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Abstract
Over the past decade, monitoring systems for Seismic and Structural Health Monitoring (SSHM) have
been assuming a greater role in the safety control of large concrete dams. In this article, the dynamic
behavior of two large arch dams equipped with SSHM systems is analyzed, in order to present some of
the main theoretical, computational and practical innovations developed recently for the improvement of
large dams’ continuous dynamic monitoring using SSHM systems. The case studies are two large arch
dams that have been under continuous dynamic monitoring over the last ten years: Cabril dam (132 m
high), the highest dam in Portugal, and Cahora Bassa dam (170 m high), located in Mozambique, one of
the highest dams in Africa.

The Seismic and Structural Health Monitoring (SSHM) systems installed in both dams have similar
schemes and were designed to continuously record acceleration time series in several locations at the
upper part of the dam body and near the dam-foundation interface, using uniaxial and triaxial
accelerometers. Speci�c software was developed for monitoring data analysis, including automatic
modal identi�cation, to obtain natural frequencies and mode shapes, for automatic detection of
vibrations induced by seismic events, to be distinguished by those caused by other operational sources,
and for comparison between results retrieved from measured vibrations and numerical results obtained
from computational 3DFE models. The numerical analyses are carried out using a 3DFE program for
linear and non-linear dynamic analysis of concrete dams, based on a solid-�uid coupled formulation to
simulate the dam-reservoir-foundation system, considering the dam-water dynamic interaction and the
propagation of pressure waves throughout the reservoir.

The most signi�cant experimental results from continuous dynamic monitoring are presented for Cabril
dam and Cahora Bassa dam and compared with numerical results, with emphasis on the evolution of
natural frequencies over time, on vibration mode shapes for various water levels, and, �nally, on the
measured accelerations during seismic events. Furthermore, the main results of non-linear seismic
response simulations, considering joint movements and concrete damage, are also presented for both
dams in order to assess their seismic performance, using an intensifying seismic accelerogram prepared
for Endurance Time Analysis.

1 Introduction
Large concrete dams play a major role in the management of water resources by making a decisive
contribution to water supply, �ood control, irrigation, and electrical energy production. In general, these are
structures of high potential risk, since incidents or accidents involving this type of dams can result in
signi�cant losses for populations and the environment(Wieland, 2016). According to the International
Commission on Large Dams (ICOLD) it is therefore fundamental to evaluate their performance in normal
operating conditions and under seismic events(ICOLD, 2018, 2019), particularly in the case of dams
subject to concrete deterioration phenomena and/or those located in areas of medium-high seismicity
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(Fig.1). Furthermore, aiming to ensure the best operating and safety conditions for large concrete dams,
their structural safety must be evaluated for current and failure scenarios, understatic and dynamic loads.

In this scope, it should be emphasized the importance and the need to develop: (i) systems for Seismic
and Structural Health Monitoring (SSHM) of large dams, which should include high quality devices for
data measurement, acquisition, transmission, and storage, as well as appropriate software for automatic
management and analysis of collected data; (ii) advanced 3D �nite element (3DFE) models of dam-
reservoir-foundation systems - which should be able to predictthe dam response under various scenarios
that can occur over the lifetime of dams, involving the variation of the static and dynamic loads,
structural changes due to deterioration processes and non-linear behavior; (iii) computational programs
to carry out linear and non-linear dynamic simulations; and (iv) appropriate methodologies for analyzing
the main results, enabling the comparison of the measured response with the predicted behavior and the
interpretation of results from non-linear seismic simulations.

The combined used of experimental data and numerical results (Alegre, Carvalho, et al., 2019; Oliveira &
Alegre, 2020) can be of great value not only to increase knowledge on the dynamic behavior of large
concrete dams, but also for improving their safety control, namely (i) to detect eventual processes of
evolutive deterioration, using methodologies based on the analysis of ambient/operational vibrations; (ii)
to characterize the seismic actions and to control the seismic response during low, medium, or high
intensity seismicaccelerations; and (iii) to calibrate and validate existing numerical models and help in
the development of new ones. In addition, results from non-linear seismic response analysis can provide
useful information on the seismic performance of large concrete dams and support studies for seismic
safety assessment (Alegre, Oliveira, et al., 2020; Alegre & Oliveira, 2020).

This work is focused on studying the dynamic behavior of two large arch dams, by providing valuable
experimental and numerical results, aiming to show some of the main theoretical, computational, and
practical innovations developed in recent years for the improvement of continuous dynamic monitoring
systems for large concrete dams. Therefore, after a general overview on the importance of SSHM
systems in the safety control of large concrete dams and on the numerical modelling of the dynamic
behavior of dam-reservoir-foundation systems, the developed software is presented. First, the software
designed to integrate and complement the SSHM systems installed in large concrete dams is described,
which includes computational tools: (i) for automatic analysis and management of continuous dynamic
monitoring data, aiming to assess data quality, to automatically detect vibrations induced by seismic
events, and to perform the maintenance of the database; and (ii) for automatic modal identi�cation,
based on the frequency domain decomposition method and using a new methodology to automate and
optimize the selection of spectral peaks. Then, the 3D �nite element model developed to simulate the
dynamic behavior of dam-reservoir-foundation systems, based on a coupled formulation in
displacements and pressures, is presented. The implemented computational model has three modules,
namely for: (i) complex modal analysis, using a state-space formulation that allows to consider
generalized damping; (ii) linear seismic response analysis, based on a time-stepping algorithm for
numerical time integration based on the Newmark method; and (iii) non-linear seismic analysis,
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considering the non-linear behavior of concrete up to failure,and the opening/closing and sliding
movements of joints and cracks in the dam body.

The case studies are Cabril dam, 132 m high, in Portugal, and Cahora Bassa dam, 170 m high, in
Mozambique,two double curvature arch dams that have been under continuous dynamic monitoring
since 2008 and 2010, respectively. The most important results from studies carried out in recent years are
provided, with focus on: (i) the analysis of the evolution of the identi�ed natural frequencies over time
and the comparison with the corresponding numerical values, aiming toevaluate the in�uence of the
reservoir water level variations and to perform vibration-based detection of evolutive damage; (ii) the
study of the measured response during seismic events, based on the comparison between recorded and
computed accelerations in various positions of the dam body, in order to investigate the base-to-top
ampli�cation factors and the damping ratios required in the numerical models; and (iii) the assessment
of the non-linear seismic response under a strong seismic excitation, using an intensifying seismic
accelerogram prepared for Endurance Time Analysis (ETA), with the goal of evaluating the seismic safety
based on tensile and compressive damage distributions in the dam body.

2 The Role Of Sshm Systems In The Safety Control Of Large Concrete
Dams
The Seismic and Structural Health Monitoring concept has emerged and asserted itself on a global level
in 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 to engineers and researchers, for dynamic
behavior monitoring and structural safety control(Limongelli, 2020). Thus, this type of monitoring
systems have been installed and used in large structures all over the world, such as tall buildings, long-
span bridges, large dams and other important structures (Li et al., 2016; Limongelli & Çelebi, 2019).

