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Resumo

Neste relatério apresenta-se, de forma sucinta, a descricao da atividade de investigacao realizada no
ambito do projeto RESTATE até fevereiro de 2018. E feita a apreciagio da atividade desenvolvida,
nomeadamente quanto ao grau de cumprimento do plano de trabalhos, bem como dos objetivos
especificos e dos indicadores de desempenho propostos na ficha de projeto. Sdo ainda referidas as
aplicacfes dos resultados da investigacdo em trabalhos contratados ao LNEC e as candidaturas a

financiamento externo desenvolvidas no ambito do projeto.

Palavras-chave: RESTATE / Barragens de betéo / Controlo de qualidade das medi¢des / Analise e

interpretacdo do comportamento estrutural / Controlo de seguranga estrutural

REAL-TIME DECISION SUPPORT SYSTEM FOR SAFETY ASSESSMENT OF
LARGE CONCRETE DAMS. THE ACTION CYCLE: DATA-INFORMATION-
KNOWLEDGE-DECISION MAKING

Progress report of the P2I/LNEC project by February 2018

Abstract

This report presents a brief description of the research activities performed for the RESTATE project
up to February 2018. An appreciation of the developed activity is presented, namely about the degree
of agreement with the work plan timeline, and as well, with the task goals and performance indicators,
that are proposed in the project sheet. In the last part, the report presents the practical applications of

the project results in works contracted to LNEC and in the applications to project grants.

Keywords: RESTATE / Concrete dams / Quality control of measurements / Analysis and

interpretation of the structural behaviour / Structural safety control
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1] Introducéo

O projeto de investigacdo RESTATE teve inicio em fevereiro de 2017 e tem uma duragdo total

prevista de 46 meses.

O projeto estd integrado no Plano de Inovacédo e Investigacdo (P2l) do LNEC (LNEC, 2014) e tem
enquadramento na matriz programatica da Estratégia de Investigacdo e Inovacdo 2013-2020 (E2I),
nomeadamente no eixo estruturante E4 (Risco e seguranca) e eixo transversal E5 (Instrumentos para
a inovagdo), e nas tematicas T3 (Tecnologias de informagdo) e T8 (Desenvolvimento de

competéncias e transferéncia de conhecimentos).

A equipa de investigagdo é formada pelos Bolseiros de Pés-Doutoramento Juan Mata (Investigador
Responsavel), do DBB/NO, Jodo Prudente dos Santos (Investigador Co-responsavel), do DE/NOE,
Ivo Dias, do DBB/NMMR, Luis Lages Martins, do CIC/NQM, e Ricardo Santos, do DG/NGOH, pelo
Investigador Principal Anténio Tavares de Castro, do DBB/NO, e pelos Investigadores Auxiliares José
Barateiro, do CD/NTIEC, e Sérgio Oliveira, do DBB/NMMR.

O projeto RESTATE pretende a criagdo de valor acrescentado nas areas da seguranga estrutural e
da gestdo do risco de grandes infraestruturas de engenharia civil através do desenvolvimento de
modelos matematicos que incorporem metodologias inovadoras de Machine Learning. O projeto tem
como objetivo o desenvolvimento de metodologias de suporte a decisdo em tempo util relativamente
ao controlo da seguranca estrutural de grandes infraestruturas. Destacam-se as seguintes atividades

do projeto:

e Controlo da qualidade dos dados da observacdo (manual e automéatica) tendo como base: i) a
consideragdo das incertezas das medicdes nas observacdes; e ii) a implementacédo de cartas de

controlo adequadas.

e Analise e interpretagdo do comportamento observado das estruturas sob acdes estaticas e
dinamicas através: i) da utilizacdo das observag8es obtidas em sistemas de monitorizagdo para
acOes estaticas e dinamicas; e ii) do desenvolvimento de séries de previsdo do comportamento

(para previséo a curto e longo prazo).

e Detecdo atempada (em tempo real) do possivel desenvolvimento de cenarios de dano atraveés: i)
da definicdo de limites de aviso e alerta; e ii) da potenciacdo da informacdo armazenada em
diversos estudos do LNEC sobre o comportamento estrutural em cenarios de evolucdo até a
rotura. O objetivo principal é incorporar, através de modelos de Machine Learning, a informacao
dos modelos utilizados na simulacdo de cenarios de rotura em sistemas de gestdo da

informacéao.

LNEC - Proc. 0403/112/20970 1
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2| Atividade desenvolvida

No Quadro 2.1 apresenta-se o plano de trabalhos proposto na ficha do projeto RESTATE.

Quadro 2.1 - Plano de trabalhos proposto

Atividade Designacao da Atividade Tarefa | 1% Sem. | 2° Sem. | 3 Sem. | ¥ Sem. | ¥ Sem. | & Sem. | 7°® Sem. | B Sem.
Contralo de qualidade das T
Atividade 1 medicaes
¥ T1.2
Analise, interpretacio e Tat
- previsao do comportamento
Avidade 2 observado sob acdes estaticas T2z
e dindmicas
T23
Atividade 3 Detagio atatigadh da Tad
potenciais cenarios de dano
Atividade 4 | Desenvolvimento de aplicacdo |, ,
|para o suporte a decisao

