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™ Fig 1: Sinkhole (Grupe, J
(2022)

Recap

To map land changes and compare histories of surface deformation and record the trend
for cavity formation. Drone carried device to collect real time topical and below ground
data using micro gravity sensor and infrared spectroscopy to predict soil properties. Able
to access and hold historical data for time stamped comparison using Bluetooth or similar
technology. Also able to take readings from surface placed Aggrometer’s which are Blue-
tooth linked or make use of other technology”

Feedback

1. “This DI defines the data that is required to be aware of possible risk of sinkholes but does not
define how this data may help mitigation nor solution.”

2. "The misfocused target user group was the key underlying issue. Having an individual drone
per house seems ungainly but also shows how much more of a challenge it would be to get un-
specialised people to perform very specialised tasks and how difficult this would be”

Refocused Design Intention

To define the common cause of sinkhole occurrence in urbanised areas and from that develop
an airborne solution that topographically scans the Earth in real time, gathering subsidence
data into concise reports. This is so geophysical engineers can hone in on vulnerable karst
sites where infrastructure is compromised in order to: ensure the safe evacuation of commu-
nities, identify where future construction should be avoided such as HS2 rail lines (Devlin, L,
Kier, M 2024) and primarily excavate and fill these sunken voids before greater economical,
societal and physiological damage occurs.



Introduction|

In term 1, the relatively unpredictable and global occurrence of sinkholes were explored and consequently, the devastating and
costly impact they have on society.

Sinkhole prevalence has significantly increased alongside urbanisation and business growth due to anthropogenic activities such
as the installation of infrastructure in active karst landscapes.

They can cause extensive and costly damage to transportation and infrastructure networks (Guti'errez et al., 2009) which is said to
be linked to leakages in buried pipelines (Xiao et al., 2020) and as sinkholes have no natural external surface drainage, they are
most vulnerable to failing water distribution networks (NASA).

The detection and further assessment of a sinkhole remains a complex challenge as reports are only made in response to visible
surface level changes. Sinkholes typically form over underground cavities that can only be detected via a geophysical surveyor or
by taking up the land.

In Manchester, a lorry was nearly swallowed whole as the road gave way to a sinkhole. The cause was the prior collapse of a Victo-
rian sewer whereby material washed into the exposed sewer expanding the cavity until it destabilised the top surface enough to
break through. This happened undereath a reinforced concrete road so there was no surface evidence to identify a sinkhole was
even present.

This highlights a need for increased land surveys, which should be conducted every 4-8 weeks, to understand the manmade sys-
tems forgotten about beneath the surface.

The impact on society is shown in cases such as Longridge, Lancashire. Residents have been severely inconvenienced from a
local sinkhole as roads have been closed and public transport networks rerouted, however, businesses have been hit the hardest:

r

"I have lost over half of my business and | am really struggling and | can’t afford to have staff in.
Businesses deserve some compensation and support for this. | cannot move my business - this is
my life.” (Holt, J 2021)

~

“This is the worst it has been, none of us locally had any information about it which doesn’t help
or make you feel safe where you live. Everyone is just really fed up, a lot of people are struggling
to get to the shops, and road users don’t know where they are going because of the diversions.”
(Holt, J 2021)

"It has caused so much stress and anxiety for everyone locally and it has been tough to see the
local businesses we all support not doing as well. It affects the whole of Longridge in one way or
Gnother." (Holt, J 2021)

_J

Fig 2: The impact of sinkholes on society: Longridge, Lancashire

\User Scenario

Sonya is an independent business owner in a small but urbanised town. Her business is her sole source of income and is run from
the downstairs of her home. The town is semi-rural so although there are local amenities, there is still a need for public and per-
sonal transport to commute to work opportunities and access a greater variety of shops and social activities.

A sinkhole has formed due to a burst pipe outside of Sonya’s property and as a result, the area is closed including the closure of a
major commuter road. Despite the water provider receiving complaints of reduced water pressure, they chose not to investigate
until it was too late. Bus routes have been rerouted, shops can’t be accessed and neither can the commuter belt easily. Repairs
were promised to take 1 week but 3 have now passed with no further updates of reaching a resolution from the council.

This has had a major effect on Sonya, she can’t operate her business as customer’s can’t access her shop, she isn’t making money
and could face bankruptcy if the sinkhole isn't fixed soon. Furthermore, water supply has been shut off whilst the hole is filled and
pipe repairs made creating further inconvenience.

This is causing her to have psychological and physiological stress which is having a long term negative impact on her mental
and physical health. She holds the water board entirely accountable for this issue and intends on suing them for the detrimental

impact this has had on her as a business owner and as a community member.

The responsibility falls unto the water board, what could they have done to mitigate this better? This report explores this further.
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Literature Review|

The UK's current water system is failing. Roughly 3 billion litres of water are lost daily through leaks in the pipe network and
globally a further 90 billion litres are lost a day.

Water authorities must report leakage volumes to Ofwat, the regulatory body that assesses leaks with a ‘top down’ approach by
looking at water balance and a ‘bottom up’ calculation that considers minimum night flows in discrete metered areas.

It has been found that Thames Water is amongst those most accountable for this issue as they are responsible for 217 billion
litres of water lost over the course of 2021-2022, which is the equivalent of 426,875 Olympic swimming pools.

A study conducted by Angling Trust found that “on average, water firms replace 0.05% of the pipe network each year”, by
contrast, pipe networks are replaced at 0.5% a year across European countries (Angling Trust). These statistics indicate there is a
misjudged perception by water authorities that such pipework systems will last for 2,000 years, 10 times longer than the Europe-
an average (Angling Trust).

Current infrastructure predates back to the Victorian era when it was first installed some 200 years ago often in hard-to-reach
and crowded areas deep underground, whilst reaching a span of over 300,000km. As a result, this has made leak detection and
maintenance very challenging.

Today, one third of our traditional metal pipe network has now been replaced with PVC piping in the hope of reducing leaks
statistics. However, these pipes are equally susceptible to leakage at the joints and only have a shelf life of 24-50 years (BTAC).

