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Presentation Outline:

1. Background | Rail-Tunnel Subsurface Inspection (RTSSI)

2. Motivation | RTSSI: Freight + Technology Challenges

3. Novelty |Hybrid Rotational Ground Penetrating Radar

4. Deployment | Kirton Tunnel (UK) Validation Trail 

5. Upcoming Work | Projects: SUNDIAL, PITSCAN, CRISTAL

6. The Future| Rail Network Impact + Digital Twin Tunnels
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Presentation Outline:

1. Background | Rail-Tunnel Subsurface Inspection (RTSSI)



Masonry 
Courses 
(Concentric 

Brickwork Layers)

(Fig.1) ςTunnel structure nomenclature.
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(1.0) Railway Tunnels: Jargon Buster!

Á TunnelΥ Ψ! ǘȅǇƛŎŀƭƭȅ subterranean confined accessway ƴŀǾƛƎŀǘƛƴƎ ƻōǎǘǊǳŎǘƛƻƴǎ ǘƻ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴΦΩ

Intrados 
(Interior Surface)

Á Focus: Older, masonry railway tunnels:

- Upwards of 150 years old (UK). 

- Degradation accelerateswith age. 

- Common across global networks. 

Excavation Layer
(Behind Final Course)
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(1.1) Tunnel Defects

Á Defect: Ψ!ƴȅ ƛƳǇŜǊŦŜŎǘƛƻƴ ƛƴ 
tunnel infrastructure indicative 
of increased failure likelihood
ǳƴŘŜǊ ǎǘǊŀƛƴΦΩ ώмϐ

Á Surface/Near Surface Defect: A 
defect observable from within 
the tunnel confines.

[1] McDonald, T., Robinson, M., & Tian, G. Y. (2022). Developments in 3D Visualisation of the Rail Tunnel Subsurface for Inspection and Monitoring. Applied Sciences, 12(22), 11310.

Cross-Sectional 
Deformation

Cracks/Fissures

Water Ingress

Spalling Brickwork

(Fig.2) ςCommon Masonry Tunnel Defects. 

(a)

(c)

(b)

(d)

https://www.mdpi.com/2076-3417/12/22/11310
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(1.2) Subsurface Structural Defects

Á Hidden Critical Elements (HCEs): 
Ψ5ŜŦŜŎǘǎ ǘƘŀǘ cannot be observed 
ŦǊƻƳ ƻƴŜ όƻǊ ƳƻǊŜύ ŀǎǇŜŎǘǎΦΩ ώмϐ

Á Nucleate behind intrados.

Á Grow concealed from view.

Á By surface breech event:

- Rapid structural failure.

- Growth extent ĄComplex repair.

[1] McDonald, T., Robinson, M., & Tian, G. Y. (2022). Developments in 3D Visualisation of the Rail Tunnel Subsurface for Inspection and Monitoring. Applied Sciences, 12(22), 11310.

Ring Separation Ą
Masonry Delamination

(Fig.3) ςDelamination stems from ring separation.

https://www.mdpi.com/2076-3417/12/22/11310
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hƪŀȅΧ

Χ²Ƙȅ bƻǘ Wǳǎǘ [Ŝǘ 5ŜŦŜŎǘǎ .ǊŜŜŎƘΚ
A Dangerous Waiting-Game



(1.3) Dangers of Critical Failure

10

Yangshang 
Tunnel (2017)

KautenbachTo 
Wilwerwiltz
Tunnel (2022)

[2] Liu, F., et al. (2019). Acase study of collapses at the Yangshan tunnel of the Coal Transportation Channel from the Western Inner Mongolia to the 
Central China. Tunnelling and Underground Space Technology, 92, 103063.

[3] RTL/CFL (2022) No trains to operate between Kautenbachand Wilwerwiltzuntil end of the year. First Accessed 20/10/2022.  

https://today.rtl.lu/news/luxembourg/a/1961104.html
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Á Trans-European Transport Network (TEN-T) 2050 forecasts in 
excess of 2x more freight traffic on existing networks! [4]

(2.0) A Weighty Issue: Freight Services

[4] TEN-TǎǘŀǘƛǎǘƛŎ ŘƛǊŜŎǘƭȅ ǉǳƻǘŜŘ ŦǊƻƳ ΨtŀǾƛƴƎ ǘƘŜ ǿŀȅ ŦƻǊ ǘƘŜ ŦǳǘǳǊŜ ƻŦ {ƘƻǊǘ {Ŝŀ {ƘƛǇǇƛƴƎΥ ¢ƘŜ ah{9{ tǊƻƧŜŎǘΩ ǇǊŜǎŜƴǘŜŘ ŀǘ ¢w!нлнн 
(November 2022), authored by M.Kostovasill(I-SENSE of ICCS, Zografou, Greece). To be made available in Conference Proceedings.

Á Associated Challenges For RTSSI:  

- Vibration:Heavier rolling stock in thru-traffic Ą Increased 
tri-axial resonances Ą Surrounding structural exacerbation 
(increased masonry debonding risk!)

