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1. Background RaitTunnel Subsurface Inspection (RTSSI)
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(1.0) Railway Tunnels: Jargon Buster! 9 Uaneesite e

A Tunne¥ W!  gudtedar@ancdnfined accessway A I GAY I 208 G NHzOG A 2Y

Masonry
Courses

Crown
(Concentric
Brickwork Layers
Haunch yers)

Excavation Layer
] (Behind Final Course))

SideWall
A FocusOlder, masonry railway tunnels:
- Upwards of 150 years old (UK).
Intrados - Common across global networks.
(interior Surtace) RailBed - Degradatioracceleratesvith age.

[ (Fig.1)c Tunnel structure nomenclature.]
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Water Ingress

(1.1) Tunnel Defects

A Defect: W! y& A YLISNFSC
tunnel infrastructurendicative

of increased failure likelihood .
CrossSectional

dzy RSNJ au NI Ay PeQ wwml Deformation T

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

[ (Fig.2)c Common Masonry Tunnel Defecﬂs. Cracks/Fissures

I [1] McDonald, T., Robinson, M., & Tian, G. Y. (2D22glopments in 3D Visualisation of the Rail Tunnel Subsurface for Inspection and Mé&pm@uySciences, 12(22), 11310.


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

(1.2) Subsurface Structural Defects 9 Uaneesite e

A Hidden Critical Elements (HCES):
W5 S T S @annot bie Bbiselived A
FNR2Y 2yS 02N Y2ZNBO

A Nucleate behind intrados.

A Grow concealed from view.

A Bysurface breeclkvent:

Ring Separatiof
Masonry DelaminationJ

- Rapid structural failure.

- Growth extentA, Complex repair.

[ (Fig.3)c Delamination stems from ring separation].

I [1] McDonald, T., Robinson, M., & Tian, G. Y. (2D22glopments in 3D Visualisation of the Rail Tunnel Subsurface for Inspection and Mé&pm@uySciences, 12(22), 11310. 8



https://www.mdpi.com/2076-3417/12/22/11310
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(1.3) Dangers of Critical Failure {“Jﬁ‘i'i'z‘é?ssﬁ!?

ﬁﬁ% . |
2z Kautenbackio
Wilwerwiltz

Yangshang

Tunnel (2017) Tunnel (2022)

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

[3] RTL/CFL (202Rp trains to operate betwedfautenbactandWilwerwiltzuntil end of the yeafirst Accessed 20/10/2022. 10



https://today.rtl.lu/news/luxembourg/a/1961104.html
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2. Motivation | RTSSI: Freight + Technology Challenges
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(2.0) A Weighty Issue: Freight Services D Voot

A TransEuropean Transport NetwofKENT) 2050 forecasis
excess of 2x more freight traffic on existing networks! [4]

A Associated Challenges For RTSSI:

- Vibration:Heavier rolling stock in thiwmaffic A Increased
tri-axial resonanced Surroundingstructural exacerbation
(increased masonry debonding risk!)

- Secondary Damagendetected defect nucleation + growth
wall sectiordelamination/debris on rail increased risk of in
tunnel freight train derailmentg, X

- Tertlary Consequences: (i.5)c Major Oil spillage and
. . : H . fi tLl ug.2020
- FireHazard - Environmental Damage (Chemical Spills) T unaton not in & unnel [
- Collision Risk - Extended Tunnel Closures (Removal + Repair)

[4]TENTAGF GAAGAO0 RANBOGEE 1jd2iSR FNRY Wt @Ay3a GKS gFe& F2NJ 0KS TFdzidzNB 2F {K2NI {S
. (November 2022), authored IW.Kostovasilll-SENSE of IC@8grafoy Greece). To be made available in Conference Proceedings.

. . L : 13
[5] RAIB: Rail Accident Investigation Branch (2Q22jporate Report: Annual Report for 20Ritst Accessed 30/11/22.



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 9 Uaneesite e

[ (Fig.6)c RTSSI Technology: Main classes andlaabes. ]

)[ Photogrammetry

)[ Laser Methods

>[ e e[ e (C1) Established RTSSI
Technologies

b[ Thermography

b[ Gravity Surveys

w —P[ Robotic Systems

—b[ BIM-Integration

(C2) Experimental RTSSI-
Applicable Schemes

L LD

GPR
Methods

Look-Ahead

(C3) Ground Penetrating
Radar Systems

Rotational

14




(2.1.1) Antiquated Methods & University

- )| Core Sampling

A Intrados drilled irdiscrete samplécations.