The Angling Trust has also lobbied for more investment to be made in improving infrastructure resilience after the Government
produced the White Paper report ‘Water for Life’ in 2011, making clear that current infrastructure is no longer fit for purpose in

meeting the demands of population growth or environmental changes. As of yet, there has been no notable improvement and
there have been questions raised as to why this is when £10 billion of capital funding has been given to the water industry over
the past 10 years.

This literature review may also be considered a ‘Root Cause Analysis’ which seeks to demonstrate how leaks are the common
trigger of sinkholes in urbanised areas. The key issues to be noted here are:

1. There is a lack of tacit knowledge from professionals in understanding where and what sort of infrastructure lies beneath the
surface and the topography of the land it sits in.

2. Due to the depth in which infrastructure is installed, there is a lack of feedback to enable the user to understand when pipes
need replacing. The only indication is surface level deformation, in which case it may already be too late to resolve.

3. There is large element of human error in inadequately installing and managing these networks.

4. Alayman cannot understand the complexities of the land or pipework system unless they are a geophysical engineer so there
is a lack of affordance in regards to identifying the signs of pipe failure in time.

A better and more comprehensive system needs to be in place to make sense of what sits beneath the surface and how to iden-
tify subsidence as and when it forms due to aged and enlarged infrastructure.

'Primary Research|

Recently (as of 2024) a sinkhole has opened up in the seaside town of Bourne-
mouth, caused by an old burst water pipe laid by South West Water. As a
resident of Bournemouth, primary research was collected of the sinkhole and
the impact this had on the community.

The biggest inconvience proved the town’s public transport system being
rerouted echoing the experience of Longridge, Lancashire. Having personally S
experienced the impact, it reiterated that failed water pipes are the biggest Fig 3: Sinkhole 1 (Pow- Fig 4: Sinkhole 2 under
factor in triggering extreme surface subsidence and that the responsibility falls ~ ©!l. 2024) management (Powell,2024)
to the water boards to resolve this. This also confirms that a device is needed
to simultaneously identify the network of where a leak is and consequently,
the growing subsidence triggered by the leak as humans are unable to nat-
urally understand when and why these changes are happening beneath the
surface.

My design intention should satisfy the gaps not being addressed in the cur-
rent managment of failed water systems and mitigation of sinkholes. Market 19 5: Closures and repairs - Fig 6: All buses rerouted
research will be conducted to see how best this can be achieved with the to pipework (Powell, 2024) (Powell, 2024)

current technologies available.



'Market Research|

The following research investigates the current technologies used to identify sinkhole formation and infrastructure failure. Each of
these technologies can be compared on; how effectively they work, how well they inform the user of data results, how simplistic
and intuitive they are when processed using the mental user model, how well they can transmit data to remote systems under a
users control, how accessible they are, how disruptive they can be to society and how viable these solutions are in the long-term.

*Market Research imagery can be found in the Appendix

FIDO

Artificial Intelligence connects to acoustic sensors throughout a water pipe network collecting and analysing data on the sound of
leaks and flows. This technology helps to identify the location of a leak and how much water is being lost. The long term benefits
to FIDO include; reduced street disruption from digging and roadworks, lower cost and resource use, improved efficiency, reduced
water loss and improved water services. It is effective in communicating data across multiple softwares and smart devices for a
user’s clear interpretation of where to address repairs but not for sinkhole identification.

InSAR Satellite

NASA monitors changes on Earth with a squadron of unmanned satellites containing ‘Interferometric Synthetic Aperture Radar’
which measures subtle deformations in the Earth’s structure, successfully detecting early sinkhole formation almost a month before
collapse. It also shows sinkholes can form horizontally to the site of collapse, so the greater area should be analysed simultaneous-
ly. Long term, it is a cost-efficient tool for risk management and pivotal in monitoring man-made ground motion without unneces-
sarily uprooting infrastructure. According to NASA researchers, “with special radar satellite technology, we can monitor large areas
for localized subsidence and provide highly valuable warning information that could protect people and their property.” (Wdowin-
ski, S). User engagement and understanding is hard to judge as InSAR is an independent and remotely operated software.

Field Installed Fiber Optics

Acoustically distributed fiber optics are installed alongside pipe work to detect vibrations in the ground, making it possible to de-
tect leaks. Efficacy can be affected by: the distance between the optics and pipework, size of leak, water pressure, ground condi-
tions and the fact that optics do not run in the same trenches as water pipes. They are suitable for long-range monitoring of large
subsidence areas as they detect temperature and moisture changes and are sensitive to subsurface strain which helps to anticipate
and prevent serious collapse. However, installation is disruptive, complicated and costly, data collection is limited to the specific
zones they are installed in and ultimately, better results can only be achieved from improving the monitoring system which will
incur additional costs.

Ground Penetrating Radar (GPR)

Produces a continuous cross-sectional profile of the soil strata without interfering with the natural physiology of the land. Profile
data shows reflections of the subsurface to a specific depth using ultra high frequency radio waves transmitted through a transduc-
er. The transducer receives data in the form of reflected waves that process differences in the Earth’s material. The transducer can
be pulled along by hand, making it the only system so far that allows for direct user engagament as well as remote operation.

GPR is able to locate utilities and pipelines of any material that has different dieletric or conductive properties than the surrounding
soils. Since the introduction of PVC pipes, it is now harder to detect leaks but this isn't an issue with GPR. However, different mate-
rials in the soil can significantly decrease depth of penetration as high conductivity materials can attenuate or absorb GPR signals.
Considering this, it may limit efficacy, for example, in sand GPR can reach a depth of 30m but in clay it only reaches 1m.

Seismic Waveform Tomography (SWT)

Seismic data, in the form of wavelengths, constructs a three-dimensional profile of the Earth’s physical properties. These scans are
presented to a user in a structural, thermal or compositional format which helps to distinguish between the Earth’s core, mantle
and tectonic plates. As it layers data into a 3D composition, new or worsening voids and cavities are identified, predicting the
beginning of a sinkhole. SWT provides the user with a clear visual explanation of what is occuring deep below ground without
disruption and can be interpreted a lot easier than sensor results.

