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The doctoral thesis is structured into eight chapters, each examining various aspects of long-term
structural monitoring. These encompass the theoretical foundation of the research topic, an analysis of
the factors influencing structural behavior, advanced methods for deformation tracking, case studies
involving the monitoring of heritage structures and critical infrastructure, as well as the author’s personal
contributions towards optimizing monitoring processes.

Chapter 1: Introduction

This chapter presents the rationale behind the chosen research topic, outlining the proposed
objectives, the structure of the dissertation, as well as a general overview of long-term structural
monitoring. Within this context, emphasis is placed on integrating sustainable development principles and
employing modern information management solutions for construction projects, such as Building
Information Modeling (BIM).

The first chapter centers on ensuring the safety of building use, underscoring the importance of
durability and the protection of human life. It highlights the necessity of a rigorous assessment of a
building’s technical condition, which includes the analysis of structural components, the detection of
deformations and deteriorations, and consideration of external factors such as seismic demands, climatic
variations, and dynamic loads generated by occupancy and use.

Structural analysis is essential for the early identification of potential issues, enabling timely
interventions through maintenance, reinforcement, or repairs, thus preventing major risks. Dynamic
loads—most notably seismic forces and vibrations—have a significant long-term impact on structural
behavior, and detailed monitoring of these aspects plays a crucial role in safeguarding the building’s
stability.



Modern technological advancements, including sensors for monitoring vibrations and
deformations, facilitate the collection of accurate real-time data. These data support rapid and effective
decision-making. Continuous and periodic monitoring, coupled with the analysis of material behavior,
helps prevent structural deficiencies and extends the service life of buildings.

Additionally, this chapter introduces the notion of BIM (Building Information Modeling). BIM is
presented as an innovative technology that centralizes the geometric, physical, and functional data of a
construction project into a three-dimensional digital model. This methodology fosters interdisciplinary
collaboration and enables the analysis of structural, energy, and durability performance throughout the
building’s entire lifecycle. By employing BIM, one can achieve significant benefits, such as reducing errors,
saving time, and optimizing costs.

Key ideas of the chapter:

e Continuous Monitoring: Early identification of structural issues is crucial for preventing
deficiencies and maintaining safety.

e Modern Technologies: Advanced monitoring systems provide precise data for effective
interventions.

e Structural Deformations: These must be constantly analyzed to prevent significant damage
and extend the operational lifespan of structures.

e Monitoring Planning: A well-structured system ensures the durability and safety of
constructions.

e Energy Efficiency and Sustainability: Reducing resource consumption and using durable
materials are essential for responsible operation.

This chapter highlights the necessity of an integrated and multidisciplinary approach to ensuring
the safety and durability of constructions, advocating for the adoption of modern technologies and
innovative solutions.

Chapter 2: Physical actions on constructions

This chapter analyzes the key factors that must be monitored to evaluate structural deformations
and displacements. A comprehensive understanding and appropriate management of these phenomena
are essential for maintaining the long-term integrity and safety of constructions. Through rigorous
monitoring and the implementation of efficient technical solutions, design and engineering specialists can
prevent structural damage, ensure optimal building performance, and safeguard both users and the
environment.

Structural stability is a central concern in civil engineering, requiring the management of forces
and physical influences that may compromise the structural integrity of buildings. These actions, whether
static or variable, are rigorously analyzed to ensure long-term durability and safety.

e Static actions: These represent permanent forces, such as self-weight and constant loads,
which must be evenly distributed on foundations to avoid settlements and cracks. These
require precise analysis during the design phase.

e Dynamic actions: These include vibrations, traffic, industrial movements, and wind. They can
lead to material fatigue or cracks, necessitating solutions such as vibration dampers and
flexible structures.



e Seismic actions: Earthquakes require the use of flexible structures, such as steel and
reinforced concrete frames, along with measures like expansion joints. Local seismic risk
analysis is vital.

e Climatic actions: Rain, wind, snow and temperature variations demand protective measures,
such as thermal and waterproof insulation to prevent material deterioration and structural
overload.

e Thermal actions: Material expansion caused by temperature fluctuations can be managed
through expansion joints and the use of materials resistant to extreme temperatures.

e Wear actions: Loads applied during daily use gradually degrade materials. Regular
maintenance and periodic inspections are essential to maintain building performance.

e Hydrological actions: Groundwater pressure, infiltration and flooding can affect foundations,
requiring solutions such as efficient drainage and waterproofing.

