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Abstract
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r prolonged service I|ife. Whil e conven
ower , modern tunnel struct ubadedodti it wa
I Heal t h Moeaiitmoar exgs i(mSHM) ,utai | i zed i n |
cted tunnel s. Despite-copmae\irdiicnt gboanra lsu a hu
othese methoddbedbvfatoefw uonvde rvliodouka It hper ec ast

p—y —

unnel feegmehebsr bastallation.

s thesis explores t hei ncsotnrcuenpetn toefd sbnya rrto k
addrebn this-sgHdgyesscaetd mMeanhk s wer e i nstrume
S r orhakiircg atrhme m tshmairotp g d a esif trgoant kreadh u f a ¢
ing through the operational phase of th
iew of current tunnel instrumentation pi
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table sensors for this application due

er itoer momrgoperties, especially when embe

t her mor e, the soudntidkeninfifes!| ynaap pedad
proposes repurposing certain features

otdaoplpbac&. Through a novel evaluation f
effecti vemesog ofe pd wtyaneantte bysea obots. Th
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m smart, and subjecting them to repet
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jacuross segment s.
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Chapter 1introduction

Tunnel s, as <critical raeaggrcmeatt eynobhfoastyr ua
sign and construction but also during thei
pl amenatforramegwor kltyoimsegelca and maintain t
their safety, structur alThiégmi ¢ @gdi Ky nlgasod ap
an extensi abo3n¥krhovoo kd miidllag necessitate ann
and per i ocadnicceTrhai ntmprer ati ve to enhance the
extend their | ifespan has |l ed to a growing

|l ous maintenance planning throughout the t

Tradi ti oniaddpygc ttiuonmmselhave relied on human
ment s, presenting-coomalulm mge sprowes seas ,t ihmet
retailme data provision. The gradual i ntegr a
technsiugoupeass i nspection operations preceding
| andscalptei mateenl ya surge of i nter epsetr mann einnts t
sensan ¢ otwdtlrautcetrur al Heal th Monitoring (SHM)

However, convenumenaht sensbacesstertain |
connections that Hiarcdkerefrmo dylt dreihtayieadnodr teuhr ea
sens-out fcpoonsstt ructi on. While wireteS8SHNoObpgle
recent adveneess isrenwing offer a more fl exi
modul ar constructions | i ke segment al tunne
nodes enables seamless integration into pr

e f eocnt sel ement s

The growing demand for comprehensive insigdg
cyélfe opeil st eadireati on of monitoringebysi @ums
of precast el ements bef ®&HM isrystt &Imisa tniodn .o nM
eafrsltyage sbterhuactiubdraatle s e *xmlnes sthycf awvimed@ss ne

once deployed within the infrastructure.

On the ohlkemprleamadt fMmanuftalcd wgh nagn eaf wtfeol -te IMme n
mat&mdeods t he consdrmeacitnome &9 ierh@lsyw slee vodr aagritni
robotictenhathhtesinrseBr dhesss ol awlt 6 toinad nidu sft o1 @l

roboticondmrmdbute to various tasks rsiuccat iamsg,p



tighteni mpe-shhaictreentoietoidi g ecastur eheemsent Whil e
pervasive in the induasnregrsmhdbegeandbopecat
ciency. Moreover, these exensttiianlg troo bboet ircesp u

depl oying sensor s.

Againdbckir stumids project ai ms ttoh epraeusteonma tae
depl oyment laasbhcsleadosmar nSmannesegmgmenbei n.
preebemequisppednsots able to track its proyg
timen. this innovative approach, strain sens
robotic arm, showcasing the potenti al syne
ment of spepnosrotr st utnon e€lbsa riancstpeercitsiaotnisoon tests

on roboticall-ycahstsmameint eegmambmt s .

1.1 Research Justification

Thentegration of a SHM sygteamcempetrbaetviidn i an
mai nt enamypeoddeitgeal ity §Ho6os mppidotda taurt or y
i nspect Bbwanr tvissegmante this advantage by all
toring of neshbhdusweegdteantt s before they are inst
presagment can track physical as wwhi |l @s me

potentiall yqualkidt ppeewadpupoilnsg t he manufactur

Ons i Wier @mwli r enhoensist or i ngu swalelgynsy @ed edur i ng th

rdofoll owing the completion of the constru
whil e the coasgowiklgli onne ciess ssittialtle tcoamlbal t tF
tentially |l ead to delays. The pot eandmp@all etgal
el i minate humasn tientaerreveinmmeonnseonas anhautdepl! c
mated pnoaemsere controlled environment t hal

I n terms oheaptemast omanufacturi ncgefdoe!l el em
i n ctohnest i madtwisemmayddi ti on to well established
ture structur al precast el ement s, modern p
| atedeqobpped witthodlpgrttatepsamaocnrssoneéy

by huWwhainkse this 1 s amereen asxidirdgdgpiendg ptorteemd,i atl
pl orlinng.hi s work, a demonstrati oinn omapakbei Irie

i n ptrheec astt d nedxutseémrdy trhaet iroenasc ht hoaft ocppgen be dor



At -dadl e a coll alkgmatpipwda -hhvodi-teonedins awgne d- t o

fotrmeask of deploying sensors.