A atividade desenvolvida insere-se em quatro tarefas que integram o plano de trabalhos do projeto:

e T1.1- Controlo de qualidade das medi¢cdes — Nesta tarefa foram desenvolvidos trabalhos
no ambito do controlo de qualidade dos dados da observacdo (manual e automética) tendo
como base a detecdo de outliers e a consideracdo das incertezas de medicdo nas

observacgoes.

e T2.1- Aplicagdo informatica para a andlise de medicBes sob acgdes estéticas e
dindmicas e a sua comparagao com os resultados de modelos numéricos — Esta tarefa
encontra-se numa fase inicial de desenvolvimento, tendo sido utilizados modelos de Machine

Learning para a analise e interpretacao de grandezas observadas em barragens de aterro.

e T2.3- Aplicagéo informética para a andlise das medi¢cBes obtidas de sistemas de
monitorizacdo de a¢gdes dindmicas — Parte dos trabalhos desta tarefa foram antecipados e
tém sido levados a cabo em colaboragdo com o meio académico. A atividade neste campo
tem consistido na monitorizagdo em continuo e na analise do comportamento dindmico de
uma barragem de betdo, sob excitacdo ambiente/operacional e sob acdes sismicas,

recorrendo-se a programas que tém vindo a ser desenvolvidos no LNEC.

e T3.1- Definicdo de regras de decisdo para a identificacdo atempada de potenciais
cenarios de acidente e de incidente — Parte da atividade prevista nesta tarefa foi
antecipada de forma a satisfazer necessidades no &mbito do trabalho de contrato realizado
para a EDP, referente ao estudo: “Apoio do LNEC na recegéo e operagdo dos sistemas de
recolha automética de dados (RAD), dos sistemas GNSS e do sistema de observacéo
sismica (SOS)” nas barragens do aproveitamento hidroelétrico do Baixo Sabor, na parte

relativa ao sistema RAD. Neste dmbito, foi desenvolvida uma metodologia expedita para a

2 LNEC - Proc. 0403/112/20970
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definicho de limites de aviso e alerta que permitam a identificacdo de potenciais

comportamentos anémalos.

A atividade estd a ser desenvolvida, genericamente, de acordo com o inicialmente previsto, tendo
sido alcancados parte dos objetivos especificos das tarefas T1.1, T2.1, T2.3 e T3.1, que estdo

descritos na ficha de projeto (Anexo).

Existe atraso em parte das tarefas, principalmente na tarefa T1.2, uma vez que a afetacdo da méao de
obra ao projeto tem sido inferior ao previsto na proposta, situagdo que esta a ser acompanhada com
especial atencéo e serd compensada no futuro proximo através de niveis de afetacdo de mao de obra
superiores aos inicialmente previstos na ficha de projeto.

LNEC - Proc. 0403/112/20970 3
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3| Divulgacao de conhecimentos

3.1 Aspetos gerais

A divulgacdo de resultados foi realizada através de publicacdes, da participacdo em eventos
técnico-cientificos, de teses de mestrado e através de plataformas digitais. Refere-se, ainda, a

participacdo em jUris de teses.

3.2 Publicacdes

Apresenta-se a listagem de artigos publicados em revistas com arbitragem cientifica, comunicacdes e

posters apresentados em congressos:
a) Artigos publicados em revistas nacionais com arbitragem cientifica

1. Lages Martins, L.; Silva Ribeiro, A.; Mata, J.; Tavares de Castro, A. “Medi¢gdo do movimento

de abertura-fecho e deslizamento de juntas em barragens de betado”.
Ensaios. ISSN: 2182-5424. Namero 14. Junho de 2017.

Revista Medicdes e

b) Comunicacfes em congressos internacionais

1. Cunha, J.; Mata, J.; Gonzalo Losada Ortiz, G. “Structural safety control of the Feiticeiro dam
based on an automated data acquisition system”. 85th Annual Meeting of International

Commission on Large Dams. Praga, Republica Checa, 2017.

2. Mata, J. “RESTATE Project: Real-time decision support system for safety assessment of large
concrete dams. The action cycle: Data-Information-Knowledge-Decision Making”. International

Summer School on Deep Learning, Bilbao, 2017.
c) Posters em congressos internacionais

1. Cunha, J.; Mata, J.; Gonzalo Losada Ortiz, G. “Structural safety control of the Feiticeiro dam
based on an automated data acquisition system”. 85th Annual Meeting of International

Commission on Large Dams. Praga, Republica Checa, 2017.

Apresenta-se, ainda, a listagem dos resumos e das comunicacdes ja submetidas a congressos

internacionais que decorrerdo em 2018:

e Antunes, A., Barateiro, J., Cardoso, E. “Adding value to sensor data of civil engineering
structures: Automatic outlier detection”. SIAM SDM - International Conference on Data Mining,
COST Workshop, 2018. Submetido em 2017.

e Cunha, J.; Mata, J.; Ortiz, G. “Structural safety control of the Baixo Sabor dam based on an
automated data acquisition system”. ATCOLD Symposium Hydro Engineering at ICOLD 2018,

Austria, 2018. Resumo e artigo submetidos em janeiro de 2018.

4 LNEC - Proc. 0403/112/20970
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3.3

Santos, R.; Mata, J. “Assessment of water flow measurement in a zoned dam using artificial
neural networks”. ATCOLD Symposium Hydro Engineering at ICOLD 2018, Austria, 2018.
Resumo e artigo submetidos em janeiro de 2018.