- Secondary Damage: Undetected defect nucleation + growth Ą
wall section delamination/debris on rails Ą increased risk of in-
tunnel freight train derailments ĄΧ

(Fig.5) ςMajor Oil spillage and 
fire at LlangennechAug.2020 was 

fortunately not in a tunnel [5].

[5] RAIB: Rail Accident Investigation Branch (2022). Corporate Report: Annual Report for 2021. First Accessed 30/11/22.  
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- Environmental Damage (Chemical Spills)- Fire Hazard

- Extended Tunnel Closures (Removal + Repair)- Collision Risk

- Tertiary Consequences:

https://transport.ec.europa.eu/transport-themes/infrastructure-and-investment/trans-european-transport-network-ten-t_en
https://www.gov.uk/government/publications/raib-annual-report-2021-published-2022/annual-report-for-2021


(2.1) RTSSI Techniques & Technology
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(Fig.6) ςRTSSI Technology: Main classes and sub-classes. 



(2.1.1) Antiquated Methods 
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Á Small flexible cameras inserted into cavity to 
inspect in-situ layer quality. 

Á Intrados drilled in discrete sample locations.

Á Material removed in cores, layer quality examined 
informing subsurface condition. 

CONs: Á Inter-Sample Regions Neglected.
Á Drilling Actively Damages Subsurface! 

[6] RAM Budling Consultancy (2022). Endoscope Surveying. (URL: https://www.rambuildingconsultancy.co.uk/endoscope-surveying).

Core Sampling

Boreholes & Endoscopic Probing

(Fig.7) ςEndoscope in mortar borehole [6].



(c)Acoustic Methods

Infrasonic Hammer [10] 
{ǘǊƛƪƛƴƎ Ψ9ŎƘƻΩ CŜŜŘōŀŎƪ

Defects supress high 
frequency components 

(d)
Thermography

Á Active: Halogen 
Lamps + Lasers 

Á Passive: Thermal 
Cameras [11]

(2.1.2) Established Practices 
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(a)Photogrammetry

Á Non-contact

Á Photorealistic

Mosaic RGB Optical 
Camera Arrays [7]

[7] Xue, Y., et al. (2021). Novel SfM-DLT method for metro tunnel 3D reconstruction and Visualization. Underground Space, 6(2), 134-141.

[8] Arastounia, M. (2016). Automated as-built model generation of subway tunnels from mobile LiDAR data. Sensors, 16(9), 1486..

(b) LiDAR Systems

ΨwƛŘŜ !ƭƻƴƎΩ ¦ƴƛǘǎ 
on Rolling Stock [8]

Á 3D point clouds

Á Illuminating

Key CON: 
Subsurface Condition 

Only Implicit!

Key CON: 
Á Low Penetration (<10cm) 
Á High AmbientSensitivity

[10] Montero, R., et al. (2015). Past, present and future of robotic tunnel inspection. Automation in Construction, 59, 99-112.

[11] Yamazaki, F., et al. (2018). Basic study on detection of deteriorated RC structures using infrared thermography camera. Engineering Journal, 22(3), 233-242.

(Fig.8) ςEstablished practices lack versatility.



(2.1.3) Experimental/Dependant Technology 
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Information supplied by 
other technologies.

Key CON: On-board hardware capability for deep
subsurface penetration limited.  

Key CON:

[12] Schneider, O., et al. (2019). The use of artificial intelligence for a cost-effective tunnel maintenance. In Tunnels and Underground Cities: Engineering 
and Innovation meet Archaeology, Architecture and Art (pp. 3050-3059). CRC Press.

[13] Tan, C., et al. (2018). A smart unmanned aerial vehicle (UAV) based imaging system for inspection of deep hazardous tunnels. Water Practice & 
Technology, 13(4), 991-1000.

Á Building Information Modelling (BIM).

Á Information management, analysis & 
simulation applications [12].

BIM-Integration

(Fig.9) ςAmbergInspection Cloud.

Á Fully articulated ( e.g. SWIRLώмоϐ ύ Σ ǇƛǾƻǘƛƴƎ w¢¦ǎ Χ 

Á Penstock inspection ĄNear Surface turbulence!

Unmanned Aerial Vehicles (UAVs)

(Fig.10) ςSWIRL UAV Optical Array.



Ground Penetrating Radar (GPR)

Versatility Meets Over-Complexity
An Unaddressed Innovation Gap

18[14] SANDBURG(2022). Principles of Ground Penetrating Radar. First Accessed: 01/12/2022.

https://www.sandberg.co.uk/site/gpr/gpr-principles/


(2.2) GPR: Key Principal of Inspection
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Á Ground penetrating radar (GPR) 
antenna systems emit radiowaves. 

Á Partial backscatterat material interfaces.

Á Return signal bounce back (features of 
interest) received short travel delay.

Á Ongoing signals eventually decayto 
background residual noise Ą Informing 
maximal penetration depth. 

(Fig.12) ςPartial backscatter in GPR. We either listen for 
intensity/time-delay or frequency components of return signal.