I n the instrument atriedn aodbfl ec ocadpnt euts ¢ uneglaronh d e tn:
okl emeeaqwminf easccur ate pladcemermbefddelle seaso
be achitegvendd yhem to the reinforcement to
casting pmotecdescase of f i pirheo,urgesi nceapnr es@ nc o
a challfheonggh a c¢ emhbigma toifo oaf opdadcekgugatneg s hape
and thmagset ft o i mporfo vteh et hsee nasdohre d$pieaocriktaege In g

woralccurate robotic placement of sensors wa

1.2 Principal contributions

The principal contributions to the field of

tion are as foll ows:

1. Exploration of the notion of tunnel smart segment

This research project explored the notion of smart tunnel segments aseotspaf tunnel
Structural Health Monitoring (SHM), with the main aim of capturing-gmastruction
structural behaviour, which can be more critical for stesiforced concrete segments than

construction and service loadings.

This approach has clear potial, when fully deployed on an actual tunnel project, to im-
prove the understanding of the structural behaviour of individual segments in a phase that
is usually not considered, as the current practice is to instrument the tunnebmststic-

tion. The iformation gathered before and after construction would help validate structural
design assumptions, providing a more comprehensive outlook thsiteamired and wire-

less approaches.

2. Smart segment Modularity:

The Smart segment i sr edleessisg nseedn stoor si.n cSoirnpiolraar
ments, these sensors embedded within the s
to est-abti sshratless networks when -fdiéntyi fdiewv
cation, |l ocatomtni mepws tmoami,t amidng of struct

the entire asset | ifecycle.



While this project did not fully delve int
strated the automated depl epyrmenntte dosfp amsoudcoht yv

establish a framework to evaluate the repe
grated monitoring without additional human
reliability and performance.

3. Economic Justification of Smart Segments:

The potential for scaling the smart segment technology was demonstrated through an eco-
nomic justification. This involved both quantitative analysis, employing the NPV, and
gualitative analysigntegratingfactors such as enhanced safety and improved iafowm

quality. The study highlighted the demonstrated superiority of smart segments -®ier on
wireless and wired solutions. Additionally, it provides a valuable deemiaking tool for
selecting appropriate instrumentation solutions and a framewagpkdducing cosbenefit

analysis of tunnels SHM system.

1.3 Thesis overview

This thesis starts by presenting generalit
and their manufacturing process. Later, th
ad some case studies of most recent tunnel

the types of pacameéeretrky ansiesdheatubcdoornailt obre htal

I n the next <dhrapekrectt ba pt pbakerisc s sampd ewsiemrt
ing wire technologies wékegatfedguna uoreead nfoodru |tahr
tem. A series of criteria such as the stra
communi, c &thiecsmor de gbrbaedsad i mahyt enmn @ cidwée r e

presentbdramghly discussed to justify the
(VWS@s) the best alternative. Later both th

their calibration is presented.

Chapteresd4 aftoadusscussing the robotics depl oy
existing automation solutions during the o
tures foll owed by existi hefwopoales tsnodbnmesn gedausr e sn
ofautomated sensors deploymenttodbedchaptaéar
study afdotlhea opllpd PktPh)e sEmMsociBapakt Mihree s



met hodol ogy PwonPreocad susa,t et hdoei mpd ke meed ppd n eoch

resul t safotbetraiinnepdi e ment ati on on a fl at surf a

I n chapter,f&8br it batndleodfiegtadgbng smart i sumpmel s
sented. After discussing considerations t hg
| abgwment based on early desi(gimCofheé hei $ouwsl:
moves on presentiimgméheef sctepsi nqo,votl eetdi ng

smart segmentete@dmenesakboataoning two VWSG

sesors involved defining two theoretical m:
calcul ate strains transfers. The strain tre
for repeatability.