Managing physical actions on constructions is crucial for stability and safety. Engineers must apply
advanced design solutions and modern monitoring technologies, alongside periodic maintenance, to
extend the lifespan of buildings and protect users and the environment.

This chapter also presents essential principles in construction design, focusing on aspects such as
structural calculation, the selection of high-quality materials, seismic-resistant design, resistance to
climatic factors, the integration of maintenance measures and road management. Structural calculations
assess permanent, variable and exceptional loads per international standards to ensure long-term safety.
The use of certified high-quality materials contributes to construction durability, while seismic-resistant
designs employ modern technologies to protect structures in seismically active areas. Climatic factors are
addressed through effective insulation and drainage techniques. Incorporating maintenance measures
from the design phase reduces costs and the frequency of subsequent interventions. Road maintenance
is addressed through innovative solutions, durable materials and integrated management to optimize
resources via preventive and predictive planning. These principles ensure the robustness and sustainability
of buildings and infrastructure.

Toward the end of the chapter, structural deformations and displacements are addressed,
classified to understand and manage their impact on construction integrity and safety. Axial deformations
(tension, compression), transverse deformations (bending, torsion), elastic and plastic deformations,
buckling and shearing are analyzed, as well as differential, seismic, vibration-induced, thermal and
landslide displacements. These phenomena are critical for preventing damage and collapse, requiring
precise analyses and tailored solutions, such as reinforcement, seismic isolation or the use of expansion
joints, to ensure construction durability and functionality.

Chapter 3: Methods for monitoring construction deformations over time

This chapter provides a concise overview of methods and tools used to determine linear and
three-dimensional displacements of structures. It addresses advanced monitoring techniques and
specialized equipment that enable precise measurement and evaluation of structural behavior over time,
ensuring efficient deformation monitoring and contributing to the safety and stability of constructions.

Geodetic Methods for Measuring Vertical Displacements and Deformations



The chapter presents geodetic methods used for monitoring vertical displacements and
deformations in constructions, emphasizing modern technologies and their precision.

High-Precision Geometric Leveling, also known as direct leveling, is the reference method for
determining elevation differences between points due to its horizontal sights and high accuracy. It is used
for exact vertical displacement measurements, with applications ranging from scaled experiments to
monitoring large structures such as dams and bridges. Geometric leveling is reliable, versatile, and stable
over the long term, making it ideal for tracking settlements and deformations over time.

High-Precision Trigonometric Leveling offers a practical alternative, especially in inaccessible
areas or over long distances. Based on angle and distance measurements, this method is effective for tall
or hard-to-reach constructions, though it is more vulnerable to atmospheric errors. However, by
integrating total stations and GNSS technology, it ensures high precision and extended applicability.

Modern technologies such as GNSS, LIDAR, and drones have revolutionized structural
deformation monitoring. GNSS enables precise real-time measurements of horizontal and vertical
displacements, proving useful in monitoring large structures. LIDAR, through laser scanning, provides
detailed 3D models of constructions and enables accurate analysis of deformations and deterioration.
Drone imaging supplies rapid, detailed data about terrain and constructions. Equipped with cameras,
multispectral sensors, or LIDAR, drones effectively monitor inaccessible areas, and image processing
generates digital models and detailed maps useful for structural analysis.

These methods, each with its specific advantages, contribute to precise and efficient construction
monitoring, supporting their long-term safety and durability. For effective real-time monitoring and
shorter reaction times in critical situations, real-time structural monitoring is essential.

Real-time deformation monitoring is an advanced technology used for the continuous and precise
measurement of changes in position, shape, or size of structures during operation. By employing high-
precision sensors and transmitting data to a central system, this process allows instant detection of
structural changes, ensuring stability and safety.

