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Abstract 

 

Over time, structures such as slopes and retaining walls are increasingly deteriorating, 

resulting in a risk of collapse. Factors such as climate change, human activities, societal 

development, rapid growth of cities, increasing population and economy make 

geological disasters occur more frequently than usual. Geological hazards of nature, 

slope collapse, slope fractures or slope movements have become a problem to be solved 

by civil engineering. With the advent of low-cost sensors, optical topographic surveying 

and BIM (Building Information Modelling), such risk could be mitigated and, in some 

cases, eliminated. The main aim of this research was to use wireless sensors to monitor 

slopes that are potentially at risk and to incorporate all the information obtained in BIM 

(Building Information Modelling), in order to make a digitalized vision of the structures 

in real time. High precision and innovative tools, such as drone flights and slope scanners 

were utilized for a detailed analysis of the risk of change in the geohazards including soil 

slopes and historic retaining walls. Through the combination of data from sensors with 

point clouds generated from drone flights, an early warning system was developed. This 

early warning system was clearly able to display when there was surface changes 

therefore highlighting the areas of high risk of collapse. This thesis shows how 

continuous real-time surveillance of soil slopes and retaining walls can be achieved 

clearly and concisely, in a cost-effective manner.  
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1. Introduction  
 

Mass movement and landslides occur due to a multitude of factors such as rainfall, 

coastal erosion, human interaction (1). The size of a landslide may appear small however 

its effect could be extensive resulting in loss of infrastructure, land, and even lives (2). 

Ireland is not a country considered to be impacted greatly by significant geohazard 

events however it is a country that experiences landslides of different magnitude (3).   

Towns and cities built in locations exposed to adverse conditions are at increased risk of 

landslides(4). One such example of this is Cobh, Co. Cork. This town was built on the land 

of steep topography located overlooking Cork harbour. Its soil is primarily sandstone 

and so, due to the location and strata beneath the town, Cobh relies heavily on retaining 

walls for the preservation and safety of the town. Due to an increasing population and 

changing climates, the retaining walls of Cobh as well as the soil slopes in the area are 

gradually deteriorating and some such structures have collapsed (5). These collapses 

promoted preventative measures being carried out on high risk areas in the past 

however these measures were extremely costly and difficult to carry out (6). Following 

the completion of these works further high-risk structures were identified that require 

continuous monitoring and will require stabilising measures to prevent significant 

deterioration.  

Current methods for geo-structural surveillance require lengthy periods of analyses and 

monitoring of structures at risk of collapse. The time needed for adequate surveillance 

is lengthy whilst the technology used is expensive (7). The cost of surveillance is high 

whilst the results are of low yield, given that these analyses only occur up to four times 

a year. In the interval between analysis, the damage that could occur may be dramatic 

whilst the repairs required for such change’s damages may be extensive. There is always 

a risk to human life if an at-risk structure is not adequately monitored and intervention 

applied in time.  
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It is clear that expansion and development of current surveillance methods is required 

in order to provide real-time, high quality results continuously so that adequate 

information on at risk structures is known to prevent further deterioration and losses. 

Novel technologies need to be applied to further enhance the surveillance methods in a 

manner that is quicker in time and cheaper in cost. The results of such analyses need to 

be clear in their information and also identify areas requiring intervention at optimal 

times. 

This research project aims to combine the use of novel technologies such as drones, 

sensors and BIM software to develop an early warning system. This early warning system 

aims to provide continuous data on at risk structures under surveillance remotely. 

Following the deployment of laser scanners and drone software, 3D object-oriented 

models of the structure under surveillance will be created. Through the use of sensors, 

the slope or retaining wall surface behaviour can be monitored and any movements 

identified. By combining the sensor data with the 3D object-oriented model, using Revit 

software, a BIM structural health monitoring early warning system will be developed. 

The above methodology was applied to a number of at-risk structures in Cobh, Cork. 

One soil slope was at significantly high risk of collapse and so was the focus of this study. 

Following the use of a drone to capture a series of images, a point cloud was developed 

of the soil slope. By using an accelerometer and gyroscope sensor, live data of the slope 

surface movements were obtained. This data was then incorporated, through Dynamo 

and Revit, to formulate a BIM structural health monitoring system that was cheap, 

effective and accurate in its results. 

Through this research thesis, it can be seen that novel technologies provide a means for 

accurate measurement and surveillance of at-risk structures in a manner that is less 

costly financially and in time. These methods also provide results that are more sensitive 

to structural changes and therefore enable for early intervention and prevention of 

structural collapse.  
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1.1 Background 
The effects if climate change i.e. extreme weather variations, heavy rainfalls and strong 

winds, puts soil slopes and retaining masonry walls under increased stress. Retaining 

masonry walls are important and necessary barriers that protect infrastructures, 

overcoming landslide hazards that could potentially happen by withstanding the lateral 

pressure of soil and rock masses (8). Over time, natural deterioration occurs however, 

extreme weather events caused by climate change accelerate the destruction of these 

structures of importance. The destruction and deterioration of masonry walls results in 

landslides which pose large socioeconomic risks for communities (2, 9). The term 

landslide describes a number of processes resulting in the downward and outward 

movement of materials under the force of gravity (3). 

The level of mass movement, more specifically rotational landslides, has intensified in 

recent years. These landslides are caused by the combination of a number of natural 

factors; topography, heavy rainfall, overloaded housing, poor solid waste disposal, 

seismicity (10). Landslides are considered to be the most destructive geological 

processes affecting humans, resulting in a large amount of economic loss as well as 

putting lives at risk (11). 90% of the losses caused by landslides are considered avoidable, 

through early detection of areas of weakness and early intervention with preventative 

measures (10). Although the magnitude, and effect of a landslide can vary with the 

consequences causing serious disruption and loss of lives, the size of the landslide does 

not often correlate with the consequences. A small landslide could result in road or 

transport infrastructure collapse, injury or death (3). 

Based on the geographical location of Ireland, along with the soil types found across the 

country, it is not considered to be high risk for major geohazard events. However, 

landslides have, and will continue to occur with serious consequences. The combination 

of complex terrain with extreme weather events such as heavy rainfall lowers the 

threshold for landslides in at risk areas (12, 13). Several factors increase the risk of 

landslides (Table 1) which are bound to increase due to changing climate. Although 

considered a benign country in relation to geohazards and landslides, Ireland is not 

immune to such events and their consequences. Events, such as that in Castlegarde, Co. 

Limerick resulting in 21 deaths (3, 14), or Cobh Co Cork, resulting in the death of a child 
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highlight how these events occur and impact this country. A total of 34 people have died 

to date in landslides in Ireland (15). The effect of such events, irrespective of their size, 

needs to be analysed and assessed to implement measures to prevent further damage 

and avoid possible losses (15). In late 2003, two major landslides occurred in Ireland 

resulting in millions of euro worth of damage. One of these landslides occurred in 

Derrybrien, Co. Galway resulted in the dislodgement of 450,000 cubic metres of peat 

over a 32Km2 area (15). There were no deaths following these two events however they 

resulted in a shift in perspectives towards landslides in Ireland and raised awareness 

towards their seriousness. Figure 1.1 shows an example of a landslide on Connolly Street 

in Cobh in close proximity to a busy road and a number of houses that illustrates some 

of the dangers. 

Table 1.Factors increasing landslide risk 

Underlying Rock 
Rock type, grain size, what the rock is 

made of, degree of weathering 

Physical features 
slope elevation, slope incline, direction 

the slope is facing 

Drainage 
slope drainage direction, how fast the 

ground drains 

Land Cover vegetation type, land use 

Rainfall total amount, intensity, time interval 

Natural erosion slope surface, base of slope 

Man-made 
undercutting of slopes, removal of 

retaining walls, land drainage 
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This research proposes a novel method of slope surveillance that is more cost effective, 

accurate and accessible than current techniques used for slope and structural 

monitoring. In order to accurately assess of the current state of an at-risk slope, it is 

necessary to compile different geometric, geotechnical, geological and hydrological 

parameters that allow a model to be developed that mimics reality and thus allows for 

the topographical and geotechnical behaviour of the slope to be deduced.  

In the analysis of potential landslides and slope collapse, one of the most important 

aspects to be considered in a slope stability analysis is the safety factor, which expresses 

the ratio between the resistant forces of the terrain and the destabilising forces (16). 

When this value exceeds one, it indicates stable conditions whilst, on the contrary, when 

it indicates values lower than one, it indicates unstable conditions. When the result is 

equal to one, it is at the breaking point which means that the resistant forces are equal 

to the destabilising forces and the slopes has the potential to become destabilised with 

little additional destabilising forces (16).  

Traditionally, the task of monitoring the structural health of a slope is an arduous task 

to carry out that requires skilled personnel and a lot of time. However, in the event of 

deterioration of slope stability, the result of the analysis identifies the point of damage 

Figure 1. 1 displays the landslide on Connolly Street slope and its proximity to a primary 
road (1) 
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and therefore facilitates the necessary corrective measures to be applied to the 

structural model to prevent future landslides from occurring (17).  

Consequently, the results provided by structural health monitoring includes multiple 

points of assessment of the slope under study. Therefore, it is important to recognise 

and classify any type of movement or damage that could negatively affect the structural 

integrity and stability. It is important to recognise and classify the materials that 

compose it, and it will be possible to estimate the behaviour of the terrain and its 

possible reactions to different stresses. 

1.2 Motivation  
The current techniques used for the surveillance of soil slopes and retaining structures 

at risk of damage are complex in their nature as they are time- and resource- intensive 

laborious undertakings.  It requires expensive tools to allow for accurate evaluation and 

therefore the identification of structural problems of the slope stability (18). Due to the 

numerous factors implicated in the damage to soil slopes and retaining structures of 

importance, the task of structural monitoring is made difficult by prolonging the 

surveillance and affecting the accuracy of results.  

Prior to the analysis of the structural behaviour of a slope, the various material 

constituents of the slope or structure are required, as well as their strata and 

measurements. To do this, it is necessary to carry out a geotechnical borehole, which 

allows for a geotechnical survey of the terrain. Boreholes are small diameter drillings, 
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Figure 1. 2 showcases a section of further partial landslide on the Connolly Street slope (1) 
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normally carried out mechanically, from which core samples are obtained from the 

drilled ground, samples which, after tests are carried out, determine the characteristics 

and properties of the ground. Although important in the process of slope surveillance, 

this is an invasive procedure. In the surveillance of an active slope with risk of landslide, 

the process of carrying out a borehole has the potential to worsen the slopes stability 

with the possibility of causing an acute deterioration in the slope stability, therefore 

increasing the risk exponentially. A non-invasive slope surveillance technique is required 

that allows for accurate active monitoring of slope changes without contributing to 

slope damage. 

There are various approaches to slope monitoring at present (19), however each of 

these processes lack the ability to continuously provide data whilst they are also labour 

intensive. The requirements of structural monitoring vary according to the structure 

however it is a mechanical procedure carried out by experts that involve several days of 

preparation as well as days of work to carry out the procedure. Therefore, it is clear that 

current methods are cost and time intensive. Through the development of a digital real 

time structural health monitoring system, the costs of surveillance are reduced 

dramatically whilst providing more in-depth well-rounded information of structural 

health (20).  

Building information modelling (BIM) allows for the integration of multi-disciplinary data 

to form a digital representation of a structure allowing for better visibility, clarity in 

decision making and financial effectiveness (21). BIM was initially developed and used 

in traditional construction, whereby it was implemented during the construction stages 

of a building for optimal design, operation and maintenance of the building. By using the 

same principles and technology, BIM can be applied to geotechnical engineering 

whereby it can be adapted to allow for continuous monitoring of slopes whilst also 

aiding in preventative measures if required in a deteriorating slope or retaining wall (22). 

 

1.3 Research questions 
Two areas have been identified that require further research and development. Firstly, 

from a geomorphological point of view, the quality of the 3D modelling results of the 

slopes require further information and expansion. Secondly, the evolution of the 



 

8 
 

structural behaviour over time needs to be developed to provide continuous real-time 

data to be obtained. To further this understanding, the following research questions and 

objectives were posed: 

- How can a true-to-life 3D object-oriented model be developed and what 

alternatives are there?  

- How can structural health surveillance be carried out on a slope?  

- Is there a means of linking such 3D modelling with structural health surveillance? 

- Does the implementation of SHM lead to an increase in project budgets? 

By answering these questions, a sufficient basis is obtained to achieve the objective of 

this research, which is to: 

Demonstrate the feasibility of a Building Information Modelling (BIM) integrated into 

geohazard monitoring tool for high-risk slopes and historic structures. 

1.4 Approach 

Based on the issues raised, this research project is focused on two distinct areas of study; 

1. Providing high resolution 3D object-oriented models and, 2. Real-time structural 

health monitoring. The aim of this research is to bring both of these methods together 

to generate a single information model.  

First, a literature review is carried out to establish the current methods of 3D object-

oriented modelling as well as various techniques for soil slope and retaining wall 

surveillance.  (section3). Case studies displaying the use of structural health monitoring 

across different civil infrastructures; bridges, dams and megastructures. These examples 

highlight the relevance of structural health monitoring as well as show how sensors 

provide a means for accurate real time structural monitoring. From carrying out this 

review, it was seen that 3D object-oriented modelling has not been applied for the active 

surveillance of geostructures such as soil slopes but instead has been limited to civil 

structures during their construction. The various surveying methods were analysed to 

establish the optimal approach in slope and retaining wall surveying and continuous 

monitoring. Finally, the integration of this information into BIM was reviewed in order 

to approach the development of an early warning system in a structured manner. 

 



 

9 
 

In this project, two different methods of inspection, laser scanners and drones, is used 

and therefore, enables the contrasting of the information obtained. This allows an 

assessment to gauge if the chosen method is fit-for-purpose. Various factors such as 

their use and handling, quality of results and economic cost were considered to select 

an appropriate method.  

Secondly, a visual inspection of the slopes and retaining walls is carried out (section 4). 

From this point, an order of priority is established for the study of the slopes or retaining 

walls. Furthermore, a review is also carried out of various studies previously carried out 

on the slopes, in order to establish what actions have been undertaken and what 

information on the slope/retaining wall is available for the present investigation. 

The slope selected for detailed analysis is replicated through the use of a drone and a 

laser scanner. This enables a point cloud to be developed before a mesh of the slope 

surface can be formed. The resulting point clouds are compared and the higher quality 

result is used for the creation of the early warning system. 

Thirdly, the structural health of the slopes is monitored. To do this, the results of the 

literature review are applied in the selection process of the sensors to be used. The slope 

monitoring study is carried out using Arduino Uno WiFi sensors, which have been 

specifically assembled and programmed for this study. In this way, the economic costs 

have been reduced, which will be evaluated later in the study. The sensors are applied 

to the soil slope most at risk for collapse and data is recorded over a period of time to 

assess for any slope surface changes and signs of instability. This data is then transferred 

to an online database in the form of Google sheet.  

Lastly, and as the main goal of the research, to combine all the information collected to 

form a single 3D object-oriented model. To this end, it has been possible to connect the 

3D modelling obtained through different methods with the monitoring of structural 

health. In other words, an early warning system can be created which, when the sensors 

located on the slopes exceed predefined values, the risk level of the slopes in the 3D 

object-oriented model by means of a colour scale will be identified. Thus, structural 

health monitoring is simplified by anticipating the actions on the slope by means of the 

early warning system.  
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1.5 Outline 
Chapter 1 introduces the study topic and the motivation of research. From here, the 

research questions and the aims of the research are defined. Furthermore, an approach 

is formulated which distinguished the design steps to be followed.  

In chapter 2 the fundamental theoretical background is presented. This also includes the 

background of Cobh and the site of study.  

The literature review is summarised in chapter 3. This is where concepts such as 

structural health monitoring, slope inspection and BIM are defined. In addition, the 

different methods that currently exist to carry out slope inspection and different 

infrastructures are explained, as well as an economic study.  

Chapter 4 details the methods used in the research. Therefore, it explains in detail how 

the different methods defined in the previous chapter have been carried out. To close 

the chapter, the economic cost. 

 

  

Figure 1. 3 Flow diagram highlighting the steps carried out to develop a GEOBIM SHM 
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2. Study Site 
 

The town of Cobh is situated in the south of Ireland. It has a privileged location 

overlooking the entrance to Cork Harbour, which enabled the town to become a 

strategic and developmental point. However, the location of the town is on the side of 

a hill, which has a steep topography overlooking the sea.  

It was from 1800 onwards, due to the construction of the Haulbowline Naval Base, that 

the population of Cobh increased considerably, from hundreds of inhabitants to over 

7000. Consequently, and due to the complexity of the topography of the terrain, 

retaining walls became very important. Built in masonry during the British rule of the 

island, the retaining walls have been under great stress due to the rapid growth of the 

town. Lack of monitoring of the condition of the walls, overloading, and weather all play 

a role in the structural health of these historic retaining walls. In the last 30 years, both 

rock falls and landslides on slopes have caused damage to property and even resulted 

in the loss of life of a child in 1980 (23).  

Figure 2. 1 Aerial view of Cobh highlighting the topography of the town (2) 
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In recent years, there has been the development of an unsafe embankment adjacent to 

a main road on Connolly Street that is used daily by heavy fishery lorries as well as refuse 

trucks and is a main road connecting the main town to a popular memorial garden. 

Located close to a site of a major 1997 landslide on East Hill, the Connolly Street slope 

has the potential to significantly impact the residents and business people of Cobh. With 

ongoing deterioration in its condition and extremely close proximity to the main road of 

Connolly Street, this unstable slope is an area of concern for many. 

Cobh is a town that requires investment in both preventative measures as well as 

surveillance for the safety of the public. Such preventative works have already occurred 

in the town at a significant financial cost. In late 2009, Malachy Walsh and Co carried 

out a number of projects in the town such as new reinforced concrete wall construction, 

rock bolting, rockfall safety netting, reinforced shotcreting and repair of existing walls at 

five key sites in the locality to ensure the safety and stability of retaining walls, earth 

and rock slopes (24).  

 

 

 

 

 

Figure 2. 2 Shotcrete protection on a slope in Harbour Row, a slope previously at risk of collapse (3) 
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Three such critical locations, East Hill, Harbour Road and Wolfe Tone Street, underwent 

extensive works which ensured the stability of the retaining walls and slopes. This was 

achieved through funding from the Department of the Environment, which provided 

€2.8 million, together with Cork County Council and Cork City Council, for a total amount 

of over €7 million for the rehabilitation and maintenance of the retaining walls at these 

critical points (23). On completion of the main works, approximately 200 other walls and 

slopes were not stabilised but identified for continuous monitoring as they presented 

risks which could eventually lead to collapse or damage if left unmonitored. It is these 

walls that form the subject matter of this research. A wall monitoring programming 

including visual and manual inspection on a quarterly basis was ongoing until 2016 

however this has ceased, thus providing an ideal case study for wireless low cost SHM 

as presented in this study. On analysis of the cost of traditional surveillance techniques, 

traditional SHM costs an estimated €38,400 per annum, capital cost and over a ten-year 

period totals €384,000. In comparison it is estimated that the cost of a novel continuous 

monitoring system would be approximately €51,000 over a ten-year period with the 

majority of this originating in the first months, to establish the SHM system. 

In this dissertation, a slope and retaining wall monitoring and surveillance study is 

carried out using various methodologies integrated in BIM. Firstly, a visual inspection of 

the current state of the different slopes and walls in the locality was carried out. After 

the visual inspection, it was decided to focus the study of the present investigation on 

one of the slopes located in Connolly Street, due to an active slope failure.  

Figure 2. 3 Shotcrete protection on a slope at Saint Colman's Cathedral, previously at risk (3) 
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The main objective of the thesis is to provide a tool to monitor the structural health of 

retaining walls and slopes and to create an early warning system, using the Cobh locality 

as a case study. The tool will be used by asset owners, in this case the local authorities 

of Cork County Council, which will allow them to have up to date information on the 

structural condition of monitored retaining walls and slopes in real time. 

The monitoring is based on a network of sensors distributed on the slope surface. This 

low-cost sensor network is made up of accelerometers that take readings of possible 

movements of the slope in real time. In this way, the monitoring costs currently incurred 

are considerably reduced. The information provided by the sensor network is integrated 

in BIM, which allows the visualisation of the state of health of the monitored 

infrastructures in a 3D object-oriented model in a simple manner and the creation of an 

early warning system, reducing intervention times and avoiding greater risks. 