Chapter 6t hmhdhowalals@bor at iuoidewittalk emhe uirmadugst
t his projectecboyn ppumisetsiefnitd antgi a@am f or usi ng S ma
fying main stakeholders needs, the discussi
using smart segmdmt bwahseall iwteenpmar (i ngr,d-bdinnst r |
site wired andT hvdiPrvieal se suss esdo |tuetcieomnasiniadti € i t Iy e
smart segment wheol c.Empamikld, tho ootdleer t o bol
of smart seigmendpp@ar gaah i wad suggested basec
data quality.

Chapter st hdosnoMowdke and suggest future wor ks
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Chapter 2Tunnels And Their Instrumenta-

tion
This chapter takes a closer |l ook at tunnel
of generalities relratcdd otho otf hd udereil gn avi d h
on segment al tunnel s. Foltluommwien g i tnistitescuhmietn t €
niques, both traditionatbasred rsedarti ,onwi.t Co

chapter, thealwor|l ad @iewaebvsliornyg rttahtleieamatkod h at

a compelling case for the adoption of smar

2.1 Tunnel Generalities

2.1.1 Some notions on tunnels

Tunnels are significant underground struct
tnaportation (such as roads and rail ways),
water or wastewater management, and 8utilidt

Tunnels can be categorized basedpen, thered

or the services they provide (e.g., road,
surrounding soi/l (soft ground or hard grou
Concerning the | atter <chasgsiomicec &ttieom,r emd g«
pl oyed. Masonry tunnels are often -acaloei at
use of concrete sprayed |l inings is uncommo
porary major projefcassendnTisegefeotal thins ngle

2.1.2 Concrete tunnel segments

Concrete segment al l'inings offer versatild@i
for various types of relatively uniform gr

depends ons adenseitginculrooucess that considers a

The construction process begins at the pre
fabricated to precise design specification
physical , ad dgedmeanirciad )t amalner amac es,.c uilDealy & he

transported to the construction site for i



used, along with manual | abour, to compl et

eni ng o oflittst iamg gaskets and other finishing

Il n this section, a concise presentation of
and install ati oins opr .etsuenmnteella esbengyneatn tdstels e r i pt
common typeuss uoafl Ifyaielnucroeusnt eredgi methunnel se

2.1.2.1 Designconsiderations.

Beyond the design considerati onss pearinmeolni steoc

litterather mddt sheuemp o mepreict s of segments d

- The geomtic design

- The structural design

2.1.2.1.1 Geometric design

The following 4 elements are i mportant par
sign ofFiaghhsehmevis @ typical tunnel ring):

- Thickness The initial thicknes®f the segment is determined by considering
historical data, regulatory guidelines, and structural requirements. The tunnel
must be robust enough to withstand the stresses of installation, transient loads
during construction, and the service loads it efitounter once in operation.

- Internal Diameter: The diameter of the segment is a critical design element,
and it varies depending on the type of tunnel. For road tunnels, it must meet
specific horizontal and vertical clearances, as well as accommodassargce
equipment. Utility tunnels consider the size requirements of utilities and the
space needed for maintenance. Water tunnels' diameter is determined by factors
such as the volume of water to be conveyed or design storm criteria set by local
authorities

- Length of the Ring: Achieving the right balance in the length of tunnel rings
is essential. Longer segments can reduce the number of joints, leading to cost
savings in production and maintenance. On the other hand, shorter segments
make handling and eréan more manageable.

- Ring Configurations: The number of segments in each ring is a critical factor
optimisedfor the specific tunnel project. More rings can facilitate transporta-

tion, handling, and segment erection. Conversely, fewer segments (larger



segnents) can reduce production costs, resulting in stiffer rings, and expedited
construction process.

- Individual Segment Geometry There are four primary types of segment ge-
ometries to choose from: hexagonal, rectangular (showigure2-1), trape-
zoidal, and rhomboidal. The selection depends on preptific require-

ments, prevailing ground conditions, and the availability of construction tools.

Each geometry type has its unique advantages and disadvantages.

-y

Figure 2-1. Representation of a segmental tunnel ring wWithkey in blue, the trapezoidal at
each sidef the keyand the rectangulan red

Based roenviteghmeno | so werg jeafasdles ummar i sed t he t
values for the internal di ameter in funct.i
usually empl oyegi nbyeatrunyn edle senggni nsetearge s .

2.1.2.1.2 Structural design
There are three methods gommonhgl usedmeaot s

- Analytical method



- Numerical method

- Design aided by full scale testing.

