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Review paper

Comprehensive review of critical infrastructure monitoring
approaches and prospective routes to dam sustainability
in the face of climate change instability
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Mohd Hafiz Zawawi’, Teh Sabariah Abdul Manan®, Joanna Gondro’

Abstract: Huge infrastructure such as the dam was categorised as critical infrastructure and should be main-
tained for continuous operation during its intended lifetime. Over the years, instability due to climate change
has become a serious threat to dams and therefore requires regular monitoring of structural integrity. This arti-
cle provides a comprehensive review of dam safety and structural health monitoring under numerous environ-
mental conditions (e.g. normal conditions, flood and earthquake). Interestingly, this study analyses the impact
of climate change on the partial failure and collapse of dams based on historical data. A comparison between
monitoring approaches, such as the monitoring method, the type of instrumentation and the method of data
analysis, was further discussed to understand the complementarity of each approach. Several future directions
were outlined to highlight high-risk scenarios and interesting research areas for dam safety and monitoring to
support dam sustainability. This will help to develop effective tools and techniques for accurate maintenance
based on the issues at hand. A deeper understanding of the relationship between environmental factors
(hydraulic impacts) and structural behavioural changes will greatly benefit the various studies on basic fluid-
structure interactions, comprehensive emergency plans under the influence of climate change, reliable methods
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for dam maintenance and retrofitting, and holistic dam safety monitoring plans (surveillance approaches and
disaster preparedness). In short, early detection of dam risks, analysis of expected failure and thorough inter-
ventions based on regular monitoring are essential for the sustainability and resilience of dam infrastructure.

Keywords: climate change, dam monitoring, dam safety, dam sustainability, dynamic monitoring,
environmental variables

1. Introduction

A dam functionally provides a service for the entire water cycle, from storage and
distribution to the conversion of hydropower into green energy and flood protection. For the
past decade, the safety and sustainability of dams have been of paramount importance for the
continued operation of dams. The uncertainties of the global climate, which influence the
intensity and frequency of hydrometeorological parameters and hazards, raise concerns about
the structural integrity of dams, especially large, high and ageing types [1-9]. Some of the
recorded huge dams worldwide were Jinping I (305 m), Xiaowan (294.5 m), Baihetan (289 m),
Xiluodu (285.5 m), and Inguri (271.5 m) [4]. The protection of this huge dam is crucial to
ensure its sustainable operation. However, several reported dam incidents such as the historic
Malpasset in 1959, Niedéw in 2016, Oroville in 2017 and Toddbrook in 2019 emphasize the
necessity of dam safety, especially dam monitoring and the development of early warning
systems [10—17]. Moreover, this approach is paramount to minimize the catastrophic failure of
these structures, which can have huge socio-economic and environmental impacts. The total
failure of the Malpasset concrete dam has highlighted a weakness in the exploration of the
site, particularly in geological and geotechnical aspects [12, 18]. In addition, the failure of
the Oroville concrete spillway was due to the lack of an early warning system caused by an
internal structural failure (the formation of a hole due to the weak foundation caused by the
strong infiltration of the underdrain flow) [13, 14, 16]. In other cases, the Toddbrok Concrete
Spillway experienced a cascading failure that highlighted the inconsistencies in maintenance
and emphasized the need for advanced monitoring [17].

