally presents very high arch
compressions, compressive damage starts to arise in key locations, namely under the surface spillway. Even
so, considering that Cahora Bassa dam is a very thin double curvature arch dam, this study shows that it
presents a very good seismic performance under a seismic load with a peak acceleration that is six times
greater than the 0.102g defined for the MDE at the dam site.

The current application study allowed to show the suitability of the model used for simulating the Cahora
Bassa dam-reservoir-foundation system, as well as to further demonstrate the potential of DamDySSA to
perform non-linear seismic analysis of arch dams, considering joint movements and concrete damage.
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SW + HP331 + SEIsMICL (0.69)
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Fig. 5.57 Linear seismic response of Cahora Bassa dam for SW + HP331 + SeismicL (0.6g). Displacements and
principal stresses.
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SW + HP331 + SEismICL (0.69)
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Fig. 5.58 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SeismicL (0.6g). Displacements and
principal stresses.
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SW + HP331+ SEIsMICL (0.69)
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SW + HP331 + SEIsmMICL (0.69)
NON-LINEAR SEISMIC RESPONSE
Tensile damage d* Compressive damage d-

w

Fig. 5.62 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SeismicL (0.6g). Tensile and
compressive damage.

5.3.5 SEISMIC SAFETY ASSESSMENT. ENDURANCE TIME ANALYSIS

The non-linear seismic behaviour of Cahora Bassa dam is analysed. The proposed methodology, based on
Endurance Time analysis (Estekanchi et al., 2004) and taking into consideration adequate seismic
performance criteria (Wieland, 2016), is used for seismic safety assessment. The performance endurance
limits are determined by evaluating the evolution of both tensile and compressive damages.

The seismic simulations were carried out using DamDySSA and the new 3D model of the dam-reservoir-
foundation system (Fig. 5.63). This is a more refined version of the model used in the previous calculations,
with three elements in thickness and a greater level of detail in the dam mesh. Despite the good results
obtained previously, the decision was made to use this model in order to improve the characterization of
the damage distributions, not only in the upstream and downstream faces but also along the thickness, for
seismic safety assessment. The same material properties are used for the dam, the foundation, and the
reservoir, as well as for simulating the non-linear behaviour of concrete and the joint movements.

The dynamic load combination considered for non-linear seismic analysis includes the dam self-weight of
(SW), the hydrostatic pressure for full reservoir (HP331), and an intensifying seismic load (SEISMICL)
applied in the upstream-downstream direction. The same artificial intensifying acceleration time history is
used as seismic input, with peak accelerations increasing from 0.1g to about 1.5g in 15 s.
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3D FINITE ELEMENT MODEL OF THE DAM-RESERVOIR-FOUNDATION SYSTEM
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Fig. 5.63 Cahora Bassa dam. New 3D model of the dam-reservoir-foundation system used for non-linear seismic
analysis. Properties, joints, concrete constitutive law, and intensifying seismic input.
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STATIC RESPONSE

The non-linear response under the static load combination SW+HP331 is presented first (Fig. 5.64). The
maximum displacements (45.3 mm) occur at the upper part of the central cantilevers, in the area below the
surface spillway, instead of at the crest. As for the stress state, the dam is globally under compressions. The
greater compressive stresses arise along the downstream base (-7.8 to -10.1 MPa), normally oriented to the
insertion line, and at the upstream face of the taller cantilevers (-6.8 to -9.3 MPa), in the arch direction.
Under the static loads, no compressive damage occurs. Nevertheless, high tensions arise along the upstream
base, causing tensile damage with values greater than 80%. Overall, in relation to the response obtained

using a coarser mesh, higher displacements and stress values were calculated here.
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Fig. 5.64 Non-linear static response of Cahora Bassa dam for SW + HP331. Displacements, principal stresses and
tensile damage.
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ENDURANCE TIME ANALYSIS

The non-linear seismic response of Cahora Bassa dam is analyzed under the load combination SW + HP331
+ SEISMICL, considering an intensifying seismic accelerogram, for seismic safety assessment. The main
results are presented at various time steps, which are associated with increasing acceleration levels.

Up to t = 2 s (Fig. 5.65), the maximum displacements are of about 17 mm in the upstream direction and
88.7 mm in the downstream direction, both occurring at the top of the central cantilevers, around the surface
spillway. Relevant joint opening and sliding movements do not occur under this excitation level.

As for the non-linear stress fields, high tensions arise along the upstream base, but they are released due to
concrete damage, as seen in the tensile damage distributions. Moreover, lower tensions start to appear near
the top of the lateral cantilevers (vertical direction), inducing damage values of about 50%, as well as around
the surface spillway (arch direction), where low damage is noted. The maximum arch compressions
(- 13.1 MPa) are calculated along the upper part of the upstream face of the lateral cantilevers, while
important compressions are also computed below the surface spillway at the downstream (- 12.6 MPa) and
upstream (-11.5 MPa) faces. As these values are far from the concrete compressive strength, there is no
compressive damage. Furthermore, it is interesting to note that the dam mesh is not perfectly symmetric
towards the abutments, which is evidenced by the differences in the furthest lateral cantilevers: higher
tensions arise at the upper part of the cantilever at the left abutment.

Next, for t = 4 s, the evolution in non-linear behavior is evident, and the seismic response of the dam is
considerably different than int = 2 s. Up to this time, the maximum displacements at the top of the central
section have increased to approximately 50 mm towards upstream and to 152.8 mm towards downstream.
Nevertheless, the global maximum upstream displacements (117.5 mm) are computed at the crest of the
lateral cantilevers, when the maximum vertical joint openings occur (13.27 mm), while the central
cantilevers move in the opposite direction (Fig. 5.66).

In terms of the stress fields, when the dam moves towards upstream, with greater deformations in the central
cantilevers, high tensions arise near the upper edges of the surface spillway (upstream face) and at the top
of the lateral cantilevers (downstream face). In addition, if the maximum upstream motions occur at the
lateral cantilevers, the vertical joints open and the subsequent release of arch stresses at the top leads to an
increase of the cantilever tensions (downstream) along the upper half of the dam body. Moreover, when the
dam moves in the downstream direction, the joints close and considerable tensions appear around the
surface spillway (downstream face), in the arch direction, and along the height of the lateral cantilevers
near the abutments, on the downstream face, as well as along the dam base and at the upper part of the
lateral cantilevers, at the upstream face. The aforementioned tensions are released due to concrete non-
linear behaviour: as seen in Fig. 5.67, there is an important increase of tensile failure along the upstream
base, and new areas with high damage values have appeared at the downstream face of most of the taller
cantilevers, around the edges of the surface spillway, and at the upper part of the downstream face of several
lateral cantilevers; furthermore, damage is starting to propagate across the thickness of some blocks. With

respect to compressive stresses, the greater compressions occur in the arch direction along the upper part
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of the lateral cantilevers, at the upstream (- 18 to — 20.9 MPa) surface, as well as in the blocks surrounding
the surface spillway, along the upstream (- 19 MPa) and downstream faces (-19.9 MPa). Since these values
are still lower than the adopted compressive strength, there is no compressive damage to report.