2.1 Geological setting  
The geological strata that make up the terrain of the Cobh area are largely made up of 

three different sandstone strata:  

- Sandstone with mudstone and siltstone 

- Narrow sandstone layer with sandstone bedding and minor mudstone 

- Sandstone with sand and mudstone bedding down to the shore of the harbour 

The composition of the terrain, together with the cold and rainy climate of the area, has 

led to several landslide events in recent years. In early 1997, a landslide occurred in the 

Figure 2. 4 Landslide at the Connolly Street slope prior to any preventative measures (1) 
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Fort Villas area, where the soil composition consisted of Courceyan mudstone and 

sandstone, causing serious damage to infrastructure. This was followed shortly 

afterwards in 1999 by the collapse of a retaining wall in the Easthill area, very close to 

Connolly Street, with the same geological composition as in Fort Villas (25).  

Following the events in the locality, Cobh Town Council together with Cork County 

Council decided to implement the Development Plan 2009 in which a survey of those 

walls at risk was carried out to initiate a monitoring plan for control, follow-up and 

action.  

 

 

Figure 2. 6 GSI Classification of landslide susceptibility 

 

Figure 2. 5 GSI Classification of landslide susceptibility in the Cobh area (4) 
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A classification of landslide susceptibility in the Cobh area can be seen above. This shows 

that there are a large number of areas in the locality considered to be between 

moderately high and high risk for landslides. 

Based on the topography of Cobh town along with the large number of retaining walls 

and soil slopes, Cobh was considered to be a suitable location for the development and 

application of a novel early warning system. The town has already undergone a number 

of previous restoration and preservation works at a large cost and so it was intended to 

develop a more cost effective system for the surveillance of retaining walls and soil 

slopes at risk in the surrounding area (5).  
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3. Literature review  
 

Civil infrastructure provides the means for today's society to function, including various 

types of buildings, bridges, tunnels, power and nuclear power plants, foundations and 

excavations (26). Hence the importance today of analysing the state of preservation of 

all types of infrastructure for optimal maintenance and proper structural performance 

as well as safety.  

Since the middle of the 20th century, various methods of structural health monitoring 

(SHM) have been in use and are still active and working well today (26). In recent years, 

the different methods used have evolved by incorporating and developing important 

improvements in order to provide comprehensive coverage, analysis and reporting on 

the status of the monitored infrastructures/assets. Consequently, structural health 

monitoring systems are now focused on digital systems, given the quality of the results 

obtained and the speed with which they can be obtained. At the same time, another 

point that has favoured the increase in structural health monitoring is the reduction of 

economic costs. Thus, it is an aspect that has been especially taken into account, since 

it not only translates into cost savings, but also allows for greater investment in safety 

issues, becoming a potential factor in current projects involving structural health 

monitoring (27). Within this framework, companies are investing more study time and 

various resources in structural health monitoring of infrastructure and slopes, making 

SHM a key transcendental component in structural health monitoring projects (28). 

Structural health studies aim to provide a diagnosis of the state of the structure as a 

whole, i.e. over its lifetime. Over time, every structure undergoes natural deterioration 

due to various factors such as climatic impact, use or even damage caused by accidents 

(27). For this reason, structural health monitoring aims to detect damage to 

infrastructure in its early stages, and consequently provide a solution to prevent further 

structural health complications. The aim is to clarify as much as possible the definition 

of the damage caused, which implies any change in the material properties and 

geometry of the infrastructure, and which may negatively affect the current and future 

structural behaviour of the infrastructure (28). While it is true that not every type of 

damage caused to structures implies that it is necessarily irreversible, i.e. loss of 
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functionality of the system, but rather that the damaged structure will cease to function 

optimally and with a negative progression (28). This is why it is important to define 

persistent damage to infrastructure in the early stages of structural monitoring. 

However, it must be emphasised that structural health surveillance puts the safety of 

people before the use of the infrastructure.   

The implementation of SHM in a project must start from a visibly planned objective.  To 

do this, it is necessary to know in advance what types of structures are to be studied and 

to score the damage to the infrastructure. Once this has been done, it is advisable to be 

aware of the different methods that currently exist for structural health monitoring, in 

order to optimise their use and results, in addition to avoiding a loss of traceability in 

the study and also, increasing the economic costs. 

The field of study for the implementation of SHM is becoming wider and wider, allowing 

the current state of different infrastructures to be known in real time. Below are several 

studies from different fields that use structural health monitoring for structural 

surveillance. Of note, SHM does not always imply that there is damage to the 

infrastructure, i.e. the implementation of SHM involves structural health monitoring, 

providing a report on the current state which, in the event of real damage, SHM will be 

adapted to refine and purify the information obtained and provide an optimal solution. 

Conversely, if there is no damage to the infrastructure, the SHM will serve as an early 

warning system and, ultimately, an optimal real-time monitoring that will prevent future 

damage. 

Within structural health monitoring studies, one must consider several factors such as 

the importance of its use, the risk of collapse and the danger to the public. All of these 

factors are necessary for proper inspection, surveillance and maintenance of the 

infrastructure (26). Similarly, other external factors that put structural health at risk 

must be noted in the case of landslides. Nowadays, landslides have become an area of 

concern for geotechnical engineering, as heavy rainfall following long dry spells alter the 

geological properties of slopes causing large internal cracks (29) . Because of this, it is 

particularly well known that being able to detect in advance any kind of anomaly in a 

landslide affected by rainfall is a more complex task than when the landslide is due to 

other causes, such as its use, vegetation or natural movements of the ground (30). 
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3.1 Structural health monitoring (SHM) 
Construction has grown exponentially in the last number of decades, and with it, new 

ways of building and the use of new materials, allowing for a significant improvement in 

the conservation of infrastructures over time (31). In this same context, one of the main 

keys to the current state of infrastructures is the use of construction materials such as 

concrete, which opened a new era in civil engineering, allowing the construction of 

buildings and infrastructures in a much faster, safer and more durable way over time.  

Due to the condition monitoring of structures, various structures can be measured, 

inspected and evaluated in an up-to-date and cost-effective way (32). Thus, it is 

considered that the structural performance of infrastructures can be assessed through 

a continuous monitoring process, focusing solely on the deformation properties of the 

structures. Therefore, the monitoring of structures through SHM allows asset owners to 

be informed about the continuous changes, whether gradual or sudden, in the 

structures (26). Ultimately, the main objective pursued by the vast majority of industries 

is to be able to detect damage to infrastructure in time. To this end, extensive research 

has been carried out in recent years for new techniques to provide various information 

on the state of infrastructures. However, no system for real-time continuous data 

acquisition represented on a 3-D object-oriented model has been developed. 

The Internet of Things, structural health monitoring and smart structures are terms that 

are increasingly being used in project studies. Thus, these concepts are responsible for 

new searches for technologies for structural damage detection. In addition, another key 

research challenge is the use of new technologies to facilitate the data processing 

algorithm (31). Therefore, structural health monitoring is at a crucial point of growth 

and development. 

The exploitation of SHM systems is not limited to civil engineering infrastructures. It 

extends to a wide range of projects and studies. To exemplify the above, aerospace 

companies, together with government agencies, are investigating the use of various 

SHM technologies, in order to categorise damage to the special shuttle control surface 

that is hidden by heat shields on vehicles designed for outer space (28).  
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Another example where SHM facing a development challenge is in the monitoring of 

buildings after an earthquake. At present, there are no technologies available to assess 

the structural health of a building after an earthquake, which would minimise the 

uncertainty associated with this type of assessment (28). For this reason, researchers 

aim to develop a SHM system that facilitates and speeds up this type of inspection.  

For the calculation of slope stability there currently are a large number of tools that 

facilitate the analysis. One such software is ‘Slide’, which allows a 2D analysis of slope 

stability. This is done using the limit equilibrium method. The limit equilibrium method 

is one of the most commonly used methods of slope stability analysis whereby potential 

failure mechanisms are identified and factors of safety are obtained (33).  In addition, it 

includes steady-state finite element groundwater analysis, and integrates sensitivity and 

retrospective analysis capabilities where the horizontal and vertical components of 

forces are calculated (34).  

A software also commonly used is Plaxis (4), which through the modelling of the slope 

and the application of numerical methods and novel computational solutions, allows for 

the study of the behaviour of the slope and the effects on stabilisation as the various 

factors that come into play in its stability vary. As with the aforementioned software, 

Plaxis allows finite element analysis including deformation, stability and water flow. In 

addition, and thanks to the evolution of technology, Plaxis has re-launched a 3D version, 

which allows a modelling of the slope and an improved visualisation of how the 

parameters affect the stability.   

The Plaxis analysis results are of very high quality, however, the 3D modelling is an 

estimation of the slope and is therefore far from reality at times and does not allow the 

slope to be seen in detail. Using a 3D visualisation tool that allows for a detailed view of 

any anomalies on the slope surface facilitates the understanding of pathologies and 

diagnosis of the structural behaviour of the slope.  

Secondly, these analyses and calculations carried out to date on the structural behaviour 

of the slopes do not provide an evolution of this behaviour over time, but are rather 

one-off analyses. Through these limitation in the Plaxis software, this thesis proposes to 
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develop a method of predicting the structural integrity of the slope via real-time slope 

surface surveillance in collaboration with 3-D orientated models. 

Although SHM is well established and its use integral to structural maintenance, the 

need for a real-time 3 D object-oriented model early warning system is highlighted with 

no current process established. Integration of multiple sources of information on 

structural health into one system would allow for more detailed surveillance whilst 

structural changes identified earlier and more accurately. 

3.1.1 SHM case studies 

Before implementing structural health surveillance, it is necessary to consider minimum 

requirements. These are not minimum technical requirements, but characteristics that 

must be fulfilled in order to achieve sustainable and consistent structural health 

monitoring. Therefore, structural health monitoring must meet the "AtoE" 

characteristic, i.e. accuracy, benefit, completeness, durability and ease of operation, in 

the design of a long-term reliable structural health monitoring system (32). 

Furthermore, as it states (35) it would first be necessary to identify which infrastructures 

are suitable for structural monitoring, e.g. 

• Any modification or change to an existing infrastructure. 

• Structures affected by external works 

• Fatigue assessment 

• New construction systems 

• Demolition 

• Comprehensive post-earthquake assessment  

• Structures subject to movement and/or degradation of materials. 

Another classification to consider when monitoring structural health is that there are 

two types of structural health damage, linear and non-linear. When the structure suffers 

damage, but does not lose its elastic properties and can therefore continue to be used 

in a normal way, this is linear damage. However, when we speak of non-linear damage, 

the equations representing the movement of the structure change radically, because of 

a typical response of the structure (36). 
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There are currently a multitude of projects where studies have been carried out through 

structural health monitoring. The following are some examples of projects where, 

thanks to structural monitoring, it has been possible to determine an effective action 

project.  

3.1.1.1 Structural health study of long-span bridges in the United States; 

In the United States, more than 600,000 bridges are inspected once every two years to 

proactively manage the structural health of bridges by proactively (37) i.e. by diagnosing 

damage and facilitating an optical and effective response to operational incidents, 

natural hazards and other emergencies.  

The way to rate the structural health of bridges in the United States is through a rating 

scale defined by the Federal Highway Administration. This rating starts from a score of 

0 for a defective condition to a maximum of 9 for a new bridge.  However, these ratings 

only take into account the structure as it was built at the time, without considering the 

deterioration of its load-bearing capacity (37). The first step in the early detection of 

structural health is a visual inspection, which reveals the current state of deterioration 

of the structure and how this is affected over time (37). The problem with this type of 

inspection is the high cost of execution for long bridges. For example, the two 

inspections carried out on the Brooklyn Bridge in New York take more than 3 months 

and cost more than one million dollars (38). However, according to the FHWA (Federal 

Highway Administration), the results of these inspections were not very reliable. The US 

researchers concluded that by monitoring bridge structures with sensors and diagnostic 

algorithms, the results were more accurate once the data was processed. In addition, 

data collection was faster and less expensive, making it possible to increase the number 

of bridges to be studied in a shorter period of time.  

This method of classifying the structural health of infrastructures allows an initial 

assessment of their current state in a visual, quick and simple manner. This classification 

and visual inspection technique is carried out in the structural health monitoring study 

of the slopes and retaining walls located in Cobh and the object of study of this project. 

First of all, a visual inspection is carried out to identify the possible damage caused in 

the accessible points of the slopes and walls. Once they have been marked and 

identified, a brief classification is made, which may be numerical, to establish an order 
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of priority for action, with those with the highest level of damage at the top of the list 

and, therefore, those at greatest risk. This brief classification will help to speed up the 

process of action on the slopes of certain and coherent slopes. 

3.1.1.2 Study of earthquakes using structural health monitoring systems in dams; 

The evaluation of the behaviour of dams under different parameters such as operational 

vibrations, changes due to environmental effects and seismic movements has been a 

clear study objective to be carried out by the International Commission on Large Dams 

(ICOLD)(39). The result of such studies provides a database on the current state of the 

dam structure, the possible seismic response and the dynamic behaviour over time. This 

study has been carried out on hundreds of dams around the world, such as the Cahora 

Bassa dam (Mozambique) or the Pacoima dam (USA). The results from both dams were 

accurate and valid for engineers and researchers to use finite model calculations to 

characterise the dynamic response to seismic vibrations, natural frequencies and the 

response of the structure to modal damping (39). 

Figure 3. 2 Monitoring over the Commodore Barry Bridge, USA (5) 

Figure 3. 1 Sensor network layout on the Commodore Barry Bridge, USA (5) 
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A clear example of the use of structural health monitoring in dams can be found in 

Portugal, where the National Laboratory of Civil Engineering (LNEC) and Portugal's 

largest electricity company, EDP, have made a strong commitment to the use of SHM 

for monitoring and studies in the country's water dams. Thus, the Cabril dam, located 

on the Cecere river, 136 metres high and one of the largest freshwater reservoirs in the 

country, was the subject of a study using SHM. This provided parameters of the dam's 

behaviour in the event of vibrations and seismic events. The technology used here has 

been extended to many other dams in the country today, due to the quality of the results 

obtained. The system used to monitor the dams was through sensors, accelerometers 

that work in continuous time and in an automated way (39). Through an external server 

and routers, the survey data were obtained remotely in real time. The data were then 

fed into finite model software for data processing. The information obtained can be 

classified into the following points; 

• Changes in modal parameters over time, according to variations in reservoir 

water level and thermal variations.  

• Structural changes due to deterioration of materials over time. 

• Analyse existing seismic vibrations in the structure. 

• To make a comparison of the structural effects caused by seismic events against 

a reference model without damage. The aim is to analyse how cracks are 

produced and how they behave in the presence of environmental vibrations.  

Figure 3. 3 Sensor monitoring at Cabril Dam, Portugal (6) 
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3.1.1.3 SHM in megastructures  

The silhouette of large cities is based on large skyscrapers. Mega-structures subjected 

to multiple factors that test their resistance. Seismic events, environmental vibrations, 

soil-structure interaction and climatic effects such as wind are the main objects of study 

in this type of building (40). Visual inspection is an arduous but necessary task, where 

the evolution of the structure over time is observed. But in these buildings, visual 

inspection becomes an impossible task, with high personnel and economic costs. This is 

when the implementation of structural health monitoring systems plays a very 

important role in these buildings.  

The new television tower in Guangzhou, China, is a clear example of exemplary 

monitoring of the structural health of the tower. It is a tubular structure 610 metres 

high. It consists of an inner reinforced concrete tube and an outer steel tube connected 

to concrete columns. The main use of the tower is for broadcasting the television signal, 

but it is also used for offices, restaurants and sightseeing because of its height, with 

panoramic views of the city (41). 

Figure 3. 4 Sensor deployment at Cabril Dam, Portugal (6) 
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The way in which the monitoring of the tower superstructure has been carried out is by 

implementing a monitoring system based on 800 sensors for real-time monitoring. The 

system was implemented in the structure during its construction, so it has been able to 

provide data on the structural behaviour from the early stages of construction (40). The 

results obtained allow engineers to work with analytical and experimental models of the 

tower, measuring the environmental vibration parameters, the structural response to 

climatic agents such as typhoons and earthquakes, against the values obtained in a finite 

element model, in order to obtain a reference model for monitoring and anticipating 

damage to the structure, as well as to check the effectiveness of the operation of the 

different vibration control devices placed on the structure (40). 

Similarly, in Turkey, a country subject to major seismic movements, numerous structural 

health studies are carried out given the deterioration suffered by structures in the 

country. For this reason, since 2019, SHM systems have been mandatory in large 

buildings in Turkey, allowing engineers and researchers to know the structural 

behaviour before, during and after an earthquake, in an optical, precise and objective 

manner (42). 

Figure 3. 5 Sensor monitoring at Guangzhou TV tower, China (7) 
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In conclusion, the use of SHM extends beyond a single structure. SHM systems are part 

of the project development of any structure and are envisaged from the early stages of 

construction, in order to avoid potential catastrophes and to anticipate mainly any 

weather-related havoc.  

The degree to which structural health monitoring is required will always depend on the 

damage to the infrastructure and the data required for its design. From the evidence 

obtained in the exposed projects of the dams in Portugal and the skyscrapers in 

Guangzhou, it has been possible to verify how, through sensors, all the required 

information on the infrastructure is obtained, not only to know its current state but also 

to predict the behaviour of the infrastructure both with the passage of time and in the 

event of specific events.  

Structural health monitoring applied to geotechnical systems is still remained an area to 

be developed. There is a lack of knowledge surrounding this area of study. However, 

there is evidence of projects currently being carried out in which, through the use of 

sensors, the behaviour of this type of structure has been studied. In the case of the 

reinforced concrete retaining wall that forms part of the new Student House at the 

University of Molise, Italy (43), the dynamic behaviour of the structure was studied 

throughout its useful life since construction by means of piezometric sensors embedded 

in the piles. In addition, with the use of accelerometers placed in the walls of the building 

next to the Student House, it was possible to evaluate how the retaining wall interacted 

with the structures of the adjacent building.  

Therefore, a multitude of sensor types are available for structural health monitoring, 

which provide highly accurate information. The choice of the type of sensor to be used 

in the project depends on what factors are to be evaluated and what information is 

required. In this thesis, studying the slope at Connolly Street, the evaluation has been 

carried out using an accelerometer and gyroscope sensor. The aim of the project was to 

evaluate any possible movement on the slope surface. For this reason, this type of 

sensor fulfilled the expectations of the project, as well as being easy to use and 

inexpensive. 
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3.2 Different methodologies  
Using current surveillance and monitoring, the cost to carry out a single analysis is 

significant with a lengthy amount of time required to complete a full analysis. Current 

methods call for quarterly surveillance of at-risk slopes and retaining walls. Through this 

process, it can be estimated that a laser scanner would take approximately two hours 

per wall. Through the works of Malachy and Walsh (6) a total of 24 high risk structures 

were identified in Cobh town and area. If only these high-risk structures were chosen 

for surveillance, this would mean an estimated 60 hours to scan the structures in total 

prior to the analyses of the images. This process requires repeated scans and would be 

done a minimum of four analyses each year. In total, with the laser scanner costing 

approximately €1700-€2000 per week as well as the cost of employment and the 

number of walls to be scanned and analysed, the annual cost is approximately €40,000.  

Furthermore, as this process is only carried out quarterly, the results only provide 

interval data with significant time between each data collection point. The possibility of 

structural damage or changes occurring during this interval is high. The amount of 

damage that could have occurred during these analyses could vary according to the 

seasons or use of the structures and so the level of damage may vary. With this varied 

rate of damage, the restorative measures required could increase dramatically. Through 

early identification of at-risk areas in a structure, preventative measures can then be 

implemented to prevent further deterioration and therefore be cost saving. 

3.2.1 Geodetic methods 

Geodesy is one of the oldest sciences, and its main focus is the shape and dimension of 

the earth, considering gravity and its temporal variations. Geodesy is a science based on 

physical and mathematical foundations and is used in practices such as surveying, 

mapping, photogrammetry, navigation and engineering (44).  

The monitoring of the structural health of bridges is mostly done by geodetic methods, 

as the geometry of the bridge prevents or makes it very difficult to monitor it by sensors 

(45).  Therefore, in order to avoid possible catastrophes in this type of infrastructure, 

and due to the reliability and stability of their results, the use of geodetic systems for 

the study of deformations and the monitoring of structures is becoming increasingly 

common (46).  
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One method that has the potential to be very accurate in its results is the acquisition of 

satellite data for slope monitoring. These are capable of providing high resolution data. 