Conventionally, structural health monitoring was conducted to evaluate the structural
integrity condition during periodical inspection through abnormality of the result and provide
corrective measures if needed. The inspection was carried out based on the formalized guidelines
of the International Committee on Large Dams [19]. However, the specific regulations and
guidelines were the responsibility of the dam owner or operator and were prepared by
each of the member countries such as the Department of Irrigation of Drainage Malaysia
in collaboration with the Malaysian National Committee on Large Dams (MyCOLD) and
the Australian National Committee on Large Dams (ANCOLD) to adapt to the local dam
conditions and parameters [20,21]. Typically, safety inspection was conducted based on the
physical on-site inspection. However, this approach has some flaws such as the requirement
of an experienced engineer, limited on-site access and lack of technical information at the
limited access areas such as underwater foundations [22]. Therefore, a comprehensive on-site
assessment through the robust development of advanced monitoring tools to detect static
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and dynamic characteristics of dam behaviour is required to provide a comprehensive and
accurate data collection method for reliable analysis, particularly under changing climatic
conditions [23]. Static monitoring involves recording periodic data (daily, monthly and annually)
of dam displacement at a reference point in different directions and environmental variables
such as normal water level and temperature [24,25]. Dynamic monitoring focuses on the
vibration aspect in terms of dynamic structural response, such as operating frequency and
mode shapes during rare or extreme events, such as water waves due to flooding or seismic
activity due to earthquakes [23,26-32]. Figure 1 shows the effect of environmental variables
on the changes in dam behaviour under climate change uncertainties.
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Fig. 1. The effect of environmental variables on the changes in dam behaviour under climate change
uncertainties

The structural health monitoring effort to support dam safety and sustainability of dam,
especially in times of climate change uncertainty is essential and in line with the United Nations
Sustainable Development Goals (SDGs) No. 6 (clean water through sustainable water resources
management and conservation of critical water infrastructure), No. 9 (sustainable development
through resilient infrastructure and promotion of innovative monitoring and technology) and
No. 13 (mitigating climate change by strengthening climate resilience and climate adaptation
strategy for critical infrastructure) [33]. In addition, the robust integration and evolution of
monitoring systems are essential for maintaining the structural integrity and operational safety
of dams in the face of climate change-related risks. Structural health monitoring in [34] cludes
the monitoring of environmental variables and behavioural changes in the dam under static
and dynamic monitoring aspects.

Tremendous efforts have been made to address the importance of dam safety monitoring and
the development of monitoring tools under normal conditions as described in previous literature.
However, most of this fails to reconcile the purpose of dam safety and the monitoring approach
developed with the sustainability of dams under the uncertainties of climate change. In recent
years, monitoring of the structural condition of critical infrastructure has been increasingly
reported, emphasizing the importance of this issue for dam safety and sustainability [22,35-38].
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Despite the review of the progress of these monitoring tools and the dynamic parameters
identified, the literature is insufficient for concrete dams and the extraction of the technical
data in extreme events and the ageing of concrete dams. The problem with these ageing dams
is that they were built more than 50 years ago and are not equipped with modern structural
monitoring tools, which exposes them to the risk of total failure, especially in vulnerable
areas [39]. There is also a lack of real-time monitoring technologies and limited integration
of static and dynamic monitoring data for the development of robust monitoring models for
future predictions. Furthermore, the potential application of advanced approaches (artificial
intelligence and numerical simulation) in processing monitoring data to improve the safety
and sustainability of dams in the face of climate change has only been explored to a limited
extent. The novelty of this study is that it provides a holistic overview of the static and dynamic
monitoring approaches for concrete dams based on a comparative analysis of space-based,
airborne and ground-based monitoring tools. In addition, the monitoring parameters based on
the appropriate selection of monitoring instruments are presented. This work thus fills gaps in
the existing research by highlighting the monitoring parameters and challenges and provides
an outlook on the sustainability of dams by applying advanced technologies to support dam
safety and sustainability.

This article aims to shed light on the concept of sustainability in dam engineering, especially
the safety and monitoring of dams, by proposing innovative and advanced monitoring tools.
The relationship between the root factor (climate change), dam sustainability, SDGs and dam
safety (dam monitoring) has been highlighted before looking closer at the monitoring tools
and parameters to recognize the importance of monitoring the structural condition of dams for
dam sustainability. The specific objective of this study is to provide the reader with a broad
overview of the types of monitoring tools and the challenges that a concrete dam faces under
the effects of climate change (summary of monitoring parameters). Review of existing and new
monitoring approaches for concrete dams, focussing on static and dynamic systems for both
normal operation and extreme conditions. The specific objective of the study is to compare
the monitoring tools and advancement in data analysis of monitoring parameters, analyse the
challenges and limitations of current monitoring and data analysis management practises for
dams (specific tools and climate change), identify the impact of climate change on partial or
total dam failure based on the selected dam failure incidents and provide a future perspective
for sustainable monitoring of dams to improve resilience and safety.