At last, the results obtained until t = 6 s (Fig. 5.68) enable to see that there was a significant worsening in
terms of non-linear dam behaviour. For this excitation level, the maximum upstream displacements
(254 mm) are computed at the top of the lateral cantilevers, when the maximum joint openings occur
(29 mm), while at the same time the central cantilevers move in the opposite direction. It is also relevant to
note that there are instants when considerable seismic motion causes all the taller cantilevers to move in the
same direction.

Furthermore, the results show that there was an extreme increase of tensile damage (Fig. 5.69), with
concrete failure spreading over most of the downstream face of the dam, as well as on the upper part of the
taller cantilevers and near the base, at the upstream face. Also, concrete failure has propagated through the
thickness of almost all cantilevers, in significant concrete volumes. Simultaneously, the very high arch
compressions arising in Cahora Bassa dam cause high compressive damage below the surface spillway
(downstream face) and at the top of the lateral cantilevers (upstream face).

To finish this analysis, the evolution of tensile (Fig. 5.70) and compressive (Fig. 5.71) damage distributions
are presented, aiming at a comprehensive evaluation of the Cahora Bassa dam seismic performance under
the intensifying seismic action.

These tensile damage distributions tensile (Fig. 5.70) allow to verify that up to t = 5 s the damaged state is
acceptable, considering that concrete failure is mainly superficial and does not cross the entire section of
the most important cantilevers. Nevertheless, after that there is a significant growth of concrete failure, both
at the upstream and downstream faces, including large volumes where failure propagates across the
thickness of most of the cantilevers of the dam. This situation would obviously be unacceptable given that
such a damaged state would compromise structural integrity and require the interruption of the normal
operation of the dam for repair and maintenance action. Therefore, the performance endurance limit
pertaining to tensile damage is t = 5 s, which corresponds to a peak acceleration of about 0.5¢, about 6.5
times higher than the seismic action defined as OBE (0.076g) for Cahora Bassa dam.

The areas with compressive damage (Fig. 5.71) increase progressively after t = 6 s, namely at the top of the
lateral cantilevers, on the upstream face, and below the surface spillway, on the downstream face, until
t =9s, when compressive failure has propagated across the thickness of the blocks of the dam below the
surface spillway. Thus, the performance endurance limit associated with compressive failure issettot= 8,
which corresponds to a peak acceleration of 0.8g, about 8 times greater than the defined MDE (0.102g) for
Cahora Bassa dam.

As a final note, it should be emphasized that the results achieved in this Endurance Time Analysis allowed
to demonstrate that Cahora Bassa dam, despite being a thin double curvature dam, presents a very
satisfactory performance under strong seismic loads, resulting in endurance limits that are several times
greater than the peak ground accelerations defined for the OBE (0.076g) and the MDE (0.102g).
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SW + HP331 + SEISMICL (until t =2s; a, = 0.2g)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.65 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SEISMICL (until t =2 s; ap = 0.2g).
Displacements, principal stresses, and tensile damage.
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SW + HP331 + SEISMICL (until t = 4's; a, = 0.4g)
NON-LINEAR SEISMIC RESPONSE
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Fig. 5.66 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SEISMICL (until t =4 s; ap ~ 0.4g).

Displacements and principal stresses.
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SW + HP331 + SEISMICL (until t =4 s; a, = 0.4g)
NON-LINEAR SEISMIC RESPONSE

Tensile damage d*

" (%)
100

80

60

40

20

0

Fig. 5.67 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SEISMICL (until t=4 s; ap = 0.4g).
Tensile damage.

SW + HP331 + SEIsMICL (until t =6 s; ap = 0.62)
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Fig. 5.68 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SEISMICL (until t =6 s; ap = 0.6g).
Displacements and principal stresses.
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SW + HP331 + SEISMICL (until t = 6 s; a, = 0.6g)

NON-LINEAR SEISMIC RESPONSE
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Fig. 5.69 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SEISMICL (until t = 6 s; ap = 0.6g).
Tensile and compressive damage.
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SW + HP331 + SEISMICL (ETA)
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Fig. 5.70 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SeismicL. Tensile damage for
consecutive excitation levels.
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SW + HP331 + SEISMICL (ETA)
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Fig. 5.71 Non-linear seismic response of Cahora Bassa dam for SW + HP331 + SeismicL. Compressive damage for
consecutive excitation levels.
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5.4 FINAL CONSIDERATIONS

Following the work carried out in Chapter 3, with the development of a finite element program for dynamic
analysis of concrete dams, and in Chapter 4, including the implementation of software for the detection of
seismic vibrations and for automatic modal identification, the main goal of the Chapter 5 was to perform
practical applications studies on the dynamic behaviour of two large arch dams.

The dams chosen as case studies for this thesis were Cabril dam (132 m high), in Portugal, and Cahora
Bassa dam (170 m high), in Mozambique, two dams that have been under continuous dynamic monitoring
since 2008 and 2010, respectively. Thus, this chapter was divided into two main subchapters, one dedicated
to Cabril dam and the other to Cahora Bassa dam.

With respect to the performed application studies, Chapter 5 presented experimental and numerical results
regarding the continuous dynamic monitoring of both dams over the last decade, and the results of finite
element simulations conducted for non-linear seismic response analysis.

5.4.1 MODAL PARAMETERS AND SEISMIC RESPONSE

The main results obtained from the dynamic continuous monitoring of both dams included: (i) the analysis
of the identified frequencies and mode shapes; and (ii) the study of accelerations measured on the dam body
during low-intensity seismic events.

On a first phase, the evolution of the identified natural frequencies over time and the corresponding mode
shapes, obtained with the program DamModallD, were analysed and compared with results from finite
element calculations, carried out using the program DamDySSA.