These are very high-quality photographs which, when processed correctly through 

appropriate software, allow damage to the infrastructure surface to be analysed with 

millimetre accuracy. They are widely used to study natural hazards. On slopes, for 

example, one of the first signs of a landslide are cracks in the original slope surface. 

These cracks evolve into a main scarp in the area of the landslide (47).  Thanks to 

satellites and the information they provide, such as rainfall data, very precise studies 

can be carried out to help prevent rain-induced landslides (48). The information 

collected by satellites is reliable, accurate and continuously updated. It is easy to collect 

and makes it possible to observe the deterioration of infrastructures over time. In 

addition, it allows the first study steps to be taken in the project, as all the information 

provided by the satellites is currently collected and it is not necessary to make an on-

site visit to the slopes under study or to the retaining walls.  

To avoid human and material losses, high priority is being given to techniques that work 

in real time, thus providing the necessary information for the study on a continuous 

basis.  

It is thanks to technological advances, accuracy, automation and data processing that 

have made the geodetic method one of the first steps in structural health monitoring. 

At the same time, remote sensing is another of the most widely used processes in 

structural health monitoring. In the following, the different measurement techniques 

are briefly summarised; 

• ADM (Areal Deformation Measurement)  

• Terrestrial laser scanning 

• Terrestrial SAR (Synthetic Aperture Radar) 

• LiDAR 

The SAR is mainly composed of a transmitter, a receiver, an antenna and a system that 

will facilitate the data storage process and finally a system to process the data. It is a 

very practical and easy-to-interpret system, as the information it returns is a reflectivity 

map of the area it illuminates. Depending on the reflected signal, the system can 
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eliminate objects that are not within the study area. Objects that return more signal to 

the radar would appear as bright spots in the image. Although it is one of the most 

widely used methods, it has a disadvantage to be taken into account, as the 

interpretation and processing of the data is somewhat complex (49). 

 

While LiDAR is a high-precision technique, it uses electromagnetic radiation to calculate 

the distance from the optical centre of the instrument itself to a reflecting surface (50). 

The application of this technique, used from a ground-based platform, provides very 

detailed information on steep slopes. To obtain more accurate measurement results, 

shorter ranges should be considered, as well as a brief study of the location of the 

instrument to try to make it as static as possible (51). 

Figure 3. 6 Principle of operation of Synthetic Aperture 
Radar (8) 

Figure 3. 7 Principle of LiDAR operation (9) 
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3.2.2 Geotechnical methods 

Slope monitoring by geotechnical methods is one of the most effective methods to 

prevent landslides in time or, in the worst case, to reduce them (52). In order to carry 

out such a study, it is necessary to perform field measurements on slopes and hillsides 

that are considered unstable or at high risk of becoming unstable, with appropriate 

instrumentation and equipment, resulting in effective and accurate monitoring.  

The vast majority of the measurements carried out in geotechnical methodology are 

field measurements, i.e. they are carried out in situ by appropriate and qualified 

personnel. Although there is instrumentation that works in an automated way, currently 

and more specifically in the study of slope stability, these instruments are still used for 

their quality, ease of reading and data processing.  

Geotechnical instrumentation for measuring slope deformation; 

There are many types of geotechnical instrumentation, but when considering slopes, as 

is the object of study of the present project, a specific field instrumentation is required 

to obtain mainly the following points, as established by Aldo Oliva Gonzalez (53); 

• Horizontal and vertical movements 

• Cracks in the ground 

• Acting forces 

• Pressures and water levels 

• Effects of earthquakes, impacts and vibrations. 

• Internal water flow characteristics of the slope 

• Measurement of mechanical properties  

The instrumentation used to obtain the above parameters includes extensometers, 

inclinometers and piezometers. 
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3.2.2.1 Extensometers 

It is mainly used to measure displacements between points, and this can be done by 

means of a rope extensometer, which is based on a uniaxial displacement capable of 

measuring the length variation between two bolts anchored in the floor (53). It is used 

for measurements on the ground surface to monitor the existing displacement and the 

evolution of cracks over time. This type of instrumentation is equipped with a digital 

readout, which can also be stored in a data logger and transferred to a computer (52).  

 

For small cracks in walls, smaller extensometers are available which can measure with 

an accuracy of ± 0,01 mm the crack opening. They can be digital readout extensometers, 

equipped with sensors inside that measure the linear displacement. Likewise, they can 

be biaxial or uniaxial measuring extensometers, depending on the information to be 

obtained and the demand of the project.  

 

 

 

 

Figure 3. 8 Extensometer in action (10) 

Figure 3. 9 Small Crack Extensometers monitoring cracks (10) 
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Finally, there is a type of extensometers that are better known as strain gauges, which 

are able to measure the deformations in the longitudinal direction of a borehole, which 

allows to know the vertical movements of the ground or slope (53).  

 

3.2.2.2 Inclinometers 

Slope inclinometers are used to determine the magnitude, direction, depth and type of 

landslide movement (54). The electrical probe which forms the main part of the 

inclinometer is usually lowered through a guide casing to the base of the borehole. On 

reaching almost to the bottom, when the electric probe starts to rise, and in the 

meantime, it provides the inclination in two orthogonal planes at certain, previously 

marked intervals (52). The results obtained are profiles of the borehole in the planes, by 

means of a series of points. Basically, it is a measurement obtained through different 

responses generated after the behaviour of a pendulum acting by gravity (55).  

Figure 3. 10 Mechanism of extensometers for vertical movements (10) 
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3.2.2.3 Piezometers 

The piezometer measures the pressure load of the water at a chosen point in the ground 

or on the slope. The great majority of piezometers work with a kind of back pressure, in 

order to obtain the pressure exerted by the water inside the ground on a sensitive unit 

(53). They are used in an open standpipe, but the standpipe is completely sealed in the 

backfilled embankment, or can simply be driven into the ground (52).  

The principle of operation of the piezometer is based on a pressure gauge, which can be 

electric, hydraulic or mechanical. 

 

 

 

 

 

 

 

Figure 3. 11 Mechanism of action for an Inclinometer (10) 
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3.2.3 Geophysical methods 

The evaluation of the different geotechnical conditions of a soil or slope as a base for 

the foundation of a future civil structure can be carried out by means of different 

methodologies. One of these types of methodology is through geophysical techniques, 

such as vertical electrical soundings, which allow to perfectly recognise the conditions 

of the subsoil and its properties.  

The advantage of this method is the speed with which the inspection data is transmitted 

and, at the same time, it does not entail a high economic cost for the project. This is one 

of the reasons why this technique is widely used in many projects in which the 

characteristics of the terrain are to be evaluated in terms of its physical magnitudes.  It 

should be borne in mind that this methodology is considered complementary to other 

methodologies. It must be accompanied by complementary information to provide real 

and effective values.  

 

 

Figure 3. 12 Mechanism of action of Piezometer (11) 
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Geophysical methods can be classified into the following categories: 

• Gravimetric methods  

• Electrical methods 

• Seismic methods  

• Magnetic methods 

When monitoring spatial and temporal temperature distributions, geophysical 

techniques are commonly used to monitor geothermal systems. The current use of the 

methodology in this application is based on being able to provide an optimal design of 

the geothermal system and the monitoring network, prevent possible thermal 

feedbacks and thermal recycling and, finally, thermally control the study area in a much 

more visual and intuitive way (56). 

In particular, the study of soil and slope stabilisation is carried out with long-term 

projects, where the key point is to be able to study and evaluate how and in what way 

the different characteristics and properties of the terrain evolve (57). For this reason, 

continuous monitoring and high-quality results are required. Therefore, it is here where 

geophysical methods have a high presence in the projects. As it is an indirect 

methodology, it provides the quality of results required in this type of project and a low 

cost of execution. In addition, another point in its favour is that it is a non-invasive 

methodology.  

Another field in which the use of geophysical techniques is very common is the 

hydrological study of the terrain. The study carried out by Robinson et al (58) shows that 

important advances can be made between geophysics and hydrology. In addition, the 

article highlights the instrumentation used for the measurement of geological structure 

and, in turn, the identification of flow paths using two different geophysical techniques, 

an electrical and a magnetic technique. The study demonstrates that both techniques 

could revolutionise the hydrogeological interpretation of the terrain. In addition, the use 

of the electromagnetic methodology and the clarity of its results, allows a visual 

interpretation with a 3D terrain model that makes the interpretation of the results of 

the study much simpler and visual. 
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The purpose of this research project does not require the use of geophysical 

methodology. No invasive geotechnical method is applied on the slope, so the 

geophysical methodology, although well regarded for the quality of the results it 

provides, has not been considered for this research project. The objective was to 

minimise the geotechnical impact on the slope, as well as a considerable reduction in 

the economic cost. 

 

3.2.4 Remote sensing 

Remote sensing is today's fastest growing ground data acquisition methodology. Since 

the basic principle of data acquisition is through sensors, and therefore in full 

development due to the rapid and constant evolution of sensors, remote sensing is 

today the most effective technique in obtaining data through electromagnetic 

interaction between the ground and the sensor.  

In particular, remote sensing provides a data set that covers the area of the existing soil 

or terrain under surveillance. As explained by Mulder (59) the set of remotely sensed 

results can be processed in several ways. Firstly, it allows the landscape to be divided 

into homogeneous soil portions, on which classical methods can be used to perform 

composition assessment and classification studies. Secondly, all remotely sensed data 

can be analysed by physical or empirical methods, which allows the different properties 

of the terrain to be understood.  

The study of the behaviour of the slope in this study will be carried out by means of 

sensors. These will be placed at different points on the slope and will change position 

Figure 3. 13 Diagram of potential geophysical methods of surveillance (12) 
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every so often. The aim is to be able to study the behaviour of the slope at different 

points at certain time intervals. It will be the data obtained from the triaxial sensors that 

will determine the surface movement that the slope may undergo. In recent years, the 

use of sensors and, at the same time, the development of different software that 

provide images of the movement of the sensors, is a growing application (60). Therefore, 

all this development and evolution in the use of sensors in remote sensing, favours the 

use of photogrammetry. Due to the demand and requirement for information on the 

current state of the ground, stability and behaviour over time, the quality of the projects 

is very exhaustive with the results obtained.   

Regarding the different methodologies used in remote sensing, first of all, it is necessary 

to know what information it is going to provide and its data processing. In the study of 

a rock massif by remote sensing carried out by Stead et al (61). In the study of a rock 

massif by remote sensing, we can observe the classification of the different typologies 

that exist in the study of the terrain with remote sensing.  

• Digital photogrammetry; study of the terrain through digital photogrammetry, 

which gives access to the creation of a 3D model, through high-resolution 

photographs taken from different points. It is through a semi-automated 

procedure where a pairing of pixels is produced within the photograph resulting 

in the study scene. This type of photography is usually carried out using drones 

equipped with high-resolution cameras.  

• Laser scanning techniques; a representation of the slope is obtained in a point 

cloud. It is based on a laser pulse emitted by the instrument that reaches the 

slope and is reflected by the instrument. Nowadays there are different computer 

programmes that help to process the data obtained, which allow the images 

obtained to be refined and thus facilitate the required structural analysis.  

• IRT studies; which are based on knowledge of the temperature distribution. 

• HSI studies; allows the electromagnetic radiation reflected from the object of 

study to be known. 
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Figure 3. 14 Principle of operation of photogrammetry (13) 

Figure 3. 15 Infrared Camera Operating Principle (14) 
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3.3 Slope inspection  
The constant growth of public transport and the demand associated with the 

construction of new road networks leads to natural cuts in slopes (62). As a result, the 

properties of the slope structure change. To prevent slope collapse, a slope condition 

survey is carried out to ensure the stability of the structure. 

Depending on the geometry and location of the slopes, slope inspection can be an 

arduous task. Normally, inspection personnel take measurements of the fractures to 

which they have access, check crack gauges and take photographs. However, sometimes 

it is impossible to access the study area, so it is impossible to inspect the slope and a full 

assessment of the damage cannot be made. As a result, a multitude of different 

methodologies are now available to facilitate the inspection process. During this 

research project, different inspection methodologies have been implemented that 

demonstrate the quality of the results obtained, ease of use, time saving and without 

endangering the inspection personnel. 

3.3.1 Routine visual inspections  

One of the main tasks within slope monitoring is the routine visual inspection, which 

allows us to know retrospectively how the slopes are evolving, and in our case, how they 

are going to evolve.  

In recent times, the investigation of slope stability has become one of the most 

important debates in environmental engineering.  The stability of slopes depends on 

multiple factors that put their structure at risk. These are factors such as the height of 

the slope, the angle of the existing discontinuity or fracture plane, the degree of 

topographic slope, as well as the physical and mechanical properties of the slope (63).  

The existence of fractures or collapses in the slope raises the conservation problems of 

the slope to a high risk, putting at risk the conservation of roads, buildings near the slope 

and the prevention of catastrophes. Moreover, the collapse of a slope is marked by a 

progressive internal cracking of the slope (64). For this, it is important to have a 

structural health surveillance that works as an early warning system, which continuously 

indicates the parameters of the structural behaviour. 
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There are different methodologies and procedures to carry out the corresponding slope 

inspections. As a starting point for the visual inspection, it is considered very important 

to start from the historical data of the slope. It is important to know if any other study 

has been previously carried out on the slope or if any kind of work has been done on the 

slope. Once the historical data is known, a routine visual inspection of the slope can be 

carried out in full knowledge of the facts.  

One of the methods to carry out a correct visual inspection of slopes is through radar. It 

allows for the analysis of slope stability and to carry out deformation measurements 

almost in real time through conventional geodetic monitoring programmes. (63). The 

main objective of such metrology is to generate an early warning system that allows the 

creation of new cracks in the slope to be foreseen in advance and the prevention of 

slope destabilisation.   

Visual inspection is considered the preliminary step to any other survey or application 

of the data detection methodology. It is a complementary technique that serves as a 

basis for providing the first sources of information for the study. This structural health 

inspection stage, depending on the location and geometry of the slope under study, can 

be considered of low complexity for its elaboration.  

3.4 Topographic surveying 

3.4.1 Laser scanner 

Laser scanners are a topographic equipment that captures massive geospatial data. As 

a result, a cloud of points is obtained that represents reality, three-dimensionally, with 

rigorous precision, allowing its systematic acquisition at high frequencies, in real time 

and associated with colour-coded values (51). The modus operandi of the laser scanner 

is to scan a surface, capturing thousands of points per second with a laser beam. The 

result, as indicated above, is a three-dimensional representation of the surface, 

consisting of hundreds of thousands of points, each with its corresponding coordinates 

(x, y, z). The resulting visualisation becomes highly accurate, as the whole point cloud 

can even have the same colour as the scanned surface. This is because the laser scanner 

also has a camera, where it relates each pixel obtained to the image taken, resulting in 

the exact colour of reality on the point cloud.  
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At present, the use of laser scanners is in great demand in projects. Given its wide scope 

of application in projects such as industrial measurements, topographic surveys, 

tunnels, installations, quarries, among many others, it is justified given the large amount 

of information that can be extracted from its results. As an example, the iconic 

Chetwynd Viaduct, built in 1851 and located just outside Cork City, was partially 

dismantled in the 1960s. Subsequently, it was intended to rehabilitate the bridge for 

pedestrian and cycling use. To this end, a survey and topographical survey was carried 

out using 3D laser scanning technology. The information provided by this technology 

was effective and optimal for determining the actions to be carried out, in addition to 

the control and surveillance of the infrastructure (52) throughout its useful life. 

 

In addition, the use and handling of this type of topographic material does not require 

highly qualified personnel, and with basic topographic knowledge, field work can be 

carried out without difficulty in the process. 

3.4.1.1 Leica Nova MS60 Multistation 

In the study that is the subject of this thesis, the Leica Nova MS60 MultiStation model 

has been used. This is a latest generation model, which allows through the fusion of 

sensors to obtain total station capabilities, 3D laser scanning up to a maximum of 30,000 

points per second, GNSS connectivity (Global Navigation Satellite System) and digital 

imaging. 

This laser scanner is equipped with integrated software, which facilitates the surveying 

tasks to be performed. It has a function, called AutoHeight, which simplifies the arduous 

Figure 3. 16 Chetwynd Viaduct, Cork previously subject to laser scanning technology (15) 
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task of parking the surveying device. In addition, thanks to GNSS connectivity, it enables 

direct georeferencing in the workflow and data structure. 

The Leica Nova MS60 can be used for complex structural and object analyses, 

measurements of buildings and structures, 3D object-oriented models and photographic 

documentation of facades, elevations and heritage sites. For the monitoring and 

evolution of heritage structures, the use of this the Leica Nova MS60 Multistation 

facilitates their analysis due to the precision and quality of its results. Likewise, it is used 

in traditional topographic surveys for topography and mapping, as well as in inspection 

and analysis of soils and structures, this being the main reason for the analysis of the 

state of structural health of the slope located on Connolly Street. 

 

Figure 3. 17 Principle of Leica laser scanner operation (16) 

 

3.4.2 Drone 

A drone, also known as an unmanned aerial vehicle, is a vehicle capable of maintaining 

a controlled and sustained level of autonomous flight. Currently, the use of drones is at 

the forefront of aerial imaging, due to their speed of movement over almost all types of 

terrain and their ability to overcome obstacles. In addition, they offer high-resolution 

images and videos from a bird's eye view with the ability to carry different types of 

cameras, without putting anyone at risk. 

There are currently a multitude of different types of drones. Some of them are called 

quadcopters, sexacopters or octacopters, depending on whether they have 4, 6 or 8 

propellers. The drone is operated by remote control, which in most cases allows 
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connection to mobile phones or tablets, making it easier to see the images that the 

drone's camera is recording in real time.  

The concept of their operation is similar to that of a helicopter, i.e. the engines are 

started and the propellers move to enable flight. The remote control is used to direct 

the flight, in a simple way, although based on the fact that it is an aerial vehicle, licencing 

and authorisation of flight is required. Many drones are equipped with GPS, which 

makes it possible to set a predefined route, i.e. the drone will automatically follow this 

route without needing to be controlled.  

 

 

The use of drones for civil infrastructure inspections is in great demand. Bridges are 

infrastructures that make inspection tasks very complex due to the difficulty of accessing 

certain elements of the infrastructure, such as the lower part of the deck, long-span 

arches and stay cables. Inspection tasks carried out in the traditional way have serious 

economic and time limitations and need to be performed by qualified personnel. 

Nowadays, this problem has found a solution in the use of drone inspection flights.  

Drones are equipped with different types of payloads, i.e. depending on the type of 

camera or sensors they support, different types of inspections can be carried out. Thanks 

to the quality of the camera optics used in drone inspections, it is now easy to detect 

and measure cracks and fissures in infrastructures through image processing and 

geopositioning systems.  

Another of the most common applications of drones is the creation of digital models. 

Due to the use of photogrammetry or LiDAR, it is possible to obtain a cloud of points 

Figure 3. 19 Quadcopter drone for surveillance (17) Figure 3. 18 Drone Camera for image taking (17) 
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that can be processed for the creation of 3D object-oriented models. In the case of this 

study, one of the 3D object-oriented models generated of the Connolly Street slope has 

been created thanks to the flights made with a drone. 

3.5 Building Information Modelling (BIM) 

3.5.1 Introduction to BIM  

The Building Information Modelling (BIM) methodology is an idea proposed in the last 

century. Specifically, it was Charlees Eastman, together with other people, who in 1974 

presented a study called "Building Description System Outline", where the basis of what 

is currently known as BIM was born. (65). It was from then on that 3D modelling began 

to be developed, with the first designs supported by BIM (66) modelling and the first 

CAD supported designs. For years, the construction sector was limited to the usual 2D 

design, and it was not possible to incorporate innovative tools (67) and it was not 

possible to incorporate innovative tools of the time for parametric modelling and 

analysis.  

The incorporation of 3D modelling together with existing parametric analysis tools 

revolutionised the construction industry. It started the representation of information in 

a structured way (68). Moreover, thanks to the compatibility of the use of different types 

of software and tools, it allowed the design, management and sharing of information in 

a digitised way between different multidisciplinary sectors (69). 