2. The structural health monitoring (SHM) system

2.1. The global overview of the SHM system for the concrete dam

The comprehensive structural health monitoring (SHM) System for monitoring the static
and dynamic properties of concrete dams comprised of the hardware components; physical
instruments, sensors [40,41], software components; prediction models in damage modelling,
and detection algorithms [42,43] as shown in Figure 2.
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Fig. 2. The comprehensive Structural Health Monitoring (SHM) System for monitoring the static and
dynamic properties of concrete dams

The predictive model includes numerical, hybrid and data-driven models. Software
components in dam engineering are rarely carried out due to the significant computational
cost of predictive models [31]. Moreover, the predictive model should be updated frequently
with the latest changes to avoid static model simulation and prediction, compromising dam
safety [36]. However, the combination of hardware and software models is essential for accurate
real-time monitoring effects (estimation of dam behaviour) [36,44—46]. The advancement of
technology opens the development of more sophisticated monitoring tools as an alternative to
physical site limitations for static and dynamic monitoring [36,40,47-56].

2.2. Real-time monitoring tools for static and dynamic properties
detection

Monitoring tools ranging from conventional to high-end types have been widely used or
installed and used to monitor the impact of environmental factors on the behaviour of dams
based on static and dynamic monitoring. Traditional visual inspections and ground-based
instruments consist of either manual or automatic types such as inverse plumb line in Jinping I
dam (ultra-high arch) for detection of dam deformation [57], inverted pendulum monitoring
instrument (stainless steel wire) for horizontal deformation detection in Jinping I dam [58], crack
gauge detection and strain gauge [59, 60], piezometer, Casagrande piezometer [61], vibrating
wire piezometer [61], pressure cell (flat cell filled with oil) [61] and, conventional terrestrial
(total station, electronic theodolite, and distomat) [62], non-polarizable electrodes [63] and
ground-based radar (GB-SAR) [64]. However, the conventional ground-based type requires
a longer physical set-up time, bulky and mobile instruments for on-site inspection and is based
on spot monitoring. The limited accessibility of the site posed the problem of instrumentation
in particular. The total robotic station installed in the concrete dam is essential for monitoring
dam deformation, namely for horizontal and vertical displacement data in the Zhentouba I
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(gravity concrete dam) and Dagangshan (double curved concrete arch) dams in China [65].
The advantage of this system is the high precision due to the integration of corrections for
atmospheric refraction and the reduction of errors in real-time monitoring. However, this system
is sensitive to atmospheric conditions that require correction for refraction and curvature. Other
advanced real-time ground-based monitoring tools consider hybrid seismic and structural
monitoring approaches to detect dynamic parameters, particularly seismic activity during
earthquakes in the 132 m high Cabril Dam (double curvature arch dam) in Portugal [23].
This monitoring is essential to adapt to the effects of climate change and hazard uncertainties.
The use of multi-sensing monitoring approaches such as acoustic emission, micro-seismic,
cross-hole acoustic wave detection, crack gauge and strain gauge techniques was adopted in
the crack detection of concrete dams in China [59]. The advantages of this advanced and
multi-sensing it provides comprehensive crack detection across micro and macro levels; and
real-time monitoring of crack propagation and structural stress. Figure 3 shows an example of
the ground-based monitoring tools.
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Fig. 3. Example of the ground-based monitoring tools [23,57-59, 65]
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The space-based monitoring approach was Global Navigation Satellite System (GNSS),
Landsat, Sentinel-1 and Sentinel-2 sensors [40, 62] as depicted in Figure 4. The GNSS
was used to record the horizontal and vertical displacements of the Atatiirk Dam in Turkey
(concrete gravity dam). In addition, this instrument provides high accuracy in monitoring
large deformations and is effective for long-term monitoring. Hybrid artificial intelligence and
multiple satellite sensors (Landsat, Sentinel-1 and 2) with different bandwidths and indexes
were used for the reservoir (environmental variable) in Latyan Dam, Iran [40]. The application
of this approach is recommended as it improves the prediction by the hybrid tools. However,
this approach is limited by the high resolution of the image and the sensitivity of the sensor to
the environment, which reduces the accuracy.