Monitoring systems include sensors such as inclinometers for tilt measurement, extensometers
for detecting settlements and displacements, piezometers for monitoring soil water pressure, and sensors
for cracks and vibrations. Data collected is transmitted via cables or wirelessly, analyzed using specialized
software, and may trigger automatic alarms if critical safety thresholds are exceeded.

The primary advantage of real-time monitoring is prompt intervention upon detection of
structural issues, preventing major damages or disasters. This system is indispensable for monitoring
strategic structures such as dams, bridges, and telecommunications towers, where even minor
deformations can indicate significant risks.

The equipment used, including extensometers, inclinometers, crack sensors, and accelerometers,
contributes to accurate structural and geotechnical condition evaluation. Additionally, these tools support
proactive measures for ensuring safety and optimizing construction maintenance.

Continuous monitoring offers essential benefits such as preventing damages, enhancing safety,
reducing repair costs, and optimizing maintenance planning based on real-time data. It plays a crucial role



in projects where structural integrity and public safety are priorities, ensuring infrastructure durability and
disaster prevention.

Chapter 4: Studies and research for long-term monitoring of art works on the Caransebes bypass

This chapter provides a detailed analysis of the research conducted within a project aimed at
monitoring bridges and overpasses. It includes an in-depth examination of the methodologies applied and
the data collected for evaluating the structural behavior of these constructions, highlighting the
importance of continuous monitoring to ensure their safety and durability.

The necessity of long-term monitoring for the objective

The construction, operational since December 2011, encountered significant stability issues that
led to temporary closures and numerous repair interventions between 2012 and 2013. Among these was
the reconstruction of the Valea Mica viaduct, located at km 7+375. In the context of repeated repairs and
high traffic intensity, a topographic study was initiated to monitor the long-term behavior of the structure,
based on a dedicated technical project.

The identified issues, including cracks, settlements, and displacements, were detailed in reception
reports. For instance, the bridge at km 7+375 required expert evaluations of its stability, while the
embankments of the Sebes, Potoc, and Valea Mare viaducts were rebuilt and reinforced due to significant
settlements. The Valea Mica viaduct, constructed using TERRE ARMEE technology, exhibited failures in
prefabricated panels and torsions in the upper beams, necessitating its reconstruction and the initiation
of strict monitoring protocols.

To implement the monitoring program, it was essential to develop a technical project for the
supervision of the objectives included in this program. Preparing the technical monitoring project involved
creating a detailed plan for the long-term observation of the structure's behavior to ensure the stability
and safety of the works. This project includes:

No. | Stage Description

1 Defining Monitoring | Establishing key parameters to be tracked, such as
Objectives settlements, horizontal displacements, and structural cracks.

2 Selecting Monitoring | Choosing appropriate technologies and methods for
Methods measurements, such as topographic equipment,

displacement sensors, and photogrammetry techniques.

3 Planning Equipment | Identifying critical points of the structure (abutments, pillars,

Placement embankments) where monitoring equipment will be

installed to obtain relevant data.
4 Measurement Frequency | Determining an appropriate frequency for data collection
based on the structure's needs and identified risks.

5 Data Analysis and | Developing procedures for collecting and interpreting

Interpretation monitoring data, including the use of analytical models or
software for structural behavior evaluation.

6 Reporting Results Defining the format and frequency of monitoring reports,

which will include periodic evaluations of the structure's
condition and recommendations for potential interventions.




As part of the monitoring program, the included structures were the SEBES bridge at km 4+725,
the POTOC bridge at km 5+512, the VALEA MARE bridge at km 7+107, as well as the armored earth passage
VALEA MICA, located at km 7+375.

Regarding the selected monitoring methods, we opted for geodetic techniques, involving cyclic
measurements of linear nature (high-precision geometric leveling) and angular nature (trigonometric
leveling). These were based on a network of fixed points placed outside the construction (embankment).
To establish the support network, fixed benchmarks were installed in areas outside the direct influence of
the construction, thereby ensuring a stable reference base for measurements.