The importance of the observation and analysis of the behavior of large concrete dams has been widely
recognized for decades(Pedro, 1999; Ramos, 1994), especially when experimental data is used in
combination with numerical modelling results. Regarding dynamic behavior monitoring for structural
safety control of large concrete dams, the popularity of continuous dynamic monitoring systems has
grown signi�cantly over the last decade(Oliveira & Alegre, 2019),, due to the recognition of the
advantages of continuous vibrations monitoring for increasing knowledge on the dynamic behavior of
dam-reservoir-foundation systems(Alegre, Carvalho, et al., 2019; Bukenya et al., 2014; Bukenya & Moyo,
2017; Oliveira et al., 2012), as well as for detecting and controlling deterioration processes(Oliveira &
Alegre, 2020), both progressive deterioration due to phenomena like concrete swelling or deterioration
induced by exceptional events such as �oods or major earthquakes. Therefore, and considering the need
to evaluate the performance of dams in normal operating conditions over time and during seismic
events(ICOLD, 2018, 2019)the installation of monitoring systems for continuously measuring vibrations
has been proposed for new large dams, to evaluate their performance since the �rst �lling of the reservoir,
and for some older dams, built decades ago and with possible deterioration problems, to (re-)assess their
structural health. Furthermore, due to the lack of available data worldwide,this type of systems can also
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be extremely useful to obtain additional data for characterizing the seismic actions and for studying the
seismic response of large concrete dams under low/medium/high intensity earthquakes.

In Portugal, the continuous dynamic monitoring of large concrete dams started in 2008, in the scope of a
pioneer project (Oliveira, 2002) for the development and installation of a SSHM system in Cabril to
continuously measure vibrations in normal operating conditions and during seismic events(Mendes,
2010), which was funded by the Portuguese Foundation for Science and Technology (FCT) and
supported byEnergias de Portugal (EDP). In light of the success achieved with Cabril dam and of the
valuable results obtained in various studies (Alegre, Carvalho, et al., 2019; Alegre, Robbe, et al., 2020;
Oliveira et al., 2012, 2014; Oliveira & Alegre, 2020, 2018), the decision was made to invest in the
installation of similar SSHM system at BaixoSabor dam(Gomes et al., 2018; Pereira et al., 2017)and Foz
Tua dam (Pereira et al., 2021; Silva Matos et al., 2019), as well as of trigger-event type systems for
measuring seismic vibrations in Alqueva, Alto Ceira II and Ribeiradio dams.

In Africa, continuous dynamic monitoring of large concrete dams began in 2010, when Hidroelétrica de
Cahora Bassa (HCB) decided to install a SSHM system in Cahora Bassa dam(Carvalho et al., 2014;
Carvalho & Matsinhe, 2014; Carvalho & Tembe, 2012)to enable the continuous evaluation of its behavior
in normal operating conditions and to measure the responseduring seismic events. Later, in 2013, a
continuous dynamic monitoring system was also installedfor structural health monitoring of
RoodeElsberg dam, located in Worcester, Western Cape, South Africa, after ambient vibration tests had
been carried out for several years(Bukenya & Moyo, 2017).

Examples of large concrete dams currently under continuous dynamic monitoringworldwide include
Enguri arch dam, 271.5 m high, in Georgia, Beli Iskar gravity dam, 51 m high, in Bulgaria, Xiangjiaba
gravity dam, 161 m high, in China, as well as other 23 dams in South Korea (www.geosig.com/Dams-
pg38).

For safety control of large concrete dams, SSHM systems should ideally be designed to measure in as
many locations of the dam body as possible, in several positions along the dam base, and, eventually, in
the rock mass foundation (free �eld), aiming at the continuous evaluation of the dynamic performance of
dams in normal operating conditions and when earthquakes hit the dam site. With that goal, the
measurement devices should be con�gured with a high dynamic range, enabling the accurate
measurement of low amplitude vibrations, induced by ambient or operational sources or by low intensity
earthquakes, and of high amplitude vibrations, caused by strong earthquakes or other exceptional
occurrences(Mendes, 2010). Moreover, these monitoring systems should include cutting-edge and high-
quality equipment for automatic data measurement, acquisition, and transmission, including digitizers,
recorders, transducers, accelerometers, data concentrators, etc., which are usually provided by specialized
companies. Nevertheless, it is vital to complement the hardware component by developing suitable
software, which must naturally be adapted and optimized to each dam and the respective SSHM system.
This software should include computational tools to automatically process, manage and analyze the
continuously measured data, as well as to enable the comparison between experimental and numerical
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results, in order to obtain useful data for dynamic behavior analysis and for supporting seismic response
monitoring and structural health monitoring (Oliveira & Alegre, 2020).

Based on the experience gathered over the past decade in this �eld, particularly from studies on the
dynamic behavior of Cabril dam and Cahora Bassa dam, the combined use of experimental information
extracted from continuous dynamic monitoring data and of numerical results obtained with advanced FE
models (Fig. 2) has proven that it can be extremely useful for dynamic behavior analysis and safety
control of dams, namely: (i) to study the evolution of modal parameters (natural frequencies, mode
shapes and damping ratios) over time, enabling to evaluate the in�uence of water level variations or
thermal variations(Alegre, Carvalho, et al., 2019; Bukenya & Moyo, 2017; Ueshima et al., 2017) in the
dynamic response of dam-reservoir-foundation systems, and to investigate the effects due to ageing of
dams, evolutive deterioration phenomena or damage due to strong earthquakes, by comparing the
observed behavior at a certain point in time with a speci�c reference state(Alegre, Oliveira, et al., 2020;
Oliveira & Alegre, 2020); (ii) to automatically identify vibrations induced by low, medium, or high intensity
seismic events, and study the seismic response based on recorded accelerations, allowing to analyze the
base-to-top acceleration ampli�cation factors and to investigate the damping ratios(Chopra & Wang,
2010; Proulx & Darbre, 2008; Robbe et al., 2017); and (iii)to calibrate and validate existing numerical
models, and support the development of new ones, to be used as reference models in future behavior
prediction studies(Oliveira et al., 2014; Sevim et al., 2011).

3 Numerical Models: Dynamic Behavior Of Dam-reservoir-foundation
Systems
Large concrete dams are civil engineering structures of considerable dimensions, with unique and
complex geometry. Furthermore, their behavior under static and dynamic loads is considerably in�uenced
by the interaction with the reservoir and the foundation, as they are part of a complex dam-reservoir-
foundation system(Câmara, 1989; Pedro & Câmara, 1986). Moreover, the properties of the dam-reservoir-
foundation system and thus its global behavior can change signi�cantly over time, namely due to
reservoir water level and/or thermal variationsand due to structural changes in the dam body, caused by
processes of concrete deterioration over timeand/orirreversible movements of contraction joints or other
discontinuities. Therefore, it is essential to develop advanced models for the analysis of dam-reservoir-
foundation systems, considering the various scenarios that can occur over the lifetime of dams,involving
the variation of the dynamic properties and of the static and dynamic loads, structural changes due to
deterioration processes, and non-linear behavior.