BIM is based on a collaborative work methodology, i.e., where the entire life cycle of the 

project can be covered from a single digital model. This, in turn, will be managed through 

various computer tools, where all the people involved in the project work on the 

evolution of the project in real time and simultaneously without negatively affecting its 

development. The result of its use is focused on the pre-planning, design and 

construction of projects, whether they are buildings or infrastructures. Focusing the 

study from the first life cycles, through maintenance and/or renovation, and ending in 

the final phase of the structure's useful life (70) (67). 

BIM projects include not only a geometrical definition of any element, but all possible 

information that can be included in it. It is a common misconception that BIM is only a 

3D modelling of unattributed objects, i.e. objects that lack information (71). In reality, 

BIM methodology is considered as 7D modelling, i.e. there are different levels of 
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development depending on the design phase considered (72). It starts from a 3D digital 

model, which is considered the basis for further extensions, and from there, when 

temporal data relating to the construction phase of the project is added, the model is 

elevated to a higher level of development, in this case 4D models, where it is possible to 

carry out work and cost planning (5D models). When facility management procedures 

are incorporated into the model, the development level is 6D models, after which the 

various sustainability assessments can be carried out in so-called 7D models. The 

following figure shows the different levels of development in more detail; 

 

3.5.2 Advantages of using BIM  

• Information grouped into a single model with data integrity, allowing for 

immediate updates to the model. This provides real time information through 

the combination of slope sensor data integrated onto the 3-D orientated models. 

• Possibility of pre-construction, i.e. following the identification of slopes or 

retaining walls requiring interventions, such repair works can be planned and 

designed in advance allowing for a structured and clear approach.  

3D

Design 

4D

Planning

5D

Costs 

6D

Energy sustainability

7D

Monitoring & 
Maintenance

Figure 3. 20 Diagram of the different levels of BIM development 



 

47 
 

• Reduction of project modification times. Through the incorporation of slope 

data, vulnerable areas as well as repair plans onto a single model, inconsistencies 

and margins of error are reduced.  

• Reduction of production, construction and operating costs. 

• Detection of design errors. Since BIM integrates a wide variety of model 

visualisation software, it allows for the detection of possible design errors. 

Furthermore, thanks to interoperability, it allows for a flow of information 

between different software’s ensuring structural integrity. 

One of the great advantages of processing data from structural health monitoring in BIM 

is the visualisation of the modelling as a whole. Rio J (73) presented a study in which he 

evaluated the Industry Foundation Classes (IFC) standard as a tool for a real building that 

was instrumented and equipped with sensors. In doing so, he wanted to show the 

limitations of the IFC model and propose extensions of the sensor classes in SHM. 

Similarly, Theiler M (74) presents a study where he describes the information related to 

monitoring through information modelling in BIM. It is an IFC-based approach, being an 

open BIM standard facilitating the interoperability of BIM models. Therefore, 

interoperability can be considered as a mandatory requirement that makes BIM a 

multidimensional tool.  

There are a multitude of different formats associated with BIM, which offer the 

possibility of being able to work and analyse a model in different software without any 

issues. In this way, a parametric model created in Revit can be exported to Tekla, a BIM 

software for the detailed structures analysis. The following table shows some of the 

formats associated with BIM. 

Table 2 BIM and data exchange formats 

DXF, DWF, DWX, DWG, DXF, SAT, IFC AutoCAD 

RVT, RTD, NWC, ISO-STEP Revit, Robot, Naviswork  

GEO AutoCAD Civil 3D 

XLS Excel  

CSV, DAT, TXT  Software exchange 
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3.5.3 Dynamo 

Dynamo is a software that was developed in the last fifty years as a means of simulating 

system dynamics. Its use is gaining popularity through advances in the various areas that 

it can be applied (75). Dynamo allows the capabilities of Revit to be extended in relation 

to its capacity to work with data and the logic of a graphic editor of algorithms. In order 

to do so, it must be done through Revit, using it as a plugin.  

Through the use of simple nodes, Dynamo simplifies processes that would otherwise be 

arduous and time-consuming. However, Dynamo simplifies programming tasks also 

thanks to the help of external packages with infinite functions in their contents.  

Another aspect promoting the use of Dynamo is in the creation of complex structures. 

Revit does not have a library of families dedicated to civil works, which greatly limits the 

ability to create complex structures. Dynamo allows the creation of any type of 

geometry without limits. Moreover, as it is a Revit plugin, the connection between both 

software is immediate, i.e., the possibility of visualising the Dynamo design in Revit is 

active during the whole process of its elaboration.  

The presence of Dynamo as a visualisation tool is becoming an increasingly common 

feature in structural health study projects. Due to the high resolution of 3D images and 

the amount of information provided, BIM methodology is required as a data 

management tool, where data analysis and evaluation for structural health monitoring 

can be carried out. Recently, the monitoring of a three-storey high aluminium structure 

was carried out, where Dynamo was successfully implemented to manage the 

information between sensors and the BIM model. Thus, Dynamo enabled a data reading 

language to be established, creating a defined threshold for possible damage to the 

structure, thereby creating an early warning system for structural anomalies (76). 

3.5.4 Digital Twin  

The definition of structural health monitoring is intrinsically linked to BIM today. This is 

due to the great advantages of implementing BIM in a structural health project, be it in 

cost reduction, time or the power of visualisation. It is now increasingly common to 

speak of the ‘Digital Twin’, a concept that perfectly defines the binomial between BIM 

and SHM.  
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It was in 2002 when Michael Grieves (77) gave one of the first definitions of ‘Digital 

Twin’, described as a construction of digital information based on a physical system, 

created as an entity in itself and connected to the physical system. Later, it was Stargel 

Glaessgen (78) who provided a more precise definition of what is nowadays understood 

as Digital Twin: "The digital twin is a probabilistic, multi-physical, multi-scale simulation 

of a complex product that uses the best available physical models, sensor updates, etc., 

to accurately reflect the life of its corresponding twin".  

The digital twin system (Figure 3.21) refers to the virtual replica of a product, be it a part 

of a wind turbine, building, infrastructure, etc. This replica is fed back with real-time 

data, which can be captured through sensors, or ‘Big Data’ technologies. It is very 

common to confuse a Digital Twin with a simulation, but the reality is that there are big 

differences between both concepts. A simulation aims to study a specific process, while 

a Digital Twin carries out multiple simulations in order to study a large number of 

processes in a single model. In addition, simulations are not usually fed by real-time 

data, whereas a Digital Twin is designed in an environment where all the bidirectional 

information flow that is produced comes from strategically chosen and positioned 

sensors to study and evaluate the product or infrastructure. Together, the digital twin 

evolves at the same time as the actual model it reflects (79). 

 

In general, when referring to a system that mirrors the functioning of another system, it 

is defined as a model. Models created by Digital Twin are not intended to be exact copies 

of the original model, i.e. the Digital Twin discards key features of the original model 

leaving the characteristics and properties of the real system to be mirrored and 

Figure 3. 21 Application of digital Twins (18) 
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evaluated (80). However, there are projects where the digital model is very close to 

reality, as it is intended to reflect all the characteristics of the real system as closely as 

possible.  

The implementation of a Digital Twin in a project allows the research and design of such 

a process to be effective, as the digital model provides a large amount of real data and 

facilitates multiple performance results. It therefore allows the project to be refined well 

in advance of its execution. Digital twin is a term that can be further categorised 

according to the level of data integration; digital model, digital shadow and digital twin. 

Digital model describes a representation of a physical model through manual data 

exchange. If there is an automated one-way data flow incorporated into a digital model, 

this is considered a digital shadow whereby a change in the state of a physical object 

results in a change in the digital object in a unidirectional flow. Further integration with 

automatic data flow bidirectionally between the physical object and digital object is 

described as a digital twin- changes to the digital object results in changes in the state 

of the physical object and vice versa(81).    

There are currently hundreds of projects where a digital model has helped to study and 

evaluate the behaviour of specific features in the development of a product. Digital 

Twins is commonly used to monitor wind turbines, as it allows for the prediction of the 

power generated by wind turbines when environmental conditions are known and 

highlights potential machine failures given common characteristics(82). Another 

application of Digital Twins is the evaluation of complex in-line product manufacturing 

processes in large factories, where several production processes are linked together. By 

creating a digital model, it is possible to optimise these production processes by 

reducing production sub-processes and reducing consumption and economic costs. This 

application was carried out in a brewery in Spain (83), where it was possible to evaluate 

the economic impact of the twin on the plant, speeding up the production yield 

processes of the bottle line and a new distribution of the production lines to optimise 

the process. 

Another example where structural health monitoring was combined with BIM was in the 

design of SHM for a historic offshore lighthouse, in which O’Shea M. and Murphy J. (84) 

demonstrates that, through the use of wireless sensors and their connectivity with the 
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Internet of Things, health monitoring of an existing structure could be carried out for 

asset management through the use of BIM. Valinejadshoubi M (85) explores different 

BIM techniques with the aim of facilitating data management and representation of the 

sensory components of a SHM system in a building based on the interpretation of sensor 

data. In the study, the different damages caused to the infrastructure are highlighted by 

colour coding according to predefined values.  

There are many projects that carry out their health monitoring study of different types 

of infrastructures using BIM. This is due to the advantageous optimisation of the system, 

the efficiency in results, the speed of data processing and the interoperability that BIM 

presents in the field of SHM. 

In the United Kingdom, the Centre for Digital Built Britain (CDBB) is a joint venture 

between the Department for Business, Energy & Industry Strategy (BEIS) and the 

University of Cambridge, which aims to deliver a smart digital economy for UK 

infrastructure and construction. It is also home to a number of UK government 

programmes, including the BIM Programme, the National Digital Twins Programme and 

parts of the Global Infrastructure Programme. CBDD's main objective is to digitalise the 

entire lifecycle of its built assets. To do this, they investigate how to provide more 

capacity for the country's existing infrastructure from the social and economic 

infrastructure and therefore make better use of the infrastructure by the citizens. Its 

core mission is to "develop and demonstrate policy and practical knowledge that 

enables the exploitation of new and emerging technologies, data and analytics to 

improve the natural and built environment, thereby boosting competitiveness and 

business productivity, as well as the quality of life and well-being of citizens" (86). 

The National Digital Twin programme led by the CDBB, was set up to ensure high quality 

and secure data, thereby meeting the key recommendations of the 'Data for the Public 

Good Report'.  National Digital Twin offers a number of benefits to all stakeholders 

through transparent engagement. In addition, it presents a benefit to the country's 

economy, due to increased national productivity through efficient and resilient 

infrastructures, improving their lifespan.  
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Some of the CBDD projects carried out show the importance of structural health 

monitoring through the monitoring and visualisation of this information collected in a 

Digital Twin. In the project "Digital Twin Journeys: smart infrastructure for safety and 

reliability across the rail network" an investigation was carried out on two instrumented 

railway bridges. The large amount of data it revealed on the digital twin showed wear 

and stresses on the bridges, helping asset owners to predict in advance when 

maintenance work would be needed on the bridges and meet their key priorities. This is 

achieved through the network of inclination sensors, bridge deformation and location 

sensors that allow the weight of trains crossing the bridges to be calculated and the state 

of loads they are subjected to, to be assessed. All monitoring tasks are performed 

remotely, reducing the subjectivity of monitoring by human inspectors, as factors such 

as light levels, weather and variations in alertness can influence the subjective 

assessments made by inspectors. In addition, the use of remote sensing makes it 

possible to identify problems that may arise before visual inspection can detect them. 

Even so, a lack of accuracy was detected in the data obtained in the train weight 

prediction, as this is affected by ambient humidity and temperature. To solve this 

problem, humidity and temperature sensors were added to the project to help take 

these factors into account in the final result. In addition, accelerometers were installed 

to calculate the rotational constraints at the boundary conditions to improve the weight 

accuracy (86). 

It is clear that a major shift has taken place in today's operating models. It is a digital 

reinvention in asset-intensive industries, changing models in a disruptive way, with 

digital twins being a key part of that realignment. Digital twins are constantly changing, 

developing new skills and expanding capabilities.  

3.5.5 Economics of SHM 

Structural health monitoring of any infrastructure aims at assessing the structural 

behaviour and the anticipation of possible damage caused (87). To carry out monitoring, 

as mentioned above, the vast majority of data collection and monitoring processes are 

carried out through sensors. There are an infinite number of sensor types on the market, 

which meet the requirements of the project demands. Among the great advantages of 

the use of sensors in SHM is the reduction of economic costs in the projects.  
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Traditional structural health monitoring systems are often quite arduous to carry out in 

the field and involve large financial investments in the project. Therefore, current 

projects are opting for the use of low-cost sensors for monitoring. They fulfil key 

functions for assessing structural health and reduce economic costs, survey times and 

inspection risks.  

In mid-2020, Swindon's Deanery Church of England Academy completed work on its 

school. It was a major project as the school houses state-of-the-art laboratories, 

theatres, workshops, indoor sports hall, food court and a chapel. The school 

accommodates 1,600 students. The construction of the school was in line with the UK 

Government's Construction Transformation Strategy, and has been a clear example of 

how the Department for Education has been adapting to the benefits brought by BIM. 

From the early stages of the project, the information management processes and use of 

technologies were pre-established and this resulted in direct cost savings of over 

£50,000. It was estimated that any delay in delivery would add £15,000 per week, but 

by managing the project with BIM, the risk of project delays was reduced. Thanks to the 

digital model of the Academy, it was possible to optimise the design of the classrooms, 

leading to changes in the design of the overall structure of the building. This resulted in 

variations to the design brief and a saving of £14,000 in this respect (86). 

In BIM and Digital Twins projects the power of information plays an essential role, as it 

allows for the prediction of possible project failures in advance and therefore avoids 

unforeseen costs. 

3.6 Conclusion 
Structural health monitoring has evolved with modern day technology resulting in 

accurate surveillance and early detection of structural changes. It can be seen that SHM 

can be an arduous task requiring long hours and skilled personnel with a high economic 

cost. Furthermore, SHM often provides information at intervals in time instead of 

continuously meaning that the data on a structure under surveillance may be obtained 

after a time when optimal repairs cannot be carried out and therefore the safety in a 

structure is compromised. Megastructures in China have been subject to SHM using 

sensors deployed during construction. These sensors highlight how continuous data is 

possible ensuring the structural integrity of the structure at all times and therefore 
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optimising structural safety for its users. These sensors provide basic information 

requiring lengthy analysis and therefore hindering their interpretation. The above 

demonstrates the application of SHM in civil infrastructure however its application to 

geostructurs has not been explored in depth. The principles from the use of SHM in civil 

infrastructures can be translated and applied to geostructures for accurate surveillance 

and monitoring.  

The areas that are explored further in this thesis are: 

• Developing an early warning system that is accurate in its results ensuring repairs 

at optimal times. 

• Providing continuous data on geostructures (soil slopes and retaining walls). 

• Creating a cost-effective surveillance technique. 

• Using multiple modern surveillance techniques, combine their results for a novel 

surveillance approach. 

For this thesis, a soil model was created using the Plaxis software to determine the 

stability and stress deformation of the slope under study under different conditions- low 

tide and high tide. These two circumstances were applied to the soil slope model due to 

its location in close proximity to the sea. Using data provided by the Office of Public 

Works (88), the most extreme tide circumstances recorded in the area were applied to 

the slope model to establish how the soil slope could potentially behave under these 

circumstance. This software provides valuable information on the strength and 

susceptibility of the soil slope. 

This thesis questions the application of remote sensing in the surveillance of soil slopes 

and retaining walls. There is uncertainty surrounding their use and the value of the 

information provided by sensors. Although their application has been seen for 

structures such as the Guangzhou, China (40), their use for providing continuous data 

on geostructures in adverse conditions has not been explored in-depth. 

Through the combination of drone flights and laser scanners, structural surveillance has 

expanded dramatically. There have already been advancements in the use of remote 

sensing methods in the setting of landslides however there are still a number of 

questions surrounding the true strength of software such as drone scanners (89).   
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BIM has been established as a key addition to engineering with its application 

widespread, especially in the construction industry (90). Although it has been recognised 

as such an important element of engineering, its use for geotechnical data has not been 

established and so to date, there are limitations on its use (91). This project aims to 

further expand on its use in geotechnical engineering.  

From the above, it can be seen that there are a number of different software’s that play 

key roles in the engineering world. Individually, their use is established however 

collectively their use has not been combined. This thesis proposes a technique of 

combining these technologies as one procedure in the structural health monitoring of 

at-risk soil slopes and retaining walls. Furthermore, the economic cost of such an 

undertaking is analysed to compare to current methods which are costly and difficult. 

The results obtained through SHM are often difficult to understand, distorting the 

interpretation and hindering the process of establishing the structural safety of the 

object under surveillance and the identification of the areas requiring repair. Through 

the use of BIM software, this thesis proposes a manner in which the SHM results are 

displayed in an easy to understand manner with clear identification of areas at risk. 

From the above literature review, it can be seen that a novel way of geostructures 

surveillance in real time with continuous data and easy to interpret results in a cost-

effective manner is required. This is possible through the use of various methodologies 

however, for the purpose of this thesis, terrestrial laser scanning, drones and remote 

sensing with accelerometers and gyroscopes were used to display how real-time 

surveillance of slope behaviour is possible. The resulting EWS is clearly displayed 

through BIM software. 
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4. Data Collection Methodology 
 

Through the use of a five-step process, an early warning system has been developed.  

Each structure being monitored is first inspected visually to identify any gross damages 

easily visible to the naked eye. The structure then undergoes more detailed analysis 

through the use of a laser scanner as well as an unmanned aerial vehicle or drone. Using 

these techniques, a point cloud of the structure is developed where the early warning 

system will be visualised. Through the use of sensors, along with Revit and Dynamo, the 

early warning system will be programmed in order to acquire data in real time.  

4.1 Identification and visual inspection of retaining walls and slopes  
Identifying slopes and retaining structures suitable for a real-time SHM system was the 

first step in the project. Utilising information provided by Cork County Council from 

previous visual monitoring campaigns and works undertaken for slope improvements, 

as described in Chapter 2 of this study, a set of retaining walls and slopes at risk in the 

town of Cobh were selected. An order of priority for action was established for those 

retaining walls and slopes that were considered to be at greatest risk. It was decided to 

carry out an analysis of four retaining walls and one earth slope in the locality. The main 

focus of study of the investigation was the earth slope, which was subject to inspection 

and monitoring through various methods. 

The table below lists the retaining walls and slopes subject to study in this research 

paper, as well as their location and nomenclature. 
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Figure 4. 1 Overview of the methodology applied in the research project 
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Table 3 Surveyed walls and soil slope 

Wall Name Wall Number Length Structure Type Damage Type 

Laundry Hill 105 40.9 m Mansory Wall 
Cracks and 

crevices 

Hillview 

Terrace 
10 102.4 m Mansory Wall 

Cracks and 

crevices 

Church Street 35 70.3 m Mansory Wall 
Cracks and 

crevices 

Lower Road 72 182.8 m Mansory Wall - 

Connolly 

Street 
16 284 m Soil Slope 

Partial surface 

landslide 

Saint Colman´s 

Cathedral 

Buttresses 

-  72.2 m  Mansory Wall - 

 

The above sites were selected by analysing the list of at-risk retaining walls and soil 

slopes identified by Malachy Walsh and Co in combination with the GSI map of landslide 

susceptibility in the Cobh area. From this, the sites in areas of high susceptibility were 

included and sites with lower risk of collapse or destruction excluded.  

Figure 4. 2 Aerial view of the slope and retaining walls for monitoring in Cobh (19) 
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4.1.1 Laundry Hill 

Laundry Hill is a 41-metre wall that is located on one of the two main roads in the town. 

Its main function is that of a retaining wall for a residential property however there is a 

busy footpath along its route along with public on street parking adjacent to it. Based 

on an initial visual inspection, Laundry Hill was included in this study as there were a 

large number of cracks in the wall. In addition, as it serves as a base support for the 

garden of a house just behind it, there is growth of vegetation in the cracks, causing 

further deterioration of the structural condition of the retaining wall. 

4.1.2 Hillview Terrace 

The wall of Hillview Terrace, located to the west of the town is built on a steeply sloping 

street. The long wall follows the slope of the hill and in turn supports the floor of a 

terrace of houses. The condition of the retaining wall is acceptable, but due to the 

passage of time and the load it has been subjected to, there are visible cracks. 