Overall, the results achieved for both case studies clearly showed the influence of the reservoir water level
variations in the dynamic properties of the dam-reservoir-foundation systems and, consequently, in the
values of the natural frequencies. For the case of Cabril dam, where the global water level variation during
the whole monitoring period (around 30 m) was greater than that observed in the reservoir of Cahora Bassa
dam (about 14 m), the variation in the frequency values was more significant, especially for modes with
higher frequencies.

For both dams it was possible to achieve a very good agreement between the identified natural frequencies
over time and the frequency curves calculated using the finite element models of the dam-reservoir
foundation systems, using realistic reservoir water levels as inputs and considering appropriate pressure
waves propagation velocities (1440 m/s in Cabril dam and 1500 m/s in Cahora Bassa dam); this showed
one of the great advantages of coupled models in displacements and pressures, in which the pressure wave
propagation velocity is the only property required for the reservoir, in comparison with the classical added
water mass models, which require the application of empirical added water mass reduction factors to
roughly reproduce the natural frequencies. Also, in both cases the numerical models were able to properly
simulate the modal configurations of the first three vibrations modes.
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Despite the very good results achieved in this work, it could be useful to conduct more studies in the future
to enable further investigations, namely a) for Cabril dam, to understand the intake tower behaviour and
the influence of the dam-tower dynamic interaction in the dynamic properties of the dam-reservoir-
foundation system, ideally using a more detailed finite element model that incorporates the tower, and b)
for Cahora Bassa dam, by improving the current model to get a better representation of the dam geometry,
e.g., the half-hollow crest, the spillways, and the upstream face concrete ribs, and possibly considering the
installation of accelerometers in other galleries to improve the characterization of modes.

Furthermore, a new methodology was proposed for damage detection, based on the comparison between
the identified natural frequencies identified from monitoring data and the frequencies values computed
using linear models (calibrated for a reference period) and models that simulate the effects of evolutive
damage, aiming to support structural health monitoring of large concrete dams.

For both case studies, the proposed method showed that the natural frequencies extracted from recent
monitoring data were similar to the frequency values calculated using the reference models, which were
calibrated based on data from the initial monitoring periods, under similar reservoir level conditions.
Therefore, since the modal parameters did not change over the whole monitoring period, it was possible to
conclude that the existing deterioration phenomena have not progressed significantly and thus are not
affecting the performance of both Cabril dam, which has been in operation for almost 70 years, and Cahora
Bassa dam, inaugurated almost 50 years ago.

On a second phase, the seismic behaviour of Cabril dam and Cahora Bassa dam was analysed based on the
comparison between seismic accelerations recorded during real seismic events and acceleration time
histories computed using DamDySSA.

The seismic response of Cabril dam was analysed for a magnitude 4.6 earthquake event that occurred on
September 4, 2018, with epicentre off the coast of Portugal at 200 km from the dam site. For this earthquake,
the maximum acceleration, 3.62 mg, was measured at the crest of the central section, in the upstream-
downstream direction. The peak acceleration recorded at the right bank, in the same direction, was of
1.31 mg. This gives an amplification factor of 2.8 times from the dam-rock interface to the crest.

Regarding the comparative analysis, a good agreement was achieved between measured and computed
response, using as seismic input the seismic accelerograms recorded at the right bank (the only available
records near the dam-rock interface). However, this was only possible by considering a damping ratio of
about 10% in the model, for the frequency band of the first vibration modes. Still, the same good agreement
would be expected using significantly lower (and more reasonable) damping values, if accelerations
recorded at the bottom of the valley were used as seismic input. Therefore, in this work it is recommended
the installation of an additional triaxial accelerometer at the downstream base of Cabril dam, aiming to
improve the characterization of the seismic action and to conduct further investigations using a more
appropriate seismic input.

The software Code_Aster was also used to calculate the seismic response of Cabril dam, in order to provide
and additional source of comparison, based on different modelling hypotheses. The results allowed to
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corroborate the previous conclusions. It is also worth noting that it was possible to achieve a slightly better
agreement between measured and computed accelerations using the program DamDySSA.

The seismic response of Cahora Bassa dam was analysed based on the acceleration time histories recorded
during an earthquake detected at the dam site on June 21, 2017, with an epicentre at 32 km from the dam.
This was a low intensity seismic event that induced low amplitude vibrations in the dam body. The peak
acceleration at the downstream base was of 9.03 mg, in the upstream-downstream direction, while the
maximum acceleration at the crest, 37.76 mg, occurred to the right of the central section, in the same
direction. The resulting base-to-top amplification factor was of 4.2 times.

The comparative study conducted for Cahora Bassa dam showed that a very good agreement was reached
between measured and computed accelerations, considering the accelerograms measured at the base of the
dam as seismic input and now using a 1% damping ratio (a value coherent with those used in studies for
large arch dams). In the future it could be of interest to carry out additional calculations using the
abovementioned model with improved dam geometry, and to compare measured and computed
accelerations at more locations of the dam body.

5.4.2 NON-LINEAR SEISMIC CALCULATIONS

This chapter provided the main results on the non-linear seismic behaviour of Cabril dam and Cahora Bassa
dam. The non-linear finite element calculations were carried out using DamDySSA, considering
opening/closing and sliding joint movements and tensile and compressive concrete damage.

On a first phase, the non-linear seismic response was analysed for a load combination including the self-
weight of the dam, the hydrostatic pressure for full reservoir, and a seismic load with a peak acceleration
of 0.6g. The goal was to investigate the effects due to joint movements on the structural response, by
comparing results obtained using linear and non-linear models, and to evaluate the resulting damages in
concrete.

The results achieved for both case studies demonstrated that the vertical contraction joint opening and
sliding movements clearly influence the seismic response of large arch dams, originating stress
redistribution processes. Overall, the principal stresses fields and the arch and cantilever stresses envelopes
showed that the joint movements resulted in a significant release of arch stresses at the top of both dams,
and, consequently, in an increase of cantilever tensions and compressions over the height of the taller lateral
cantilevers, located to the right and left of the central blocks.

Regarding concrete damage, both dams presented important tensile damage along the upstream base, and
at the upper part of the downstream face. In Cabril dam, tensile failure was mostly superficial, and no
compressive damage occurred, which demonstrated its good seismic performance under a strong
earthquake with a peak acceleration (0.69) three times greater than that assumed for a possible MDE (0.29).
In comparison, since Cahora Bassa dam is a thinner dam, higher stresses were calculated and thus there
were more extensive areas of tensile failure, which propagated across the thickness of some cantilevers.
Also, low compressive damages occurred. Even so, the dam showed a good performance under a seismic
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load with a peak acceleration (0.69) six times greater than the MDE (0.19) defined in a seismic hazard study
for the dam site.