March 2022

March 2016

Satellite sensor
(Sentinel-2 images)

GNSS network reference stations
and object points

Reference stations
with GNSS equipment

Fig. 4. Example of the space-based monitoring tools [40, 62]

Drone-based monitoring was promoted to close the gaps between space-based and ground-
based instruments for the estimation of water levels. Spatial and temporal data were collected
with this instrument at the 103.5-meter Ridracoli dam (double-curvature arch-gravity) in
Italy [66]. Furthermore, this type provides a truthful source for developing a three-dimensional
(3D) model based on the collected images during observations from different angles [67].
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2.3. Static and dynamic monitoring data analysis and monitoring model:
Physical model and prediction model (numerical, statistical,
data-driven and hybrid)

Monitoring of static and dynamic properties (particularly historical data such as annual
water level and dam deformation) is usually collected during the physical inspection on site,
either manually or with the help of other instruments, as mentioned in the previous section.
This monitoring is essential to detect and correct abnormal changes in the structure of the dam.
In addition, monitoring of current data can be done on-site when the device is installed in
a specific dam such as the Cabril Dam. Alternatively, the construction of a physical model is
essential to replicate the behaviour of the real dam (based on the similarity law and Froude
number) using historical data and actual dam characteristics. In addition, the required research
can be carried out to some extent by developing a numerical model using the 3D design drawing
that is similar to the real dam. Similar to physical modelling, the numerical model will replicate
the actual characteristics of the dam and the model will be validated with historical data from
on-site monitoring or monitoring of the physical model. However, the monitoring data collected
usually contains missing and above-normal threshold (anomaly or error) data. Current advances
in data collection, analysis, outlier detection and manipulation are significantly improving
monitoring data and making it more accurate and reliable for the decision-making process.
This is especially true for dams that are exposed to extreme weather conditions that cause
frequent flooding and are prone to earthquakes, as well as ageing concrete dams.

The monitoring data collected should be error-free to serve as input for the future predictive
model. The predictive model should be able to predict actual conditions near the input and
output to minimize costs, especially for future mitigation and control measures. Comparison
with historical monitoring data is rather possible for the identification of changes in dam
behaviour. Typically, numerical or deterministic, data-driven (statistical) and hybrid models
are used to analyse the collected monitoring data. Once the processing and analysis of the
predictive data are completed, the validation phase with other monitoring data from the real
site and other predictive models is essential for verifying performance and accuracy.

The model consists of data-driven, with statistical and computational tools as a methodology.
Relationship between the deformation of representative monitoring points and variation of
reservoir water level [57]. This approach was conducted due to the limitation of traditional
variational analysis for deformation analysis (combination effect of the ultra-high dam and the
complex water level conditions). This approach used a panel data clustering model, optimized
through the CRITIC (CRiteria Importance Through Inter-criteria Correlation) method and
the Constraint Satisfaction Problem (CSP) index. This approach integrates temporal and
spatial data from dam monitoring to analyze deformation patterns. This model can solve the
deformation analysis based on representative measuring points and key monitoring parts instead
of a lot of measuring points and improve the reliability of arch dam deformation analysis [57].