όнΦоύ /ƻƴǾŜƴǘƛƻƴŀƭ hǳǘǇǳǘΥ ΨwŀŘŀǊƎǊŀƳǎΩ
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м5Υ Ψ!-{ŎŀƴΩ ώмрϐ

Depth [m] 

ὼ[m] 

0

Spatial Displacement [m] 

н5Υ Ψ.-{ŎŀƴΩ

[15] Strange, A. D. (2013). Analysis of time interpolation for enhanced resolution GPR data. In 2013 7th Int. Workshop. on Advanced Ground Penetrating Radar (pp. 1-5). IEEE.

[16] ~ŀǊƭŀƘ, N.,etal. (2020). Application of Kinematic GPR-TPS model with high 3D georeferenceaccuracy for underground utility infrastructure mapping: A case study from 
urban sites in Celje, Slovenia. Remote Sensing, 12(8), 1228.

tǎŜǳŘƻ о5Υ Ψ/κ5-{ŎŀƴǎΩ ώмсϐ



(2.4) GPR For RTSSI
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(b)(a)

(Fig.14) ςFixed direction GPR system (a) 
inherently suffer blind spots (b). 

[17] Xiong, H, et al. (2020). A train-mounted GPR system for operating railway tunnel inspection. ISMR 2020 Proc. of the 7th Int. Symp. on Innovation & Sustainability 
of Modern Railway, 14, 297-306.

Fixed-Directional GPR Tunnel Inspection Systems [17]

Á 6x Directed multiplexed 300MHz antenna.

Á Pro:40-60 kmph upper-ǎƛŘŜǿŀƭƭΣ ƘŀǳƴŎƘ ϧ ŎǊƻǿƴ ƛƴǎǇŜŎǘƛƻƴΧ

Á Con:Railbed & lower-sidewall unobservable + realignment highly involved.



(2.5) Key Challenges: GPR For RTSSI
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(1) Occlusion/Blind Spots (2) Complex Implementation

Á Multiplexingof arrays of many GPR 
antennas into analyser(s).

Á Highly involved disconnection, 
repositioning/re-alignment & 
re-attachment of antennas. 

Á Erecting gantriesfor handheld unit 
crown/haunch access. 
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(2.0) Novel Idea: Hybrid Rotational GPR
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1. Traction/Power Unit

Á Elevated inspection gantry on rail-trailer.

Á Road-rail vehicle + onboard generator.

2. Positioning System

Á KUKA 6x axis robotic arm.

3. Rotational GPR Assembly 

Á Bespoke transit/receive TEM feedhorn antenna. 

Á Dedicated rotational coupler. 

ά¢ǳƴƴŜƭ ό¢ύ ς±ƛǎƛƻƴέ

[18] McDonald, T, et al. (2022). T-Vision: A hybrid subsurface radar inspection system for intelligent asset management of railway tunnels. Transportation Research Procedia 
(Transport Research Arena 2022 Proceedings) In Print.



(3.2) T-Vision: Hardware Integration
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(Fig.16) ςT-Vision hardware component breakdown.



(3.3) Key RTSSI Benefits
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(b) (c)

(Fig.17 b-c) ςFreedom of XYZ positioning permits inspection at centrelineand above lifted tracks. 

(a)

(Fig.17 a) ς360Јsubsurface inspection coverage. 



(3.4) Hybrid Scanning Modes
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Scan Mode:Ψw!{¢9wΩ



(3.4) Hybrid Scanning Modes
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Scan Mode:Ψw!{¢9wΩ



(3.4) Hybrid Scanning Modes
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Scan Mode:ΨI9[L/![Ω



(3.4) Hybrid Scanning Modes
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Scan Mode:ΨI9[L/![Ω
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Presentation Outline:

4. Deployment | Kirton Tunnel (UK) Validation Trail 
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(Fig.19) ςWith survey records 
available from network rail (UK), 
Kirton Tunnel an ideal location. 

(4.0) Kirton Tunnel: Overview

34

Hidden Shafts (x6)

Open Shafts (x2)

?



(4.1) Calibration
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Á GPR signal return time 
measured from network 
analyseroutput PORT. 

Á Internal Backscatter: 
Hardware induced 
backscatter events must 
be subtractedfrom 
measurements: 

- SMA connection.

- Rotational coupler.

- Antenna aperture.(Fig.20) ςT-Vision points antenna skyward without obstruction to calibrate. 



(4.2) Data Acquisition Passes 
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(Vid.1) ςT-Vision: Open shaft scan pass.

(Vid.2) ςT-Vision: Helical scanning pass of 1.2km Kirton Tunnel at 9rpm.



(4.3) Crown-Raster Analysis
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(a)

(b)

Response Time θPenetration Depth [m]

DarkHyperbola = Subsurface Features

Hidden 
Shaft

Open 
Shaft

Shaft Hallmarks

(Fig.21) ςCrown-rasters: (a) Upline (former now lifted track); (b) Downline. 

[18] McDonald, T, et al. (2022). T-Vision: A hybrid subsurface radar inspection system for intelligent asset management of railway 
tunnels. Transportation Research Procedia (Transport Research Arena 2022 Proceedings) In Print.














