The numerical modelling of the dynamic behavior of large concrete dams, considering the interaction
between all parts of the dam-reservoir-foundation system and linear or non-linear behavior,is a �eld where
extensive work has been conducted, leading to the development of various well-established models and
formulations, mostly based on the Finite Element Method(Zienkiewicz, Taylor, & Zhu, 2013).
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The simulation of the dam-reservoir dynamic interaction can be carried out using the classic added water
mass models, using displacement-based formulations for the solid domain and Westergaard’s solution to
compute water masses equivalent to the hydrodynamic pressures(Westergaard, 1933). As an alternative,
there are the coupled models, which require the reservoir discretization and the de�nition of �nite element
formulations for both the solid (dam and foundation) and �uid (reservoir) domains, considering boundary
conditions at the main interfaces of the system(Zienkiewicz & Bettess, 1978). A possible solution
consistsin assuming a displacement-based formulation for both the solid and �uid domains (Belytschko,
1980): in this case, nodal displacements are assumed as the main variablesfor the whole dam-reservoir-
foundation system, and the water is assumed as an elastic solid with negligible shear modulus. However,
the best approach are the coupled modelsformulated in displacements for the solid domain and in
hydrodynamic pressures(Zienkiewicz, Taylor, & Zhu, 2013) or velocity potentials(Bouaanani & Lu, 2009)
for the �uid domain, considering appropriate boundary conditions to simulate the dynamic dam-water
motion coupling, the propagation of pressure waves in the reservoir and radiation damping in the water
mass.

In what concerns the foundation and seismic input modelling, the simplest approach is based on the
massless foundation model(Clough, 1980), considering a deformable and massless foundation block,
with a rigid boundary at the base, where the seismic input is applied (without spatial variation). In this
case, the massless foundation can be computed based on the substructure method(Fenves et al., 1989;
Fok et al., 1986) by calculating stiffness and damping components of the foundation block that are
incorporated at the dam-rock interface, while the seismic input is applied directlyat the dam base, either
as uniform ground motion or spatial variating ground motion(Wang & Chopra, 2010). Alternatively, the
massed foundation approach is based on more complex energy dissipating models that take into
account the dam-foundation interactionand wave propagation and radiation damping in the rock
mass(Zhang et al., 2009), e.g. using viscous-spring boundaries(Lysmer & Kuhlemeyer, 1969) or
transmitting boundaries in the foundation block limits(Liao et al., 1984). For this type of model, the
seismic input can be simulated by compression/shear waves vertically propagating from the base of the
foundation(Zhang et al., 2009) or by applying the speci�ed free-�eld motion directly at the dam-rock
interface(Wang et al., 2013).

The numerical modelling of the dynamic behavior of a dam can be performed for modal analysis, to
calculate natural frequencies, mode shapes, and damping values, and for seismic analysis under low,
medium, or high intensity earthquakes, to evaluate the linear or non-linear seismic response.

To perform modal analysis, the eigenproblem of the dam-reservoir-foundation system must be solved to
calculate the main modal parameters. For symmetric problems, using added water mass models, the free
vibration solution can be computed by solving a standard eigenproblem(Clough & Penzien, 2003;
Mendes, 2010), with null or proportional damping, to get real eigenvalues, or using a state space
formulation(Brincker & Ventura, 2015; Oliveira et al., 2011), if generalized or non-proportional damping is
considered, to obtain complex eigenvalues and eigenvectors(Veletsos & Ventura, 1986). For non-
symmetric problems with coupled models, standard solutions cannot be applied. In such cases, special
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solutions can be implemented to achieve an equivalent symmetric problem, without damping, and thus
solve a standard eigenproblem with real eigenvalues and eigenvectors(Sani & Lofti, 2010; Zienkiewicz,
Taylor, & Zhu, 2013). Alternatively, it is possible to use a coupled state-space formulation to solve a
complex eigenproblem for the whole dam-reservoir-foundation system with generalized damping,
resulting in complex eigenvalues and eigenvectors that correspond to non-stationary vibration
modes(Oliveira & Alegre, 2020, 2018).

In order to carry out seismic analysis, the forced dynamic response of the dam-reservoir-foundation
system must be calculated, using seismic accelerations as the dynamic load input. In studies using
added water mass models with linear behavior, the response can be computed as a linear combination of
the modes using the modal decomposition method or approximated in time-domain by applying time-
stepping procedures for numerical integration(Clough & Penzien, 2003; Zienkiewicz, Taylor, & Zhu, 2013).
As for studies with coupled models (non-symmetric problems), the modal decomposition method is not
viable and the use of time-stepping procedures is required, either based on a modi�ed approach, where
the coupled problem is mathematically manipulated to achieve an equivalently symmetric
form(Zienkiewicz, Taylor, & Zhu, 2013), or by implementing a coupled time-stepping procedure to solve
the dynamic equation of the global dam-reservoir-foundation system(Alegre, Oliveira, et al., 2019). In what
concerns scenarioswhere non-linear behavior must be assumed, e.g. under strong earthquakes, the
dynamic properties of the dam will not remain constant and thus step-by-step methods for numerical
integration must be applied, in combination with non-linear iterative procedures(Zienkiewicz, Taylor, &
Fox, 2013).

With regard to the seismic response analysis of concrete arch dams, the seismic simulations can be
conducted considering linear-elastic behavior, using linear constitutive models for concrete and assuming
the joints remain closed. This approach is valid under low intensity earthquakes, which are commonly
measured on site using continuous or trigger-event dynamic monitoring systems and induce low
amplitude vibrations in the dam body. Nevertheless, strong earthquake can induce signi�cant inertia
forces in the dam, resulting in movements of the vertical joints or other discontinuities(Chen, 1994;
Fenves et al., 1992; Lau et al., 1998; Niwa & Clough, 1982), which will alter the structural response, as well
as in high tensions and compressions that can cause tensile and compressive damages(Cervera et al.,
1995; Espandar & Lot�, 2003; Faria et al., 1998; Valliappan et al., 1999). Consequently, for non-linear
seismic calculations the use of complex non-linear constitutive models is required, in order to simulate
the opening/closing and sliding joint movements and the concrete behavior up to failure under tension
and compression(Alegre, Oliveira, et al., 2020; Alegre & Oliveira, 2020).

It is worth mentioning that there are many well-established and reliable numerical modelling programs
used in current practice for dynamic analysis of concrete dams, including EACD-3D(Wang & Chopra,
2008) (J.-T. Wang & Chopra, 2008), ANSYS(ANSYS Inc., 2020), the open-source software Code_Aster
(http://www.code-aster.org) and 3DEC (Lemos, 1998). However, the development and implementation of
their own methodologies and codes by researchers entails several advantages as shown in this work, as
this allows to have a great knowledge and control over all variables and algorithms, which can be
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constantly updated and optimized, and to manipulate the graphical outputs at will, namely the graphical
outputs for comparison between numerical and experimental information from SSHM systems.

4 Used Software: Monitoring Data Analysis And Finite Element
Dynamic Analysis
The main goal of this work is to present the most important experimental and numerical results from
studies on the dynamic behavior of two large concrete arch dams. In order to carry out those studies, it
was necessary to use software (Fig. 3), speci�cally developed for: (i) monitoring data analysis, including
automatic modal identi�cation (DamModalID) andautomatic detection of vibrations due to seismic
events (DamSeismicVibID); and (ii) structural dynamic analysis using 3DFE models, in particular for
modal analysis and linear and non-linear seismic analysis(DamDySSA). Thedeveloped programs are
described next, in order to highlight the most recent innovations in the software component for SSHM
systems.