LiDAR

Light Detection and Ranging sensors are airborne scanners that digitally penetrate and reconstruct underlain topography in high
fidelity. Laser pulses sent to Earth measure the distance they are sent and time taken to return when reflected back off of an object.
LiDAR is now used to detect and characterise newly formed sinkholes or previously undetected ones. Similarly to SWT, LiDAR also
provides a clear and intuitive explanation of what cannot be visually understood at surface level and as a technology, it lends itself
well to integration with drone software.

In summary, all the listed technologies have their respective strengths and methods of collecting data when addressing the DI. It
would be efficient to combine the technology already available but find ways in which to improve functionality and user under-
standing. Most of these systems are not easy to judge with the Human Lens Model due to their remote operation, however if such
technology was centralised into a drone device that could directly engage with a user, with the option of independent operation,
then this would be the most beneficial approach. Further to that, NASA researchers have confirmed the benefit of airborne tech-
nology, such as drones, for the mitigation of sinkholes, stating “Radar data that is routinely collected from an airborne system or
satellite can forsee a sinkhole before they become a danger to people and property” (NASA). Hence these factors will be further
developed in my design considerations.
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‘Design Considerations

A PDS has been drafted to define the core functionality the

drone should achieve. This is reflected in the concept sketches

and later, represented in the final product.

. Performance:

o .o

min per session.

e Drone must be able to land and be driven around a site for a

more detailed scan.

* Drone must be able to connect to specialised radar satellites
to communicate data and retain a log of topographical data.

* Drone must be able to make sense of the data, compare
current with previous and then send a report to a secondary
device controlled in real time by the user.

e Drone must contain GPR and SWT to see beyond the human
capabilities and scan the topography for gravity degradation.

e Drone must have sensors to connect to existing leak and
sinkhole mitigation technology, e.g. FIDO, Fiber Optics and

Satellite.

N

. Aesthetics + Finish:

w

. Operation:

gathering and transmission.

N

. Quality + Reliability:

Drone must be able to manage a flight time of at least 30

Fig 7: Initial concept sketches

A logo representing the name of the product to feature on the front of the drone and lit by LEDs.
Drone should have a neutral and unassuming aesthetic so as to help the LED’s stand out better for human perception.

There must be a series of visuals to educate the user on what command the drone is performing.

It must be able to be controlled and managed remotely through a mobile or tablet device.

Audio must also be used to indicate when the drone has synced with a pairing device for data transmission.
There must be visual and audio feedback to indicate when the drone has finished its intended task and has completed data

Drone must be charged but include an external battery to extend battery life enough to ensure drone safely redocks.

Drone must save data on the device itself and send a copy to the devices it is synced to, to avoid data loss from human error.

. Ergonomics:

. Safety:

L]
5
e  Controlling the drone should be with ease and with the use of a smart device.
6
L[]

Drone must do as intended: Mitigate the societal impact of a sinkhole by identifying formation in its early stages.

Final Concepts‘

| —
i

Fig 8: Concept 1

Large rig style drone with multi-dimen-
sional cameras and one main camera
supported in the gimbal frame of the
drone. Complex scan software is in-
stalled in the body whilst key sensors are
in the cameras. Drone can be landed and
the spiked feet support it in the ground.
These spikes could also feature smart
technology that measures the moisture
content of soil in leak detection, e.g.
hygrometers or be used to communicate
navigation and flight modes. Four blades
to allow for greater propulsion.

Fig 9: Concept 2

Butterfly body with suspend-
ed camera rig underneath.
Camera can be rotated 360

degrees for improved scope of

vision. It is weather resistant,

able to operate in harsh weath-
er and temperature conditions.
Hover height can be calulated

for optimum accuracy. The

drone can be landed securely
via the extruded undercarriage

that also supports the core
camera.

Fig10: Concept 3

Streamlined with an an-
tenna for improved data
transmission. Four blades
to support drone flight with
integrated wheels so drone
can be landed and driven.
Has night vision so emer-
gency scans can be made
any time of day, especially
when visibility is difficult.
Has customisable configu-
ration so that it is adaptable

across multiple applications.

Fig11: Concept 4

Lightweight and
able to be fitted
into a backpack.
There are manual
buttons to toggle
features and set-
tings on the drone
although it will be
mostly remote con-
trolled. Enclosed
blade design for
safety.



‘Concept Evaluation

Table 1: Normative Model for Decision Making for the final four product concepts Fig12: Radar Graph of Normative Model Data Results
Concept 1| Concept2 | Concept 3 | Concept4 —®—Concept1  —@=Concept2 —@=Conceptd =8=Conceptd
Feedback (4) 6 2 5 4 T
Effectiveness (6) 5 5 3 4 Range oftechnology e
Ease of operation (3) 3 1 4 1 o
Integration (5) 6 4 5 3
Reliability (4) 4 3 4 2
Range of technology (1) 5 2 4 4 Reliability (4) Ease of operation (3)
TOTAL 114 75 95 70
RANKING 1st 3rd 2nd 4th ntegration ()

Feedback = How well the user understands how the drone is operating

Effectiveness = How well does the drone mitigate sinkhole development

Ease of operation = How ergonomical and intuitive is the drone’s design

Integration = How efficiently is it able to sink with other technologies for data transmission.

Reliability = How well does the drone improve the results of data collection and reduce human error

Range of technology = How many tasks can the drone do, how sophisticated is the level of data able to be collected.

Key: Category criterion explanation

Of the concepts, 1 and 3 ranked the highest against 2 and 4 as overall, they offered; a greater range of integrated technology, had
clear user feedback and were considered very reliable in terms of their intended functionality of addressing the problem scenario.
Despite this, across the board all designs had their strengths and weaknesses with some of the lower ranking concepts scoring
higher in effectiveness and ease of operation. Considering this, a merged concept, combining all the perceived strengths identi-
fied across all the concepts would rank as the strongest solution.

Having a larger drone lends itself well to housing more sophisticated technology, thus improving functionality. In order for some
specialised technology to work best, a range of hovering heights should be able to be calculated or let the drone be grounded
entirely. In the case of Ground Penetrating Radar it works best when closest to the surface whereas, when needing to communicate
data between satellite technologies such as LIDAR or InSAR, a drone’s signal would operate best at a higher altitude. Combining
attributes of the second strongest concept, 3, the design should have wheels for grounding navigation which can be retracted
when not in use. The 360 degree camera in concept 3 offers a better set up than any of the other concepts as it doesn’t limit the
scope of where the embedded sensors in the camera can scan.