Participacao em eventos técnicos-cientificos

Listam-se de seguida os eventos técnico-cientificos frequentados no ambito do RESTATE:

3.4

International Summer School on Deep Learning, em Bilbau, organizado pela University of
Deusto, de Bilbau, e pela Rovira i Virgili University, de Tarragona. O bolseiro Juan Mata
participou neste evento onde foram abordadas metodologias de Deep Learning (um topico da
area da Machine Learning que se baseia em redes neuronais artificiais) que tém como
objetivo a identificacdo e representacdo de padrbes, com base na observacdo de dados, e
que possibilitam o reconhecimento de caracteristicas (tipo assinatura) proprias do sistema
que se esta a analisar.

VERBUND Innovation Challenge 2017 no tema “Innovation challenge - Neural networks in
power plants”. O bolseiro Juan Mata participou neste evento promovido pela VERBUND
(empresa austriaca de producdo de energia hidroelétrica). Os objetivos principais do desafio
foram: i) a promocdo de metodologias inovadoras para a avaliacdo do desempenho das
obras; e ii) o desenvolvimento de modelos e a sua utilizagdo na previsdo do comportamento
observado de duas barragens da VERBUND (uma de betdo e outra de aterro), com 0s
menores erros possiveis, de modo a ser possivel reconhecer desvios de forma atempada. O
bolseiro foi um dos trés finalistas deste evento e foi integrado na lista de potenciais

prestadores de servigos para a Verbund.

Teses de mestrado

Apresenta-se a listagem das teses de mestrado desenvolvidas no ambito do projeto RESTATE:

1.

2.

3.

Matilde Freitas (2017) — "Monitorizagao de vibracdes em estruturas. Métodos de identificagdo
modal no dominio do tempo". Dissertacdo de Mestrado do ISEL, elaborada no LNEC sob a

orientacao do Investigador Sérgio Oliveira.

Filipe Cacgador (2017) — “Big Data Analytics Applied to Sensor Data of Engineering Structures:
Predictive Methods”. Dissertacao de mestrado em Engenharia Informatica — ISCTE-IUL, sob a

orientacao do Investigador José Barateiro.

Antonio Antunes (2017) — “Big Data Analytics Applied to Sensor Data of Engineering
Structures: Automatic Detection of Outliers”. Dissertacdo de mestrado em Engenharia

Informatica — ISCTE-IUL, sob a orientagdo do Investigador José Barateiro.
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3.5 Divulgacao em plataformas digitais

No ambito do projeto RESTATE, foi desenvolvida uma pagina web para a divulgacdo das principais
atividades desenvolvidas e conquistas alcancadas. A pagina pode ser consultada através do seguinte

endereco eletronico: https:/sites.google.com/view/restate-project/the-project

3.6 Participacdo em jaris

O bolseiro Juan Mata participou, como membro do juri, juntamente com os Eng®s José Pollimén e
Escuder Bueno, nas provas de doutoramento de Fernando Salazar (Diretor do CIMNE Madrid),
realizadas na Universitat Politéecnica de Catalunya, em Barcelona. A tese intitulada “A machine
learning based methodology for anomaly detection in dam behaviour”, desenvolvida sob a orientacédo
do Prof. Ofate Ibafiez de Navarra e do Prof. Miguel Angel Toledo Municio, apresentou uma
metodologia inovadora, com base em “Boosted regression trees”, para a identificacdo de padrdes do
comportamento observado e para a dete¢cdo de comportamentos andémalos (através de simulagéo

numeérica) em barragens de betéo.

6 LNEC - Proc. 0403/112/20970
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4|

4.1

Financiamento externo

Aspetos gerais

A atividade de investigagdo realizada pela equipa do projeto no ambito do projeto RESTATE é

atualmente financiada, na sua totalidade, por fundos proprios do LNEC. No sentindo de captar

financiamento externo para o projeto foram promovidas candidaturas a projetos financiados. O

conhecimento alcancado no projeto RESTATE foi também incorporado em trabalhos referentes a

estudos por contrato.

4.2 Candidaturas a projetos financiados

Apresenta-se a listagem das candidaturas promovidas a concursos financiados:

Candidatura do projeto “Sistema de suporte a decisdo em tempo util para a avaliagdo da
seguranca de grandes infraestruturas na Inddstria 4.0, com o acrénimo
RESTATEFORINDUSTRY4.0. Foi submetida em 2017 ao concurso referente a Projetos de
Desenvolvimento e Implementacdo de Infraestruturas de Investigagéo inseridas no RNIE do
Programa Operacional Regional de Lisboa. Este projeto pretende financiar parte da
mao de obra solicitada no projeto RESTATE, bem como despesas com a aquisicdo de
equipamentos e missfes. Foi solicitado um orgamento total para o LNEC de €239.887,99.

Neste momento os resultados desta candidatura ainda nao sao conhecidos.