The software developed for analyzing continuous monitoring data from SSHM systems installed in large
concrete dams includes essentially two modules:(i)DamModalID, was developed for automatic modal
identi�cation of dams, to enable the estimation of natural frequencies and modal con�gurations. The
implemented methodology is based on the Frequency Domain Decomposition method with Singular
Value Decomposition (FDD-SVD)(Brincker & Ventura, 2015), and it uses a special technique to automate
the selection of peaks from the singular values spectra (Fig. 4) and a new procedure to enhance modal
identi�cation, considering the real reservoir level variations; and (ii)DamSeismicVibID, for automatic
detection of vibrations induced by seismic events, usessimpli�ed pattern analysis on the recorded
acceleration time histories to distinguish the seismic vibrationsfrom the vibrationscaused by other
sources, such as the operation of spillway gates or the operation of the turbines for electric power
generation. Furthermore, both modules include graphical tools that enable the automatic generation of
useful graphics, e.g., the evolution of natural frequencies over time, 2D modal con�gurations, and the
recorded acceleration time histories. With these graphical tools,thestudies based on the comparison
between experimental data and numerical results, can be improved. The goal is to provide useful data for
owners and engineers responsible for the safety control and health monitoring, and thus to support
informed management in face of regular maintenance needs or eventual emergency situations(Oliveira &
Alegre, 2020). 

The numerical simulations are carried out in this work using DamDySSA4.0, the latest version of a 3D FE
program developed for dynamic analysis of concrete dams and optimized for studying arch dams (Fig.
5). The dynamic behavior of dam-reservoir-foundation systems is simulated with a coupled model, using
a FE‐based formulation in displacements (dam and foundation) and pressures (reservoir). Boundary
conditions are prescribed at the main interfaces in order to consider the dam-reservoir dynamic
interaction, the propagation of pressure waves, the effect of radiation damping in the reservoir, and the
reservoir free surface condition(Zienkiewicz, Taylor, & Zhu, 2013). Furthermore, generalized damping is
considered, with the natural viscous damping in the solid domain and energy dissipation due to radiation
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in the �uid domain. The substructure method is used to calculate the foundation block as an elastic and
massless substructure, considering equivalent stiffness and damping components incorporated in the
dam-rock interface, while the seismic input is uniform and applied directly at the dam base.

In thepresent version of the program DamDySSA there are three modules: (i) for complex modal analysis,
using a coupled state-space approach that enables the consideration of generalized damping, and the
computation of natural frequencies, non-stationary modes, and damping ratios of the whole dam-
reservoir-foundation system; (ii) for linear seismic analysis, using a coupled time-stepping procedure for
numerical integration based on the Newmark method, assuming linear elastic behavior for concrete and
joints; and (iii) for non-linear seismic analysis, by combining the time-stepping procedure with a stress
transfer method, to account for the redistribution of unbalanced stresses, and considering the concrete
behavior up to failure, based on an isotropic damage model(Oliveira & Faria, 2006) with softening and
two independent scalar damage variables (d+ for tension and d- for compression), and the
opening/closing/sliding joint’s movements, using a simple constitutive model based on the Mohr-
Coulomb failure criterion and appropriate relative displacement-stress laws. The main outputs of
DamDySSA4.0 include 3D graphic representations of mode shapes, deformed shapes with joint
movements, stress �elds at both upstream and downstream faces, acceleration time histories, and tensile
and compressive damage distributions.

The next two sections are dedicated to the application studies on the dynamic behavior of Cabril dam
and Cahora Bassa dam. First, detailed descriptions of the dams and their SSHM systems are given. Then,
the main results obtained from the continuous dynamic monitoring are provided, including analysis of
natural frequencies and mode shapes and of recorded accelerations during seismic events, and
numerical results from non-linear simulations are presented for seismic safety assessment.

5 Cabril Dam

5.1 Dam characteristics and installed SSHM system
Cabril dam, the highest dam in Portugal (Fig. 6), has been in operation since 1954. Located on the Zêzere
river, it is a 132 m high double curvature arch dam, with a 290 m long crest, at the elevation 297 m. The
central section maximum thickness is of about 20 m at the dam base, and the minimumthickness is
4.5 m, about 10 m below the crest (see central section in Fig.6). Regarding the foundation, Cabril dam
was constructed on a good quality granite rock mass. The reservoir water level usually ranges from a
minimum at el. 265 m to the maximum storage level at el. 295 m. Concerning the appurtenant works
there is a reinforced concrete intake tower upstream of the dam, which is connected to the crest of central
cantilever through a concrete walkway, with a joint in the dam-tower contact.

In what concerns the dam’s structural health, it is worth mentioning that horizontal cracking was observed
at upper part of the downstream face, around el. 280 m to 290 m, during the �rst �lling of the reservoir.
Also, a concrete swelling process was detected in the late 1990s.
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The continuous dynamic monitoring system of the Cabril dam was conceived and implemented as part
of a research project(Oliveira, 2002), �nanced by the FCT and supported by EDP, carried out in
collaboration with the Department of Concrete Dams and the Scienti�c Instrumentation Center of
LNEC.The development of this system(Mendes, 2010) involved the design of the monitoring scheme, the
assembling and installation of all equipment (optical �ber networks, data concentrators, accelerometers,
etc.), and �nally the development of software for automatic data processing, management, and analysis.
The goal of this SSHM system was to continuously monitor the dam’s dynamic behavior over time in
normal operating conditions and to measure the dam response during seismic events.

Therefore, the monitoring scheme (Fig. 7) was outlined to record accelerations at the upper part of the
dam structure and near the dam-rock interface, using 16 uniaxial (EpiSensor ES-U2) and 3 triaxial
(EpiSensor ES‐T) force balance accelerometers from Kinemetrics, Inc. (https://kinemetrics.com/). The
uniaxial sensors measure accelerations in the radial direction: 9 are located in the upper gallery, at
el. 294 m, below the crest, and 7 are positioned in the second gallery, at el. 274 m, below the cracked
zone. As for the triaxial sensors, one is installed in the upper gallery, in the central section, while the other
two are located inside the dam base gallery, in both banks, around el. 274 m. Aiming to achieve a high
dynamic range(Mendes, 2010), to enable the accurate measurement of low amplitude vibrations, due to
ambient/operational sources or lower intensity earthquakes, and high amplitude vibrations, cause by
strong earthquakes, full-scale recording ranges of ± 0.25g and of ± 1g were prescribed for uniaxial and
triaxial sensors, respectively. In what concerns data acquisition and transmission, all 25 channels are
connected to a modular system, composed by an optical �ber network and four data acquisition units
that gather all recorded data, which is then sent to the central computer server installed in the o�ce at the
dam’s power plant. Basically, 25 acceleration time histories are recorded, in 24 bit and at a sampling rate
of 1000 Hz, collected, and stored in the central server, every hour. The system was not active during some
periods over the �rst decade of monitoring, due to either malfunctions or damages in sensors and/or data
acquisition units. However, the several visits for maintenance and repairs, the system has been fully
operational since June 2008.