For the case of Cabril dam, the non-linear response was calculated considering two hypotheses for
simulating the behaviour of a horizontal crack, incorporated to reproduce the existing cracking band,
namely considering: higher stiffness values, to limit opening movements, and lower stiffness values, to
enable opening movements. For higher stiffhess, high vertical tensions and thus tensile damage occurred
around the cracked zone, while for lower stiffness, the opening of the horizontal crack originated larger
movements of the blocks above the crack but resulted in the release of the vertical tensions, therefore
preventing tensile damage. Additional studies could be conducted in the future in order to further investigate
the cracked zone in Cabril dam.

As for Cahora Bassa dam, more studies should be carried out using the referred updated version of the
model with improved geometry.

On a second phase, the seismic performance of both dams was analysed using the safety assessment
methodology proposed in this work, based on the Endurance Time analysis, by evaluating the evolution of
tensile and compressive damage under intensifying seismic excitation. The adopted performance criteria
are related to the extent of damage at upstream and downstream faces and along the thickness of the main
cantilevers: the occurrence of significant volumes of the dam body in which concrete failure propagates
across the entire thickness of the cantilevers is considered as unacceptable. Based on this methodology, the
performance endurance limits were obtained for Cabril dam and Cahora Bassa dam as the peak ground
acceleration values from which dam performance became unacceptable.

The calculations were carried out for a load combination including the self-weight of the dam, the
hydrostatic pressure for full reservoir, and considering the application of an intensifying seismic action,
with peak accelerations increasing from around 0.1g to about 1.5¢g in 15 s.

More refined meshes of the dams, considering three elements in thickness, were used in the performed
analyses for seismic safety assessment, which enabled a better characterization of the damage distributions.

Overall, the provided results allowed to see, as expected, that there was a gradual evolution in non-linear
behaviour, namely in what concerns the increase of joint opening movements as the dams moved towards
upstream, resulting in the release of arch stresses at the crest and in the accumulation of cantilever stresses
in certain areas, and in terms of considerable concrete damage worsening, especially under tensions.

For Cabril dam, the non-linear analysis was performed considering the referred hypotheses to simulate the
horizontal crack (with higher and lower stiffness values). In both scenarios, the endurance limit of Cabril
dam for tension damage was defined as 0.5g, since concrete failure was mostly superficial and did not cross
the entire thickness of the cantilevers, an acceleration value 5 times greater than a possible peak acceleration
for the OBE (0.1g). Under higher excitation levels, there was a considerable increase in areas under concrete
failure, which started to propagate from upstream to downstream in many cantilevers; this damage state
could compromise the structural integrity of the dam and require the performance of repair and maintenance
interventions, thus being unacceptable. On the other hand, the endurance limit for compressive damage
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would be higher than 1.4g, 7 times higher than the peak acceleration assumed for the MDE (0.2g), since
concrete failure under compression occurred in key areas only after 14 s, which showed the impressive
resistant capacity of Cabril dam.

As for Cahora Bassa dam, the performance endurance time limit for tension damage was defined as 0.5g,
about 6.5 times the peak acceleration prescribed for the OBE (0.076g), since that until t = 5 s the concrete
failure that occurred at upper part of the dam is mainly superficial. However, after that there was a
considerable worsening of concrete tensile failure at both upstream and downstream faces, including large
volumes where failure propagate across the whole thickness of most of the dam cantilevers. As mentioned,
this situation would not be acceptable. The endurance limit for compressive damage was define as 0.8g,
about 8 times the value of the MDE (0.102g), given that after t = 8 s compressive failure finally propagated
from upstream to downstream in the blocks below the surface spillway, which would result in concrete
crushing in that area. This situation would not be acceptable as it could result in uncontrolled release of
water from the reservoir. The results of this study allowed to demonstrate that Cahora Bassa dam is a thin
dam with a very good performance under strong earthquakes, since both endurance limits are several times
greater than the peak acceleration value defined as MDE for the Cahora Bassa dam site.

5.4.3 CONCLUDING REMARKS

To summarise, the conducted application studies enabled to achieve results of great value and interest on
the dynamic behaviour of two large arch dams. Overall, these studies allowed to show:

i) The quality of the SSHM systems installed in Cabril dam and Cahora Bassa dam, and their capacity
to measure low amplitude vibrations in normal operating conditions (under ambient/operational
excitation) and during low-intensity seismic events;

ii) The potential of the developed methods and thus of the modal identification program DamModallD
to automatically identify natural frequencies and mode shapes for large concrete dams;

iii) The suitability of the finite element-based coupled methods developed for simulating the dynamic
behaviour of dam-reservoir-foundation systems, including a) complex modal analysis, b) linear
seismic analysis, and ¢) non-linear seismic analysis, considering joint movements and concrete
damage, as well as the potential of the program DamDySSA for dynamic analysis of concrete dams;

iv) The usefulness of the proposed methodologies and the developed graphical tools, namely for
a) damage detection, based on the comparison between identified and computed frequencies, to
support structural health monitoring, and b) seismic safety assessment, based on the Endurance
Time method and using results obtained with advanced finite element models that consider joint
movements and tensile and compressive damage, to support seismic design of new dams or safety
re-evaluation of older dams.
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CHAPTER 6

6. CONCLUSIONS AND FUTURE RESEARCH

6.1 MAIN CONTRIBUTIONS AND INNOVATIONS

The present thesis was developed with the goal of providing relevant theoretical and practical contributions
to the field of dam engineering, namely for modelling the dynamic behaviour of dam-reservoir-foundation
systems, including for modal analysis and seismic response analysis, and for the development of SSHM
systems installed in large concrete dams, particularly for the improvement of the software component.

6.1.1 FINITE ELEMENT NUMERICAL MODELLING OF DAM-RESERVOIR-FOUNDATION SYSTEMS

In what concerns the numerical modelling of the dynamic behaviour of dam-reservoir-foundation systems,
the use of a coupled model, formulated in displacements and hydrodynamic pressures, was considered.
Therefore, a complete finite element-based formulation was proposed in order to solve the coupled dynamic
equation governing the behaviour of the whole system, considering the effects of dam-reservoir dynamic
interaction and generalized damping (including radiation damping in the reservoir).