Figure 4. 3 Laundry Hill (19) 

Figure 4. 4 Hillview Terrace (19) 
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4.1.3 Church Street 

The wall being studied on Church Street is located at the upper end of Church Street. 

Church Street is a narrow road that has traffic in both directions, on street parking as 

well as a footpath on both sides. The wall being studied is a boundary wall for a row of 

houses with their gardens finishing on top of the wall with hedging. The structural 

condition of the retaining wall is poor with numerous cracks and fissures along the 

length of the wall, as well as loss of verticality in certain sections of the wall.  

4.1.4 Lower Road  

The wall on Lower Road is a wall of considerable size in height and length. The current 

state of structural health is acceptable due to conservation work in recent years with 

repointing of bricks and the insertion of tie bars and pattress plates although it has some 

cracks that do not represent a risk. It also has a lot of vegetation on its main facade, 

which is not structurally beneficial. It is located opposite the Garda barracks and close 

to the train station, and it is due to its location that it was considered for study. 

Figure 4. 5 Church Street (19) 
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4.1.5 Saint Colman´s Cathedral Buttresses 

Saint Colman's Cathedral Church was built in 1919, taking almost 51 years to construct 

due to increased costs and revisions to the original plans. It is now the church with the 

tallest steeple in Ireland at 91.4 metres. It is in perfect structural condition, although 

concrete spraying work has been carried out by the Malachy Walsh Company on the 

surrounding slopes to prevent possible landslides affecting the surrounding houses. One 

aspect of the cathedral structure that contributes to its strength and durability is the 

foundations on which it is built. One element of interest of these foundations is the 

buttresses that run for 72-metres to the south of the main cathedral building. Built to 

support and strengthen the structure of the cathedral, as well reinforce the terrain 

surrounding the cathedral the buttresses appear to be undamaged and in pristine 

condition having withstood time and weather. Based on the integrity of this structure, 

the buttresses underwent analysis to assess, at a higher level of detail, if there is any 

damage that is not visible to the naked eye as well as to display the level of detail 

available from laser scanners. 

Figure 4. 6 Lower Road (19) 
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4.1.6 Connolly Street 

The slope on Connolly Street is located to the east of the town in a busy location with 

commercial traffic and trucks as well as many residential properties surrounding the 

slope and it is adjacent to a busy fishing pier that is also used by the coastguard. Above 

the slope, which has been subject to previous landslides, is a two-lane asphalt road that 

is less than one metre from the slope with an old stone wall separating the two. South 

of the slope, is the water of Cork Harbour.  

This earth slope has suffered several landslides in recent years, and preventive measures 

have been taken, mainly through the construction of a retaining wall at its base.  In the 

first visual inspection of the earth slope, the severe damage suffered in recent years was 

clearly evident. The retaining wall built at its base retains the landslides that have 

occurred and it was clear that further damage to the wall is ongoing. Although the 

retaining wall prevents further damage from rising tides and damage from the sea, 

vegetation, vibrations from the road and adverse weather are still damaging the slope 

further. Given the angle of inclination of the slope and the fact that it supports the load 

of a road, it is considered to be a high risk. The degree of concern led to this slope being 

the central focus of this paper. The aim was to create an early warning system, based on 

a network of sensors that monitor the structural health of the slope in real time. 

Figure 4. 7 Saint Colman's Cathedral Buttresses (19) 
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 Based on the location of the slope, in close proximity to a road and houses, any further 

deterioration in the slope stability could result in collapse of the road and potentially 

put human life at risk. 

 

In addition, the documentation provided by Cork County Council was consulted, where, 

in 2016, the company Malachy Walsh elaborated a monitoring plan for the retaining wall 

to prevent landslides on the slope. The same document showed the different strata that 

made up the slope, clay and gravel, although the vast majority was composed of 

sandstone. Precisely because of this material, the climate of the area and the location 

of the slope in front of the sea, which causes constant erosion on the slope, rapid 

deterioration was evident.  

4.1.6.1 Analysis of Connolly Street slippage 

In this context, an analysis of the slope stability was carried out using Plaxis software, in 

order to verify, according to the parameters provided, the behaviour of the slope and 

the possibility of landslides. The main task was to analyse and calculate the possible 

behaviour of the slope under different geotechnical conditions. Therefore, a study was 

carried out using the finite element method, which is based on the division of a 

continuum into a set of elements that are interconnected by a series of nodes. The 

Figure 4. 8 Partial landslide at the Connolly Street Slope (19) 
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stability study of the Connolly Street slope using Plaxis was carried out according to the 

Mohr-Coulomb method, which is based on a first approximation of the general 

behaviour of the soil. Soil-specific parameters such as Young's modulus, Poisson's ratio, 

cohesion, friction angle and dilatancy angle were considered for this study. The Mohr-

Coulomb method was applied based on its mathematical simplicity, clear physical 

meaning and level of acceptance. The two stiffness parameters; Young’s modulus and 

Poisson’s ratio were applied as the slope was tested in a uniaxial compression. The 

strength parameters, cohesion, friction angle and dilatancy angle were applied to model 

the cohesion, friction and plastic volumetric strains on the soil slope. The combination 

of stiffness and strength parameters allowed for an analysis of the Connolly Street Slope 

to assess for which conditions would result in the isotropic model to fail (92).   

The data provided in the Malachy Walsh monitoring plan was used as a reference, where 

the slope geometry consisted of two layers of clays and gravels. Additionally, a 

distributed load of 20,000 KN/m2 was applied, due to the two-way street at the top of 

the slope.  

 

 

 

Considering the location of the slope facing the sea, the decision was made to carry out 

the stability study with a water table that would give the most unfavourable outcome in 

relation to the stability of the slope. Several studies were carried out with different 

Figure 4. 9 Design geometry and materials in Plaxis software 

       Upper layer- gravelly clay/sand 

      Lower layer- gravelly clay 
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water tables in order to verify how the slope would react to different pressures and 

deformations.  

Using the Plaxis software, the slope was studied under the conditions of low tide to 

assess how the slope behaves. 

In relation to the pore pressure and the initial stress of the slope, the results obtained 

varied in relation to the water table. Subsequently, the calculation of the stability 

resistance according to the Mohr-Coulomb model was carried out, which showed the 

possible landslide that could occur on the slope. A subsidence of the crest where 

Connolly Street is located was observed in addition to a very marked horizontal 

displacement. 

Further studies on the slope stress, displacements including incremental displacements 

were carried out at low tide, as can be seen below. 

Figure 4. 10 Study of the stability as a function of the water table at low tide 
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Figure 4. 12 Total displacements at low tide 

 

Figure 4. 11 Slope stresses at low tide 
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Figure 4. 13 Total incremental displacements at low tide 

 

Studies were also carried out on the slope stress, displacements including incremental 

displacements and strains at high tide, as can be seen below. 

 

 

 

Figure 4. 14 Study of the stability as a function of the water table at high tide 
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      Lower layer- gravelly clay 

      Total incremental displacements 
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Deflections were clearly marked on the visible face of the slope, where a previous 

landslide had already occurred. Hence the importance of acting on the slope. Thus, this 

research decided to focus its study on the slope and to carry out an early warning system 

specifically designed on the geometry of the slope. 

 

 

 

 

Figure 4. 15 Slope stresses at high tide 
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Figure 4. 16 Total incremental displacements of the slope at high tide 

 

 

 

 

 

Figure 4. 17 Total strains of the slope at high tide 

       Upper layer- gravelly clay/sand 

      Lower layer- gravelly clay 

      Total Incremental Displacements 

       Upper layer- gravelly clay/sand 

      Lower layer- gravelly clay 

      Total Stains 



 

70 
 

It was decided to carry out a study on the stability of the Connolly Street slope according 

to the water table based on its location, facing south bordering with the sea. In carrying 

out such studies the water table plays an important role as it affect the stability of the 

slope due to constantly changing tidal levels. The tidal data was obtained from the Office 

of Public Works Floodinfo.ie website (88), which provides information corresponding to 

the different tidal heights for up to the past 100 years. This data was relevant when 

carrying out the slope stability study, as the conditions of the worst-case scenario could 

be applied. It was from this data that the Mohr-Coulomb Plaxis feasibility study was 

carried out. 

4.2 Topographic Data Collection 
To create an accurate structural health monitoring BIM integrated system, accurate 

high-density surveys of the structures being monitored is required. Such surveys have 

the ability to be repeated and replicated as required whilst being quick in obtaining their 

result and coming at a low cost. Through the use of laser scanners and UAV drones, the 

structures can be extensively surveyed providing imaging that can be processed into a 

3D point cloud or mesh for the visual representation of the early warning system.  

4.2.1 Laser Scanner Data collection 

For the data collection, firstly, and after having identified the retaining walls and slopes 

to be studied, a CAD file had to be generated with the geolocation of the retaining walls 

and slopes with an accuracy of 20mm. This information was obtained by GPS. following 

this, the information could be transferred to a Civil 3D file, which would allow the 

retaining walls and slopes to be located on a 3D plan. Finally, all the collected 

information was integrated into a BIM model, thus compiling a geographically accurate 

model of the town.  

Before generating the point cloud for each of the retaining walls and slopes, GPS must 

be used again to create reference points, which are then used in the laser scanner to 

establish a resection for each of the scanned elements. Once this is done, a resection is 

made using these points to scan the elements with an accuracy of 6mm.  
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In order to carry out the laser scanning of the earth slope located on Connolly Street, 

firstly, a key positioning of the apparatus was chosen, which would allow the task to be 

carried out without hindering the laser scanning and, from that point, it would be 

possible to carry out the work covering the largest possible study surface, thus avoiding 

having to change its position. Particularly in this study, the tide level had to be 

considered due to the location of the slope, close to the harbour water.  

The position of the laser scanner was established at the two interquartile points- the 

total slope length being 284 metres and the scanner placed 71 metres from the 

beginning and 71 metres from the end. The laser scanner interface was used to establish 

the distance from the slope with which the laser scanner was positioned to include the 

total area of the slope to be scanned. This point was marked for future scans. From these 

points, two separate scans of the slope were complete resulting in two-point clouds. The 

Cyclone 3DR software was then able to use the two separate point clouds and the 

overlapping areas to establish a single point cloud of the whole slope. 

Once the laser positioning site was established, setting up a new project with the Leica 

MS60 was very intuitive. The first step, as mentioned, was to enter the points obtained 

from the GPS, which were used for the resection carried out with the laser scanner. This 

allows data to be read from a USB memory stick, which facilitates the task. Then, 

Figure 4. 18 Laser scanner in action at the Connolly 
Street slope, Cobh 
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through the screen that incorporates the laser, a folder was created for each wall and 

slope scanned, in order to obtain the point cloud of each one of them in an orderly 

manner. The type of scanning carried out was based on a polygonal section, i.e. the 

points of the slope to be scanned could be selected through the laser's target camera, 

resulting in a section drawn on the surface of the slope. As a last step, the desired 

number of points per second was selected. This depends on the level of detail to be 

obtained depending on the state of the infrastructure. Depending on the size of the 

project and the surface to be scanned, scanning times can vary considerably. For this 

task at Connolly Street it took just over an hour to complete the task.  

4.2.1.1 Laser Scanner Data Processing  

The analysis of the data obtained from the Leica MS60 laser scanner was carried out in 

this research project using Leica Geosystems' Cyclone 3DR analysis software (93). This 

allowed the transformation of the obtained point cloud into an analytical BIM model.  

Cyclone 3DR merges Jetstream technology, which enables centralised full-scale point 

cloud management with automated point cloud and model analysis. It is a simple 

workflow-based software, which adapts to different tools in the field of surveying, 

construction and inspection. It simplifies tasks whereby it allows for the removal of data 

considered not relevant to the project from the point cloud or mesh. Finally, it allows 

full interoperability with the most common design formats, including IFC and Revit 

model files, as well as time-saving functions such as sending to AutoCAD or sending to 

Hexagon Mine Plan.  

Once the laser data has been obtained, it is stored in compressed files containing all the 

data provided by the laser scanner. Prior processing of the images of elements 

considered not relevant to the study was required for this study. As a result, a point 

cloud of each of the elements scanned with the laser was obtained. Some of these point 

clouds showed the vegetation present on the structures, elements of urban furniture or 

cars. In order to avoid distorting the analysis and the creation of meshes, the elimination 

of all these elements external to the object of study was chosen. 

Therefore, meshing was an important requirement in the processing of the point clouds, 

as they would serve as the basis for the measurement and deflection analyses of the 
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structures. The advantage of using this software is the visualisation of data and the easy 

interpretation of the results.  

A major point of analysis of the software is the possibility to superimpose two meshes 

and to underline the points where the structure has undergone changes. These changes, 

such as cracks or fissures, allow to be measured regardless of how small they may be. 

These are an early indicator for early intervention.  

Finally, the result was a 3D object-oriented model that would serve as a basis for 

visualising the movements of the sensors by means of a marker.  

 

At the time of initial scanning, the level was of vegetation was seen throughout the 

slope. Further scans at different intervals revealed different levels of vegetation, 

depending on the time of year. The software was able to clean the scan of vegetations 

however this impacts the quality of the resulting point cloud. It can be concluded that 

the scan should ideally be carried out at a stage where the vegetation is at its lowest to 

enable the highest quality point clouds resulting in more accurate results.  

 

 

 

 

Figure 4. 19 Point cloud resulting from the laser scan of the Connolly Street 
slope 
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4.2.2 Drone Surveying methodology 

The model chosen to carry out the inspections on the Connolly Street slope was the DJI 

Inspire 2. This drone is made of magnesium and aluminium, which makes it very light 

and agile. The quadcopter features a sensing vision system, as well as a three-axis 

camera with integrated gyro supports. The Inspire 2 is also equipped with dual batteries, 

which ensures adequate battery life for extensive long duration flights. Furthermore, it 

has an integrated battery heating system, which allows work to be carried out at very 

low temperatures without affecting the drone. 

The main features of the DJI Inspire 2 include: 

• Remote control range of 3.5 km at 2.4 GHz and 2 km at 5.8 GHz. 

• The maximum speed of 94 km/h. 

• Flight times between 25-30 minutes, depending on the camera used. 

• The maximum resolution of videos is 5.2K. 

• Equipped with two sensors for obstacle detection at a distance of 30 metres. 

• Real-time 1080p video transmission 

4.2.2.1 Drone Processing data 

Through the use of the application Pix4DCapture, a drone flight was carried out over the 

Connolly Street slope. This is an application (94) linked to the drone that allows the 

creation of a programmed flight-map providing optimal points of photographing with 

the flight settings being reproducible. The images generated through this software can 

then be transferred and processed for the development of a 3D point cloud.  

The Pix4DCapture software was developed in a manner that is user friendly and straight 

forward in its layout without requiring in-depth prior knowledge and enables 

predetermined drone flight routes. The three-step process is guided by the software. 

Following the selection of the flight type, the user adjusts the drone flight plan and 

parameters customizing mapping parameters through aerial images of the area to be 

surveyed.    

The flights over the Connolly Street slope were carried out using the "double grid" option 

offered by the Pix4DCapture application software. This was chosen based on the end 

result desired as well as the parameters of the slope and surround structures. The 
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alternative flight options were not suitable to this project as they either offered 2D 

models or required the object being surveyed to be free standing allowing the drone to 

circulate around it entirely. The ‘double grid’ option consists of a grid placed over the 

surface to be flown, where the drone performs the flight and takes the necessary 

photographs according to the size of the surface. The drone flies along the grid lines in 

an orderly fashion. There are two superimposed grids in order to guarantee a complete 

flight from all perspectives to the chosen surface. 

 

4.2.2.2 Drone flight area 

The result of the drone flight is a file containing the photographs taken during the task. 

The number of photographs varies depending on the size of the surface to be flown. The 

flight over the slope at Connolly Street involved a total of 22 photographs. The 

processing of the information resulting from the flight is carried out using Pix4DMapper 

software. This is a photogrammetry software that uses the images to generate a point 

cloud, digital surface and terrain models, orthomosaics and textured models (95).  

First, the photographs obtained during the flight must be loaded into the software. The 

software starts by reading the data as a first step and then, as a second step, generates 

the point cloud and the mesh. This is done through the identification and matching of 

Figure 4. 20 Selection of the area to be flown by the drone over the Connolly Street slope, Cobh 
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key points within the images. Combining this information with camera model 

optimization and geolocation GPS information allows for ‘Automatic Tie Points’. The 

software then builds on the ‘Automatic Tie Points’ using point densification to create a 

‘Densified Point Cloud’ followed by a 3D textured mesh. This 3D textured mesh, along 

with the sensors forms an integral part of the early warning system for slope activity.  

However, the interoperability of Pix4DMapper can limit the export of the files to other 

software such as Revit. For this reason, in order to be able to export the point cloud to 

Revit in .PTS format, the images obtained from the drone flight were then processed 

using Recap Pro, allowing for the export to Revit in .PTS format. In doing so, information 

loss was prevented with the point clouds being of high quality. 

 

As a result of the drone flight, aerial photographs were obtained, which were processed 

through ReCap Pro, to capture from the resulting photographs a high-quality detailed 

3D object-oriented model. A point cloud was used to generate a mesh on top of the 

resulting model. This mesh allowed for different measurements of the point cloud such 

as depth of surface indentations, point number density, deflections, among other 

measurements. 

In addition, the file could be saved in four different formats such as RCP, RCS, PTS and 

e57, which allowed full compatibility with other modelling and analysis software such as 

Revit or ReCap Photo. Prior to exporting the file, it was possible to choose the point 

Figure 4. 21 Photogrammetry points collected by the drone 
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density of the cloud with which the document was to be exported. According to the type 

of modelling or analysis to be applied later, this would require a higher or lower quality 

of the file. For the study on the Connolly Street slope, an RCP file export was chosen, 

with a density of 100 points per square metre. This proved satisfactory for the modelling 

to be developed in Revit. It is worth mentioning that the file export is only of the point 

cloud and not of the generated mesh, as this is only a visualisation of the software. 

Currently Revit has plugins that allow for the generation of meshes on topographic 

surfaces, nevertheless, it cannot process meshes where there are several points on the 

same coordinate axis. Revit is a popular and commonly used tool for structural 

surveying, therefore, its use on complex topographic surfaces is limited. This study 

provides a solution to overcome these challenges by combining Revit with Dynamo. 

Through the use of Dynamo, an ordered node geometry is used to triangulate surfaces. 

The open3d package is used to scan the points by proximity and the Numpy package 

generates arrays to create the mesh.   

4.3 Real-time Sensors Data Collection 
In recent years, sensor technology has evolved exponentially, leading to the 

implementation of sensors in structural health monitoring systems in all types of civil 

structures. There is a great diversity of sensor types, from wired to wireless sensors. One 

of the main advantages offered by the use of sensors in structural health systems is the 

collection of real-time data, which allows continuous monitoring of the infrastructures 

under study.  

The main basis of structural health monitoring is the compilation of data, or 

measurements, that are required to be accurate and high quality in their results, and it 

is the sensors that are the protagonists in the process of data collection and 

measurement. They are designed to streamline the process and provide subject matter 

experts with an effective tool that will be essential in making decisions and ensuring 

safety. 

The structural health monitoring task is typically comprised of a network of sensors, 

which are responsible for measuring the indicated parameters and sending this data to 
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be stored and then analysed. These monitoring studies can measure parameters such as 

vibration, temperature, humidity, expansion, movement, deformation and tilt.  

Realtime sensoring on this project was focussed on the Connolly Street slope in Cobh. 

4.3.1 Sensor Network Design 

 A sensor network to monitor the slope movement was designed using accelerometers. 

The market offers a wide variety of accelerometers, all of which perform their functions 

perfectly, but for this project it was initially decided to limit the study to one type of 

accelerometer and gyroscope model MPU 6050. Accelerometers were used for the 

monitoring of the slope in this research as they are more efficient and cost effective in 

comparison to other sensors as well as the added benefit of ease of coding the sensor. 

The data extracted from accelerometers is easy to interpret and can be integrated to a 

3-D orientated model easier when compared to other sensors types such as barometers. 