Visual indicators such as LEDs will be paramount to help the user’s understand the function the drone is performing. In terms of
operation, this would be more viable from a smart device as its affordance will be it is a format that is more intuitive to a user and
can provide both visual and auditory feedback. A smart device will make it easier to combine and manage functionality such as
data collection, analysis and transmission as well as the physical operation of the drone when setting scan routes.

“:inal Design ‘ R.A. M . | Fig 13: The Sinkhole (Sasakj, M 2023)
Fig 14:Final Desigr Remedial /Aerial Managment

The capabilities and functionality of R.A.M will be evidenced in
App Functionality on Page 10.

1. Cameras: The cameras are the user’s direct line of vi-
sion, offering live streamed visuals to the user in HD quality.
Humans are limited by their.vision, not/just at surface level
but on the visible light spectrum we cannot detect infrared,
a feature which helps in the scanning of Voids.in soil. The
central camera can be rotated 360 degrees;.supported by.a
gimbal frame and shock absorbers which provide cushion-
ing to minimise vibration. Quick shots can be taken during
live transmission in order to log specific areas of interest.
To ensure high quality imaging is sustained there is horizon
levelling and a mechanical lens shutter to eliminate rolling
shutter distortion. A speaker is also incorporated to allow for
distant communication between geophysical professionals.

R.A.M, a sophisticated solution for identifing
subsidence before it becomes a catastrophy



487.45

TRUER17.50

—

165.67

o]
o

TRUE R20.00

Q
Q
=]
Il

Fig 16: Front of R.A.M rendered

Fig 17: Back of R.A.M

2. Feedback: LEDs are in the main frame of the drone and signify different functions
for the user’s understanding either as flashes or colour changes. Front facing LEDs
show if flight mode is passive (preprogrammed route) or active (freeflight by user), back
LEDs show battery performance, and side LEDs indicate what scan is being performed.

3. Roaming: Drone can be driven on land in any direction. Its wheels are in a triangular
formation, inspired by a tank, and are lowered as and when needed to help navigate

rough and uneven terrain.

4. Programming: Customisable configuration for seamless adaptability across multiple
technologies like INSAR and LiDAR satellites. Different shooting heights can be pro-
grammed for improved data collection.

5. Mitigation technology: Sensors in the cameras connect to the existing technologies
researched like fibre optics and FIDO for data analysis. GPR, SWT and lasers are used
to meticulously scan the land, rebuilding results in 3D to identify subsidence so that
action can be taken before there are greater repercussions.

6. Operation Modes:

e Tracking and scanning identified pipework, terrain and extreme subsidence.
Requesting satellite and sensor data for comparison against personally logged
data to produce an analytics report.

e Data transmission is via WiFi/Bluetooth to a smart device or via encoded SD card
and USB/USB-C ports, embedded knowledge familiar to a smart phone user.

e System updates maintain efficiency when syncing to a cloud storage system or

transferring large files.

e At low battery, data is automatically saved and low power mode activated as drone
redocks. Discriminable safety feature designed to respond faster than a human.
e Flight can be preprogrammed or free flight used.

7. Core Functionality: A 6-axis gyro improves stability during flight for easier control. Self-heating batteries internally support
roughly 400 charge cycles, the equivalent of 40 mins flight time. A safe flight time is preprogrammed with the external battery
providing extra charge to safely redock drone if insufficiently charged before take-off. There is built-in obstacle avoidance, excel-
lent hovering accuracy and an automatic return to point of take-off.

‘Design Breakdown!

There are 3 front facing
cameras to guide the
drone during flight and
one central camera
used for radar scanning
the land below. It has
been given an ocular
shape for the user to
understand this is the
drone’s central vision
where it identifies the
vulnerabilites that are
not visible by the hu-
man eye beneath the
surface. It also helps
the drone to have a
360 degree viewpoint
during flight.

The wheels
are to assist
the drone
once it has
landed. If a
more de-
tailed scan
is required
the drone
will land to
increase scan
penetration
depth. It
also allows
the user
greater
control to
reduce error.

The back of the drone
reflects common features
known to the user from
existing technologies:
various ports for charging
and data transfer, Blue-
tooth, WiFi dongel for
immediate data trans-
mission and an external
battery so it is intuitive.
The battery acts as a sec-
ondary safety system to
allow the drone to have
enough charge to redock
safely on long flights, this
is to avoid human error if
not charged enough be-
fore pre-flight missions.

The central cam-
era is supported
by a gimble
frame to allow

a free range

of uninhibited
motion much like
considering the
muscluskeletal
range of motion
a human has by
free will. It also
acts as a frame
work to support
the sensor and
radar technology
that sits within
the drone.

There are
four blades
to support
the drone
in flight and
increase
strength of
propulsion.
Access to
regions that
are other-
wise unsafe
to reach can

be achieved.

There are a series
of LEDs around the
drone which signify
different visual feed-
back to the user.
Front facing LEDs
indicate the drone is
in flight mode, the
sides show when
and what scan is be-
ing performed and
at the back where
ports and charging
can be found, the
back LEDs show
battery performace
remaining.

9



Fig 18: Aerial view of RAM Fig19: Side profile - back of Fig 20: Side profile - front of Fig 21: Undercarriage view of
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Fig 22: Wireframe 1 Fig 23: Wireframe 2 Fig 24: Wireframe 3 Fig 25: Wireframe 4

1. Drone Navigation: Manual monitoring, especially during grounded navigation, is directly livestreamed in HD with the option of
taking screen captures. If an engineer or other institutional professional is on site, the drone operator may use the microphone icon
to communicate directly. Responses can be amplified by the speaker icon (WF 1.2). Navigation acts as a joystick, the user holds on
the circle for 8 seconds triggering R.A.M to rise and touch pad to be activated and locked to avoid activation of accidental com-
mands and to keep the drone set at a calculated hover height. The circle is dragged towards the arrows which indicate the direc-
tion R.A.M is flown or driven (WF 1.1). When scanning is to be initiated, R.A.M can be set to hover or land. R.A.M has built in safety
precautions. If battery becomes too low, the drone will automatically save data and return immediately to docking point, overriding
any user commands.