In the research process, we also included detailed planning of the measurement campaigns. A
monitoring schedule over a two-year period was proposed, during which seven measurement cycles were
planned, structured as follows:

e 3 measurement campaigns were conducted in the first 6 months of the project;
e 2 measurement campaigns were carried out in the following 6 months, thus completing the
first year of monitoring;

e 2 measurement campaigns took place in the second year of the project, with a frequency of
one campaign every 6 months.
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Fig. 2. The evolution of point and trench stakeout methods

A structural analysis of a bridge was also performed, based on images captured by drones,
representing a modern technique that combines traditional inspection methods with advanced image
processing and digital reconstruction technologies. This methodology enables the rapid, safe, and detailed



evaluation of structural conditions, providing essential information for maintenance, rehabilitation, or
extension planning.

Analyzing the obtained data, it was observed that the Sebes Bridge exhibits good stability, with
the measured differences falling within the acceptable tolerances for safe use.

Based on the processed field measurements, the following conclusions regarding the Valea Mica
Passage can be drawn:

The maximum vertical deformations at the marks placed on the parapet beam are 7.0 mm (mark
M9), while at the base of the passage, they are 3.2 mm.

The settlement difference between the parapet beam and the base of the passage (approximately
4 mm) could result from the distribution of traffic-induced loads.

The horizontal deformations of the armored earth passage are negligible, with the maximum
measured value being 2 mm.

Analyzing both horizontal and vertical deformations, it is assessed that there are no stability issues.
No recommendations are necessary for identifying solutions to improve the structural stability.

In conclusion, structural analysis of a bridge based on drone-captured images is an essential tool
for civil engineers, providing detailed and precise information. This method allows for an accurate
assessment of the current state of the structure, facilitates the planning of rehabilitation work, and helps
prevent potential critical failures, contributing to the safety and durability of infrastructure.

Chapter 5: Applied models for monitoring floor displacements and structural elements in an
industrial building

This chapter details the methodology for long-term monitoring of a production hall (TMD
FRICTION, located in Caransebes, Varful Gugu Street, no. 1, Caras Severin County) situated in an area with
geotechnical risks concerning the stability of the foundation soil. It describes the models applied for
evaluating the displacements of the floor and structural resistance elements, offering a systematic analysis
of structural behavior over time to ensure the safety and optimal operation of the building under
geotechnical risk conditions.

The study was requested by the beneficiary following the observation of cracks in the floor of the
hall and the locker rooms, which could potentially impact production activity. To identify the causes, a
technical expertise on the concrete floor was conducted, supplemented by geotechnical and vibration
studies. Topographic monitoring of the vertical displacements of the floor and structural elements was
also required to evaluate the long-term stability of the hall.

Vibration measurements were performed, and to ensure optimal operation, it was recommended
to adjust the operating frequency of machinery to avoid resonance ranges. This adjustment helps reduce
vibrations and extend the lifespan of critical equipment components, promoting system stability and
efficiency.

Monitoring industrial floors using topographic methods is essential for detecting displacements
and maintaining structural safety. High-precision geometric leveling is frequently used to measure vertical



variations over large areas, providing accurate data on millimetric deformations. Measurement accuracy
is crucial, with acceptable errors varying depending on the type of construction and terrain. For rapid
deformations, high accuracy is necessary for prompt evaluation. Periodic observations may allow more
relaxed requirements, but sensitive or large-scale constructions demand extremely precise
measurements.

Following the analysis of existing cracks and data from geotechnical and vibration studies, a
structured monitoring process was implemented, consisting of five measurement stages over one year.
This approach enabled detailed and continuous evaluation of potential structural degradations.

To monitor vertical displacements in the hall’s floor, the mid-level geometric leveling method was
used with a LEICA DNA 03 digital level and GPCL2 invar stadia, recognized for their high precision (0.3
mm/km) and measurement resolution (0.01 mm). This equipment allows real-time display of levels and
data recording for subsequent processing.

The process included systematic measurements, data processing to calculate displacements, and
verification of benchmark stability, followed by documentation preparation. To ensure accuracy, two
leveling runs were conducted: a primary and a secondary one, to eliminate errors that may arise due to
the large surface area of the hall.

Findings from Field Measurements and Data Processing

Settlement marks placed on structural resistance elements showed changes throughout the
measurement cycles. The maximum settlement was recorded at Mark L11, with a value of 9.2 mm.