Other research focuses on the integration of numerical simulation (FEM) with statistical
analysis for the analysis of time and spatial data [58]. In addition, data-driven techniques are
used to interpret the chaotic influences on deformation monitoring in concrete arch dams (under
environmental and operational factors). Experimental data monitoring is carried out using
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the developed hydraulic physical model and focuses on analysing the influence of contraction
joints on the vibration characteristics using a scanning laser vibrometer. The collected data
from the conducted research significantly improves the structural safety assessments for large
concrete arch dams [68].

The other vibration data collection and analysis used a combination of approaches, namely
forced vibration testing (on-site monitoring data collection) and numerical modelling (FEM)
of the Daniel-Johnson multi-arch dam [69]. On-site data collection and combination with
the prediction model are crucial for predicting abnormal structural behaviour in ageing dams.
In addition, anomalies can be detected early and corrective measures can be proposed to
avoid the worst effects, such as catastrophic failure. In addition, the forecast data serves as
input for the planning of new dams (with similar characteristics, locations and conditions).
In monitoring other vibration aspect (seismic activity), historical data of the selected dams
(Karaj, Dez, Karun-I, Karun III, Morrow Point, Luzzone) and a numerical model for the
dynamic properties are used [70]. This hybrid model represents a significant advance in the
analysis of old arch dams, as it takes into account the complex interactions between material
heterogeneity and dynamic state. The developed model is of great use for predicting the current
and future behaviour of dams under dynamic conditions, especially ageing dams. Fig. 5 shows
the comparison between the physical model and the prediction model (numerical, statistical,
data-driven and hybrid).

Table 1. Example of comparison between the physical model and prediction model (numerical, statistical,
data-driven and hybrid)

Type of Type of dam
model Parameters Limitation Advantages P Researcher
and country
(name)
Displacement Sensitive to Effectively captures
Data-Driven: (absolute quantity, . c}atabase . spatlal—t.emporal
growth, variations, requires | deformation trends
Panel Data . S
. fluctuation) and optimization of and reduces the
Clustering . o
spatiotemporal | cluster numbers for | monitoring workload Ultra-hich
(PDC) Model . . X g
deformation consistency and (clustering arch dam,
characteristic data interpretation | representative points) | Jinping I, China
- (concrete double [57]
Integration of curvature
Water levels (rapid Requires accurate multi-weighted arch dam)
Statistical rise, fall, normal ¢ factors for dynamic | (Height — 305 m)
. zoning rules and . .
model: operation), k . deformation analysis,
. data integration, . o
PCCM (Panel | deformation zones, (High provides a specific
Data- temporal-spatial com utitional zone of dam
CRITIC-CSP | correlation, and P deformation and
; cost) for large .
Model) deformation improves the
. datasets. .
fluctuation reliability of
monitoring results.

Table continued on the next page
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Table continued from the previous page