Candidatura do projeto COVERAGE — “Combined Operational forecasting of Earthquakes,
Risk reduction, EArly warninG and rapid assEssment”. A proposta esta inserida no tépico
SC5-17-2018 denominado “Towards operational forecasting of earthquakes and early warning
capacity for more resilient societies” no d&mbito da “Call” a projetos H2020-SC5-2018-2019-
2020, intitulada “Greening the economy in line with the Sustainable Development Goals
(SDGs)". A candidatura solicitou um orgamento de 8M€, aborda as tematicas da previsdo de
sismos (antes das ocorréncias), do alerta em tempo real (durante as ocorréncias e antes
destas atingirem as comunidades) e da avaliacdo répida (imediatamente apo6s as
ocorréncias). O concurso é composto por duas fases, tendo sido submetida a proposta da
primeira fase em 27 de fevereiro de 2018. O interesse neste topico por parte do DE/NOE, do
DE/NESDE, do DBB/NO e do DBB/NMMR esta em linha com a investigacdo que se faz
nestes nicleos do LNEC, sendo que uma parcela das tarefas do COvVERAGE tem a mesma
linha de acdo que o projeto RESTATE. A equipa do LNEC no consércio do projeto
COVERAGE contou com a coordenac¢do do Eng. Jodo Santos do DE/NOE e a participacao do
Eng. Juan Mata do DBB/NO, dos Engs. Ivo Dias e Jorge Gomes do DBB/NMMR e dos Engs.

Anténio Correia, Alexandra Carvalho e Paulo Candeias do DE/NESDE.
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4.3 AplicagOes a trabalhos de contrato

Parte das tarefas desenvolvidas no RESTATE tém sido aplicadas no ambito dos trabalhos de contrato
realizados para a EDP, intitulados: “Barragem do Alto Lindoso. Observagao e controlo da seguranga”
e “Apoio do LNEC na recegéo e operagao dos sistemas de recolha automatica de dados (RAD), dos
sistemas GNSS e do sistema de observagao sismica (SOS)”, que tem aplicacdo nas barragens do

aproveitamento hidroelétrico do Baixo Sabor, na parte relativa ao sistema RAD, nomeadamente:

¢ No desenvolvimento de aplicagdes para a andlise integrada das medigGes provenientes dos

sistemas de RAD e manual.
¢ Na definicdo de limiares de alerta para a dete¢do de possiveis comportamentos anémalos.

Apresenta-se a listagem dos relatérios publicados, no ambito dos trabalhos de contrato, com

incorporagdo de conhecimento relacionado com o projeto RESTATE:

1. Mata, J.; Tavares de Castro, A. “Barragem do Alto Lindoso - Andlise da qualidade das
medicoes do sistema de recolha automatica de dados entre 2006 e 2016
Relatorio 215/2017 — DBB/NO.

2. Mata, J.; Santos, C.; Gil de Morais, P. “Barragens do aproveitamento hidroelétrico do Baixo
Sabor - Apoio do LNEC na recec¢éo e operacgéo dos sistemas de recolha automética de dados

verificagao inicial da operacionalidade dos sistemas”. Relatério 157/2017 — DBB/NO.
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5| Recursos mobilizados e indicadores de desempenho

No Quadro 5.1 apresentam-se o0s recursos humanos do LNEC afetados ao projeto, a afetacdo de
recursos humanos efetivamente dedicada, até fevereiro de 2018, e a afetacao total prevista na ficha
do projeto. De referir que o bolseiro de Pés-doutoramento Ivo Dias ainda ndo iniciou a sua atividade

no projeto, uma vez que a tarefa na qual vai colaborar tem inicio apenas em 2018.

Quadro 5.1 — Afetagédo de recursos humanos

Meses de trabalho

Equipa do LNEC Categoria _ Total previsto
Dedicado ;
no projeto
Juan Mata (DBB/NO)  Bolseiro de 09 224
Pés-doutoramento
Jodo Prudente dos Santos (DENOE) ., oiseiro de 0.1 28
Pés-doutoramento
Ivo Dias (DBB/NMMR)  Bolseiro de 0,0 28
Pés-doutoramento
Luis Lages Martins (CIC/NQM) Bolseiro de 02 28
Pés-doutoramento ’ ’
Ricardo Santos (DG/NGOH)  Bolseiro de 01 28
Pés-doutoramento
Anténio Tavares de Castro (DBB/NO) In;gs tlgador 0,1 2,8
rincipal
José Barateiro (CD/NTIEC) Investigador Auxiliar 0,2 2,8
Sérgio Oliveira (DBB/NMMR) Investigador Auxiliar 0,3 84
Vera Serrazina (CDINTIEC) Espacialista de 0,0 84
informatica
Por definir Bolseiro de 0,0 16,8
Doutoramento
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No Quadro 5.2 apresentam-se os indicadores de desempenho do projeto, nomeadamente a relacéo

entre o realizado até fevereiro de 2018 e o total previsto na ficha de projeto.

Quadro 5.2 - Indicadores de desempenho

Total previsto

Indicadores Realizado :
no projeto

Artigos em revista
: : 0 4
internacional
Artigos em revista 1 1
nacional
Comunicagdes em o 10
congresso
Posters em congresso 1 -
Teses de mestrado 3 2
Livro 0 1
Relatorios 2 -

* N&o foram consideradas as comunicagdes que ainda ndo foram
apresentadas nos respetivos congressos (duas comunicagdes ja
submetidas).