Settlements determined for bolts embedded in the floor exhibited comparable magnitudes to
those obtained for settlement marks placed on columns.

These results indicate consistency in settlement phenomena across the various monitored points
of the structure.

Fig. 3. Graphical representation of settlements



Based on the obtained data, a technical expertise report was prepared proposing floor
consolidation using injection techniques. This solution involves performing injections in areas adjacent to
joints and near foundations to increase load-bearing capacity and ensure structural stability.

After completing the consolidation phase, three additional cycles of topographic measurements
were conducted, with the primary objective of monitoring and evaluating the evolution of settlements
under the new structural and geotechnical conditions generated by the performed works.

Following the additional measurements, the findings were:

e Settlement marks placed on the structural resistance elements (columns) showed changes
during the measurement cycles, with the maximum settlement recorded at Mark A10 at 2.6
mm.

e For bolts embedded in the ground floor, the settlement situation was similar in magnitude to
the values determined at the column marks. The maximum value was recorded at Bolt Bl 1,
measuring 1.6 mm.

e All benchmarks monitored in the consolidated areas exhibited insignificant displacements.

Considering the evolution of floor deformations and the resistance structure over time, it is
assessed that the settlements have stabilized following the implementation of consolidation solutions
through soil injection. This allows for the development of a comprehensive consolidation project for the
floors and foundations of the building.

Chapter 6: High-precision topographic analysis for gate systems at the Iron Gates | Lock

This chapter presents the study conducted as part of the lock modernization project. It highlights
the advantages of using laser scanning technology, which enables the acquisition of significant volumes of
precise data even under challenging working conditions. Laser scanning technology has demonstrated high
efficiency in collecting essential topographic details for the rehabilitation of the lock, thereby optimizing
the modernization process and improving data accuracy.

In 2006, the rehabilitation process of the Romanian lock on the left bank began, but it was
interrupted for a period and resumed approximately two years ago.

The scope of the work involves the replacement of the metal structure, the rehabilitation of
embedded components in the gate recess associated with the segment gate, the rehabilitation of the
protective screen within the gate recess, along with its associated embedded components, and the
rehabilitation of the protective frame. The gate recess is located in the downstream cofferdam area at the
Intermediate Head.

For measurements, the radiation method, the rectangular coordinate method, and laser scanning
were used, adapted to meet the required precision standards. The selected equipment included the Leica
TS15 total station for topographic measurements and the API Imager PRO 5010 laser scanner, ensuring
precise and detailed data collection. The main challenge was identifying scanning positions to meet the
required precision, considering the difficulties of accessing the interior of the gate and the instability of
the scanning equipment on the crane. The solution was to perform scans from five different positions,
three outside the gate and two inside, aligned with the guide rails.



Fig. 4. Scan performed inside the valve

The large number of points acquired, 283,952,960, allowed for the generation of a three-
dimensional (3D) model. The use of the 3D model obtained through laser scanning provides significant
advantages in the analysis of object deformations, particularly due to the high density of the acquired
points and the precision of this technique. The resulting model represents a highly detailed virtual replica
of the studied object, offering a solid foundation for evaluating and monitoring deformations at various
stages of operation.

In conclusion, the 3D model obtained through laser scanning is an advanced and efficient tool for
structural deformation analysis, enabling precise and rapid monitoring that contributes to extending the
lifespan of structures. Compared to traditional methods, laser scanning reduces data collection and
interpretation time, saving resources and minimizing operational downtime. For complex or hard-to-
access structures, such as gates, terrestrial scanning based on LiDAR technology is essential. However,
several technical challenges must be addressed, including the positioning of scanning stations,
georeferencing point clouds, and ensuring high data density and precision. Limitations such as reduced
visibility or material reflection can affect data quality. With proper planning and the use of appropriate
equipment, terrestrial scanning can deliver highly precise results for the analysis and monitoring of
complex structures.



Chapter 7: Spatial analysis model for long-term monitoring of an innovative road structure

This chapter presents a best-practice model used for long-term monitoring of several road sectors.
By combining conventional topographic methods with modern measurement techniques such as
photogrammetry and terrestrial laser scanning, high data precision and a comprehensive overview of the
entire studied area were ensured.