Type of
model Parameters Limitation Advantages Type of dam Researcher
and country
(name)
Deformation data,
Numerical hydraulic . .
Y . Requires accurate | Accurate deformation
model: components, time . .. K
. . preprocessing of | prediction (both time
Finite and spatial .
. spatiotemporal data and space) and
Element coordinates of . - .
. . and handling of highlight the chaotic Ultra-hich
Method monitoring points, ; . g
. . large datasets. effects in residual data. arch dam
(FEM) chaotic residual Lo %
. Jinping I, China
series. (concrete double [58]
Hydraulic curvature
Statistical components of Limited arch dam)
models and | deformation (from | consideration of the | Integration of hydraulic | (Height =305 m)
data-driven FEM), spatial complex and spatiotemporal
model: Spa- | coordinates, and |correlations between factors (accurate
tiotemporal time-based monitoring points | real-time monitoring)
Hybrid Model| monitoring data over time.
from sensors.
. . . D 1 insights into the
Physical Dynamic properties cepe S1S nto
. relationship between
model: Arch |(Natural frequencies, L. . . .
o Limited to scale joints of contraction .
dam model vibration . . . High arch dams,
. R model experiments |effect on the vibrational N
with base- amplitudes, mode .. . Xiaowan Arch
L. and limited coverage | behaviour, and the use . [68]
excitation shapes, effects of Dam, China
L to the real-world | of advanced tools such .
system contraction joints, . . (Height — 292 m)
h dynamics as scanning laser
(1:1500 scale dynamic .
. vibrometry for
model) deflections) . .
high-precision data
Hybrid model:| Dynamic properties Limited to . .
Y . 4 - propert o Provides precise
On-site (Natural frequencies,| forced-vibration . . .
. identification of modal .
Forced- mode shapes, frequencies frequencies. dampin Daniel-Johnson
Vibration test damping ratios, |(1.0-8.3 Hz), cannot d L ping Dam (Manic-5
oo characteristics and
and vibration fully account for Dam), Canada [69]
. . : mode shapes and .
Numerical amplitudes, non-linear effects or| . (Multiple-arch)
- . . improves dam safety .
Model (Finite dynamic long-term behaviour (Height — 214 m)
. . assessment based on
Element displacement under environmental the hvbrid approach
Method) response) changes Y PP
Hybrid model:
Numerical . Requires high .
- Material 4 8 Old arch high
Model (Finite . computational R
characteristic and ) . Accurately captures the| dams (Karaj,
Element R . power for solving .
dynamic properties effects of material Dez, Karun-I,
Method) and X large-scale .
.. (Material . heterogeneity on Karun III,
statistical . eigenvalue . . .
heterogeneity, .. vibration characteristics| Morrow Point, [70]
model . problems; limited by .
. natural frequencies, . and improves Luzzone)
(Random field . . the complexity of . . .
damping ratios, sensitivity analysis for |(Height -between
theory and oo heterogeneous . .
K vibrational modes, . risk assessment 140 and 224 m in
polynomial . material .
correlation length) . height)
chaos assumptions
expansion)
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2.4. Static and dynamic parameters detection using the monitoring tools

Several cases of total and partial dam failures were recorded worldwide and discussed in this
section following the analysis of the monitoring data and the monitoring modelling approaches.
Turbulence-induced seismic signals were observed as surface waves generated by the spillway
flow [8]. The 180-year-old Toddbrok (at the time of the incident) experienced a failure of the
concrete spillway due to the persistent torrential rainfall (Over 190 mm in 24 hours) and flooding,
which caused a high velocity of 15 m/s and washed away the concrete slab (due to water
injection into the cracked concrete, uplift pressure and slab displacement) [17,71]. Figure 5
shows the failure event recorded during the physical on-site assessment by the dam experts.

Oroville Dam incident: Flood and Turbulence-

) Nty Oroville Dam incident: Concrete spillway
induced seismic signals

High-velocity flow )
Foundation undermined
due to vegetation
Spillway and tree roots

o concreteslab
?°o )

Toddbrook Dam incident: Poor maintenance, Toddbrook Dam incident: Shallow
high velocity flow, material degradation foundation and spillway cracking

Fig. 5. Monitoring parameters during the dam incidents (environmental factor and structure damage)
[17,71-73]
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3. Prospective routes to dam sustainability based on reviewed
monitoring tools, monitoring parameters and analysis
of monitoring data

Numerous prospective routes to support dam sustainability were directed from the listed
limitations and advantages from critical review and discussion. The following section provides
the listed fascinating areas of research to ensure the resilience and safety of the dam.