In order to ensure a proper operation of the system and to provide useful information on Cabril dam’s
behavior, the SSHM system was complemented with the installation of speci�c software, namely for
collecting and processing measured data, automatic data management and analysis, including the
module for detection of vibrations induced by seismic events (DamSeismicVibID), and for automatic
modal identi�cation of dams (DamModalID).5

5.2 Numerical Model of Cabril dam
The linear and non-linear dynamic behavior of Cabril dam is simulated using the program DamDySSA
and the 3DFE model of the dam-reservoir-foundation system presented in Fig. 8. The dam concrete and
the foundation rock are isotropic materials, considering Young’s modulus E = 25 GPa and Poisson’s ratio
v = 0.2, assuming a factor of 1.3 applied to E for dynamic calculations. The water in the reservoir is a

about:blank
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compressible �uid with a pressure wave propagation velocity of cw = 1440 m/s (mean temperature of
around 15º C). The existing cracking band is simulated as a single horizontal crack, incorporated by
introducing duplicate notes and joint elements at el. 285 m. However, the current model does not include
the intake tower.

For linear dynamic analysis, the concrete has linear behavior (no damage) and a version of the model
without any joints is used. As for non-linear seismic analysis, the non-linear behavior of concrete up to
failure is simulated using a strain-softening constitutive damage model, considering tensile strength
ft = 3 MPa and compressive strength ft = - 30 MPa; moreover, all vertical contraction joints and the
surface along the dam-foundation interface are incorporated into the model, considering appropriate
normal and shear stiffness values and stress-displacement laws to simulate opening/closing and sliding
movements.

5.3 Modal Analysis. Evolution of natural frequencies over
time
This section presents results on the dynamic behavior of Cabril dam in normal operating conditions,
under ambient/operational vibrations, for the monitoring period between December 2008 and December
2020. The natural frequencies and modal con�gurations identi�ed using DamModalID are presented and
compared with numerical results obtained with DamDySSA. The aim is, on the one hand, to evaluate the
in�uence of reservoir level variations on the dynamic behavior of the dam-reservoir-foundation system,
and, on the other hand, to show how this study can be of value for vibration-based damage detection.

Fig. 9 shows the evolution of the identi�ed natural frequencies for the �rst �ve vibration modes of Cabril
dam, for the whole monitoring period (2008-2020), with a reservoir level variation from el 261.5 m, 31.5 m
below the crest, to el. 295 m, 2 m below the top, representing a maximum 33.5 m variation. Based on
these results it is possible to see that the dynamic properties of the dam-reservoir-foundation system and
thus the dynamic behavior the dam are clearly affected by the water level in the reservoir, given that the
frequency values follow the water level variations over time: the higher the water level, the higher the
global mass of the system, the lower the frequency values. This effect is more noticeable for the modes
with higher natural frequencies. As for thermal variations, the air temperature amplitude of only around ±
8º over the year, and thus its in�uence in the dynamic response of the dam is not considered here.

Furthermore, the modal identi�cation results show the frequencies associated with the operation of the
energy production groups, with rotation frequency of 3.57 Hz, as well as the detection of modes that are
most likely associated with the vibrations of the intake tower – for lower water levels, the tower leans
against the dam, inducing a certain dam-tower dynamic interaction(Mendes & Oliveira, 2009) while for
higher water levels the joint opens and tower and dam are separated.
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The frequencies and modal con�gurations, estimated from the accelerations measured on June 16, 2018
(17h-18h), and on May 4, 2019 (4h-5h), are also presented. The �rst and �fth modes are antisymmetric,
while the second and third modes are symmetric. Also, it is worth noting that the con�guration of the
fourth mode is clearly in�uenced by the horizontal cracking in the dam, resulting in the oscillation of the
upper part of the dam.

Fig. 10 presents the comparison between the identi�ed (circles) and computed (lines) natural frequencies
over time, as well as the numerical frequency values and mode shapes calculated for reservoir levels at
el. 285 m and 293.5 m. Overall, this comparative analysis shows that there is a good agreement between
experimental and numerical natural frequencies for the �rst �ve vibration modes, especially for higher
water levels (given that the dam-tower interaction is not as signi�cant). Regarding modal con�gurations,
the shapes of modes 1 (antisymmetric), 2 (symmetric), and 3 (symmetric) are well reproduced by the
model, while for modes 4 and 5 the mode shapes are swapped.

The results achieved in this application study allowed to show the usefulness of the SSHM installed in
Cabril dam and the potential of the 3DFE program DamDySSA for simulating the dynamic response of the
dam-reservoir-foundation system. Nevertheless, additional studies are proposed in the future to better
understand the phenomena associated with the intake tower and with the horizontal cracking.

In order to show how the combined use of information extracted from continuous vibrations monitoring
and of numerical results can be applied for vibration-based damage detection and hence to evaluate
structural integrity of dams, an additional comparison is provided next (Fig. 11). The identi�ed natural
frequency values of the �rst mode (in red) are compared with the computed frequencies (in blue), using
a) a linear reference model, without concrete damage, and b) a test model that simulates the scenario of
evolutive damage during the period under analysis (2008-2020), considering a gradual damage variation
between 0 and 5% over the whole dam body. Based on these results, it can be noted that the identi�ed
frequency values based on recent data are similar to the values in the early monitoring period.
Furthermore, the differences between the identi�ed frequencies and the values computed with the
reference model without damage are the same (for similar water levels) over the whole monitoring period.
Additionally, the frequency curves computed for a scenario of evolutive damage start to diverge from the
identi�ed frequencies. Therefore, it is possible to conclude that Cabril dam’s structural integrity and thus
its dynamic behavior has not been affected by the existing deterioration phenomena.

5.4 Measured seismic response
In this section theanalysis of the dynamic response of Cabril dam during a seismic event is presented.
The seismic acceleration time histories recorded with the SSHM systemare compared with the numerical
accelerations computed with DamDySSA4.0, in order to investigate how to simulate the measured dam
response, namely, in order to investigate theaccelerations ampli�cation from the dam-rock surface to the
crest center point, and the required damping ratios to be used in the numerical model.
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The seismic response of Cabril is analyzed for an earthquake of magnitude 4.6 that occurred on
September 4, 2018, with epicenter in the Peniche abyssal region (off the coast of Portugal), at 205 km
from the dam. The seismic waves hit the dam from the west-northwest, approximately in the cross-valley
direction. On that day, the water level was at 281.2 m, 15.8 m below the crest. This earthquake originated
low amplitude vibrations in Cabril dam, from 1 mg to 4 mg. As expected, the greater accelerations were
recorded at the central upper part of the structure. The peak ground acceleration at the dam-rock interface
(1.31 mg) was recorded with the triaxial sensor at the right bank, while the maximum acceleration in the
dam body (3.62 mg) was measured at the top of central section, both in the upstream downstream
direction – the ampli�cation factor for accelerations (from the RB foundation to the crest center) was of
around 2.8.

The FE seismic simulations were conducted using the previously shown numerical model, considering
linear behavior, the reservoir level at el. 281 m, and using the accelerations recorded at the right bank as
the uniform seismic input. Fig. 12 shows the comparison between measured and computed accelerations
at the upper gallery, in the central section of the dam, in the cross-valley, upstream-downstream, and
vertical directions: these results show that there is a good �t with the computed accelerations in the
upstream-downstream direction, while in the cross-valley and vertical directions the response is clearly
overestimated. To achieve this results it was necessary to use a damping ratio of about 10% around the
frequency band 2-3 Hz (�rst vibration modes), which is an unusually high value for an arch dam(Chopra
& Wang, 2012; Proulx & Darbre, 2008; Robbe et al., 2017).