2. Drone Observation: Considering Fitt's Law, R.A.M’s navigation can also be preprogrammed from its docking station (WF 2.3)
to singular or multiple areas of interest. R.A.M takes note of: water networks across an area, the type of terrain infrastructure is
installed into, areas that are vulnerable to anthropogenic activity, naturally occurring largely unmonitored water sources prone to
flood and drought and high-risk zones for immediate attention. This is highlighted to the user via a coloured key (WF 2.4) on the
map. If the user clicks on a displayed icons, a description will pop up. Having a preprogrammed system reduces bandwidth and
transport lag of data, lowering the chance of human error.

3. Subsidence and leak detection: There is a scrollable range of functions (WF 3.5) to select when beginning data collection. In
the case of wireframe 3, Seismic Waveform Tomography is selected and below a live feed shows a 3D cross sectional profile being
created of the sub-surface structure (WF 3.6). R.A.M has a discriminable, closed tracking loop system whereby its gain can be limit-
ed by the data it receives from external technologies. However, discrete and continuous controls are offered by the real time scan
functions that allow for immediate intervention and understanding round the clock.

4. Analytics: Data gathered directly from R.A.M and existing technologies are processed and simplified into an analytics report for
the user. Reports are encrypted and have multiple security systems on them (WF 4.7) to allow for safe transferal of sensitive data
whether that is by WiFi/Bluetooth (WF 4.8) or via data cables. Across all wireframes, a teletext option for data or functions to be
read to the user is provided which is to avoid resource competition amongst the other human factor senses and allow seamless
‘blind operation’.

It is said that “Human errors have increased by 50% in the past year” (Glover, A) when interacting with smart technologies and that
"£98.6 billion is lost annually due to human error” according to the IT Governance Institute. In the case of sinkhole mitigation, error
can be rule and knowledge based, humans are unable to recognise subsidence or impending void collapse due to limited under-
standing of the underlain infrastructure and slips can occur during the failure to recognise and manage other systems, e.g. water
pipes, that lead to blunt or active errors like extreme leaks and subsidence.

R.A.M aims to mitigate human error as much as possible through a centralised data system. Firstly, it detects changes that are not
visible to the human eye, specifying the exact cause and the future impact they could have. Secondly, considering the principles
of Hick’s Law, R.A. M'’s core functionality is operated via a smart device providing the user a very functional but simplified naviga-
tion system to avoid redundancy and indecision with controls. The system provides additional accessibility in an audible and icon
format throughout to be as intuitive and familiar as possible to other smart technologies. This is so embedded user knowledge can
be consistently transferred between applications when being interpreted in the gulf of evaluation and later execution.
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'Heuristic Evaluation|

1. Visibility of System Status: Physical feedback is provided via LED’s on R.A.M’s exterior and digital feedback is presented on
route navigation, teletext, iconography prompts and concise analytical reports. Potentially transmission feedback could be disrupt-
ed from radio signals and poor weather conditions.

2. Match Between the System & Real World: R.A.M is primarily for the use of geophysical engineers however, to report to the
water board and related bodies (Ofwat, etc), it must accommodate a layman’s understanding, a glossary of terms could be benefi-
cial to reduce future human error of misinterpreted data.

3. User Control and Freedom: R.A.M has a safety system that acts independently to resolve errors that occur unbeknownst to the
operator so as not to cause a lapse in the judgement. This override feature was intended to minimise error however, this could be
improved with user training, warnings, and system reports.

4. Consistency and Standards: The digital interface uses easily recognisable iconography and maintains consistency with hierar-
chy, typography, and a colour scheme.

5. Error Prevention: The physical and digital interface of R.A.M was designed to minimise human error as much as possible with
the addition of its underlying safety system.

6. Recognition Rather than Recall: The user doesn’t have to rely on memory as R.A.M collects and stores data it gathers into
concise reports.

7. Flexibility and Efficiency of Use: R.A.M is designed for interpretation by all users however, if key terminology cannot be fully
understood then for future improvement, a step through demo could explain operation.

8. Aesthetic and Minimalist Design: Sleek drone body with clear visual indicators whilst the digital interface has a balance of re-
source competition attributes whilst limiting the overuse of text.

9. Help Users Recover from Errors: R A.M already provides messages for the user’s attention, in extension to this system errors
could also be cited. R.A.M was designed to be partially self-automated however, a lack of user engagement could also lead to error.
10. Help and Documentation: A more comprehensive instruction manual will be necessary for drone set up and maintenance as
well as an external support service that can be reached in case of system failure.

R.AM | FIDO | GPR | SWT | Fiber | InSAR | LiDAR

'Normative Evaluation

. , . . . . : . Optics
This Normative evaluation will be based against the considerations stated in -
. . Feedback 6 5 5 5 B 6 6
the market research to determine how successfully R.A.M has achieved the DI Effect = - =
- . . ectiveness 8 5 7 7 6 7 7
and PDS, especially against competitor technology. -
Operation 6 3 ] 5 3 ] 6
Overall, R.A.M remains the top performing solution with a score of 44. Feed- | Integration / 4 | 4 | 4 ) 3 5 5
back was ranked lower due to the external LED’s being the only way function- | Reliability B 5 8 | 7 7 7 6
ality is communicated on the drone itself compared to the intuitive functional- | Technology ] g ] 9 7 8 B
ity of its smart device. In regards to its interface, it's possibly too simplistic for TOTAL 44 9 | 39 | 37 | 32 39 38

a professional’s use which could be limiting the detail of data collected and
interpreted through the Human Lens Model.

R.A.M successfully identifies the cause and progression of leaks and subsidence at whatever stage. However, potential data disrup-
tion could occur from the drone’s overriding safety system when protecting the battery. This can affect the accuracy of data collect-
ed. The reliance of a smart device to operate the drone could cause issues; access to other controls may be restricted, system
ran lag and if the system has fault or updates it may prevent the use of the drone altogether. A separate controller would resolve
this.