First, a new state-space approach, considering displacements, pressures, and their time derivatives as
unknowns, was proposed for coupled modal analysis of the dam-reservoir-foundation system with
generalized damping, enabling the calculation of complex eigenvalues and eigenvectors (non-stationary
vibration modes). Then, a coupled time-stepping method was implemented for linear seismic analysis,
consisting of the direct application of the Newmark method to the dynamic equation of the whole dam-
reservoir-foundation system, in order to calculate the dynamic response in displacements and pressures in
time domain. Finally, a complete method was developed for non-linear seismic analysis, by combining the
time-stepping formulation with the iterative stress-transfer method, considering a) the non-linear behaviour
of concrete up to failure, based on a strain-softening damage model with two independent scalar damage
variables (d* for tension and d- for compression), e b) the opening/closing and sliding movements of joints
and cracks, using a constitutive model based on the Mohr-Coulomb failure criterion and on appropriate
relative displacement-stress laws.

The proposed calculations methods were implemented in the finite element program DamDySSA,
developed for dynamic analysis of concrete. From this work resulted the latest version of this program,
which now includes three calculation modules, namely for: (i) complex modal analysis, to obtain natural
frequencies and mode shapes; (ii) linear seismic analysis, to calculate the response in displacement and
pressures, considering acceleration time histories as seismic input; and (iii) non-linear seismic analysis, to

compute the non-linear response considering joint movements and concrete damage.

Within this scope, a considerable effort was made in terms of pre- and post-processing tools, taking into
account the goals of this work and the application studies to be carried out. Regarding pre-processing, a
new module was developed for the program DamMesh, originally created in LNEC for automatic
generation of 3D finite element meshes of dam-reservoir-foundation systems, in order to enable the
introduction of joint the finite element mesh of the dam. As for post-processing, several new graphical
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representations were implemented in DamDySSA, and existing ones were improved, including a) graphics
showing the evolution of natural frequencies according the water level, and 3D figures of mode shapes, to
enable the comparison with experimental results, and b) 3D representations of deformed shapes with joint
movements, fields of principal stresses, seismic stress envelopes, and damage distributions, in order to
facilitate the evaluation of linear and non-linear seismic behaviour and the seismic safety assessment.

Additionally, during this work the first version of a new graphical user interface was also created for
DamDySSA, which was adapted to accommodate the new modules, aiming to facilitate the performance of
numerical simulations and the analysis and interpretation of the results.

The developed formulations were validated by using DamDySSA to perform several tests on the dynamic
behaviour of dam-reservoir-foundation systems, involving the comparison of numerical results with
experimental results or known analytical solutions. These tests included the analysis of modal parameters,
the response in displacements and hydrodynamic pressures, and the influence of joint movements.

In this scope, it is worth highlighting the test conducted for analysing the hydrodynamic pressures on an
arch dam, by comparing the pressure values calculated at the upstream face using a) DamDySSA, based on
a coupled formulation, and b) Westergaard’s formulation, commonly applied in added water mass models.
Basically, the pressures calculated using Westergaard’s formulation on a curved and flexible dam were
clearly overestimated in comparison to those obtained using a coupled model. The presented results allowed
to explain, for the first time, the need to apply an empirical added mass reduction factor (of around 50 to
70%) when using the classic added water mass models based on Westergaard’s hypothesis, as has been
recommended by some authors for dynamic analysis of arch dams.

Concerning computational efficiency, test calculations were carried out for linear seismic analysis of Cabril
dam, using both the coarser mesh (one element in thickness) and the refined mesh (three elements in
thickness), presented in chapter 5. Considering a seismic input with a duration of 10 s and a time step of
0.01 s, the time integration procedure was completed in around 10 minutes with the coarser mesh, and about
lhour with the refined mesh (using a laptop with a CPU processing speed of 2.2 GHz). However, in what
concerns the non-linear seismic analysis, it took about a month to complete a 10 s calculation, considering
that there are two iterative stress-transfer processes involved to simulate the non-linear behaviour of all
joint elements and the concrete ruptures (tensile and compressive damage) in all dam elements.

6.1.2 SEISMIC AND STRUCTURAL HEALTH MONITORING SYSTEMS FOR DAMS

Regarding the contribution for the development of continuous dynamic monitoring systems installed in
large concrete dams, in this thesis it was decided to develop computational tools for integrating the systems
and for complementing their software component, with a view to optimise their operation and to obtain
valuable experimental results for supporting structural health monitoring and seismic monitoring. Thus,
two programs were implemented: DamSSHM and DamModallID.

The program DamSSHM was developed to carry out automatic analysis and management of continuous
dynamic monitoring data from SSHM systems. In the scope of this work, DamSSHM was implemented for
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testing in the central server of the SSHM system of Cabril dam, in 2018. Therefore, this first version of the
program was specifically prepared and optimised to integrate the software component of the referred
system. Essentially, DamSSHM is automatically executed every day, and it includes four modules in order
to perform the following tasks: (i) read data files and use moving average filters to detrend the acceleration
records; (ii) data analysis and management, including evaluation of the integrity of records and saving
decimated files to external storage units and Google Drive folders; (iii) analysis of acceleration time
histories to automatically detect vibrations induced by seismic events (and distinction from those induced
by the operation of gates and by turbines of generator sets), and save backups when detection is successful;
and (iv) perform the maintenance of the server storage and save backups of original files.

Once all these tasks are completed, DamSSHM automatically sends emails containing files with summaries
of measured data and information regarding the available storage space of the server and external units.
Furthermore, when seismic vibrations are detected, the program sends additional emails including files and
figures of the recorded acceleration time histories.

The program DamModallD was developed for automatic modal identification of dams, aiming to estimate
the main modal parameters based on continuous vibrations monitoring data. DamModallD is based on the
frequency domain modal identification approach: the classic Frequency Domain Decomposition (FDD)
method with Singular Value Decomposition (SVD) was implemented to calculate the spectral density
matrix from measured vibrations and then to determine the corresponding singular values and singular
vectors (natural frequencies are obtained as peaks of the singular value spectra and the corresponding
singular vectors are used to estimate the mode shapes).