The provided results showed not only the reliability of Cabril dam’s SSHM system to measure vibrations
during seismic events, even those of lower amplitude induced by earthquakes with epicenters at a great
distance from the dam site, but also the interest of seismic records measured on site to help in the
validation and calibration of numerical models used for dam seismic behavior simulation. However, this
comparative study also raised important questions on the numerical modelling of the linear seismic
response of Cabril dam, namely in what concerns the need to use such a high damping value in order to
reproduce the measured response. In the case of this dam, this di�culty may in fact be related to the use
of an inadequate seismic input. In fact, it was used as input a seismic accelerogram measured in dam
body near the RB upper dam-foundation interface. At the Cabril dam, an accelerometer has not yet been
installed on the foundation, in the central section of the dam's base. In this context, in order to improve
the characterization of the seismic action and allow a better understanding of the seismic behavior of the
dam, it is planned to install a new triaxial accelerometer in the Cabril dam, on the foundation near the
base of the dam, at the bottom of the valley.

5.5 Non-linear seismic response. Safety assessment based
on Endurance Time Analysis
This section presents the most important results from a study on the non-linear seismic behavior of
Cabril dam under intensifying seismic accelerations (Fig.13). , in order to evaluate the dam’s performance
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based on an Endurance Time Analysis(Estekanchi et al., 2004).Therefore, the tensile and compressive
damage distributions are analyzed at increasing levels of excitation to assess seismic safety (Fig.14).

The numerical simulations were carried out using DamDySSA and the non-linear version of the model
presented above, considering damage in concrete and joint movements. The seismic response was
calculated for the dynamic load combination involving the dam’s self-weight (SW), the hydrostatic
pressure for full reservoir (HP297), and an intensifying seismic load (SeismicL) applied in the upstream-
downstream direction. For seismic input, an ETA acceleration time history provided in (Salamon et al.,
2021), with increasing peak accelerations (ap) from 0 to 1.5g (at 15 s), was used (Fig. 13).

In what concerns the safety assessment, an empirical evaluation of the dam’s seismic performance was
considered. In this study, the seismic safety was veri�ed at the end of each second of the numerical
simulation, based on the damage distributions at both upstream and downstream faces, and along the
thickness, until an endurance limit was reached. The criterion adopted here respects to the damage
extension, particularly along the thickness of the dam’s cantilevers: the occurrence of considerable areas
of the dam in which tensile damage propagates across the whole thickness is considered inacceptable.

For the case of Cabril dam, the referred endurance limit was of 6 s (ap = 0.6 g), since that at this
excitation level signi�cant tensile damage stars to cover an extensive area of the downstream face(Fig.
14), which start to propagate along the thickness of some of the shorter, lateral cantilevers. there is an
increase of tensile damage at the upstream face and that concrete failure starts to propagate from
upstream to downstream in some areas of the upper part of the dam, even in the central cantilevers.
However, it is worth emphasizing that compressive damages only appear after 10 s(ap = 1 g)., when the
�rst concrete failure under compression occurs at the top of the central cantilevers, and increase
progressively as shown in Fig.14, until 14 s (ap = 1.4 g).

In synthesis, the results of the non-linear seismic response of Cabril dam obtained with the Endurance
Time Analysis allowed to conclude that Cabril dam presents a very good performance for high excitation
levels, corresponding to peak ground accelerations that could perfectly be prescribed for seismic safety
veri�cation studies.The Cabril dam is capable of withstanding seismic accelerations 2.5 times greater
than those de�ned for the Maximum Design Earthquake (MDE: ap = 0.2g) without severe tension damage
and 7 times greater than that de�ned for the MDE without severe compressive damage (no collapse).

6 Cahora Bassa Dam

6.1 Dam characteristics and installed SSHM system

The Cahora Bassa dam, located on the Zambezi River in western Mozambique, near the village of Songo
(Fig. 15), came into operation in late 1974. It is a 170 m high thindouble curvature arch dam with a crest
303 m in length, at an elevation of 331 m. The thickness of the central section varies from 23 at the base
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to 4 m at the crest, which has the particularity of being half hollow. The dam was built on a rock mass of
very good quality gneiss granite. It has a surface spillway in the middle of the crest and eight half-height
spillways, with a combined capacity of 14 000 m3. On the upstream face there are several concrete ribs
that extend from the crest to the top of the half-height spillways, which are used to raise and lower their
gates. The hydroelectric plant, located on the south bank of the river, is the largest hydroelectric project in
southern Africa.

A process of concrete swelling was detected in the 1980s. Upward and upstream evolutive displacements
have been measured and a typical hexagonal crack pattern due to swelling is visible on the crest surface
(Fig.15).

Cahora Bassa dam’s SSHM system was installed in 2010 to allow the continuous evaluation of the dam’s
behavior for normal operating conditions, under ambient/operational vibrationsand for seismic events.
So, the system is prepared to provide useful experimentalinformation for structural health monitoring and
for seismic control. Acceleration records are collected in various locations, namely,in dam body near the
crestand near the base of the central section, and in the foundation,near the dam-foundation interface, in
both banks, (Fig. 16). Thus, the monitoring system comprises 10 uniaxial accelerometers (EpiSensor ES-
U2) and 3 triaxial accelerometers (EpiSensor ES-T) from Kinemetrics. The uniaxial sensors, which
measured accelerations in the radial direction, are installed in the upper gallery (at el. 326 m). As for the
triaxial sensors, two are located in the right and left banks, in the rock, and the third one is position at the
downstream base of the dam, in the central section. To achieve a system with a high dynamic range,
extremely low noise sensors with a full-scale recording range of ± 1g were used. All sensors are
connected through a local optical �ber network to a single 24-channel data acquisition Granite unit from
Kinemetrics (24 bit). To summarize, 19 acceleration time histories are continuously recorded, every hour,
at a sampling rate of 50 Hz, and then transmitted to the computer server in the dam’s control center.

6.2 Numerical Model of Cahora-Bassa dam
The numerical simulations for Cahora Bassa dam are performed using the program DamDySSA and the
model of the dam-reservoir-foundation system shown in Fig. 17. The dam concrete and the foundation
rock are isotropic materials, with the same Young’s modulus E = 40 GPa and Poisson’s ratio v = 0.2, and
considering a 25% increase of E for dynamic analysis. The reservoir water is a compressible �uid,
assuming an average pressure wave propagation velocity cw = 1500 m/s since the water temperature in

the reservoir showed seasonal oscillations between 20-30oC. The current model of Cahora Bassa dam
does account for the concrete ribs at the upstream face, and it does not incorporate the surface and half-
height spillways. The version of the model used for non-linear seismic calculations considers the non-
linear behavior of concrete up to failure, using a strain-softening constitutive damage law with tensile
strength ft = 3 MPa and compressive strength f c= - 30 MPa, and it incorporates all vertical contraction
joints and the surface along the dam-foundation interface, assuming appropriate normal and shear
stiffness values and stress-displacement laws to account for opening/closing and sliding movements.
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6.3 Modal Analysis. Evolution of natural frequencies over
time
This section is focused on analyzing the dynamic behavior of Cahora Bassa dam in normal operating
conditions, between August 2010 and June 2020. Modal parameters are extracted from monitoring data
using DamModalID, and the dynamic calculations are performed using DamDySSA. As in the case of
Cabril dam, the goal is to investigate the in�uence of water level variations on the dynamic behavior of
the dam-reservoir-foundation system and show how the combined use of experimental and numerical
frequencies can be used for damage detection.