The accelerometer is a sensor capable of measuring acceleration forces in single or 

multi-axis directions. The forces can be static, such as the force of gravity exerted on a 

structural component, or dynamic if it is the detection of motion or vibration. An 

accelerometer itself has the ability to measure the orientation of a fixed platform 

relative to the earth's surface, while a gyroscope has the ability to measure gravity and 

linear motion. For this reason, the monitoring carried out on the Connolly Street slope 

was performed with accelerometers and gyroscopes, in order to measure the 

orientation through angular momentum (gyroscope) and the vibration that could be 

produced (accelerometer). This sensor network in non-intrusive and can be extended 

and applied to masonry walls and other structures requiring monitoring.  
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Figure 4. 22 Overview of Topographic Data Collection  

4.3.2 Sensors 

Arduino offers a wide range of boards that can be used for an infinite number of 

projects. Given that the aim of monitoring the Connolly St. slope was to receive data in 

real time and remotely, it was decided to use the sensor on an Arduino Uno WiFi board, 

which allows connection to the internet via its ECC608 chip. 

This sensor features an 8-bit microprocessor from Microchip plus an integrated IMU 

(Inertial Measurement Unit).  

Figure 4. 23 Arduino Uno WiFI Rev2 (20) 
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The Arduino Uno WiFi has 14 digital input and output pins, 6 analogue inputs, USB 

connection, power connector, ICSP header and a reset button. Further technical 

characteristics can be seen in Appendix 1. 

 

4.3.3 Inertial measurement sensor 

The MPU6050 sensor is a 6 degrees of freedom inertial measurement unit (IMU), given 

its combination of 3-axis accelerometer and 3-axis gyroscope.   

This sensor model is commonly used in navigation, stabilisation and short-time motion 

measurement project.

Figure 4. 24 Arduino Uno WiFi Rev2 components (20) 

Figure 4. 25 Inertial measurement sensor 
(20) 
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Technical characteristics; 

• I2C communication, which allows it to work with the vast majority of 

microcontrollers. 

• SCL and SDA pins, with pull-up resistor for direct connection to the 

microcontroller. 

• 3.3V on-board voltage regulator, which can be powered by 5V from the Arduino.  

 MPU 6050 is then connected to the Arduino board; 

 

4.3.4 Wireless connectivity 

To establish a connection between sensor and data receiver, a Mobile WiFi was used. 

This is a device that allows sharing the mobile internet connection with several devices. 

It receives a 3G/4G signal and shares it via a WiFi signal, allowing it to be shared with 

several devices at the same time. 

 

The chosen model has an internal lithium battery of 1500mAh. This allows a maximum 

working time of approximately 6 hours and a maximum of 300 hours when in standby 

Figure 4. 26 Connection Inertial measurement 
sensor to Arduino Uno WiFi (20) 

Figure 4. 27 Wireless 
connectivity (21) 
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mode. To avoid connection loss due to the modem battery, for this project we chose to 

power the modem with a Belkin 20K external battery, which allowed us to extend the 

modem's battery life. 

4.3.5 Sensor storage 

In the case of disconnection via WiFi between sensor and receiver, it was decided to add 

the SD Card Shield to the Arduino Uno WiFi board, in order to avoid data loss in the 

event of failure. This particular model allows a quick connection to the Arduino board 

without the need to use jumpers and breadboard. 

To read out the acceleration and angular momentum data from the sensor, 

programming was carried out on the Arduino. The fundamental basis of the 

programming was the calculation of the sensor displacement.  

The principle of operation of the MPU6050 accelerometer is based on the variation of 

the velocity per unit of time;  

Equation 1 Acceleration  

a = 
𝑑𝑉

𝑑𝑡
 

As Newton's second law states, the acceleration of a body is always proportional to the 

force acting on it, provided that the body has a constant mass; 

Equation 2 Force and acceleration  

a = 
𝐹

𝑚
 

The accelerometer contains a MEMS (Microelectromechanical System) that works 

similar to a spring-mass system, thus being able to measure acceleration.  

Figure 4. 28 Sensor storage (20) 
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For this project, the possible displacements of the sensor on the slope surface were 

required. To obtain this value, the acceleration had to be integrated with time, giving 

the velocity, and the integration of the velocity would give the displacement. For these, 

the velocity and the initial position were needed.  

In order to obtain the angular displacement of the sensor, the angular velocity provided 

by the gyroscope was considered;  

Equation 3 Angular velocity 

ω = 
2𝜋

𝑇
 

Once the angular velocity of the sensor was obtained, it was integrated with respect to 

time in order to obtain the angular displacement of the sensor.  

In this way, the information obtained from the sensor, reflected in an Excel sheet, was 

the possible movements of the sensor in the X, Y, and Z axes. 

 
 

4.3.6 Sensor programming 

The procedure followed for writing the coding of the sensor and its connections is 

explained below.  The steps followed in programming the sensor were: 

• Libraries and Time Intervals 

• 4G Modem and Google Sheet connection 

• Storage on the SD card 

Figure 4. 29 Sensor measurement axes (22) 
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• WiFi connection and SD card 

• Sending and writing data to Google sheet 

 

Figure 4. 30 Overview of the sensor network design  
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4.3.6.1 Libraries 

Firstly, the specific libraries of each element that make up the sensor were included. In 

this case, the libraries belonging to the sensor model MPU 6050, internet connection 

and data storage on the SD card had to be included. The libraries for each of these 

components was obtained through the Arduino software.  

Next, the variables for the connection of the MPU 6050 sensor were established, as well 

as the time interval required by the project to send data to the spreadsheet. Of note, for 

this study, an interval of 900,000 milliseconds, i.e. 15 minutes, was established. The 

interval of 900,000 milliseconds was used as it provided accurate slope structural 

information whilst also prolonging the battery life of the sensor. Similarly, the reading 

of the variables provided by the sensor, i.e. acceleration and gyroscope in the three axes, 

had to be included. 

 

4.3.6.2 4G Modem and Google Sheet connection 

Next, the connection between the Arduino Uno WiFi and the 4G Modem was 

established. Concurrently, the connection between the sensor and the recipient was 

made. Therefore, the Google Sheet link was created in order to establish the connection 

between the two elements. 

Figure 4. 31 Libraries Code 

Figure 4. 32 Modem and Google Sheet connection code 
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4.3.6.3 SD card storage 

As indicated above, although the sensor sends the accelerometer and gyroscope data 

every 15 minutes to the datasheet, it was decided to incorporate an SD card in the 

sensor in order to safeguard the data in case of failure in the data transmission or 

connection via WiFi. 

 

4.3.6.4 WiFi and SD card connection 

For a period of ten seconds, the sensor's WiFi module checks and verifies that the 

connection established is satisfactory. Through the experimental varying of the 

connection verification, it was established that ten seconds was the minimum time 

required to establish a satisfactory connection and so this time interval was applied to 

the WiFi module.   

Also, during the same time interval, the connection to the SD memory card is verified 

and once confirmed, it displays the indicated verification message. 

Figure 4. 33 SD card storage code 

Figure 4. 34 WiFi and SD card connection code 
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4.3.6.5 Sending and reading data 

Once all connections have been established and verified, the information to be read 

from the Google Sheet is determined. To do this, the connection to the server is 

requested and the sequence of data and the way in which they will be displayed in the 

data sheet is determined. In this case, the data sheet shows the three coordinates (X, Y, 

Z) as well as the calibration status of the sensor C, which can vary between 0 and 3, 3 

being the value of correct calibration. 

The data received through google sheets is then incorporated into Dynamo, along with 

the mesh created from the drone images, to form the early warning system.  

 
 

Figure 4. 35 Sending and Reading data code 
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4.3.7 Field Deployment; 

For the monitoring of the Connolly Street slope, it was decided to mount and 

programme the above-mentioned sensors based on the reliability of the results. In 

addition, for a correct monitoring of the structural health, in this case of an earth slope, 

it was possible to dispense the traditional methods, which are complex to carry out, less 

precise and with a high economic cost. Likewise, this type of monitoring through sensors 

avoided having to carry out invasive tests or monitoring procedures on the slope, which 

would have put the stability of the slope at risk and increased the possibility of 

landslides.  

Unlike the traditional methodology used for retaining wall and slope monitoring, the 

sensors allowed continuous, real-time results to be obtained. It was possible to take the 

monitoring further, and this led to the creation of an early warning system, which 

provided information on the state of health of the slope in a simple way. 

The sensor designed for monitoring is housed in a small, lightweight, weatherproof box. 

This allowed the sensor to be placed on the slope surface without affecting its stability. 

In addition, to extend the monitoring study, the sensor could be moved along the slope 

surface to study its behaviour at different points along the study or furthermore, a larger 

number of sensors could be deployed to simultaneously monitor the slope at different 

locations. The under surface of the sensor box was constructed with studded plastic to 

anchor, superficially, the sensor to the slope surface and therefore prevent any 

interference by weather events such as heavy rain or strong winds. Through this 

mechanism, damage to the slope surface during the deployment of the sensor is avoided 

as the integrity of the slope surface is not affected.   

Figure 4. 36 Sensor box applied to the Connolly 
Street slope 

Figure 4. 37 Waterproof 
sensor case 
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Once the sensor is placed on the slope, it starts to take readings of any possible 

movement on the slope, which will be reflected in the X, Y and Z coordinates. These 

readings are sent to a Google Sheet every 15 minutes. Google Sheet was used as a 

database for this research due to the ease in connectivity. As Google Sheet is a web 

application, it is easily connected to the sensor through the WiFi to enable live data to 

be recorded continuously. Furthermore, the Google Sheet is easily accessible from 

multiple devices and also, the data relayed from the sensor is clearly recorded for ease 

in interpretation. The time interval of data sending can be adapted to the demand of 

the project. It was decided to send the data every 15 minutes as this met the 

requirements of the study whereby the balance between the level of information 

provided was accurate whilst the interval of data reading was long enough that didn’t 

require intense power and so prolonged the sensor battery life.  

 

 
 

Figure 4. 39 Sensor deployment on Connolly 
Street slope, Cobh 

Figure 4. 38 Sensor deployment on Connolly 
Street slope, Cobh 
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4.4 SHM integration with BIM platform 

Using the data collected through the sensors as well as the drone or laser scanner, this 

chapter explains how this information is integrated into BIM and how the information is 

treated and integrated into a single model. Thereby, through the sensor data an early 

warning system will be created, which consists of a marker on a 3D object-oriented 

model of the slope, indicating any possible movement on the slope surface in real time.  

A state-of-the-art structural health management tool is thus designed, which helps to 

visualise in real time the monitoring of the element under study. It also helps to reduce 

monitoring and maintenance costs by identifying early intervention requirements. 

 

 

 

 

 

 

 

Figure 4. 40 Aerial view of the location of the Connolly Street slope at Cobh 
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Figure 4. 41 Overview of SHM integration and format transfer 
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4.4.1 Early warning methodology 

The purpose of this study was to highlight the versatility and usefulness of sensors in the 

process of developing an early warning system for geostructures damage and 

destruction. Following the coding and development of the sensor, it was applied in 

different manners to display its usefulness and relevance. To this end, the data capture 

methodology is structured in three different levels, based on the degree of movement. 

For the purpose of this research project, three levels of warning were used for ease of 

interpretation of the results. The traffic light system was implemented according to the 

degree of damage to clearly identify the slope surface changes. Depending on the 

accuracy of diagnosis required, more levels could be incorporated to the early warning 

system to identify movements at different intervals. 

4.4.1.1 Level 0  

This level collects sensor data when the data indicates a static state. When the data 

collected is close to zero, the data would be categorised as level 0 data. Therefore, when 

the data is between 0.01 and 1.5 centimetres, it would be considered as "practically 

static". This was the standard behaviour of the slope, where the data are considered to 

be of low relevance to the early warning system and displaying very little changes in the 

slope over time. 

4.4.1.2 Level 1 

When the data received from the sensor ranged between the values of 1.5 and 3 

centimetres, they were contained in Level 1 indicating an intermediate level of warning. 

A simulation of sensor movement was carried out to display the behaviour of the early 

warning system in the event of level 1 data as well as to assess the accuracy of the sensor 

in intermediate degrees of movement. The interval of 1.5 to 3 centimetres was used as 

this research project intended to identify early signs of slope surface movements instead 

of larger changes. Through the use of smaller measurements of movement, minor 

changes in the slope surface over time could be observed and recorded therefore 

identifying the rate in which the slope is at risk of collapse for early preventative 

interventions. This interval is easily modified according to the requirements of the slope 

or retaining wall. 
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4.4.1.3 Level 2 

Level 2 data indicates extreme levels of sensor movement as is expected from events 

such as landslides. This data results from movements of greater than 3 centimetres. The 

sensor was again moved in an extreme movement with close surveillance of the data 

received showing its effect on the early warning system.  

Furthermore, these levels of sensor movement classification could be applied and 

exported to any other structure. The range of sensitivity applied at each level is adapted 

to the type of structure and type of damage to be studied.  

In addition, the design of the coding for the early warning system was designed to be 

adaptable to other studies on different structures, being able to modify the parameter 

of the sensitivity of movement for the accurate classification in the corresponding levels 

 

4.5 Visualisation of sensor data in BIM 
The information collected by the sensor is sent to the Google Sheet every 15 minutes, 

so in order to visualise the information in real time, the marker created in Dynamo must 

periodically read the code created. With this, it is possible to keep the Revit model 

continuously updated, without having to run Dynamo, as it will be done automatically 

every 15 seconds 

4.5.1 Programming requirements; 

The version of Revit installed at the time of this study was Revit 2022, which already 

incorporates Dynamo, without the need to install it externally. This works in conjunction 

with Revit as another software plugin.  

In addition, Python version 3.8 had to be installed. Python is a programming software 

based on an interpreted language, without the need for compilation for its execution, 

Figure 4. 42 Overview of Sensor Data Collection and study levels 
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these are carried out directly by the computer through a program called interpreter. Its 

language is easy to read and write, it also has an open source multiplatform, allowing 

the software to be developed without any kind of limit.  

Once the software was downloaded, the necessary libraries for coding were 

downloaded, such as; 

Table 4 Dynamo coding library 

 

Once all the Python libraries are installed, the programming in Dynamo can begin. 

4.5.2 Visual Programming  

The step by step process in the development of the programming designed for the 

Conolly Street slope in Dynamo is shown below.  

4.5.2.1 Mesh creation 

Firstly, a mesh was created using the existing point cloud generated through the drone 

images and ReCap. Due to the limitations of Revit for mesh creation, this research 

developed how to generate a mesh through a point cloud and visualise it in Revit. 

Therefore, this would help in future projects, to visualise the real movement of the slope 

surface if working with a sensor network, which would operate connected to the Revit 

Python NumPy (96) Used for the programming language, 

through which large multidimensional 

vectors and matrices can be generated, as 

well as high-level mathematical 

functions. 

Open3D (97) Open Source library for 3D data 

processing.  

MatPloLib (98) Library needed to create graphs from 

data contained in lists. 

Oauth2client (99) Allows to establish the connection 

between different servers. 

Gspread (100) Library which gives access to the 

interaction with Google spreadsheets. 
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mesh. Furthermore, this project does not seek to visualise the movement of the sensor 

on the point cloud or slope surface, but rather the creation of the warning system by 

means of colour codes indicating the level of movement of the slope. The visualisation 

of the sensor's movement would entail a significant increase in the system's 

performance, as the software must update each movement in a cloud made up of 

several million points (depending on the surface to be worked with). However, and with 

a view to a future project annexed to the current one, the performance of the software 

would be optimised if it worked on a mesh instead of on a cloud of points, as well as 

providing a more precise and optimal result due to the triangulation already formed. 

The mesh is a set of ordered points, however, the point geometry used in this project 

was not. It was decided to create a mesh in Dynamo, which allowed for work to be done 

with an ordered geometry. For this, as the order was not known and the mesh of points 

were not ordered, an auto-ordering algorithm had to be used, in this case by proximity, 

which was based on triangulation for the creation of the mesh by joining the points in 

groups of three that are closest to each other. This process was possible with Revit, as it 

has a surface generation algorithm integrated in the topography creation node. 

However, topographies in Revit do not support points in the same XY position, but with 

different Z position.  

The final resulting mesh depends on the triangulation algorithm used and may vary 

depending on which one is used. Through trial and error, several algorithms have been 

tested for the creation of the mesh of the Connolly Street slope. Through Open3D, the 

resulting algorithm was able to scan the points created, from the drone, by proximity to 

formulate arrays (grouping of objects of the same type). Another coding algorithm, 

Numpy, is then used to analyse these arrays to create the mesh. The Python node script 

in Dynamo works with an input from a .PTS point cloud and returns the points in the 

form in which it is needed in Dynamo's Mesh node. 
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4.5.2.2 Programming scheme 

The points that follow the programming development in the creation of the mesh are 

the following; 

 

Figure 4. 43 Programming scheme for mesh creation using a point cloud to Revit through Dynamo. 

 

The programming carried out for the development of the grid was as follows; 

Through the first node "File Path", the reading of the point cloud is allowed. This is in 

.PTS format for the correct reading in Revit. Next, the "Point Cloud" node is used to 

create the script necessary for the development of the mesh in Python.  

Following the input of the above-mentioned libraries into Python, the code can enable 

the reading of the points coming from the point cloud and by means of the generated 

algorithm, bases the triangulation on groups of 3 points, based on proximity. However, 

the resulting mesh will be an approximate mesh geometry, as it is based on points and 

not on an initial mesh. It will have some gaps where the reading could not be executed 

to generate the triangulation.   

 

 

Linking the files

Algorithm for point creation

Getting the points from the cloud in 
Dynamo

Offset correction

Structuring the point indices

Generate the mesh in Dynamo

Generate the mesh in Revit
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Following the completion of the above, the next step is the obtaining of the points of 

the cloud in geometry. To do this, a Code Block is used to transform the list of point 

clouds into a single list of objects. It is then possible to define the coordinates of the 

points through Point.ByCoordinates (Figure 4.36). 

The initial points generated through the Python coding are produced in an offset manner 

that requires correction in order to counteract the offset and make a correct reading of 

all the points in the cloud. This is possible through Code Block, which reads the compiled 

point lists, transforms them into a single object list and prepares the lists by coordinates 

to generate the vertex indices for the mesh, (Figure 4.37).  

Finally, before the mesh can be generated in Dynamo, it is necessary to structure the 

indices of the points to support the creation of the mesh, (Figure 4.8). 

From this point, through a single node, the creation of the mesh is ordered in the 

programming, first in Dynamo and finally in Revit, where the result can be visualised, 

(Figure 4.39). 

For the creation of the mesh in Revit, the desired categories in the visualisation of the 

mesh must be defined. For this project, the material "Brick, Common" was used, this 

Figure 4. 44 Python script for mesh creation 
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being a parameter that can be changed as appropriate. Similarly, for the "DirectShape" 

node category, "Floor" was used. This is because the resulting mesh in Revit 2022 shows 

the lines of the triangulation and can only be attenuated or camouflaged by the colour 

applied as material. For this reason, it was decided to apply "Floor" as a category. This 

category allows for the elimination of the triangulation lines that are generated in the 

floors and therefore provides a mesh that is easier to interpret with less interference 

from the triangulation lines. Furthermore, for the purpose of interoperability, “floor” 

was selected.  Further work could be focused on developing new IFC schema based 

around the system as per Dragos (101). 

Below is an overview of how the different blocks of nodes generated in this step of the 

mesh creation are connected (Figure 4.40). 

Upon completion of the above steps, the mesh is visible in both Dynamo and Revit. Due 

to the volume of point clouds with which the mesh works, Revit requires more time to 

process the changes. Similarly, the execution of the code in Dynamo takes longer 

depending on the type of computer and hard drive being used.  

If it is desired to work without the mesh, this could be done through the use of software 

that allows for the exportation of the point cloud in the .PTS format to Revit where it is 

worked on with the marker that is generated as an early warning system. 

The update of the data provided by the sensors is shown through a marker with a scale 

of values and not with movements in the point cloud or mesh itself for two reasons. 

First, as indicated above, the weight of the point cloud can become too large, hindering 

the real-time data update process, lowering the performance considerably. Secondly, 

the movement that could be generated in the mesh would not show the real structural 

behaviour of the slope, but would be a linear representation of the movement of the 

sensor without reflecting the real movement of the slope surface.  
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Figure 4. 45 Cloud points in Dynamo geometry 

 

Figure 4. 46 Correction of the resulting Python script points 

 

Figure 4. 47 Point indexes for mesh creation 
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Figure 4. 48 Mesh visualisation in Revit 

 

Figure 4. 49 Overview of the mesh creation programme 

4.6 Visualising the early warning system 
The interpretation of the information provided by the sensors should be visualised on 

the markers designed in Dynamo, which is viewed in Revit. The aim of this project is to 

provide real time updated information from the sensors in a clear and easy to interpret 

manner, visually.  