In order to improve the implemented FDD-SVD method and automate modal parameter identification, two
original procedures were proposed in this thesis. The first procedure was developed for automatic selection
of spectral peaks of the singular value spectrum using the Shifted Smoothed Threshold Curve (SSTC),
which is computed as a smoothed version of the referred spectrum and considering the determination of the
MAC index to distinguish closely spaced modes. The second procedure was developed to enhance the
automatic identification of natural frequencies for dams over time based on Dam Frequency Influence
Curves (DamFIC), which are defined for each vibration mode based on previous monitoring data and
numerical results, considering the real reservoir water level variations, in order to group frequencies for
each mode.

As a complement to this software, several graphical tools were also developed for analysis and
interpretation of the observed dynamic behaviour, including representations of the evolution of natural
frequencies over time and of modal configurations, and to simplify the comparison with results from
numerical models, aiming to provide useful information for structural health control and informed
management.
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6.1.3 METHODOLOGIES

Besides the contributions and innovations described above, this work also made a relevant contribution at
the level of the methodologies to analyse the performance of large concrete dams under dynamic actions,
in particular for structural health control and seismic safety assessment.

The methodology proposed for structural health monitoring is based on the integrated use of SSHM systems
and finite element numerical models, to enable the systematic comparison between vibration-based and
numerical results, aiming at the detection of structural alterations due to evolutive deterioration processes
that may occur on large concrete dams over time. Based on this methodology, the natural frequencies
identified from recent monitoring data are compared with frequency values computed using a reference
linear model, properly calibrated based on monitoring data from a reference period (e.g. the initial
monitoring phase), and, if possible, using models that allow the simulation of evolutive damage.

As part of the process, simple and intuitive graphics, comparing identified and calculated frequencies, have
been developed. These can be easily interpreted by owners or engineers responsible for dam safety in order
to support informed management and enable an effective decision making in face of regular maintenance
situations or of eventual emergencies.

In what regards the seismic safety assessment of large concrete dams, a new methodology was proposed in
this work, based on the Endurance Time Method and using a non-linear model that enables the simulation
of joint movements and concrete damage. Essentially, this is a seismic analysis procedure where the
response is calculated under a pre-designed intensifying seismic action, and then the performance of the
dam is evaluated based on the evolution of tensile and compressive damage. In this methodology, the
adopted performance criteria states that the occurrence of significant volumes of the dam body in which
concrete failure propagates across the entire thickness of the cantilevers is not considered acceptable, for
both tensile and compressive damage. Therefore, the performance endurance limit is established as the
maximum peak ground acceleration (or duration) of the seismic action that the dam can resist without
unacceptable damage.

6.2 RESULTS

In addition to the contribution made with the proposed formulations and methods and with the developed
programs, which can be used in future studies, this thesis also provided a tangible contribute by presenting
results of great interest in Chapter 5, obtained in application studies performed for two large arch dams:
Cabril dam (132 m high), in Portugal, and Cahora Bassa dam (170 m high), in Mozambique, two dams
under continuous dynamic monitoring since 2008 and 2010, respectively.
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6.2.1 CONTINUOUS DYNAMIC MONITORING: MODAL ANALYSIS AND SEISMIC BEHAVIOUR

First, this work presented, for the first time, the main results obtained from data of over 10 years of
continuous dynamic monitoring for two large concrete dams, including the evaluation of dam behaviour in
normal operating conditions and the analysis of measured response during low-intensity seismic events.

The analysis of the main modal parameters and their evolution over time was carried out based on the
comparison between modal identification results, obtained with DamModallD, and finite element
numerical results, computed using DamDySSA. In particular, the study of the evolution of the natural
frequencies over time enabled, on the one hand, to demonstrate the influence of the reservoir level variations
in the dynamic properties of the dam-reservoir-foundation system and consequently in the frequency values,
and, on the other hand, to show the good agreement achieved between experimental and numerical results
for both dams. The numerical models were also able to properly reproduce the mode shapes of the first
three vibration modes for both dams. However, for the case of Cabril dam, the intake tower behaviour and
the influence of dam-tower dynamic interaction still require further investigation.

In addition, based on the proposed methodology for damage detection, the comparison between the
identified frequencies over the complete monitoring periods and the frequency curves computed using
linear models (calibrated for reference periods) allowed to demonstrate that the performance of Cabril dam
and Cahora Bassa dam has not changed over the past decade.

The seismic response of the dams was evaluated based on the comparison between the measured response
during low-intensity seismic events and the response calculated using DamDySSA. The analysis of the
recorded peak accelerations along the insertion and at the top of the dam allowed to determine the next
seismic response amplification factors: (i) 2.8 times for Cabril dam, from the dam-rock interface (1.31 mg)
at the right bank to the central section at the crest (3.62 mg); and (ii) 4 times for Cahora Bassam dam,
between the downstream base (9.03 mg) to the top (37.76 mg), at the central section. Moreover, considering
the specific real earthquakes applied on both dams, overall it was possible to reach a good agreement
between measured and computed accelerations, taking into account the effect of the seismic input and the
damping ratio: (i) for Cabril dam, using as input the seismic acelerogramas recorded near the right bank, a
10% damping ratio was required; and (ii) for Cahora Bassa dam, considering as input the acceleration time
histories recorded at the downstream base (central section), a 1% damping ratio was enough.

Additionally, for the case of Cabril dam, the comparison was carried out using not only DamDySSA
(coupled model in displacements and pressures, massless foundation approach) but also Code_Aster
(coupled model in displacements and velocity potentials, foundation with energy dissipation). Similar
results were obtained with both models, but a slightly better agreement was achieved with DamDySSA.

The performed application studies demonstrated: (i) the quality of the installed SSHM systems (and used
devices) to automatically measure low amplitude vibrations induced by ambient/operational excitation
sources or caused by low-intensity seismic events; (ii) the suitability of the methods proposed in this work
for automating frequency identification, and thus the potential of the program DamModallD to carry out
automatic modal identification of dams; and (iii) the potential and reliability of the program DamDySSA
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for dynamic analysis of dam-reservoir-foundation systems, in particular of the proposed methods, including
the state-space approach for complex modal analysis and the time-stepping method for linear seismic
analysis.

Regarding the SSHM system installed in Cabril dam, it is worth mentioning that the testing period of
DamSSHM has been very successful, allowing the daily reception of emails with relevant information,
ensuring an adequate maintenance of the storage space of the server and of the external storage units, and,
finally, the automatic detection of vibrations during seismic events.