Depending on the materials (bar reinforced
some specificati olnn otf hjtdhes tthedyassn dmrgtradoldy.
senting the desiFgRC met hods speci fic to

Table2-1. Summary of typical internal diameters in function of ring configuratiéns

Il nternal Di am¢Configuration

4-6 5+1 (or nary

6-8 6 +1

811 r+1

111 4 8 or ksiemganeynt s

14+ 9+1
Anal yti cal met hod
The desi gn aofetRRdeeddecani @h'dgfii deki key par ami
the analysis csabdasddbehavheuposf residual
Il n Service Limit States (SLS), fibres can
crack openings and spacing. In Ultimate Se]
fibres can generally be considered when ch
Numer i cal met hod
Numeri cal met hod based on Finite EIl ement A

pl astic nal ysis FRC behaviour. While it i:

a

use proven hand calcul aty omfs tmee hmadelol icrhge

model |l ing is also more adequate, although ¢
a

to simulate FRC time dependant behaviour s

For the twdhonughgdsl owaingdessirgetéobemles ar e

- Individual segments loads are checked against flexion loads during the manutention
and transport of segments from the manufacturing plant to the construction site.
They are also checked against compression loads fromBiletfArust during the
installation in rings.

- Once installed, a series of critical rings are checked against the permanent ground
loading and other unusual loadings like earthquake, flooding, collision, or fire.

10



- The general bending of the tunnel along this &xalso checked.

Design aided by full scale testing.

Il n certain cases, and given the novel nat u

| aboratory tesvoirng mseguetng son Thealt ests com

- The3-point or 4point bendngtest Eigure2-2 (a)) aiming at evaluating the flexion
bearing capacity of segment under temporary cases (demoulding, storage, and
transport) and under asymmetrical soil pressure.

- The compression tesFigure2-2 (b)) aimed at evaluating the effects of the TBM
thrust on segments during their installation.

The results of the tests permit to identif
the propagation of thethatsegmastmbaohsas L
sion. The identification of such el ements ¢
the di mension and the composition of the F

rams | oading capactidlyy t-wb enad eeehb nmbirtei arcsc.ur a

(a) (b)

Figure2-2. Examples of (a) bending and (b) compression tests performed on full scale segments
from the Monte Liro Water Tunngl

2.1.2.2 Segment Manufacturing

Tunnelntssegamee produced in specialized preca
ment and stringent quality control measur e
geometric performances. Due to the control

res are among the construction sectors with

11



2.1.2.2.1 Types of Production

Two met hods are commonly empydiyfefde rt on tmaatud :

|l ocation of the moul ds.

- Static Mouldsin this method, mouldemain stationary while the concrete delivery
system is mobile. Multiple static moulds are typically used, which may lead to a
significant factory footprint. This approach is suitable for factories with moderate
production volumes.

- Carousel SystenThe caroisel system involves mobile moulds and a fixed concrete
delivery system. It is particularly wedluited for highvolume production plants.

This system usually occupies less space compared to static moulds and allows for
efficient production. The carousejsiem is also highly conducive to further auto-

mation integration.

2.1.2.2.2 Steps for Segment Production

The production processFigkpregastd! essgmert

met hod, follows a gonsistent sequence of s

- Mould Preparation Before casting, the moulds undergo meticulous preparation,
including thorough cleaning to ensure a clean and smooth surface, the application
of release agents or oil to facilitate easy segment removal, and the installation of
joints and other necessary segment components.

- Concreting Following mould preparation, concrete is poured into the moulds. De-
pending on the factory's setup, this can be accomplished using either a fixed (in a
carousel system) or mobile concreting system (inaticssystem). Great care is
taken to ensure that the concrete is correctly placed, compacted, and finished to
meet the specified design requirements.

- Curing: The freshly cast segments are placed in curing chambers. Curing is a criti-
cal step for achievindhe desired strength and durability of the segments. It is typ-
ically conducted using steam or dry heat. This controlled curing process allows for
demoulding in as little as-® hours, which expedites the production process.

- Demoulding and Storag®nce thesegments have completed the curing process,
they are demoulded, undergo meticulous quality inspection, and are then trans-
ported to a designated storage area within the manufacturing facility. These cured

segments arergansed and prepared foransportation to the construction site.

12



|l 4. loppBrtuni tdmbse dde dé msbessdsmea sor alulsi mmfg t he
industrial robotic arm i n aa emad ercru spsreedc. a st
2.1.2.3 Segmental tunnel linirg

Once manufactur-esedteegmberiysaaereeorcted usin
(TBM). The TBM c hotilccer g eslg éifghted @smsksjte cnu sotf taa k

account factors such as: the gr ounpdr ccjoenati t i
schedul e, access and | ogistic, maintenance
I n TBM excavation, the machine itself play

face using a cutting headedgmdntadlIs ol isninmud .t aA
progresses, it positions the precast concr
i ng, |l owering them into place through the

t ween segments to prowrneaestr wat emrali gt alsielai

The segments are installed sequentially to
segments previously encountered. Once the :
joints to fildl gaptsegand yi. mpMad ee ps bofi ¢ higr anle
applied to prevent water ingress and ensur
During its operational | i feti me, Iseagydiemg s

conditions that can witbddimactpehermd i det

of rei nf ogxeaneqitve def or mati ons.