The design of the marker is based on providing, in Revit, the last position of the sensor 

in its three coordinate axes. In addition, limits will be established, which, linked to a 

colour scale, will facilitate the interpretation of the data. In this way, when the sensor 

exceeds the established limit on any of the coordinate axes, it will be displayed in red 

meaning extreme levels of movement. On the contrary, when the sensor remains static, 

the marker will remain green. In the case of a movement of intermediate magnitude, 

i.e. not exceeding the set limits, but still relevant, it is orange.  

The design of the marker can be changed as desired. For this project a simple rectangular 

marker has been chosen with the reading of the three points X, Y, and Z, but the resulting 

marker can be modified as a Group in Revit.  
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In the study carried out for this project, it was only designed based on a single sensor, 

but the programming carried out could be used in the same way in the case of a network 

of sensors. It would only be necessary to duplicate, as many times as necessary for each 

type of sensor, the code and connect it to the database. 

 

4.6.1 Programming scheme  

The design of the scoreboard has been carried out as follows; 

 

Figure 4. 50 Programming scheme for the design of the Early Warning System marker 

Firstly, the source of information that will feed the marker of the early warning system 

must be established. To do this, the URL belonging to the Google Sheet spreadsheet 

used in the development of the sensors is entered. 

In order to establish communication with Google Sheet via the URL, a specific 

programming code is required. Therefore, it is necessary to use a ".json" credentials file 

for authentication to Google to be able to work with the Google Sheet data. This is 

achieved through Python Script. 

It is at this point that the connection to the Google server must be established via the 

".json" credentials file. 

Data reading

Establish connection with 
Google

Converting data from text to 
numbers

Extraction of values and creation of 
list assigned to the parameter

Implementation of minimuum and 
maximum values

Section of texts and nuumbers 
based on ID

Colour range
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Once the connection to the server has been established, the output text strings are 

converted into numbers (Figure 4.43). 

In order to make the new list of number data easier to read, it was decided to round the 

numerical data to two decimal places (Figure 4.44). 

The values are then extracted from the table and a string list is generated to assign the 

parameters (Figure 4.45).  

This is then used to change the value of the text displayed in the marker, i.e. the 

information displayed for the last position of the sensor. Once the name of the 

parameter to which it corresponds has been assigned, the base and the texts are 

selected via the IDs. The selection of the base through the ID's is done in the same way 

to get the numbers provided by the marker (Figure 4.46).  

Figure 4. 51 Python script for communication with the database 
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The next point is to assign the limits where the marker will change colour according to 

the set values. As mentioned before, for this study it was set to replace values that were 

greater than 3 and less than -3. In this way, the marker will show colour changes when 

values are exceeded positively or negatively (Figure 4.47).  

These limit values can be changed and values from slope stability studies can be 

established. For this study, a limit of 3 centimetres was established since, in the 

simulations carried out with the sensor on the slope, movement greater than this value 

resulted in the sensor sliding down the slope.  

To conclude the development of the early warning system, the colour range with which 

the sensor data will be visualised in Revit is implemented. Similarly, the colours used in 

this study were those used in the traffic light system as they are easy to interpret. Finally, 

the node "Element.OverrideColorView" which will implement the solid fill with the 

colours is assigned to the pattern indicated in the active view (Figure 4.48).  

 

Figure 4. 52 Text to number conversion 

 

Figure 4. 53 Rounding numbers to two decimal places 
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Figure 4. 54Assignment of parameters 

 

Figure 4. 55 Assigment of parameters ll 

 

Figure 4. 56 ID selection for text and marker 
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Figure 4. 57 Setting range limits for the alert level 

 

Figure 4. 58 Setting range limits for the alert level ll 

 

Figure 4. 59 Set colour scale for results display 
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4.6.2 Data visualisation 

Once all programming is finished, the data visualisation in Revit is undertaken following 

the next steps. 

1. Upon completion of the mesh, it is visible in Revit, and it is in Revit where all 

operations that are considered appropriate on the visualisation of the mesh will 

be carried out. Therefore, the Dynamo programming, unless adjustments to the 

programming code are required, does not need to be opened again to be 

executed in Revit. Hence, the visualisation process is accelerated as both 

Dynamo and Revit do not need to constantly update the mesh, thus optimising 

the operating system's efficiency. 

2. The marker created in the early warning system will be visible in a new Revit 

project. In order to display the marker on the mesh, the previously generated 

mesh has to be opened in the project with the marker. Using the "copy" and 

"paste" commands, the marker can be moved onto the mesh. The location of the 

EWS marker is done manually, making it easy to change the location depending 

on the sensor location at the time of the survey.  

3. The programming of the marker is open in the background. Dynamo periodically 

reads the code every 15 seconds, verifying if there are any changes in the data. 

Each time the sensor sends new data, it will be reflected in the Google Sheet, 

which acts as a source of information in the code, ensuring that the marker is 

constantly updated.  

In this way, it is possible to have the risk rating with real-time updated information from 

the sensors located on the slope. 

4.6.2.1 Expansion of SHM BIM system to entire Study site 

For this study, the visualisation of the marker designed in the EWS was only located on 

the Connolly St. slope. However, it is possible to apply the EWS marker to other base 

files, be it retaining walls, slopes, or any other monitored structure.  

In the case of several monitored structures in the same area, a 3D image of the entire 

location could be generated to see the status of the different markers in a single image. 

This is possible in multiple ways. Through the use of Dynamo software with an open 

access programming language, a plug in allows for the incorporation of parameters of a 
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map along with the topography of the area to generate a 3D map with accurate building 

and structural elevations. This model can then be used for the accurate placement of 

the marker of the early warning system for each monitored structure.  

Another way to achieve an extrusion of the areas buildings to get an overview of the 

locality is through the ELK package, developed by Timothy Logan (102), developed to 

integrate all OSM format data and topography to quickly generate a 3D extrusion map.  

 

 

Figure 4. 60 Cobh 3D Visualisation in Revit 

 

Figure 4. 61 BIM Early Warning System Design Overview 
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5. Results 
Different methodologies employed in the study provided a wide range of results. By 

collecting data via laser and drone, point clouds were obtained, which provided the 

study with knowledge of the structural state of each of the elements under study, as 

well as a clear definition of their geometry. In addition, the point clouds were 

subsequently used as the basis for the creation of a mesh, which would represent the 

possible movements of the sensors.  

Therefore, the results of the sensors provided a numerical insight into the real behaviour 

of the Connolly Street slope. According to the results, different levels of studies were 

proposed that would help to understand and clarify the possible responses of the 

sensors to different situations.  

The integration of all the data in BIM helped to generate a single model with all the 

information obtained. Moreover, the results obtained from the topography and the 

sensors were the basis for the creation of an early warning system, which indicated the 

responses of the sensor located on the slope to different levels that were simulated. 

5.1 Topographic survey results 
The structures under review were first analysed using the laser scanner. This provided a 

detailed point cloud of each structure which could be incorporated with the sensor data 

to develop an early warning system. As the Connolly Street slope was the structure at 

greatest risk of collapse, this was further analysed using the drone. A point cloud was 

then processed from the images taken by the drone. By comparing the two-point clouds, 

it was the drone point cloud that provided the highest quality results and were 

compatible for processing into BIM and therefore enabling the development of an early 

warning system.  

5.1.1 Laser scanner 

The result of the field work carried out with the Leica MS60 laser was a point cloud of 

each of the structures analysed. 

The number of points of each element examined in this project depended on the surface 

scanned. Therefore, the level of detail in the creation of the mesh based on the obtained 

point cloud depended on the number of points and dimensions of the surface.  
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A mesh was generated for each of the 5 structures scanned in this study. The creation 

of the mesh aided in the visualisation of the elements, as well as to carry out analysis 

and measurements on the structures. For this, different modes of analysis using the 

Cyclone 3DR software were used, in order to compare the differences in the results 

obtained. The different modes for generating meshes in Cyclone 3DR were adjusted 

according to the characteristics of each project. 

Table 5 summarises the characteristics of each structure scanned using the laser 

scanner. A comparison is made of the differences between the point cloud and the mesh 

created from each structure. Each point cloud and mesh are displayed below. 

Table 5 Summary of the point cloud and mesh characteristics 

Characteristics of the point cloud Characteristics of the mesh 

LAUNDRY HILL 

Number of points: 495,389 Average distance between points: 0.041 

Maximum length: 18.05 metres Triangulation size: 0.13 

 Total area: 74.56 m2 

HILLVIEW TERRACE 

Number of points: 1,250,904 Mean distance between points: 0.05 

Maximum length: 32.03 metres Angle between facets: 10 degrees 

 Total area: 117,124 m2 

CHURCH STREET 

Number of points: 822,242 Number of points analysed: 792,922 

Maximum length: 22.98 metres Number of triangles: 1,529,565 

 Total area: 136,059 m 2 

CATHEDRAL BUTTRESSES 

Number of points: 5,307,084 Number of points: 2,547,654 

Maximum length: 72.02 metres Numbers of triangles: 5,051,891 

 Maximum length: 72.02 metres 

CONNOLLY STREET SLOPE 

Number of points: 7,374,899 Average distance between points: 0.025 

Maximum length: 284 metres Triangulation size: 0.08 
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  Figure 5. 1 Laundry Hill; Point Cloud and Mesh 

                   

  Figure 5. 2 Hillview Terrace; Point Cloud and Mesh 
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Figure 5. 3 Church Street; Point Cloud and Mesh 

Figure 5. 4 Cathedral Buttresses; Point Cloud and Mesh 

 

 

        Raw Point Cloud 

        Refined Mesh 

        Lower density points 

Raw Point Cloud 

Mesh generated by 

Regular Sampling and 3D 

deviation filtering 

         



 

112 
 

 

Figure 5. 5 Connolly Street slope; Point Cloud and Mesh 

 

5.1.1.1 Laundry Hill 

The high number of points on a relatively small surface provided an excellent, high 

quality result. The distance between the points making up the point cloud is very small, 

resulting in a very compact point cloud, giving the impression that it looks like a mesh. 

The creation of the mesh for this element was carried out using the Cyclone 3DR process 

"meshing in two steps", which allowed for the generation of an estimated mesh with 

regular triangles. “Meshing in two steps” allows for first, the creation of a mesh and 

secondly refining of the created mesh. 

Noise reduction for this type of mesh creation would be more effective the larger the 

distance between the points. In addition, the mesh can be refined with deviation error 

criteria. For this study, an error deviation of 0.005 metre and an inter-facet angle of 10° 

were produced by Cyclone following the generation of the mesh. 

5.1.1.2 Hillview Terrace 

During the scanning process of this retaining wall, there was a parked vehicle which was 

removed from the image in order to be able to perform the analysis more effectively. 

Raw Point Cloud 

Mesh generated by 

Regular Sampling and 3D 

deviation filtering 
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A mesh was generated on the "Regular sampling" type element, which shows the point 

cloud with the least noisy points. 

5.1.1.3 Church Street 

There was a large amount of vegetation on the upper face of the wall. There was also a 

loss of verticality along its length, as well as several fractures on its main face. 

The mesh was generated using the "3D deviation filtering" option. In this way, it was 

possible to obtain a mesh where all points have the same weight in relation to the noise. 

In this way, the calculation can be carried out much faster through "mathematically 

exact" points. 

The quality of the result in this case is superior due to the noise reduction and the 

working mode of the chosen option, working only with exact points. 

5.1.1.4 Cathedral Buttresses 

For the creation of the mesh in this type of detailed structures, the combination of 

"Regular sampling" and "3D deviation filtering" was used to provide the most detailed 

result. 

This type of mesh requires more time to execute, depending on the volume of points of 

the element to be analysed. For this project, only a small part of the total structure was 

analysed in order to verify the level of detail of the mesh against this volume of points.  

The level of detail, the resolution and the working capacity of the software make it 

possible to carry out inspections and analysis on specific elements in this type of heritage 

structures. The level of range of the laser facilitates the inspection, as in the vast majority 

of cases it is almost inaccessible in some parts of large structures or extremely costly to 

carry out. 

5.1.1.5 Connolly Street 

The image shows the total volume of the point cloud, which makes up the entire slope. 

This is the union of the two-point clouds that were made separately. The software 

allowed the two-point clouds to be perfectly georeferenced. 

To avoid performance losses in the creation of the grid, the analysis was carried out 

separately, showing the most relevant part of the study in the draft. 
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The creation of the mesh was carried out using the "Regular sampling + 3D deviation 

filtering" method, given the high level of detail it provided. 

5.1.2 Drone 

A total of three drone flights were carried out for the inspection of the Connolly Street 

slope. Each of the flights were done using different flight parameters such as different 

speeds, heights and surface dimensions. These varying parameters were used to 

establish which flight generated the highest quality images. The results of the three 

flights were an average of 20 aerial photographs of the slope. The images obtained from 

the different flights were analysed and it was decided to choose the flight that gave the 

highest quality images. In this case, the flight mission chosen was the second shoot. 

These images were considered to be the best results as they provided the clearest 

images as well as including adequate surrounding area and the brightness of these 

images allowed a detailed point cloud to be created.  

Photographs resulting from the flight 

 

The result of the flight chosen for data processing was a total of 22 photographs.  The 

image processing through the Pix4DMapper software provided a 3D point cloud which 

was derived from the overlapping photographs, resulting in the reconstruction of the 

slope in original colours. 

Figure 5. 6 Photographs resulting from the flight over the soil slope on Connolly Street 
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For the reconstruction of the slope as shown, the software performed a reading of the 

number of 2D points in each of the photographs taken. 

From the single drone flight, the resulting point cloud has various levels of detail at 

various points.  The drone flight centred on the soil slope itself and did not focus on the 

area surrounding the slope and so the resulting point cloud has black holes surrounding 

the slope. The single drone flight was considered sufficient as the level of detail from 

the soil slope images were adequate for the generation of the point cloud. When the 

point cloud was further processed by Revit, the apparent black holes were eliminated.  

 

 

 

 

 

 

Figure 5. 7 Point cloud resulting from drone flight over Connolly St slope, Cobh 
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Table 6 3D Points from 2D key point Matches 

 

In 2 images  123230 

In 3 images 32094 

In 4 images 13651 

In 5 images 7149 

In 6 images 4247 

In 7 images 2489 

In 8 images 1662 

In 9 images 1038 

In 10 images 752 

In 11 images 467 

In 12 images 381 

In 13 images 293 

In 14 images 198 

In 15 images 145 

In 16 images 93 

In 17 images 90 

In 18 images 59 

In 19 images 35 

In 20 images 48 

In 21 images 31 

In 22 images 2 

 

The resulting point cloud was used as the basis for the placement of the early warning 

system.  

Since the software interoperability for the colour point cloud was limited to four 

formats, namely, las, .laz, .ply, .xyz. it was decided to process the images in the Recap 

Pro software, which allowed the export of the file in .PTS and thus could be incorporated 

into Revit through the option to insert point cloud. 
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The result obtained is a mesh generated by the created point cloud. The software allows 

various operations and measurements to be carried out. However, the great advantage 

of processing information through this software is its interoperability.  

 

The generated mesh is composed of 93,232 vertices and 163,727 faces. This forms a high 

level of detail extracted from the photographs. The surveyed surface is 1,932 m2 and a 

volume of 15,505,125 m3.  

Once the laser and drone point clouds were obtained, the results between the two were 

compared to choose which one would be used as the basis for the early warning system 

image in BIM.  

Thus, the point cloud provided by the laser scanner was a high data density point cloud. 

This type of result is excellent when the project requires a large volume of data to be 

processed for analysis, due to the accuracy it provides. Nevertheless, in this study, it was 

necessary that the point cloud to be used was more detailed in terms of the 3D 

recreation of the Connolly Street slope. Due to the operation of the laser, gaps are 

created in the point cloud when the laser beam cannot take readings at the angles at 

which it is working.  

Figure 5. 8 Connolly Street slope mesh 
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Therefore, the point cloud provided by the drone met the requirements of this study. 

The drone performs aerial photogrammetry from multiple angles, which provided a 

point cloud that represented the study area in greater detail. 

5.1.3 Sensors 

The information provided by the sensor was contained in the spreadsheet created in 

Google Sheet. The design structure of the spreadsheet is based on 5 columns, where the 

time at which the last data reading from the sensor was obtained is reflected, the next 

three columns belong to the X, Y and Z coordinates, the last column corresponds to the 

calibration status of the sensor.  

 

 

Figure 5. 9 Connolly Street slope coloured mesh 

Figure 5. 10 Googlesheet spreadsheet 
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A new reading of the sensor movements was obtained every 15 minutes. The time 

between sending data and the delivery of the data to the spreadsheet varied between 

10 and 15 seconds, depending on the studies carried out on the Connolly Street slope. 

These times were found to vary depending on the coverage status of the modem. In 

general, the signal coverage level was more than acceptable throughout the study area. 

The data collected from the sensor during the different test days was classified into 

three different levels according to the results obtained. Different methods were used to 

obtain different derivations in order to be able to reach all the possible scenarios that 

could occur on the slope. 

5.1.3.1 Case studies 

After the results obtained during the course of this research on the sensor on Connolly 

St slope, it was found that the movement data displayed by the sensor were values close 

to zero. This meant that, during the period of monitoring that it was taking movement 

data, the sensor remained in a state that was considered to be practically static.  

Consequently, the SHM system robustness was tested by simulating three different 

classifications of possible sensor movements, where these simulations were carried out 

to emulate hypothetical cases. By carrying out these hypothetical case studies, the 

reliability and accuracy of the sensor in extreme or adverse conditions can be 

established. It also showcases how versatile the structural health monitoring system is. 

5.1.3.1.1 Level 0 

Level 0 corresponded to the behaviour of the slope during the test days. It revealed 

movement data with small variations, which could reflect vibrations from traffic, 

weather conditions such as wind or rough sea conditions and high tide, which could 

affect the measurement sensitivity of the sensor on the slope. 

The following table shows the data reflected by the sensor in the Google Sheet 

spreadsheet for a short period of time, as the data collected during the days of 

measurement were considered not significant. 
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The sequence of data shown corresponds to a study interval of 7 working hours. It was 

considered that, given the values obtained in the tests, these results were contained in 

the Level 0 study as the mean of the values obtained was between 0.001 and 1.5 

centimetres.  

5.1.3.1.2 Level 1 

In order to obtain data that could be contained in this level, it was necessary to provoke 

movements in the sensor that simulated movements of values between 1.5 and 3cm. 

For this, the sensor was positioned in an intermediate area of the slope surface, which 

allowed the sensor to be manipulated without affecting the results. Once the sensor 

showed data of being stabilised, small movements were intentionally provoked 

manually by gently disturbing the sensor and shaking the box, thus exemplifying the 

behaviour of the sensor in the face of activities of such magnitude. The data obtained 

showed results with mean values within the range of 1.5 and 3cm. 

Figure 5. 11 Sensor data; Level 0  
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Figure 5. 12 Sensor data, Level 1 

The data sample shown here reflects data from one of the simulations carried out over 

an interval of almost 3 hours of fieldwork, with the responses obtained were reflected 

in the data sheet in 15-minute intervals.  

5.1.3.1.3 Level 2  

The data contained in this level exceed the mean of 3 centimetres in one of the three 

coordinates; x, y or z. Therefore, a simulation had to be performed where the magnitude 

of the movements in the sensor was greater than the previous level of 3cm. For this 

purpose, and in order to obtain relevant data for the study, the sensor was placed in an 

unattached state on the slope surface to facilitate the simulation of a sensor slip. The 

sensor was positioned in the same way as in the previous level, and once stabilised, 

movements were provoked in the sensor by disturbing the soil supporting the sensor 

box with a probe until it slid along the surface. 

 

Figure 5. 13 Sensor data; Level 2 

The test had to be repeated several times, as the desired sliding of the sensor could not 

be carried out cleanly. The slope surface had a lot of vegetation, which prevented 

continuous sliding. Even so, the simulation could be carried out, as the aim of the 



 

122 
 

simulation was to exceed the limits set in the early warning system to see how the 

movements would be visualised in the 3D object-oriented model. In addition, it was 

checked that even in the event of a landslide, and with rapid and sudden movements, 

the connection between the sensor and the receiver remained at all times regardless of 

the degree of movement. 