Table 2: Normative Model for Decision Making of R.A.M

R.A.M has merged the use of two technologies from the market research into its main system and integrates the rest by connect-
ing via Wifi or Bluetooth . In theory the suggestion is these combined features create a superior product but without testing, these
technologies may operate best at an individual level.

In terms of R.A.M, reliability and technology go hand in hand. The more technology available, the greater the efficiency and
effectiveness of results andyin the case of system failure with one software another can take up the slack. In combination, R.A.M
provides the best picture of Earth’s sub-surface network compared to current technologies and human insights. It minimises cost
and disruption to society and will remain a valuable tool in years to come when population growth and anthropogenic activity adds

pressure to the environment.

'Future User Evaluation Plan!

The core principles of Human Factors relate to user engagement and their understanding of a system. The concept of R A.M, both
digital and physical, delivers this focus and has created engagement that was otherwise limited with the current systems on the
market.

Initially, usability inspection would take place with a professional however, it would be beneficial to conduct usability testing to for-
mally evaluate R.A. M’s functionality and operation against how well the intended user has understood. Usability inquiries can be
made after testing of which, user satisfaction may be measured using the Likert Scale. Where issues or user errors are noted, these
could be addressed by providing packed kits that offer the user instructions on R.A.M’s operation and set up and with a customer
support service for advice. Any user dissatisfaction can be gathered as insights for later improving the product.

‘Conclusion

Ultimately, R.A.M is a solution that provides clear and intuitive data to help humans understand the changes happening beneath the
surface, when it otherwise wasn't possible due to the limits of our physiological and psychological human factors. It serves to miti-
gate future severe economic destruction to alleviate the emotional, psychological and physical impact this has on society. 11




'References

ACADEMIC REFERENCES:

12

Devlin, L, Kier, M (2024). 'Sinkholes: Why do they keep appearing in the ground?”. Available at: https://www.bbc.co.uk/
news/uk-england-beds-bucks-herts-68445861 (Accessed: 03/2024)

Jena, J, Mahed, G, Chabata, T, Doucoure, M, Gibbon, T (2024). ‘Monitoring and early warning detection of collapse and
subsidence sinkholes using an optical fibre seismic sensor’. Available at: https://www.tandfonline.com/doi/full/10.1080/2331
1916.2023.2301152 [Accessed: 02/2024]

Wang, Y (2014). ‘Seismic, Waveform Modeling and Tomography’. Available at: https://link.springer.com/referenceworken-
try/10.1007/978-90-481-8702-7_211 [Accessed: 02/2024]

Wikipedia (2024). ‘Seismic Tomography’. Available at: https://en.wikipedia.org/wiki/Seismic_tomography [Accessed:
02/2024]

Mirzanejad, M, Tran T, K, McVay, M, Horhota, D, Wasman J, S (2020). ‘Sinkhole detection with 3D full seismic waveform
tomography’. Available at: https://par.nsf.gov/servlets/purl/10181234#:~:text=Sinkhole%20collapse%20may%20result%20
in,3D%20seismic%20full%2Dwaveform%20inversion [Accessed: 02/2024]

Mirzanejad, M, Tran T, K (n.d). ‘3D sinkhole imaging with seismic waveform tomography’. Available at: https://az659834.
vo.msecnd.net/eventsairwesteuprod/production-eage-public/fOfe5be885b2410e85b288cfcdca2760 [Accessed: 02/2024]
Thurber, C, Ritsema, J (2015). ‘Deep Earth Seismology’. Available at: https://www.sciencedirect.com/topics/earth-and-plane-
tary-sciences/seismic-tomography#:~:text=Seismic%20tomography%20is%20a%20powerful,0f%20earthquakes%20and%20
recording%20stations [Accessed: 02/2024]

Sixense (n.d). ‘Satellite monitoring (Atlas INSAR)". Available at: https://www.sixense-group.com/en/offer/monitoring/satel-
lite-monitoring-atlas-insar [Accessed: 02/2024]

Nicoletti, A (2022). ‘Radar satellites allow researchers to pinpoint where sinkholes are happening’. Available at: https://phys.
org/news/2022-01-radar-satellites-sinkholes.html [[Accessed: 02/2024]

Constructive Evaluation (n.d). ‘Subsidence Monitoring’. Available at: https://www.celtduk.com/subsidence [Accessed:
02/2024]

Inaudi, D (2017). ‘Distributed Fiber Optic Sensors for Sinkhole Monitoring and Other Geotechnical Applications’. Available
at: https://roctest.com/wp-content/uploads/2017/01/Mitteilungen-174-81-88.pdf [Accessed: 02/2024]

Gao, Y, Zhu, H, Qiao, L, Liu X, Wei, C, Zhang, W (2022). ‘Feasibility study on sinkhole monitoring with fiber optic strain sens-
ing nerves'. Available at: https://www.sciencedirect.com/science/article/pii/S1674775523000525 [Accessed: 02/2024]

Holt, J (2021). ‘This business is my life. It is crippling me: Sinkhole causes major disruption in Longridge as roadworks contin-
ue’. Available at: https://www.lep.co.uk/business/this-business-is-my-life-it-is-crippling-me-sinkhole-causes-major-disruption-
in-longridge-as-roadworks-continue-3334452 [Accessed: 02/2024]

Sproule, S (2023). ‘Sinkholes throttling desperate business’. Available at: https://www.citizen.co.za/rekord/news-headlines/
local-news/2023/04/19/sinkholes-throttling-desperate-businesses/ [Accessed: 02/2024]

Future Climate Info (n.d). ‘Norfolk — Sinkholes that can sink Business’. Available at: https://futureclimateinfo.com/norfolk-
sinkholes-that-can-sink-business/ [Accessed: 02/2024]

Sandberg (n.d). ‘Sinkhole detection’. Available at: https://www.groundpenetratingradar.co.uk/news/gpr-surveys/sinkhole-lo-
cation/ [Accessed: 02/2024]

KBGPR (n.d). ‘Detecting Sinkholes’. Available at: https://kbgprsurveys.co.uk/detecting-sinkholes-with-gpr-projects/ [Ac-
cessed: 02/2024]

GeoModel (n.d). ‘Sinkhole Detection and Void Detection Surveys'. Available at: https://geomodel.com/applications/sink-
hole-void-detection/ [Accessed: 02/2024]