Furthermore, the presented numerical results and the comparison with experimental data showed the
suitability of the proposed coupled finite element formulations, namely the state-space formulation for
modal analysis and the time-stepping procedure for numerical integration of seismic response in time
domain, and therefore the potential of the program DamDySSA for linear dynamic analysis of concrete
dams. Also, the advantage of the coupled models in relation to the classic added water mass models was
shown once again here: the good agreement between identified and calculated frequencies and mode shapes
was achieved by using as inputs only the real reservoir water levels and appropriate pressure wave
propagation values, while the added water mass models usually require the use of empirical water mass
reduction factors to roughly reproduce the modal parameters.

At last, the value of the proposed methodology for damage detection was demonstrated for both dams, by
comparing natural frequencies identified from recent data and frequency curves computed using reference
linear models and models that consider the effects of evolutive damage, showing that it can be used in the
future for supporting structural health monitoring of large concrete dams.

6.2.2 NON-LINEAR SEISMIC BEHAVIOUR

This work also presented the main numerical results from prediction studies on the non-linear seismic
behaviour of Cabril dam and Cahora Bassa dam, considering the effects of opening/closing and sliding joint
movements and the behaviour of concrete up to failure under tension and compression. All finite element
calculations were performed using the module of DamDySSA for non-linear dynamic analysis.

On a first phase, the non-linear studies focused on analysing the non-linear seismic response of both dams
under a load combination including the dam self-weight, the full reservoir hydrostatic pressure, and a 10 s
seismic load with a peak acceleration of 0.6g, applied in the upstream-downstream direction. The main goal
was to evaluate the influence of joint movements on the structural response, by comparing results computed
using linear models (without joints nor damage) and non-linear models (with joints and damage), and to
examine the resulting tensile and compressive damage.

Overall, the achieved results showed that the opening movements of the vertical contraction joints resulted
in considerable stress redistributions, namely in the release of arch stresses near the crest, where the larger
joint openings occurred, and consequently in the increase of cantilever tensions and compressions along
the downstream upper part of several cantilevers.
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With respect to concrete dam, for the case of Cabril dam, tensile failure was mostly superficial and there
was no compressive damage. Also, two hypotheses were tested for simulating the horizontal crack
behaviour: assuming high stiffness (limited opening movements — high tensions and tensile damage around
the crack) and lower stiffness (opening movements enabled — release of tensions and no damage around the
crack). As for Cahora Bassa dam, being a thinner dam, stresses were higher and thus the areas with tensile
failure were larger and propagated across the thickness. In summary, both dams showed a very good
performance under a strong earthquake with a peak acceleration (0.69) several times higher than the values
assumed for the OBE and the MDE.

On a second phase, the seismic performance of both dams was analysed using the methodology proposed
in this work for seismic safety assessment, based on the Endurance Time Method and on the evaluation of
the evolution of tensile and compressive concrete damage, under an intensifying seismic action. The non-
linear simulations were performed under the same load combination, now considering the application of a
15 s intensifying seismic action with peak accelerations gradually increasing from around 0.1g to about
1.59. Also, more refined meshes of both dams were used, which enabled greater accuracy in the
characterization of damage distributions.

With respect to Cabril dam, the endurance limit for tensile damage was set to 0.5g, a peak acceleration 5
times greater than the value assumed in this work for the OBE (0.1g), given that the accumulated tensile
failure was mainly superficial. On the other hand, the endurance limit for compressive damage should be
higher than 1.4g, 7 times higher than the assumed MDE (0.2g), as the first compressive failure occured
only around t = 14 s. This seismic performance evaluation demonstrated that Cabril dam had an impressive
resistance capacity under strong seismic excitations, and that its seismic safety would most likely be verified
under seismic actions obtained in specific seismic hazard analysis for the dam site.

In what concerns Cahora Bassa dam, the endurance limit in terms of tensile damage was of 0.5g, about 6.5
times the peak acceleration defined for the OBE (0.076g), considering that tensile damage remained at an
acceptable level. Moreover, the endurance limit in terms of compressive damage was established at a peak
acceleration of 0.8g, corresponding to a value about 8 times greater than the acceleration prescribed for the
MDE (0.102g), because under superior seismic excitation levels compressive failure ends up propagating
across the whole thickness of the blocks below the surface spillway, resulting in concrete crushing and
ultimately to local collapse with uncontrolled release of water. The seismic safety assessment of Cahora
Bassa dam, a thin 170 m high arch dam, showed that it had a very good performance under increasing
seismic excitation, as both endurance limits were considerably greater than the values defined in specific
seismic hazard analyses for the dam site.

The performed application studies on the non-linear seismic behaviour of two large arch dams enabled to
show: (i) the suitability of the proposed finite element formulation for simulating the non-linear dynamic
behaviour of dam-reservoir-foundation systems, including the implemented constitutive models to account
for joint movements and concrete damage in the dam, and consequently the potential of DamDySSA to
carry out non-linear seismic analysis of arch dams; (ii) the value of the developed graphical representations
to facilitate the analysis and interpretation of the final results; and (iii) the usefulness the proposed
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methodology for seismic safety assessment of concrete dams, based on the Endurance Time Method and
using advanced non-linear models, which can be applied to support seismic design of new dams or the
safety re-evaluation of older dams.

6.3 FUTURE DEVELOPMENTS

The present thesis contains important contributions to dam engineering, namely with the development of
finite element formulations for modal analysis and for linear and non-linear seismic analysis of dam-
reservoir-foundation systems, implemented in the program DamDySSA, and for the evolution of SSHM
systems installed in large concrete dams, with the implementation of software for monitoring data analysis
and management (DamSSHM) and for automatic modal identification of dams (DamModallD).
Furthermore, a relevant contribution was also made by presenting results of great interest on the dynamic
behaviour of two large concrete dams located in low seismicity zones: Cabril dam, Portugal, and Cahora
Bassa dam, in Mozambique.

Following the developed work, additional research needs and opportunities for future developments are
identified, not only with regard to particular aspects of the current work but also to dam engineering in
general, a field where important questions and challenges continue to arise.

First of all, it is considered of the utmost interest to make use of the computational tools developed in the
scope of this thesis for analysing the dynamic behaviour of large concrete dams that have been subject to
high-intensity earthquake ground motion, something that was not possible in the performed application
studies (the return period for strong earthquakes is relatively high in Portugal and in the northern part of
Mozambique). With that specific goal, and to contribute to the evolution of knowledge in dam engineering,
it is therefore recommended the development of a web site to serve as an international platform to involve
the scientific community interested in the study of the dynamic behaviour of dams, as well as the dam
owners from several countries located in seismic zones (e.g., China, Japan, United States, Iran, etc.) and
particularly those currently investing in large concrete dams. So, this platform should be developed in order
to: (i) disseminate the latest scientific studies on the dynamic response of dam-reservoir-systems, aiming
to encourage the investment in SSHM systems in large concrete dams worldwide; (ii) promote the sharing
of data regarding the seismic response of dams located in high seismicity zones, in particular of seismic
acceleration records measured on large arch dams under strong earthquakes; and consequently (iii) present
the modelling and modal identification software developed in this work and present the main results
obtained in studies for Cabril dam and Cahora Bassa dam.