10
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6| Consideracdes finais

Neste relatério descrevem-se, de forma sucinta, os trabalhos desenvolvidos durante o primeiro ano
do projeto RESTATE. A afetacdo de méo de obra alocada ao projeto tem sido inferior ao previsto na
ficha do projeto. No entanto, considera-se que os trabalhos tém decorrido genericamente de acordo
com o proposto na ficha de projeto, tanto ao nivel da execucdo das varias tarefas do plano de

trabalhos como no grau de cumprimento dos objetivos e realizacéo dos indicadores.
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Lisboa, LNEC, maio de 2018
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Ficha do projeto
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FICHA DE PROJETO DE 1&D&I (versdo2)
2013-2020

1- Dados Gerais

1.1 Identificagdo do projeto

Realtime decision support system for safety assessment of large concrete dams. The action
cycle: Data-Information-Knowledge-Decision Making.

Sistema de suporte 4 decisdo em tempo Otl para a avaliagdo da seguranga de grandes
barragens de betfio. O cicloe de acho: Dados-Infermacio-Conhecimento-Tomada de decisio.

RESTATE
DBB
WO
Juan Mata
46
01-03-2017

1.2 Insergdo na matriz programdtica da E21 (indicar parfes) (Eixo programatico, Temdtica prioritaria))

E4, T3

ES, TR

1.3 Entidades intervenientes

LNEC

DBE/NMME; DE/NOE; ORG/NTIEC: DG/MBOH, CIC/NQM

1.4 Resumo

Several methodologies and procedures to support decision-making in the context of real-time
safety control of large infrastructures are proposed, being concrete dams the main focus of
this project. These methodelogies will contribute to enhance: 1) the guality control of the
different measurements (Activity 1); i) the analysis and interpretation of the structural
behaviour, namely through short-term analysis and prediction (Activity 2), and iii) the safety
assessment of the infrastructures (Activity 3). In practice, all the proposed methodologies and
procedures will be implemented and tested with decision support tools developed inthe
gestBarragens system [Activity 4), that will be able to provide data and generate decision
support information for the multiple decision makers invelved inthe strucural safety control.
The results of the proposed work will be disseminated through several reports and one book

and international journals.

(Currently, there Is a significant activity contracted by EDP - Energias de Portugal directly
related to the subject and working program of this project. The wor king program presented
will be developed in the time period of 5 years.

'with a synthesis of all the developed methodologies and scientific papers to publish in national

LNEC - Proc. 0403/112/20970
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Activity 2 - Analysis, interpretation and prediction of structural response under static and dynamic loads.
The main objective of this activity is the development of new methodologies and computational applications
for the analysis of data from static and dynamic monitoring systems using statistical approaches and modal
identification techniques, in order to make comparison with results obtained from numerical models (3D
finite element models of the dam-reservoir-foundation system).

This task is about the study and development of data-based models, based on time series forecasting
techniques, for the prediction of the structural response, considering the previously observed structural
behaviour and the measured data in real time. The study of time series prediction methods is proposed with
the objective of finding the best strategy for time series decomposition in four elements: trend, seasonal
effects, cycles and residuals. A time series is a set of statistics, usually collected at regular intervals. The aims
of time series analysis are to describe and summarize time series data, fit low-dimensional models and make
forecasts. As case studies, the measurement of the direct and indirect effects usually observed (concrete
temperatures, discharges, uplift pressures, displacements of points of the structure and its foundation,
relative movements between blocks, stresses and strains) in concrete dams will be considered. This activity is
splited in the three main tasks:

Task 2.1 - Software application for the analysis of data from MDAS and ADAS, and its comparison with
structural models. The aim is set at proceeding and consclidating ongoing research at LNEC in order to create
a robust, efficient and innovative software application for automatic online processing of data collected using
MDAS and ADAS measurements, allowing the tracking with data based models from structural models.

Task 2.2 - Software application for the analysis of data from dynamic monitoring systems. The aim is the
improvement and conclusion of the software application for the archive, analysis and presentation of data
from dynamic monitoring systems, namely for modal identification and automatic comparison with numerical
results from 3D finite element models of the dam-reservoir-foundation system.

Task 2.3 - Development of time series prediction methods are proposed in this task with the objective of
finding the best strategy for time series decomposition in four elements: trend, seasonal effects, cycles and
residuals. A time series is a set of statistics, usually collected at regular intervals. The aims of time series
analysis are to describe and summarise time series data, fit low-dimensional models, and make forecasts.
Moving averages (MA), autoregressive (AR), autoregressive-moving average (ARMA), and autoregressive
integrated moving average (ARIMA) models are some models that will be studied for the purpose of short
time prediction, proposed in this task.

As case studies, the measurement of the direct and indirect effects usually observed (concrete temperatures,
seepage, uplift pressures, displacements of points of the structure and its foundation, relative movements
between blocks, stresses and strains) in concrete dams will be considered.
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2 - Fundamentagao
[sintese do estado do arte, ident ificagfo de problemas por resolver, motivagdes internas efou externas)

The safety control of important civil engineering structures, involving monitoring data and numerical
modelling, is an important challenge being faced by structural engineers [1-4]. The main concern, for
detecting possible malfunctions as early as possible, is the real-time assessment of the structural behaviour
under operating conditions. For an effective real-time decision, confidence in the measured data is crucial.
Additionally, it must be possible to interpret these data (through adequate data based methods) in order to
properly assess the structural’s behaviour and condition (with the support of reliable numerical models).

In Portugal, LNEC is involved on the safety control of the Portuguese main dams from the design to the
construction stage. The research team of this project include main responsible for the development of the
support system used by LNEC, EDP-Energias de Portugal and other entities, for monitoring, diagnosis and
safety control of large infrastructures in Portugal and abroad.