FIDO (n.d). 'FIDO Inside’. Available at: https://fido.tech/fido-inside/ [Accessed: 02/2024]

Thames Water (n.d). ‘Finding leaks with artificial intelligence’. Available at: https://www.thameswater.co.uk/always-fixing/
finding-leaks-with-artificial-intelligence [Accessed: 02/2024]

Norsar (n.d). ‘Detecting Water Leaks with Fiber Technology’. Available at: https://www.norsar.no/in-focus/detecting-wa-
ter-leaks-with-fiber-technology#: ~:text=The%20system%20uses%20a%20so,whole%20length%200f%20the%20cable.
[Accessed: 02/2024]

Gutierrez, F, Sevil, J, Sevillano, P, Garbayo P, J, Martinez J, J, Lopez M, S, Herraez G, M (2023). ‘The application of distrib-
uted optical fiber sensors (BOTDA) to sinkhole monitoring. Review and the case of a damaging sinkhole in the Ebro Valley
evaporite karst (NE Spain’. Available at: https://www.sciencedirect.com/science/article/pii/S001379522300307 1#:~:text=Ab-
stract,(early%2Dwarning%20systems)[Accessed: 02/2024]

GPS World Staff (2021). ‘Sinkhole detection feature uses satellite data analysis’. https://www.gpsworld.com/sinkhole-detec-
tion-feature-uses-satellite-data-analysis/[Accessed: 02/2024]



Synspective (n.d). ‘Land Displacement Monitoring’. Available at: https://synspective.com/solutions/land-displacement/ [Ac-
cessed: 02/2024]

Salvidge, R (2022). ‘Water firms in England and Wales lost 1tn litres via leaky pipes in 2021". Available at: theguardian.com/
environment/2022/aug/19/water-firms-england-wales-litres-leaky-pipes-ofwat [Accessed: 02/2024]

Hewitt G, M (2022). ‘Water companies replacing just 0.5% OF England’s crumbling sewers annually’. Available at: https://en-
vironmentjournal.online/headlines/water-companies-replacing-just-0-5-of-englands-crumbling-sewers-annually/ [Accessed:
02/2024]

Laubheimer, P(2015). ‘Preventing User Errors: Avoiding Unconscious Slips'. Available at: https://www.nngroup.com/articles/
slips/ [Accessed: 02/2024]

Nielsen, J (2024). "10 Usability Heuristics for User Interface Design’. Available at: https://www.nngroup.com/articles/ten-usa-
bility-heuristics/ [Accessed: 02/2024]

Scout Aerial Australia (n.d). ‘LiDAR or Photogrammetry?’ Available at: https://www.scoutaerial.com.au/article-lidar-or-photo-
grammetry/[Accessed: 02/2024]

Davis (n.d). ‘What Is A Soil Moisture Sensor?’ Available at: https://www.davisinstruments.com/pages/what-is-a-soil-mois-
ture-sensor#: ~:text=Measures%20the%20moisture%20content%200f,volumetric%20water%20content%20(VWC). [Ac-
cessed: 02/2024]

University of Minnesota Extension (n.d). ‘Soil moisture sensors for irrigation scheduling’. Available at: https://extension.umn.
edu/irrigation/soil-moisture-sensors-irrigation-scheduling#: ~:text=Soil%20moisture % 20sensors%20measure %200r,s0il %20
moisture%20at%20several%20locations [Accessed: 02/2024]

GeoModel (n.d). ‘GPR Services Nationwide’. Available at: https://geomodel.com/methods/gpr/ [Accessed: 02/2024]
Nicoletti, A (2022). ‘Radar satellites allow researchers to pinpoint where sinkholes are happening’. Available at: https://
news.fiu.edu/2022/radar-satellites-allow-researchers-to-pinpoint-where-sinkholes-are- happening#:~:text=Land%20sulbsid-
ence%20%E2%80%94%200ne%2001%20the,small%20changes%200n%20Earth’'s%20surface. [Accessed: 02/2024]

NASA (2014). 'NASA Radar Demonstrates Ability to Foresee Sinkholes’. Available at: https://www.nasa.gov/news-release/
nasa-radar-demonstrates-ability-to-foresee-sinkholes/ [Accessed: 02/2024]

Kinsella, A (2024). ‘South West Water work to fix Bournemouth Sinkhole’. Available at: https://www.bournemouthecho.
co.uk/news/24110684 .south-west-water-work-fix-bournemouth-sinkhole/ [Accessed: 02/2024]

Winter, D (n.d). ‘Al Errors Vs Human Errors’. Available at: https://internationaldirector.com/technology/ai-errors-vs-human-
errors/ [Accessed: 02/2024]

Google Maps (2024). ‘Gervis Place Sinkhole’. Available at: https://www.google.com/maps/dir/Planning+Precision,+So-
merley+Road,+Bournemouth/Gervis+Pl/@50.7317273,-1.897693,4567m/data=!13m111e3!14m1414m13!1m5!1m111s0x-
4873a119992fb0bf:0xcd518d137bfé6al2m2!1d-1.8709599!12d50.743448111m5!1m111s0x4873a1c69fb43c3f:0xd84be [Ac-
cessed: 02/2024]

GeoModel (n.d). "What is Ground Penetrating Radar’. Available at: https://geomodel.com/methods/ground-penetrating-ra-
dar/ [Accessed: 02/2024]

Yong J, K, Boo H,N, Heejung, Y (2019). 'Sinkhole Detection and Characterisation Using LiDAR-Derived DEM with Logistic
Regression’. Available at: https://www.mdpi.com/2072-4292/11/13/1592 [Accessed: 02/2024]
247641b354212m211d-1.877985912d50.7197425!3e2!5m111ed?entry=ttu [Accessed: 02/2024]

Glover, C (2020). ‘Telco Outages: Third-Party Failures Have Tripled’. Available at: https://techmonitor.ai/technology/da-
ta-centre/telco-outages-report-enisa [Accessed: 02/2024]

DevonshireGreen (2023). ‘Minimising Human Error: Cost Evaluation and Technology’s Role’. Available at: https://www.de-
vonshiregreen.uk/minimising-human-error-cost-evaluation-and-technologys-role/ [Accessed: 02/2024]