Furthermore, the results presented in the application studies on the dynamic behaviour of two large arch
dams in normal operating conditions and during seismic events, based on the comparison between
experimental data and numerical models, clearly showed the value of the integrated use of complete finite
element models and of SSHM systems and respective software for supporting structural health monitoring
and seismic behaviour monitoring. Therefore, it is expected that this work will encourage the investment
in the permanent instrumentation of dams for continuous dynamic monitoring over time, by installing
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complete SSHM systems that include the largest possible number of accelerometers in the dam body, along
the dam base, and if possible, in the free field (the use of optical fibre is recommended to ensure the
connection of accelerometers located further away from the data acquisition units), and by implementing
software to manage and analyse data and to perform other maintenance tasks (such as those developed in
this work) in order to complement the systems, enhance their operation, and obtain better experimental
data. This should be considered for new dams, to control their behaviour since the early operation years,
and for old dams, to monitor their structural health and evaluate the effects of possible deterioration
problems, and particularly for large concrete dams located in important seismic zones. As shown in this
work, the operation of these type of systems can be of great value to analyse the dynamic behaviour of
dam-reservoir-foundation systems, to enable a continuous evaluation of dam performance and perform
damage detection, and to characterize the seismic actions and analyse the seismic response of dams. In
addition, the collection of more data on a larger number of dams can provide useful insight to help calibrate
and validate existing numerical models and support the development of new models and formulations. On
the other hand, more dams with complete SSHM systems will mean more available data and more useful
information that can be shared with the scientific community through platforms such as the one referred
above (one of the main issues in this field continues to be the lack of available and easily accessible data to
engineers and researchers).

Regarding the two large concrete dams chosen as case studies for this work, there are some elements in
which there is room for improvement, both in terms of the finite element models and of the installed SSHM
systems, with a view to achieve a deeper knowledge on the dynamic behaviour of the dam-reservoir-
foundation systems in future studies.

Although the current finite element models enabled to achieve very good results, some improvements can
be made in order to get a more accurate representation of some specific geometry details. In the case of
Cabril dam, a new mesh that incorporates the intake tower can be valuable for providing further insight on
the intake tower behaviour and for investigation the influence of the dam-tower dynamic interaction in the
dynamic properties of the dam-reservoir-foundation system. For Cahora Bassa dam, a model with perfected
geometry details in the dam (including the half-hollow crest, the spillways, and the upstream face concrete
dams) may be useful to improve the agreement between identified and computed modal parameters,
particularly the mode shapes. Additionally, it could be interesting to develop several meshes of the dam-
reservoir-foundation with different reservoir discretisation, to test the influence of the geometry and length
of the reservoir block in the dynamic properties.

Improvements on the SSHM systems installed in both Cabril dam and Cahora Bassa dam are also proposed.
For Cabril dam it is recommended the installation of an additional triaxial accelerometer at the downstream
base, aiming to a) improve the characterization of the seismic action and its spatial variation along the
insertion, and b) enable the performance of further studies concerning the measured seismic response, using
more appropriate seismic inputs in the numerical models. In what concerns the program DamSSHM, the
implemented method for the detection of seismic vibrations can be improved based on more sophisticated
techniques for pattern recognition, perhaps using machine learning methods. As for Cahora Bassa dam, the
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installation of more accelerometers in other galleries of the dam can be considered, with a view to improve
the estimation of vibration mode shapes and the evaluation of the measured response during seismic events.

With respect to the formulations and methods developed in this work and implemented in DamDySSA and
DamModallD, some improvements can be made in the future. In DamDySSA, possible improvements
include a) the further increase in computational efficiency, e.g., using parallel computing methods, b) the
upgrade of the current post-processing tools, namely the 3D graphical representations, or the development
of new ones in accordance with the studies to be carried out, and c) the update of the developed graphical
user interface, e.g. to improve the transition mechanisms between menus or to include new options. In
DamModallD, some ideas are a) to optimize the existing algorithm for automatic modal identification from
monitoring data gathered over time, b) to improve the definition of the DamFIC for the various vibration
modes of the dam, based on new experimental and numerical data, possibly using clustering techniques and
machine learning.

Furthermore, these programs can continue to be used by researchers and PhD or MSc students in the scope
of research projects, aiming to conduct studies on the dynamic behaviour of dam-reservoir-foundation
systems. These studies should focus on topics that require further investigation or that may provide valuable
data on the dynamic performance of dams, namely to evaluate important aspects in the numerical models
as dam-water and dam-foundation dynamic interaction, to investigate the influence of the reservoir water
level on the seismic response, to study the influence of the reservoir block length and geometry, to examine
the effects of the type of seismic input, using accelerograms with varying frequency content (close and
distant earthquakes), and to analyse the damping required as input in the models to reproduce the measured
response under low, medium or high intensity seismic events.

In what regards the proposed methodology for damage detection, based on the comparison between
identified frequencies and computed frequency curves (using reference models without damage and models
that simulate evolutive deterioration), it can be interesting to explore new techniques for modelling the
damage evolution over time, e.g., considering different parts of the dam body with varying damage
occurrence. Moreover, since this is such a simple and intuitive methodology, its application can be
considered for structural health monitoring of large concrete dams instrumented with SSHM systems.

Concerning the methodology proposed for seismic safety verification, a possible suggestion of
improvement can be the consideration of additional factors to define the endurance limits, e.g., including
the influence of different reservoir water levels or using accelerograms with different frequency content -
in that case, a set of various endurance limits could be defined for a specific dam.

Finally, it is worth emphasizing that the referred methodology and the program DamDySSA can be used in
the future to support the design of new dams or in studies for seismic safety reassessment of older dams
(whose seismic design was carried out based on outdated methods and performance criteria). For example,
as done in Switzerland (recall subchapter 2.4), a program for seismic safety reassessment of older large
concrete dams of high potential risk could be undertaken in Portugal using the tools provided in this work.
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