Nowadays, for controlling the structural safety of large concrete dams under operating conditions, the
collected data is usually analysed using statistical models for effects separation (environment loads and time
effects) [7-11]. The results of these statistical models are compared against the results from deterministic
models, like finite element models, and synthesis graphics are automatically generated and periodically sent
to the technicians in charge [5].

In the recent context, the main threat for real-time decision is the inability to timely detect scenarios of
abnormal structural behaviour that may originate an accident. Therefore, the aurrent main challenge of real
time structural safety control, through the use of (automated) monitoring systems, is related to the
continuous improvement of the management, validation, archiving and exploration of the information, and to
the implementation of a quality control process for the measured data [12,13].

As a conseguence, the main research tasks proposed in this project address the different activities of
structural safety control, and can be summarized in three questions (Q1, Q2 and Q3): Q1 (Monitoring): Can it
be ensured that the measurement frequency is suitable and the measured data is reliable? Two situations will
be studied within this subject: i) the cases where there is redundancy of measurements of the same physical
quantity (e.g. manual and automated measurements), and ii) the situations where there are only automated
measurements. Q2 (Analysis and interpretation): Can the analysis and interpretation of the monitoring data
be improved? In this case, data-based models based on time series forecasting technigues for the short-term
prediction of structural response will be approached. Q3 (Safety assessment and decision-making): Is an early
warning of abnormal behaviour possible and reliable? The early detection of a abnormal scenario will be
addressed by combining information provided by monitoring systems, along with results obtained from
numerical simulations.

The new advanced developed algorithms will be implemented in an ongoing management information system
developed by LNEC [14,15], that will allow warning the entities responsible for the structural safety control,
with clear benefits related to a timely intervention [16-20]. The main case studies used to validate the
proposed metodologies will be related to large concrete dams, being expected to adapt and test the proposed
methodologies through other large structures, such as bridges.

The working program presented will be developed in the time period of 5 years and there is a significant
activity contracted by EDP - Energias de Portugal directly related to the subject and working program of this
project, mamely the safety control of the Baixo Sabor dam including the exploitation of its automated data
acquisition system.
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3 - Objetivos
[indicar para além dos objetivos cientificos do projeto, os objetivos do investigador responsdvel e das entidades envelvidas)

The safety and serviceability assessment of large infrastructures (such as dams and bridges), under
static and dynamic loads, is actually one of the greatest challenges faced by modem structural
engineering.

The main aim of structural safety and serviceability assessment consists of characterizing the
expected structural behaviour, by resorting to models previously calibrated by comparing their
results with measurements and parameters obtained from the continuous monitoring.

Based on this comparison, decisions regarding not only maintenance, but also civil protection, can be
undertaken, preferably in real-time.

The success of safety assessment approaches, whether these are based on numerical modelling or
data-driven strategies, relies on the quality of the data gathered and the effectiveness of its analysis
and interpretation. Errors can appear into data analytics processes at any stage of the structure’s life
and serious issues can result when they do. Hence, one goal of this research work is to develop
methodologies capable of ensuring that reliable monitoring data is acquired in real-time (Activity 1).
Following Activity 1, the system to be developed aims at being capable of analysing, interpreting,
predicting and classifying the structural behaviour in the short term (Activity 2), after which the main
objectives consist of assessing the structural condition and early-warning detection of abnormal
scenarios (Activity 3). Based on the results and achievements of all these three tasks, decision
support tools, as a part of the gestBarragens system, capable of outputting the results of the
structural assessment will be developed (Activity 4).

The main ideas and the relation between the tasks are illustrated in attached Figure 1. The
implementation of the proposed methodologies in an decision support system is a solid step for the
improvement of structural safety control in real time, as supported through the business model
presented in Figure 2.

4 - Contribui¢des inovadoras
[indicar as contribuigcbes para o reforgo dos conhecimentos, das competéncias e fou dos recursos experimentais do LNEC)

This projet will provide LNEC with several tools that improve the safety control of large infrastrutures
and can support the decisions to be taken by the infrastructures owners and by the authorities. The
main contributions can be grouped in four modules:

i) Data quality verification. This component is essential for implementing outlier and anomaly
detection procedures and mechanisms, which prove to be suitable for manual and automatic data
acquisition systems, for monitoring civil engineering structures.

ii) Analysis and interpretation. This component is responsible to implement the analysis and
interpretation mechanisms that entail the “expert” component of the overall decision support

svstem. This module relies on verified data controlled by the data aualitv verification module .
iii) Safety assessment. Based on the results produced by the analysis and interpretation module, this

module will explore the concept of overall safety assessment through advanced interpretation of the
data and alarm techniques. Additionally it will be fully integrated with the overall information system,
which makes possible, for the decision makers, to interpret aggregated warnings and drilling-down to
the granular data that is supporting any decision.

iv) Data visualization and exploitation. The work to be developed in this project will make possible to
generate new and valuable information coming from the data analysis. In fact, the aim is set at
exnlorine new indicatars that can he further analvsed for hetter decisinon makine.
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5 - Metodologia

[descrigdo da abordagem e dos métodos tedricos efou experimentais a utilizar)

Decision support systems are critical tools for short-term and long-term (informed) decisions in multiple
areas. This program will be developed throughout several tasks contemplating four main activities of the
structural safety control: i) quality control of monitoring data, i) analysis and interpretation of the structural
behaviour under static and dynamic loads, iii) safety assessment, and iv) decision-making. The four activities
proposed are described as following (see Fig. 1):