Angling Trust (2021). ‘Time to Fix the Broken Water Sector’. Available at: https://anglingtrust.net/2021/09/27 /time-to-fix-
the-broken-water-sector/ [Accessed: 02/2024]

OFWAT Angling Trust (n.d). ‘Time to Fix the Broken Water Sector Report’. Available at: https://anglingtrust.net/wp-content/
uploads/2021/09/STC-AT-%E2%80%93-OFWAT-Report-final-draft.pdf [Accessed: 02/2024]

BTAC (n.d). ‘4 Signs it’s time to upgrade or replace your plumbing’. Available at: https://btacinc.com/4-signs-time-up-
grade-replace-plumbing/#:~:text=Pipe%20Material&text=Regardless%200f%20the%20material %2C%20each,for%2024%20
t0%2050%20years. [Accessed: 02/2024]

Muggleton, J (2023). "'The UK's water pipe upgrade has made it harder to detect leaks — now the race is on to discover new
ways to find them’. Available at: https://theconversation.com/the-uks-water-pipe-upgrade-has-made-it-harder-to-detect-
leaks-now-the-race-is-on-to-discover-new-ways-to-find-them-209537#: ~:text=The%20UK%20is%20losing%20a,this%20
water%20loss%20is%20substantial. [Accessed: 02/2024]

SwitchWaterSupplier (2022). ‘2,000 Years To Replace Water Pipes!’ Available at: https://www.switchwatersupplier.com/2000-
years-to-replace-water-pipes/ [Accessed: 02/2024]

Ofwat (2022). ‘Leakage in the water industry’. Available at: https://www.ofwat.gov.uk/leakage-in-the-water-industry/ [Ac-
cessed: 02/2024] 13



IMAGE REFERENCES:

e Sasaki, M (2023). ‘'The Sinkhole’. Available at: https://blog.berlin.bard.edu/the-sinkhole/ [Accessed: |

* Telenco (n.d). 'Which outdoor fibre optic cable to use for an underground FTTH/P rollout?” Available at: https://www.telen-
co-networks.com/en/which-fo-cables-for-underground-ftth-installations [Accessed: |

* Freepik (2024). "'The man looks up and calls standing in profile business concep’. https://freepik.com/premium-vector/man-
looks-up-calls-standing-profile-business-concep_38945121.htm [Accessed: |

® Amazon (n.d). ‘Dark Black Carbon Stone Cave'. Available at: https://www.amazon.co.uk/Photography-Photographic-Back-
ground-Decorations-Prop-220x150cm/dp/BO95YFMTS3 [Accessed: |

e Global Research Market (2024). ‘Geotechnical Engineering Market: Global Sales Strategic Analysis to 2031". Availablle at:
https://www.linkedin.com/pulse/geotechnical-engineering-market-new-111-insights-yh78c?trk=article-ssr-frontend-pulse_
more-articles_related-content-card [Accessed: ]

* Freepik (2024). 'Finger Swipe Images’. Available at: https://www.freepik.com/free-photos-vectors/finger-swipe [Accessed: ]

* Dreamstime (2024). ‘Camera Icon lllustrations & Vectors'. Available at: https://www.dreamstime.com/illustration/cam-
era-icon.html [Accessed: |

* Alsarayreh N, M, Dmour A A, H, Qablan, S, Aimajali T D, M (2012). ‘Perspective View of Wireframe of the surface’. Available
at: https://www.researchgate.net/publication/265942173_The_Challenges_Facing_Sports_Tourism_for_Special_Needs_
Groups_In_Jordan/figures?lo=1 [Access: ]

* Dreamtime (2024). ‘Silver Iohone Mockup lllustrations & Vecotrs'. Available at: https://www.dreamstime.com/illustration/sil-
ver-iphone-mockup.html [Accessed: |

e Figma (2024) https://www.figma.com/files/recents-and-sharing/recently-viewed?fuid=1329818882405263909 [Accessed: ]

*  Grupe, J (2022). ‘Quora Thread'. Available at: https://www.quora.com/A-driving-school-makes-3-point-turns-at-least-10-
times-a-day-in-front-of-my-house-l-wouldn-t-care-if-the-new-drivers-didn-t-constantly-enter-my-driveway-risking-my-own-car-
The-driving-company-offered-me-no [Accessed: ]

* FIXAR (n.d). ‘Lidar Scanning’. Available at: https://fixar.pro/lidar-scanner-drone/ [Accessed: ]

* Wang, Y (2014). ‘Seismic, Waveform Modeling and Tomography’. Available at: https://link.springer.com/referenceworken-
try/10.1007/978-90-481-8702-7_211 [Accessed: ]

14



\Appendix‘

Appendix Figures

Fig 26: Aligned Fault System
Fig 27: FIDO
Fig 28: InSAR Satellite
Fig 29: SWT
Fig 30: Fiber Optics

Fig 31: GPR

Fig 32: LiDAR Satellite
Fig 33: LiDAR Scanning
Fig 34: GPR Scan

Fig 26: Aligned Fault System

Water company
doesn'thave an
existing
knowledgebase
ofthe land where
pipeworkis
installed to
understand the
consequences of
awater leak.

Laser pulses

Fig 32: LIDAR Satellite (scout Aerial

Australia)

Violation: The
water board
knowingwater
pressure was
incorrectand
choosing notto
investigate until
too late

15

15
15

15

15

15

15

15

Fig 28: INSAR Sat-
ellite (sixense)

GPS satellites

5 ground unit

Fig 29: SWT
(Wang,Y)

Burst Pipe

Aburst pipe has
let a lot of water
be lost. A cavity

deformation has

begun. A
catastrophic risk
is posed as the
region of landis
karst. The clock
isticking.

W om0 w0

Fig 33: LIDAR Scanning (FIXAR)

15

Mitigation needs
to begin. Drone
is broughtin to
understand
these changes
happening
beneath the
burst pipe
network.

Fig 30: Fiber Op-
tics (Telenco)

For future
understanding
and to avoid this
situation
worsening,
knowledge
needsto be
provided to
become tacit
understandingto
the water board
engineers.

~——

Model)

Fig 34: GPR Scan (KBGBR)

15