(Fig.7); Endoscope in mortar borehole [6].

A Material removed ircores layer quality examined
Informing subsurface condition.

. Boreholes & Endoscopic Probing

A Smalflexible camerasserted into cavity to
Inspect insitu layer quality.

CONs: A Inter-Sample Regions Neglected.

r

A DrillingActively DamageSubsurface!

. [6] RAM Budling Consultancy (20E3)doscope SurveyiftdRL: https://www.rambuildingconsultancy.co.uk/endos&ypeeying).

B
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(2.1.2) Established Practices 9 Uaneesite e
F

Mosaic RGB Optical
Camera Arrays [7]

(Fig.8)¢ Established practices lack versat

WWwWARS I f 2

Key CON: on Rolling Stock [8]

Subsurface Condition|

A Noncontact Onlylmplicit! A 3D point clouds

A Photorealistic e A llluminating

faces on the
. Acoustic Methods

Infrasonic Hammer [10]
{ UNRALTAY3D WO

tunnel ’s walls

(o) 1 D

A Active: Halogen
Lamps + Lasers

~ Key CON:

A Low Penetratioi<10cm)

A HighAmbientSensitivity
| | % L, 419 -

A Passive: Therma
Cameras [11]

Defects supress high
frequency components

[7] Xue, Y., et al. (202Novel STMDLT method for metro tunnel 3D reconstruction and Visualizati@erground Space, 6(2), 1341.
[8] Arastounia M. (2016) Automated asbuilt model generation of subway tunnels from mobile LIDAR Satsors, 16(9), 1486..
[10] Montero, R., et al. (2015). Past, present and future of robotic tunnel inspection. Automation in Constructieh139, 99

16
[11] Yamazaki, F., et al. (20.1Basic study on detection of deteriorated RC structures using infrared thermography Eagieegering Journal, 22(3), 238.



(2.1.3) Experimental/Dependant Technology 9 Uaneesite e

| BIMHntegration | Unmanned Aerial Vehicles (UA

A Building Information Modelling (BIM). A Fully articulated (e. @WIRkOM0 8 0 £ LJIA @2

A Information management, analysis & A Penstock inspectioA Near Surfacturbulence
simulation applications [12].

Key CON: Information supplied by Key CON:Onboard hardware capability foeep
other technologies. subsurface penetration limited.

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

[13] Tan, C., et al. (2018).smart unmanned aerial vehicle (UAV) based imaging system for inspection of deep hazardau¥atemelactice & 17
Technology, 13(4), 991000.
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Ground Penetrating Radar (GPR)

An Unaddressed Innovation Gap

. [14] SANDBURG(202Rjinciples of Ground Penetrating Radrnst Accessed: 01/12/2022.

18


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

(2.2) GPR: Key Principal of Inspection 9 Uaneesite e

A Ground penetrating radar (GPR)
antenna systems enmadiowaves.

g N,
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{ Medium 2

A Partialbackscattent material interfaces.
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A Return signal bounce back (features of [N SERENEIP SR
interest) receivedhort travel delay. RN ST R Y

A Ongoing signals eventuatigcayto _
baCk.g round reSId-lJal n0|$§ Inform'”g (Fig.12); Partial backscatter in GPR. We either listen for
maximal penetration depth.

intensity/timedelay or frequency components of return signal.
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[15] Strange, A. D. (2013)nalysis of time interpolation for enhanced resolution GPRId&813 7th Int. Workshop. on Advanced Ground Penetrating RadarSppEEE.

[16]~ I NN.Jet&l. (2020)Application of Kinematic GHRS model with high 3J@oreferencaccuracy for underground utility infrastructure mapping: A case study from 20
urban sites iiCelje SloveniaRemote Sensing, 12(8), 1228.




(2.4) GPR For RTSSI 9 Uaneesite e

| FixedDirectional GPR Tunnel Inspection Systems

(&)

(Fig.14) Fixed direction GPR system (a) Inspected 1
inherently suffer blind spots (b).