Fig. 18 presents the comparison between the automatically identi�ed natural frequencies over time
(circles), during the whole monitoring period with a reservoir level variation from el. 312 m to el. 326 m,
and the numerical frequency curves, obtained in various numerical simulations with different reservoir
levels, for the �rst �ve vibration modes. The calculated frequencies and 3D modal con�gurations for the
reservoir level at el. 326 m are also shown: modes 1 is antisymmetric, while all others are symmetric.

As expected, once again the provided results show that the water level variations have a signi�cant
in�uence on the dynamic response of the dam, as indicated by the correlation between the water level
and the frequency values. For example, the natural frequencies vary from 1.95 to 1.78 Hz, for the �rst
mode, and from 2.4 to 2.16 Hz, for the second mode. In comparison with Cabril dam, it should be
mentioned that for Cahora Bassa dam the variations in the frequency values for modes with similar
frequencies are lower given that the water level variations are not as signi�cant. Moreover, in Cahora
Bassa dam, the temperature semi-amplitude is around ± 4oC throughout the year, and thus the in�uence
of thermal variations was not considered here. Furthermore, the �gure displays the identi�ed frequencies
associated with the power groups, with frequencies at 1.79 and at 3.57 Hz.

The provided results also show that it was possible to reach a good agreement between experimental and
numerical frequency values for Cahora Bassa dam, namely for the �rst three and the �fth modes. This
comparison improves as the water level increases, but even for lower reservoir levels the observed
differences are not greater than 0.1 Hz. The only exception here is the fourth mode, for which the
agreement is not so good. Therefore, further analyses are proposed in order to better comprehend the
evolution of the fourth mode’s frequencies, if possible, using a more advanced FE model of the dam that
incorporates the upstream face concrete ribs, the half-height spillways, and the half-hollow crest.

In the scope of structural health monitoring of Cahora Bassa dam, Fig. 19 presents the comparison
between the identi�ed natural frequencies for the �rst mode (in red) and the computed frequency curves
(in blue), considering a linear reference model without damage (Fig.19a), and a test model that simulates
a progressive damage evolution from 0 to 5%, over the whole dam body (Fig.19b). By analyzing the
results for a decade of vibrations monitoring, it is possible to see that recent experimental frequencies are
similar to those obtained in the �rst monitoring years, for the same water levels. In addition, considering a
model without evolutive damage, the experimental/numerical relation for the natural frequencies is stable
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during the last decade, unlike what is obtained when an increasing damage model was assumed. So,it
can be concluded that the concrete swelling process is not signi�cantly affecting the dam’s structural
integrity, since its dynamic behavior has not changed in a noticeable way over the past ten years.

6.4 Measured seismic response
This section analyzes the seismic response of the Cahora Bassa dam, measured during an earthquake
that occurred on June 21, 2017 (Fig. 20). It was estimated that the distance to the epicenter would be
approximately 32 km. Seismic waves reached the west-northwest dam site, between the upstream-
downstream and cross-valley directions. The reservoir level was at el. 319.7 m (11.3 m below the crest)
that day. This was a low-intensity, near-seismic event that caused low amplitude vibrations in the dam
(with a maximum of about 40 mg).The maximum ground accelerations recorded at the downstream base
were 22 mg in thecross-valley direction, 9 mg in the upstream-downstream direction, and 6 mg in the
vertical direction. The peak acceleration recorded at the upper gallerywas of 38 mg, resulting in a base to
top acceleration ampli�cation factor of about 4.2, in the upstream-downstream direction.

The seismic calculations were performed using the numerical model of the dam shown above (Fig.17),
assuming a linear elastic behavior, the water level in el. 319 m, and using the acceleration records
measured at the base of the central section (bottom of the valley) as the seismic input. In Fig. 20 the
good agreement between the radial acceleration measured in the upper gallery and the calculated
accelerations is shown. Unlike the study on the Cabril dam where a high damping ratio of 10% was used
(the seismic accelerations measured on the right bank were used as input), in the case of the Cahora
Bassa dam this good measured/calculated agreement was reached considering a reasonable damping
ratio of 1% (for the lower natural frequencies).

The analysis presented here shows the capacity of the SSHM system installed at the Cahora Bassa dam
to measure vibrations induced by seismic events and the interest of measured in-situ accelerations to
validate and calibrate the numerical models, which are later used in seismic safety veri�cation studies.

6.5 Non-linear seismic response. Safety assessment based
on Endurance Time Analysis
In this section, the non-linear seismic response of the Cahora Bassa dam under increasing amplitude
seismic accelerations is presented, with the aim of evaluating the performance of the dam based
theEndurance Time Analysis method(Estekanchi et al., 2004). The seismic safety assessment is based
on the assessment of tensile and compressive damage distributions. With regard the evaluation of the
dam's safety, the same criteria considered before for the Cabril dam are used here to de�ne the endurance
limit.
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The non-linear calculations were performed using DamDySSA4.0 and a non-linear model of Cahora Bassa
dam, considering concrete damage and joint movements. The seismic response was computed for the
load combination (Fig. 21) with the dam’s self-weight (SW), the hydrostatic pressure for full reservoir
(HP331), and an increasing amplitude seismic accelerogram (SeismicL) applied in the upstream-
downstream direction.

For the case of the Cahora Bassa dam, the endurance performance is 5 s (ap = 0.5 g), as for this
excitation level the tensile damage is mostly super�cial, although it starts to occur in a signi�cant area of
the surface at downstream (Fig. 22). However, at higher excitation levels, tensile damage extends over
signi�cant areas of the upstream and downstream faces and starts to propagate through the thickness
of most cantilevers, which would not be acceptable. Also, at t = 5 s, there is no noteworthy compressive
damage. However, high compressive damage starts to occur after 7 s, and progressively increases up to
10 s (ap = 1 g), when the compressive rupture of the concrete crosses the entire thickness in the upper
zone of the central cantilevers. In short, the results achieved in the Endurance Time Analysis of the
Cahora Bassa Dam allow us to conclude that this dam has a very good seismic performance, even for
excitation levels up to 5 times higher than the prescribed Maximum Design Earthquake (MDE), which
corresponds to a peak ground acceleration of 0.1g(Li-EDF-KP, 2001).

7 Conclusions
This work has shown that the use of SSHM systems in the safety control of large concrete dams allows
to obtain results of great interest for monitoring deterioration processes, for the characterization of the
seismic response of dams, and for studying the dynamic behavior of dam-reservoir-foundation systems.

The e�ciency and effectiveness of these SSHM systems obviously depends on the in-situ installation of
adequate equipment for measuring, transmitting and storing the data collected continuously (with
sampling frequencies of 50 Hz or higher) and, above all, on the use of appropriate software, namely: (i) to
manage, store, and analyze collected data, considering the need to automatically distinguish vibrations
due to ambient/operational excitations from those induced by seismic actions; (ii) for automatic modal
analysis, with a view to identify, at each hour, the natural frequencies and corresponding modal
con�gurations (and, if possible, modal damping), in order to correlatethe identi�ed values with the
changes in the reservoir water level and, eventually, with the annual temperature variations; and (iii) for
automatic comparison between experimental results, obtained from automatic modal identi�cation and
automatic detection of seismic vibrations, and numerical results, predicted based on �nite element
models speci�cally developed to simulate the dynamic dam-foundation-reservoir interaction.