3.1. Developing a robust framework based on the successful
implementation of case studies on the sustainable monitoring system

A robust framework for monitoring the structural condition of dams to support sustainability
is essential to capture both the static and dynamic characteristics of the dam. Therefore, it is
recommended that dam owners or operators develop comprehensive monitoring tools, such as
those implemented in the Cabril Dam (Seismic and Structural Health Monitoring System),
especially for dams located in vulnerable areas [23]. In this way, the risk to the concrete dam,
especially the ageing dam, can be minimised. This approach can improve the decision-making
process for corrective actions such as maintenance and retrofitting works. Therefore, the dam
can be operated continuously without jeopardising the structural integrity of the dam.

3.2. Sustainability through technological advances: integration between
the monitoring data from advanced tools with the prediction model
under climate change uncertainty

Climatic instability has a massive impact on current and future weather uncertainties.
Therefore, advanced monitoring tools such as space-based and ground-based (sensor-based)
instruments are crucial, especially related to dynamic parameters (water level fluctuations,
velocity data during extreme flood events and seismic activity during earthquakes) as an
alternative to traditional physical inspections [40, 65]. In addition, Al-based analyses are
essential for predicting failures and detecting anomalies to accurately capture the impact of
environmental stresses on the behaviour of the dam. In addition, comprehensive tools such as
the Internet of Things (IoT)-supported real-time data acquisition and processing ensure robust
integration of the required data.

3.3. Dam behaviour behaviour study by the consideration of physical
model experiment (PME) and Computational Structural Dynamics
(CSD)

The investigation of the dynamic effects on the dam behaviour changes via a full-scale
physical model experiment based on the actual dam is essential as a preparation for a future
sudden event such as earthquake-induced ground motion [69]. Therefore, linear and non-linear
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dynamic analysis based on frequency and time is required to capture the effects. In addition, the
dedicated seismic system equipped with an accelerometer can record the seismic activity. The
data is processed by the dedicated system and used as input to the CSD system for modelling
and simulation purposes.

4. Conclusions

Critical infrastructure, namely dams, especially concrete dams, are increasingly exposed to
climate-related stresses, such as extreme rainfall events leading to flash floods and frequent
flooding, frequent seismic activity during earthquakes and self-endangerment due to dam
ageing. These factors jeopardise the structural integrity of dams and make them vulnerable to
catastrophic failure.

This comprehensive review emphasizes and supports the shift from traditional to advanced
techniques (technological innovation approach), whether in terms of hardware (physical
instruments such as ground-based sensors, drones and space-based satellites) or software
(advanced predictive models using numerical approaches or artificial intelligence). Real-time
data monitoring is therefore essential to support the sustainability of dams. Furthermore, the
integration of hardware and software approaches is recommended to ensure the resilience and
adaptability of dams under climatic uncertainties. Furthermore, integrated static and dynamic
monitoring for safety and sustainability should be emphasised to capture both short- and
long-term structural changes during the threatened event. In this way, abnormal changes in the
behaviour of the dams are detected at an early stage and appropriate and reliable measures
can be taken to improve the condition of the dams. This effort aligns with the United Nations
SDGs No. 6, 9 and 13.

The comprehensive review indicates an unexplored, limited and fascinating area of research
to be explored, such as the incorporation of artificial intelligence as a tool for early prediction.
This can be achieved by integrating machine learning techniques to detect data anomalies and
predict the truth. In this way, the decision-making process can be accelerated and reliable
maintenance or retrofitting work can be carried out at an early stage. Furthermore, the integration
of multi-monitoring approaches is recommended to compensate for the weaknesses of individual
monitoring tools and enable accurate data detection. In addition, international standards for
data monitoring approaches (the type of monitoring system and standard parameters) should
be defined. This is important to learn from the follow-up implementation of the structural
health monitoring system at Cabril Dam.

In a nutshell, the safety and sustainability of dam infrastructure should shift from traditional
to robust and sophisticated approaches such as integrated, innovative and sustainable monitoring
tools. This comprehensive review provides a future perspective on sustainable dam monitoring
by advancing technology as part of the monitoring approach, data management and future
forecasting to support dam sustainability.
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