Activity 1 - Quality control of monitoring data. The quality of data obtained from monitoring systems are
directly related to the quality and reability of all the elements of the monitoring chain (measuring devices,
record systems), that are not part of the study of this project. In this task, the aim is set at continuing and
consolidating ongoing research developed at LMEC, in order to create a robust, efficient and innovative
software application for controlling the quality of the monitoring data. The outlier detection is the primary
step in most of data analysis applications. For this reason, several methods for outlier detection will be
approached. The advantages of univariate vs. multivariate techniques and parametric vs. nonparametric
procedures will be addressed in this task. Aspects related to the robustness of the used estimators will also
be addressed. Two situations will be studied: i) the cases where there is redundancy of measurements of the
same physical gquantity (e.g. manual and automated measurements), and ii) the situations where there are
only automated measurements. This activity is subdivided in the two main tasks:

Task 1.1 - Quality control of monitoring data based on measurement uncertainties. The measurand is always
unknown and there is no simple rule to validate the measurement result performed by the measurement
system. However, there are procedures that allow for its characterization, and which limit the magnitude of
their associated errors and uncertainties. The more knowledge there is about the errors and uncertainties
associated with the measurement results, the more effective will any structural assessment strategy or
system relying upon the data at hand.

In order to take advantage of the redundancy of measurement systems (automated data acquisition systems,
ADAS, or manual data acquisition systems, MDAS) and the confidence in the manual measurements, the aim
is set at developing a quality control procedure for the assessment of ADAS measurements, that takes into
account the measurement uncertainties. The objective of the proposed quality control method for paired
[ADAS, MDAS) measurements is to conduct a statistical location test to compare two sets of measurements
(ADAS and MDAS measurements) to assess whether their averages differ. Near zero differences between
ADAS and MDAS data are expected (if measured at the same time). A case study with an application of the
quality control method for paired (ADAS, MDAS) measurements of a structural behaviour under operation
conditions will be presented.

Task 1.2 - Quality control of monitoring data based on multivariate statistical process control charts.
Immediately after a measurement is obtained, and/or before it is stored it must be validated through the
predefined thresholds in order to eliminate potential outliers. Most of outlier detection techniques for data
analysis are based on distance measures, clustering and spatial methods. For situations where there are only
automated measurements, the development of multivariate statistical process control charts will be
performed in order to take advantage of the availability of on-line process computers which routinely collect
measurements on large numbers of process variables. Application of methodologies to validate data obtained
manually and through automated monitoring systems, based on statistical guality control of new
measurements, using Multivariate Statistical Process Control Charts, such as multivariate Shewhart type
control charts, multivariate CUSUM control charts and multivariate EWMA control charts will be tested using
measurement data obtained from concrete dams under operation.
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Activity 3 - Early detection of developing damage scenarios (Task 3.1). The main objective of this activity is
to assess whether the measurements obtained through automated data acquisition systems (ADAS) indicate
the development of scenarios related to abnormal dam behaviour. The expected magnitude of the physical
guantities to be measured within these scenarios will be estimated using mathematical models. These studies
will also allow the selection of redundant measurement subsystems which can confirm the occurrence of an
abnormal structural behaviour related to damage scenarios. To improve the effectiveness of the structural
safety control in real time, methods based on the construction of decision rules for the early detection of
developing abnormal dam behaviour scenarios will be proposed. These decision rules will be based on the use
of supervised machine learning models developed with data obtained through mathematical models of the
structural behaviour, for scenarios related to abnormal dam behaviour, and real cbserved data (physical
quantities measured through the use of automated monitoring system) that represent the normal structural
behaviour. The aim is to combine the physical measured quantities, appropriately weighted, into a new single
index allowing the classification of the observations into one of two classes: normal or abnormal behaviour
(with potential to develop an incident or accident scenario). Case studies will be based in real dams under
operation conditions.

Activity 4 — Development of a decision support system (Task 4.1), designed for the structural safety control
and serviceability assessment of concrete dams, will be proposed, supported in the research results produced
in activities 1 to 3. It will take advantage of the existing support system for monitoring and safety control of
concrete dams, GestBarragens, that is under development, by LNEC, since early 2000. The main aim is to
integrate new computer-based information tools composed by four major compeonents: i} data guality
verification; i) analysis and interpretation; iii) safety assessment; and iv) data visualization and exploitation.

In fact, decision support systems can be seen as computer-based information systems that provide interactive
information support to the decision making process of managers and business users. They must be designed
to give a guick and interactive response to the ad hoc queries and information needs of business users.

To advertise and inform the scientific community and the general audience of the main project activities and
results, three different means will be used. First, the software will be available to other organizations for
demonstration. Second, scientific publications will be presented and published in international conferences
and journals, respectively. Finally, it will also intend to explain the developed research work through two
seminars (to be done in the beginning of the third and fifth years) and two short courses (to be done in the
third and sixth years).