Blind Spots;f B
A 6x Directed multiplexed 300MHz antenna.

A Pro:40-60 kmphupped A RS gl f £ = KIF dzyOK 3 ONRGY AyaLISOUA:
A Con:Railbed & lowesidewall unobservable + realignment highly involved.

[17] Xiong, H, et al. (2020)trAin-mounted GPR system for operating railway tunnel inspet8MR 2020 Proc. of the 7th I8mp on Innovation & Sustainability 21
of Modern Railway, 14, 29506.



(2.5) Key Challenges: GPR For RTSSI 9 Uaneesite e

A A

(1) Occlusion/Blind Spots

Inspectéd -=
Blind Spots —

" \
\
\
3 \
(X \
. \
s \
\
g \
% \
h— ] \
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(2) Complex Implementatior

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

A Highly involved disconnection,
repositioning/realignment&
re-attachment of antennas.

A Erectinggantriesfor handheld unit
crown/haunch access.

22
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(2.0) Novel Idea: Hybrid Rotational GPR 9 Uaneesite e

Ao r A 3T} 1 Traction/Power Unit
»

A Roadrail vehicle + onboard generator.

A Elevated inspection gantry cail-trailer.

2. Positioning System

A KUKA 6x axiebotic arm

3. Rotational GPR Assembly

Ve

A Bespoke transit/receive TEM feedhorn antenna.

A Dedicatedrotational coupler

. [18] McDonald, T, et al. (2022}Vision: A hybrid subsurface radar inspection system for intelligent asset managementyftuaiivels. Transportation Research Procedia

(Transport Research Arena 2022 Proceedings) In Print. 25



(3.2) FVision: Hardware Integration ey Newcastle (R

University

......... B - [ (Fig.16) T-Vision hardware component breakdow}w.

" .
" .
»

Antenna B
Boresight &
Vector

T-Vision | Kirton Tunnel (UK)

TEM-Feedhorn
Antenna

L
¥ LMR-400 =
" Low-Loss N
Linell Positioning & Data stems

“ Vector Network
]1 Pals/
!
[ KUKA 6-Axis

Analyser
Rotational \
Positioning Arm Counterbalance [ Coupler
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(3.3) Key RTSSI Benefits

@]

Q

Inspected

~
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\—[ (Fig.17 ak 36

QJ subsurface inspection coverage].

(Fig.17 kc) ¢ Freedom of XYZ positioning permits inspecticermtrelineand abovdifted tracks
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(3.4) Hybrid Scanning Modes
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(3.4) Hybrid Scanning Modes

Scan Modeé¥dw ! { (
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(3.4) Hybrid Scanning Modes
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(3.4) Hybrid Scanning Modes
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Presentation Outline:
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(4.0) Kirton Tunnel: Overview
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Kirton Tunnel
(Topography)

' ".,;W ‘_\" :
Open Shafts (x2)

I
i 1l
d b

= Z=3=

(Fig.19) With survey records
available from network rail (UK)
Kirton Tunnel an ideal location
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(4.1) Calibration
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GPR signal return time
measured frormetwork
analyseputput PORT.

Internal Backscatter:

Hardware induced
backscatter events must
be subtractedrom
measurements:

- SMA connection.
- Rotational coupler.

- Antenna aperture.

35



(4.2) Data Acquisition Passes

(Vid.1)g T-Vision: Open shaft scan pas

(Vid.2)¢ T-Vision: Helical scan

nin

. . " S Tard
A7 DA R T e M

Newcastle
<’ University

N ',\’\“~-
ARgo.

g pass of 1.2km Kirton Tunnel at 918

B

36



(4.3) CrowrRaster Analysis 9 Uaneesite e

[ DarkHyperbola = Subsurface Featur%s Shaft Hallmarks
[ Response Tinfe Penetration Depth [m] }

.:i}
i

X
1220m

Suspected
Ring-Separation

Surface
Non-Uniformity

O'm

[ (Fig.21)x Crownrasters (a) Upline (former now lifted track); (b) Downlin%. Hidden Open
Shaft Shaft

[18] McDonald, T, et al. (2022}Vision: A hybrid subsurface radar inspection system for intelligent asset managemenagf railw

tunnels. Transportation Research Procedia (Transport Research Arena 2022 Proceedings) In Print. 37





































