As part of this study, the behavior of roads in the village of Ohaba-Forgaci and the Ohaba-Forgaci
— Boldur road segment was monitored. The analysis focused on road sectors within the village limits of
Ohaba-Forgaci, Timis County, and a road segment between Ohaba-Forgaci and Boldur. This analysis was
necessary following the modernization of these roads, which was carried out by implementing a
macadam-type road structure that includes a binder to enhance the road's consolidation and resistance.
The macadam structure is increasingly used in high-traffic areas, such as those where heavy agricultural
machinery operates, characteristic of northern regions.

To execute this project, a variety of modern topographic measurement methods and technologies
were used, ensuring a detailed and accurate evaluation of the roads' behavior over the long term. The
implemented technologies included:

o Mid-level geometric leveling — for precise measurements of elevation differences;

e Trigonometric leveling — used to determine altitudes by measuring vertical angles;

e  GNSS technology — for accurate localization and coordinate measurement;

e Terrestrial laser scanning — an advanced method of collecting three-dimensional data,
ensuring detailed terrain mapping;

e Digital photogrammetry — used to reconstruct three-dimensional objects and surfaces
based on digital images.

During the study, both traditional methods and modern topographic measurement techniques
were applied. In the initial phase, classical topographic methods, such as total station measurements and
geometric leveling, were used to establish control point positions and create an initial road model. These
data were essential for establishing a baseline for subsequent measurements and detecting structural
changes that might occur over time.

A significant step in the monitoring process was the use of digital photogrammetry, which enables
the acquisition of detailed aerial images of the studied road segments. Photogrammetry provides an
overview of the roads, proving useful for the visual assessment of deformations, cracks or other
irregularities that may occur during road use. It also allows for periodic image acquisition, facilitating the
detection of changes over time.

To further enhance measurement precision, terrestrial laser scanning was employed. This
advanced technology captures a vast number of data points in a short time, with a density of up to one
million points per second. Laser scanning enabled the creation of 3D models of the roads, offering a
detailed analysis of their surface and structure. This technology is crucial for detecting minor changes that
may foreshadow more significant deformations in the long term.
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Fig. 5. The settlement distribution diagram for one of the segments at Ohaba-Forgaci

One of the main advantages of this study was the use of an integrated approach, where data
obtained through one method was validated and correlated with data from other methods. This approach
increased the reliability of results and reduced the risk of errors. Consequently, we achieved rigorous and
detailed monitoring of road structures, providing an accurate evaluation of the condition of the roads in
the studied areas.

In conclusion, the combination of traditional methods and modern technologies allowed for a
precise and detailed analysis of the roads in the village of Ohaba-Forgaci and the Ohaba-Forgaci — Boldur
segment. By implementing terrestrial laser scanning, digital photogrammetry, and other advanced
techniques, we obtained high-precision data essential for long-term monitoring of road structural
conditions. These methods will significantly contribute to assessing road behavior and preventing
potential major deformations that could arise in the future.

Chapter 8: Conclusions, original contributions, and future research directions

This chapter presents the conclusions derived from the research conducted as part of the
monitoring processes for the analyzed objectives, highlighting the author's original contributions.
Additionally, it details how the research results have been utilized, emphasizing their impact on improving
monitoring methods and their practical applicability.

Monitoring the behavior of constructions is essential for mitigating risks associated with limit
states, which can affect both functionality and safety. These risks include the inability to meet operational
requirements and the emergence of hazards that threaten the safety of people and property. Therefore,
it is crucial to monitor deformations and structural displacements early, as they may indicate a loss of
stability.

Modern geodetic technologies are essential for tracking the evolution of constructions, with
applications including the measurement of settlements, horizontal displacements, and inclinations. These
technologies, particularly automated systems, enable precise evaluation of construction behavior and the
early detection of instability phenomena.



Settlement or horizontal displacement is not always an alarm signal; however, when measured
values exceed predicted thresholds, a detailed analysis becomes necessary. A settlement monitoring
program is crucial for ensuring the long-term optimal and safe operation of a construction. Without

adequate monitoring, risks may arise that could compromise the building's lifespan and the safety of its
users.
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