Referencias Bibliograficas:
[1] Fib - Task Group 5.1. (2003). Monitoring and safety evaluation of existing concrete structures. State-of-the-
Art Report. Lausanne, Switzerland.
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Relatério de progresso do projeto do P2I/LNEC até fevereiro de 2018

7 - Equipa de trabalho

Nome Categoria

Bolseio Pds-doc LNEC (BFD)
Invesmigacor Principel

Setor/Entid ade

i D BE/MNO
2 DBEMO

Tarefas

Coordination, Activities 1 tod
Activities 1tod 6, 1%

Juan Mata
Antdnbo Tavares de Castro

Séngio Oliveira

Ivo Dias

losé Barateirn

Vara Semazina

Investigador Auniiar
Bolseino Pds-doc LNEC (BPDY
Invesiigador Auiiar
Especalsta de informética

O BE/MNMMR

Activities 2tod

D BE/MNMME

Activity 3

ORG/NTIEC

Activity 4

ORG/NTIEC

Activity 4

Jodo Prudente dos Santos
Ricardo Santos

Luis Lages Martins

A definir

i DE/MOE
i DG/NGOH
i CIC/NOM
12 DEB/MNO

Activities 1to 3
Activities 3 and 4
Activities 1tod
Activities 1tod

Bolisino Pds-doc LNEC (BPDY)
Bolseiny Pds-gioc LNEC (BFDY)
Boiseino Pds-toc LNEC (BPDY)
Bolseine doukaramento LMEC (BD)

zlelz =222 ]2
#

z
H
A4 4 44 4 44 44494944449 44949494949 44494949449+49+4

NOTA: Para equipas com mals
de 30 membros, & necessanio )
introduzir mats linhas, com as
células B* devidamente
formatadas, e i) adaptar as
fdrmulas do Quadro 9 na folha
Meios necessdrios” ao
tamanhao da equipa. Em caso de
divida, por faver contactar o
GG P (ggp@inec pt).
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B - Resultados expectéaveis

[desorever o5 reswltados esperndos por actividade fou tarefas)

Activity 1

- Procedures for outlier detection and raw data validation.

- To improve the existing experience and knowledge related to the use of Multivariate Statistical
Process Control Charts for avtomated data validation.

- Expected publications: one paper in an international peer reviewed journal related to the
comparison between ADAS and MDAS measurements for quality control based on measurement
uncertainties, and two conference papers related to the use of multivariate statistical process control
charts for the guality control of measurements,

Activity 2

- Acomputational application for the comparisonof the observed data, the results from guantitative
interpretation models and the results from structural mechanical models (3D Finite Element Models).
- New methodelogies based on time series methods for the short term prediction of the structural
behaviour of large dams.

- Expected publications: two papers in international peer reviewed journals, three conference papers
and one master thessis related to the use of time series and wavelet transform methods for short time
inter pertation and prediction of the dam behaviour. The publications will be focusses in several case
studies in order to approach a range of real situations.

Activity 3

- Mew procedures for the construction of decision rules for the early detection of anomalous
structural behaviour associated, or not, to the development of an incident or accident scenario.

- Expected publications: one paper in an international peer reviewed journal, two conference papers
and one master thesis related to the early detection of anemalous structural behaviour asseciated to
several occurences, nemely due to: the deterioration of the drainage courtain in a concrete dam and
earthguakes.

Activity 4

- Computational applications, to be implemented in the gestBarragens system, to support the activities
related to the safety control of large infrastructures.

- Expected publications: one paper in a national journal and three conference papers with case studies
to explain, to experts and potential users, the aim of the computational selutions developed.

Teses
mestrado 2
doutaramento
outras
Artigos em revista
neaciondl 1
intern acional 4
|Ccmu nicacbes | 1lL'Il|
Outros produtos
| Livro | 1|
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9 - Recursos humanos

1 0,00 0,00
2 14,00 79.800,00
3 8,40 29.400,00
4 0,00 0,00
11 33,60 134.400,00
12 16,80 33.600,00
13 0,00 0,00
21 0,00 0,00
22 0,00 0,00
23 0,00 0,00

TOTAL 72,80 277.200,00

10 - Despesas correntes

Participagio em congressos

TOTAL

11 - Equipamento

Computador

TOTAL

12 - Orgamento

Recursos Humanos
Despesas Correntes
Equipamentos
Gastos gerais

Total
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CanvasBusinessModel of the proposed plan
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Decision support tools as part of the
gestBarragens system (Activity 4)

Figura I.1 - Relagéo entre as atividades principais do projeto RESTATE

Key Partners Key Activities
- Research
- LNEC (host - Development of
institution) case studies
- Software
- Owners of civil development
infrastructures: - Demonstration
EDP- Energias de - Dissemination
Portugal and - Stakeholders
Agéncia awareness
Portuguesaparao
Ambiente (APA). Key Resourses
- Data from
monitoring system
of large civil
infrastructures,
such as dams and
bridges
Costs
- Scholarship
- Transportation to the civil infrastructures and
accomodation
- Conferences and dissemination (scientific, key
partners and other stakeholders)

Customer Customers

relationships - EDP-Energias de

_ Based on Portugal, APA,

knowledge Autoridade Nacional

improvement de Protecdo Civil,

- Legal issues PRODEL, IBERDROLA
and International
organizations such
as ICOLD.

Channels

- In situ activities
(inspection to the
infrastructures)

- Meetings

- Web (based on the
decision support
system)

Benefits
- Turnavailable a decision support system for real time
safety assessment of large infrastructures

- Promotion of the communication between different
entities responsible for safety (of people and
infrastructures)
- Knowledge transference to the main stakeholders

Figura .2 — Canvas Business Model do projeto RESTATE
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