5.2 Integrated BIM based SHM Tool 
The integration of results in BIM was carried out in the same way as the sensor results 

were obtained, i.e. the information source for the programming code was the Google 

Sheet data sheets obtained for each level of study. In this way, it was possible to verify 

the response of the marker to different values at different study levels. 

The marker designed always showed a colour scale that varied from green, which was 

assigned to the smallest value in the sample, to red, which corresponds to the highest 

value in the data sample. For this project, it was decided to leave the numerical value of 

the sample on the marker in order to be able to see how big the movement of the 

marker was.  

 

The above image shows the visualisation of the slope in Revit. The location of the marker 

was integrated manually on the image of the slope, since the sensor was not 

georeferenced. In the case of several sensors on the same slope, the programming 

designed for this project allows the relocation of the marker as appropriate, as well as 

Figure 5. 14 Point Cloud of Connolly St. slope in Revit 
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the dimensions of the same typography and text to be displayed. The model shown here 

was chosen to work on this project.   

5.2.1 Level 0 

This level of study revealed data with values between 0.001 and 1.5 cm. The visualisation 

of the sensor data is shown below.  

 

The values chosen for the time 12:54:58 represent values between 0.02 and 1.69 

centimetres. This sample has been chosen as it exemplifies how the marker design will 

read the readings by differentiating them by colour, between two different scales of 

green for values less than 1.5cm, and brown for value greater than 1.5cm.  

This data sample did not compromise slope stability.  

Figure 5. 15 Googlesheet spreadsheet; Level 0 
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Figure 5. 16 Marker visualisation for Level 0 in Revit 

The data showed one value above Level 0 on the Z-coordinate axis. The other two values, 

x and y-coordinates remained within the range of 0.001 and 1.5 cm.  

5.2.2 Level 1 

Level 1 data consisted of changes in the x, y or z coordinates greater than 1.5cm but less 

than 3cm. For this purpose, a sample of data from the sequence obtained from Level 1 

collected by the sensor in the simulation was chosen. Similarly, a time was chosen that 

best exemplified the values sought. 

Figure 5. 17 Marker for Level 0 

Figure 5. 18 Googlesheet spreadsheet; Level 1 
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The values chosen for the time 12:05:11, ranged from 1.38 in the Z-coordinate to a 

maximum value of 2.53 in the X-coordinate.  

 

Figure 5. 19 Marker visualization for Level 1 

For these values, the marker flagged the X-coordinate value as a potential hazard result, 

since it is the closest value to the set limit of 3.  

5.2.3 Level 2 

This level represented the highest level in the early warning system indicating significant 

amounts of slope movement. It worked with values above the maximum limit, set at 

3cm. The data table with which this study was carried out was for a period of 2 hours, 

Figure 5. 20 Marker for Level 1 

Figure 5. 21 Googlesheet spreadsheet; Level 1 
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where slips could be collected from the sensor. The most unfavourable values were 

chosen for the display of the early warning system marker. 

At one point in the study, the sensor experienced a small slip that was picked up by the 

sensor on the X-coordinate axis with a value of 8.37 centimetres.  

 

Figure 5. 22 Marker visualization for Level 2 

The simulation carried out in this study was intended to simulate a small-scale landslide 

event. The displacement that occurred was sufficient to raise the early warning system 

to the maximum level. The marker indicated the values of the three coordinates in red, 

expressing that the movement produced at the sensor was unusual and that some slope 

slippage could have occurred.  

 
 

 

Figure 5. 23 Marker for Level 2 
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Using this system, the exact risk for landslide or slope collapse cannot be determined 

due to the contribution of a number of factors, such as vegetation, weather, vibrations. 

This system, however, does alert the user to the degree of movement on the surface 

which would be an indication of the level of change. Through this interpretation, the 

user would be able to deduce the slopes or retaining walls that are deteriorating 

quickest, being more likely to collapse and require the earliest intervention.  

 

5.3 Economic analysis of BIM SHM system 
On successful development of the BIM SHM system, the total cost of obtaining the 

constituents, manufacturing the sensors, and developing the early warning system were 

analysed as a means of comparing the financial impact of applying the BIM SHM system 

instead of traditional surveying methods. 

As previously mentioned, traditional means of slope and retaining wall surveillance 

requires approximately 60 hours, four times a year for interval information on structural 

stability and safety. These current methods come at a cost of approximately €40,000 per 

annum.  

Like traditional methods, the topographical surveying requires the largest financial 

investment. Using the Leica laser scanner, the cost of developing the BIM SHM system 

rises significantly. Should the Leica laser scanner be used solely for the development of 

the point cloud, this would be associated with a rental cost of €1800 per week. This 

process would only be required on initiating the surveillance process or on the event of 

significant changes to the structure, planned or otherwise. Conversely, if the drone was 

used for the surveillance of retaining walls and structures, this would come at a cost of 

approximately €6000 to purchase the drone with the surveillance camera. Although a 

higher expense than the laser scanner, the cost of the drone is a once off cost that can 

be used for long periods of time. The added benefit of the drone is that the amount of 

time required to analyse the structures is much shorter than the laser scanner with 

higher quality images and point clouds available. Furthermore, the drone can access 

structures that are otherwise difficult to reach.  
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Following the successful completion of topographical surveillance, the sensor must be 

deployed. The total cost of constructing and programming is approximately €150 per 

sensor. The development of a mesh would require four to five sensors per structure, 

depending on the level of detail required. Per annum, for the development of a mesh 

on all 24 structures at risk in Cobh, the sensors would cost €15,000.  

It is clear to see that there is a significant cost reduction using the BIM SHM. Both in 

financial cost of developing the SHM but also time savings. This novel system potentially 

has the added benefit of identifying areas requiring intervention at an earlier time and 

therefore could reduce the cost of repairing structural damages. 

 

Table 7 Capital cost of establishing SHM 

 

Table 8 Ten-year cost projection of SHM 

 

 
 
 
 
 
 
 
 
 
 
 

 Traditional SHM BIM SHM 

Topographical 

surveillance: 

€14,400 Leica laser scanner Drone 

€3600 €6000 (purchase) 

Sensor: N/A €15,000 €15,000 

Labour:  

 

€24,000 €6000 €3000 

Total capital cost:  €38,400 €24,600 €24,000 

 Traditional SHM BIM SHM 

Annual cost €38,400 €3,000 

10-year cost €384,000 €51,000 



 

129 
 

6. Discussion 

6.1 Limitations  
On concluding this research, a number of limitations can be seen. Firstly, this study 

centres on the use of a single sensor incorporating an accelerometer and gyroscope. 

Although this sensor was sufficient in the development of an early warning system for 

at-risk structures, there are more accurate sensors available. The MPU6050 sensor uses 

a three-axis technique of slope surveillance, delivering data through x, y and z axes. This 

sensor was used due its affordable cost, adequate results as well as the ease of code 

development. Due to the three axis results, the data had to undergo double integration 

to calculate sensor movement increasing the margin of error and negatively impacting 

on the results. Sensors such as the Arduino 9 axis motion sensor are superior to the 

MPU6050 whereby they measure movement through orientation, acceleration and 

magnetic fields. This therefore mitigates the need for double integration providing more 

accurate results with a smaller margin of error. This sensor was not applied in this 

research due to the complexity of coding required to program the sensor for the 

application of slope surveillance.  

Furthermore, this research centres on data received from a single sensor incorporated 

to a point cloud. This was sufficient for the development of an early warning system of 

slope damage showing slope changes through a colour coordinated marker, but the 

single sensor was unable to showcase the actual slope surface changes. Through the use 

of a network of sensors, forming a mesh, any slope surface changes would instead be 

visualised showing the relationship of movement of each sensor to the other. In other 

words, a 3D visualisation of sensor movement could be seen.  

An advantage of using the point-cloud is that the results are available at quick speed 

with little difficulty in software processing. Should a mesh instead be applied, the 

duration would be extended with further difficulty in software processing and more 

storage required. The graphic card required for point clouds is more accessible and used 

more commonly. The application of a mesh for this type of surveillance would require 

more advanced graphic cards therefore requiring better core computing software. 

 



 

130 
 

7. Conclusions 

7.1 Conclusion Summary. 
The fundamental goal of the research was to find a way to monitor geological structures 

at high risk of collapse and to integrate the results into a BIM SHM system. 

The main conclusion from the study presented in the subsections below are: 

1. Both UAV and Laser scanner can provide high-resolution low-cost data for 

building a BIM SHM System, however UAVs are more suitable for Geohazard 

monitoring 

2. Non-intrusive low-cost wireless sensors can be used to monitor a range of at-risk 

structures, but each system requires site specific calibration and setup. 

3.  A BIM base SHM system is capable of monitoring geohazards in real-time and 

can provide an early warning system for at-risk structures. 

4. This SHM system utilises industry standard BIM software and provides high 

resolution datasets that can be used to improve mitigation and remediation 

strategies. The script developed for the purpose of developing an SHM system 

on Dynamo is opensource, therefore further work could be carried out to 

translate this opensource data to the .IFC format in order to enable it to be used 

across platforms in BIM. Furthermore, Arduino sensors are low cost and 

opensource coding is easily applied to their use further promoting the 

application of this SHM system to other platforms. Google sheet is a free 

platform that is suitable for small projects however this could be upgraded to a 

database type model such as the Azure database for multi-model systems.  

5. Over a 10-year period it was shown that the proposed SHM system would 

provide a lower cost (€51,000) solution to monitoring Geohazards and retaining 

structures compared with current practices. 

7.2 Topographic surveillance conclusions 

Firstly, the structures under study had to be examined by means of analytical models, 

and to this end, it was decided to explore the use of novel tools that would expand on 

and enhance the current monitoring techniques. Tools such as scanners and drones 

were applied and their results combined to form accurate analytical models.  
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The results obtained from the inspections carried out with the laser scanner were 

analytical models that could be processed using the Cyclone 3DR software. These 

analytical models were made up of point clouds which, depending on the surface 

analysed and the laser scanner configuration chosen for the inspection, provided the 

cloud with a greater or lesser number of points. The greater the number of points, the 

greater the density obtained and, therefore, the higher the quality of the results. 

However, when an inspection was chosen with the maximum number of points possible, 

the duration of the inspection was prolonged to a duration that was unnecessary for the 

level of detail achieved and the resulting point cloud. 

The use of a drone was applied for the surveillance of a high-risk soil slope as a 

comparison to the laser scanner. This device is growing in popularity for photographic 

and surveillance purposes and its application in the geometric data capture for this 

research proved to be of great benefit. Having access to angles otherwise difficult to 

achieve. The drone was able to take a series of images that could then be processed 

through the Pix4DPro software to form a detailed point cloud. When the point clouds 

between the laser scanner and drone were compared, the additional angles obtained by 

the drone resulted in a higher quality point cloud. Through the use of the drone, the 

time required for adequate image capture and point cloud development was shortened 

significantly therefore promoting drone use further.  

Furthermore, the laser scanner has certain limitations depending on the type of 

structures to be inspected. In this research, five inspections were carried out on 

different types of structures, namely retaining walls, slopes and buttresses. From these 

inspections, it can be seen that structures of greater heights can be surveyed with the 

laser scanner however the results lose precision and also lack well rounded perspectives. 

Another limitation is the lighting: if the structure is in a shaded area or, conversely, the 

lighting too bright, the level of detail may be negatively impacted. This shortcoming is 

rectified in this study through the use of a drone. Drones provide high quality aerial 

photographs from varying angles and heights. Moreover, drones offer access to areas of 

interest that would otherwise be out of range and inaccessible to laser scanners, 

broadening the scope of surveying. Together with the laser scanner, drones perfectly 
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supplement the task of inspection and tracking, providing a high-density high-quality 

point cloud. 

This study shows that the combination of two surveying tools, drones and laser 

scanners, offers a powerful method of inspecting structures in a high-quality manner. 

This research demonstrates how the two tools supplement each other and provide 

valuable information for structural health. This technique of surveying is novel to 

geotechnical engineering and of importance at present due to the ongoing 

environmental damage to coasts and geostructures secondary to climate change. The 

need for the use of such technologies is now considered important to ensure adequate 

structural health. The contribution of quality and accuracy in the results, reduction of 

personnel costs and inspection times, in addition to anticipating intervention in time, 

are powerful advantages provided by these tools.  

7.3 Monitoring 
In order to create an efficient early warning system, it must be based on effective 

monitoring. Therefore, in this study, an accelerometer and gyroscope sensor were 

designed and coded to monitor an at-risk slope located on Connolly Street, Cobh. The 

sensor was positioned on the surface of the slope and provided 15-minute intervals of 

real-time sensor movements with the sensitivity of the sensor providing millimetre scale 

positions. Due to this level of accuracy, the changes seen on a geostructures could be 

classified into three categories to easily stratify the significance of change adding to the 

relevance of such methods. 

Through the development of the sensor, assembling it and designing the specific 

programming code, it was possible to confirm that monitoring could be carried out with 

low-cost, simple-to-operate sensors.  Through the application of the developed sensors 

on the Connolly Street slope, real-time surveillance of the slope could be carried out. 

This data was readily available and showed that the level of movement seen on the 

Connolly Street slope was not significant with sensors data showing minimal slope 

movement. Furthermore, any minor movements seen were affected by factors such as 

weather and vibrations from nearby transport infrastructure. 
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To expand further on the suitability of the sensor for real-time slope monitoring, a 

number of simulations were carried out to replicate potential slope movements.  The 

data recorded from these simulations showed significant sensor movements, whilst also 

highlighting the accuracy of data recording and sensor durability in severe events. The 

real-time sensor data could then be incorporated, through the 3D object-oriented model 

to develop an accurate and sensitive early warning system. 

A limitation of the sensor was seen in the processing of the gross data to the actual value 

of displacement. To obtain the displacements of the sensor, the acceleration had to be 

integrated in time, thus giving the velocity, and the integral of the velocity would cause 

the displacement. This type of integral operations in the programming code could give 

rise to measurement errors. Through observing the data over time, it was found that the 

small measurement errors had a direct correlation with time, i.e. the longer the sensor 

was operating, the more the measurement error value increased. However, it was 

possible to make measurements on the slope with the accelerometer and gyroscope 

sensor as, for this research, the sensor application time was not prolonged over months. 

Therefore, for future monitoring studies, it would be recommended to refine the 

formulation in the programming code of the sensor to be able to disregard the increase 

in measurement error with respect to time.  

7.4 BIM as an SHM platform 
Through the development of the sensors and the point cloud, an early warning system 

was then developed using the Revit software in combination with visual programming 

software. This software enabled the construction of a coded 3D object-oriented model 

to show the changes of sensor position and therefore slope movement in real-time.  

Revit was chosen as the main software for the development of the early warning system 

as it provides greater versatility and interoperability with easy integration of data from 

various software in different formats. In doing so, the software can process and produce 

point clouds or meshes that can be incorporated with different sensors for early warning 

systems of different designs. Although Revit is the primary software used for the 

visualisation of the early warning system, Dynamo is also required in this process. 

Dynamo, coded specifically for this research, was used to update the early warning 

system and therefore the degree of risk associated with sensor movement and slope 
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changes. Through the data produced by the sensor, Dynamo analysed and configures 

the warning marker based on the pre-set intervals of risk stratification. The marker is 

colour coordinated with increased risk resulting in a clear and accurate representation 

on the Revit model. 

Furthermore, one of the key advantages of using BIM in the early warning system is the 

easy interpretation of results. Throughout the design process of the early warning 

system in this study, the idea of creating a tool that is easy to understand and easy to 

work with was key. Through the use of a traffic light colour-coded system the changes 

that the slope is undergoing as well as the risk of catastrophic events such as landslides 

could be easily understood. Based on the slope used in this study, the interval by which 

Dynamo displays the different categories of colour on the display marker was pre-set, 

based on the findings. This, however can be edited and changed to suit the structure 

being surveyed, the number of sensors used as well as the level of detail required in the 

early warning system. Therefore, showcasing further the versatility of this system.  

The steps used in this project are core to the development of an early warning system 

of different structures undergoing surveillance. Through the combination of the above 

detailed software, this system provides versatility and adaptability that can be 

translated and enhanced for future monitoring projects. The number of sensors used 

determines the level of detail associated with the early warning system but also provides 

the opportunity to have results that mirror the slope surface relationship with sensors 

that provide life like representation of slope movements on the Revit model. 

The cost associated with the development of this early warning system was much 

reduced when compared to the current surveillance methods. The greatest cost 

associated with the development was obtaining the materials for sensor development. 

This in itself was small with the components readily available and various options as 

desired. Although tools such as the laser scanner and drone are expensive, their cost is 

once off where their application is extensive and without further running costs. The 

principles used in the programming of the MPU6050 sensor are translatable to other 

sensors and therefore reduce the timing required in the development stages. The code 

provides variability in desired results as well as offering a means to use different sensors 

on the surveillance of structures. Furthermore, through this system, the need for in-
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person surveillance is mitigated through the use of drones whilst the continuous data 

associated with the early warning system eliminates the need for recurrent in-person 

monitoring whilst providing up-to-date results remotely. Moreover, this method allows 

for early intervention and preventative measures at the optimal time. 

7.5 Application 
An increased demand and need for early warning systems has become apparent, not 

only for the monitoring of slopes but also retaining walls. With worsening climate, aging 

and consumer damage, structures of importance are at risk of damage and destruction- 

economically, structurally and potential putting lives at risk. Through the use of early 

warning systems, as seen in this research, there is means for continuous monitoring and 

surveillance of such structures allowing for early intervention and therefore prevention 

of potentially catastrophic events. Through the application of modern technology such 

as drones, in combination with BIM software, this research showcases a prime example 

of how geotechnical engineering is advancing whilst making an important contribution 

to the world around us. Coastal towns such as Cobh, Cork built on steep topographical 

ground are at risk of continuous structural damage. Although there have been 

preventative measures applied, with the construction reinforced shotcrete walls and 

rockfall netting, these types of preventative measure are not sustainable going forward 

without adequate surveillance first. A more cost effective and sensitive means of 

surveillance is required and so, this research showcases a means of surveying the 

integrity of at-risk structures for the application of preventative measures at the optimal 

time at low cost.  

7.6 Recommendations for future works 
For further enhanced early warning system development, increasing the number of 

sensors used as well as the type of sensors would lead to more accurate results, 

displayed in a more visual manner and therefore easier to understand. This thesis 

focuses on the use of a single sensor on a soil slope. Should this number be increased 

depending on the slope size and number of sensors available. By linking and 

georeferencing the sensors, the resulting early warning system could mirror the slope 

surface and therefore provide more accurate warnings of surface changes. By 

georeferencing the sensors, this allows for the relationship of slope movement to be 
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understood and therefore leads to optimal preventative measures in structures 

undergoing ongoing deterioration.  

Regarding data collection, the drone was flown at a single height to capture the required 

images to make the point cloud. This single flight gathered a total of 22 images which 

were then translated into a point cloud using Pix4D. The resulting point cloud contained 

a number of black holes as a result of interference from vegetation, the angle of light 

and shadows on the slope surface. To better survey the slope using a drone, three 

separate drone flights should be carried out at different angles. This would provide more 

images with the resulting point cloud being more detailed and containing fewer black 

holes. This would enhance the results and optimise the early warning system. 

In summary, BIM SHM provides the means to accurately, affordably and easily monitor 

at risk structures in real-time. It is a novel way that is of key importance in preventing 

any further deterioration or landslides in Ireland.  
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Appendix 1 
 

Technical characteristics of Arduino Uno WiFi Rev2 

 

 

 

 

 

 

 

 

Technical characteristics

- Microcontroller: ATMEGA4809

- Operating voltage: 5V

- Supply voltage (recommended): 7 - 12V

- Digital I/O pins: 14

- PWM digital I/O pins: 5

- Analog pins: 6

- DC current per I/O pin: 20 mA

- DC current per 3.3V pin: 50 mA

- Clock speed 16 MHz

- LED_BUILTIN: 25

- Dimensions:

- Length: 68.6 mm

- Width: 53.4 mm

- Weight: 25 g

- Flash memory: 48 KB (ATMEGA4809)

- SRAM: 6,144 Bytes (ATMEGA4809)

- EEPROM: 256 Bytes (ATMEGA4809)
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