Complete studies on the dynamic behavior of Cabril and Cahora Bassa dams, two large arch dams under
continuous dynamic monitoring since 2008 and 2010, respectively, were presented. The SSHM data
analysis was performed using software developed for automatic modal identi�cation (DamModalID1.0)
and for automatic detection of seismic vibrations (DamSeismicVibID1.0). The numerical calculations
were carried out using a 3DFE program (DamDySSA4.0) developed for dynamic analysis of concrete
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dams, based on a coupled formulation in displacements and pressures, which includes three modules for
(1) complex modal analysis of the global system, using a coupled state-space approach, (2) for linear
seismic analysis, using a coupled time-stepping procedure, and(3) for non-linear seismic analysis,
considering joint movements and concrete failure using an isotropic damage model of two independent
damage variables (tensile, d+, and compressive, d-, damage).

The most signi�cant and updated results from continuous vibrations monitoring of Cabril dam and
Cahora Bassadam over the last decade were presented here and compared with results from FE analyses.
Based on the evolution of the natural frequencies over time, it was possible to note that the dynamic
behavior of both dams is clearly affected by the reservoir water level. Also, the presented comparative
studies allowed to demonstrate how the combination of results extracted from SSHM data and results
from FE calculations can be of great use for safety control, particularly for structural health monitoring,
by applying vibration-based damage detection methodologies. In both cases, the good agreement
achieved between the identi�ed frequenciesand the frequencies computed using reference models
(without damage) enabled to conclude that the existing deterioration phenomena have not signi�cantly
affected Cabril and Cahora Bassa dam’s dynamic performance in normal operating conditions over the
last decade. Regarding the seismic response during earthquake events, the comparison between
measured and computed accelerations was important to further investigate the dams’ behavior when
subjected to lower intensity earthquakes, as well as to calibrate the damping parameters required as input
in the FE models.

Furthermore, the main results of a non-linear seismic analysis of Cabril and Cahora Bassa dams were
presented, based on the Endurance Time method, for a load combination involving the dam's self-weight,
the hydrostatic pressure for full reservoir and an intensifying seismic load. The non-linear seismic
simulations were carried out considering the non-linear concrete behavior and opening/closing and
sliding joint movements. Overall, the numerical results showed that important tensions occurred in the
central upper part of the downstream face, as well as along the upstream base, resulting in signi�cant
tensile damagein these zones. Regarding the seismic structural safety, the evaluation of the seismic
performance of these two large arch dams allowed to conclude that Cabril dam (medium seismicity zone,
MDE: 0.2g) and Cahora Bassa dam (low seismicity zone: MDE: 0.1g) present a very good resistant
capacity to withstand peak ground seismic accelerations of about 0 .6g and 0.5g, respectively, without
tensile damage occurring across the entire thickness of the cantilevers. Moreover, both dams also support
seismic accelerations of about 1.4g and 1.0g, respectively, without presenting severe compressive
damage across their entire thickness.

Finally, with this paper it was possible (i) to emphasize the advantages of using SSHM systems,
complemented with suitable software for monitoring data analysis (DamModalID1.0 and
DamSeismicVibID1.0), and of advanced programs for FE analysis to study the dynamic behavior of arch
dams over time and thus provide useful information for supporting safety control and structural health
monitoring; and (ii) to demonstrate the potential of DamDySSA4.0 for predicting the non-linear seismic
behavior of concrete dams and to support seismic safety veri�cations.
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Figure 1

Large arch dams located in seismic regions (USA, Portugal, Mozambique and China).
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Figure 2

Main components of an SSHM system for large dams. Graphical representations adopted for
comparison between experimental and numerical results
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Figure 3

Software for monitoring data analysis and software for FE analysis
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Figure 4

DamModalID: a) Frequency domain decomposition method and singular value decomposition: main
mathematical formulas; and b) Automatic selection of spectral peaks from the �rst singular value
spectrum, and de�nition of �rst mode shape from the corresponding singular vector.
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Figure 5

DamDySSA: a) Coupled formulation in displacements and pressures; b) State-space approach for
complex modal analysis; c) Time-stepping procedure for linear seismic analysis; d) Formulation for non-
linear seismic analysis.
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Figure 6

Cabril dam. Aerial view and technical drawings.

Figure 7

Seismic and Structural Health Monitoring system installed inCabril dam in 2008.
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Figure 8

Cabril dam: 3DFE model of the dam-reservoir-foundation system. Material properties, joint elements, and
constitutive damage law for concrete.
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Figure 9

Results from continuous dynamic monitoring of Cabril dam: evolution of identi�ed natural frequencies
over time (2008 to 2020). Singular value spectra and estimated frequencies and mode shapes for speci�c
times/dates.
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Figure 10

Comparison between identi�ed natural frequencies over time and computed frequencies for Cabril dam.
Finite element modal analysis: frequencies and mode shapes for two reservoir water levels.
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Figure 11

Vibration-based analysis for damage detection. Evolution of the identi�ed natural frequency of the �rst
mode over time (2008-2020 and comparison with results from numerical simulations using a linear
refence model and a test model with evolutive damage (0 to 5 %).

Figure 12

Seismic response of Cabril dam: seismic event (4.6M) on September 4, 2018. Comparison between
measured and computed accelerations - upper gallery, central section. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 13

3DFE model of the dam-reservoir-foundation system used for non-linear seismic analysis of Cabrildam.
Joints’ properties, concrete constitutive law, load combination, and intensifying seismic input used for
Endurance Time Analysis (ETA).

Figure 14
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Non-linear seismic behavior of Cabril dam. Performance for increasingETA excitation levels: evolution of
tensile (a) and compressive damage distributions (b).

Figure 15

Cahora Bassa dam.Downstream view, crest cracking view, and technical drawings.

Figure 16

Seismic and Structural Health Monitoring system installed in Cahora Bassa dam in 2010
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Figure 17

Cahora Bassa dam: 3DFE model of the dam-reservoir-foundation system. Material properties, joint
elements, and constitutive damage law for concrete.



Page 39/42

Figure 18

Results from continuous dynamic monitoring of Cahora Bassa dam: evolution of identi�ed natural
frequencies over time (2010 to 2020) and comparison with calculated natural frequencies. Numerical
mode shapes.
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Figure 19

Vibration-based analysis for damage detection. Evolution of the identi�ed natural frequency of the �rst
mode over time (2010-2020) and comparison with results from numerical simulations using a linear
refence model and a test model with evolutive damage (0 to 5 %).

Figure 20

Seismic response of Cahora Bassa dam: seismic event on June 21, 2017. Comparison between
measured and computed accelerations - upper gallery, central section. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 21

3DFE model of the dam-reservoir-foundation system used for non-linear seismic analysis of Cahora
Bassadam. Joints’ properties, concrete constitutive law, load combination, and intensifying seismic input
used for Endurance Time Analysis.



Page 42/42

Figure 22

Non-linear seismic behavior of Cahora Bassa dam. Performance for increasing ETA excitation levels:
evolution of tensile (a) and compressive damage distributions (b).