Understanding and addressing these types of

term structural integrity and functmainmat e 4 )
nance, and appropriate protective measures
t hese omesdtructi on operations, the use of (.
either i n the form of tool strabasrdy | anwstt r |
ments for continuous <collection of Sstruct
mai nt enance and inspection strategy.
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Figure 2-3. Production of tunnel precast segments. (a) Demoulding; (b), (c), (d) cleaning and
preparation of mould, (e) & (f) concreting and smoothening of segments extrados (g)
removing residual concrete (h)segment entering curing chamber. All photos courtesy
of the hternational Tunnelling and Underground Space Association- \TFES)
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2.2 Tunnel Instrumentation

Tunnels are complex, and exp-2886i Yy.éamssshiuecvt-ur
ing sulchstliomg perf oomhbamsee gnedaneso roxutlrouct i o
consistent maintenance. During bog hcrtihei alo |
to establish a monitoring system, whether ¢
physical and mechanicaheaspecbandndgkeapi al
tions. This monitoring can be conducted t h
or in more recent tbianseesd, Sotyr uecn pulroayli nHye asl et nhs

systems.

This section icurmamemtvetreclmw @ides havail abl e
ing tunnel structures. I't begins with a di
omite visual inspections and -dehsetirrucptoitveen ttie
( NDT) . Fton d to,wi SIHM t e c hwe rgeu edsi sf eorr s st emgnansestlisn g

and wirel eanpsdtalperd d excthes ques

2.2.1 Traditional tunnel structural inspection

2.2.1.1 On-site visual inspections

Tunnel i nspections typicallyduektyvosuakpac
ments. Theseplianpedthonhcr amhenidt andTlarirmfeadr
gathered is used to create reports that in
of i nspections: scheddudleedd iannsdp eucntsi cohnesd uclaend .b
or
det

etailed. Superficial i nspections are d
il ed 1T nspections are more thorough but
occur i n reopo mammateo dn astawsrteelr s, wher e an as
eeded. I n all types of inspections, moc

measurements, providing quantitative

> O S <© 9 o

S .

Whenomescto tunnel s, unschedul ed inspectio
tunnel s. However, scheduled inspections <ca

i nstance, a sewage tunnel mi ght be i nspect

15



f aocrts such as unpleasant odours, potenti al

of adjacent installations.

Tunnel i nspectors employ a range of tool s
Among these essentiaandnbeadmeamps faore ddagil
mi rrors for -tionesapcenct amegashardi git al camer as
measures for dimensional assessments, bino
magni fying gl assesspectbopes &pnpd Hetastepe:
or i naccessible spaces. Additionall vy, i nsp
trolled inspection robots and drones into
enhance the v, siuRlsomspeadedonit NBIcust omar

2.2.1.2 On-site NDTs inspections

To gain insights on the structural behavi o
interest, it i-desustomavg testuddnrdeercg tshaan-i
ples from the structsaofffefoquéntritheri ae@at gsi

rapid to i mplement, of fering significantly
i nspections. For tunnel i NBp eaxnt e :opne, NGattdreantan o
ing radadr {(GPRared t Afmmmrdo gepmdcyt efeh hlohdeosgey

techniques can be used separately or in co
spectors can run tihegtestomé ohgneéeé hehiluanlé
open for usage. More advasnnacaermndn dNDTer twelcthma ga
ment mounted ohrabeotsl a WMeeomesuccessful |y

Traditional vi sual einnem®ddsi aamd ,r eddretnl ys upy

cutedgge technology remain widely wutilised
record of delivering reliable results. How
with i nherent maikm ttahteino ncsh atlhlaetngcianng and cos

- Punctual InformationData collected through traditional inspections are typically
pointin-time snapshots, with inspections conducted at intervals of several years.
This means that the maintenance actionsrméd by intermittent inspections tends
be reactive rather than predictive. Optimising interventions through predictive

maintenance isheaperand mpr oves a stfiuctureds resil
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- Human Expertise Dependendeese inspections heavily rely on humapeaxise
throughout the process, from preparation to execution andrsps&ction analysis,
which can increase overall operational costs.

- Accessibility Challengesthere is a risk of missing structural defects located in
areas not directly accessible tarman inspectors, potentially leading to overlooked
issues.

- Health and Safetytnspections can be dangerous as they are often conducted at

height or in hazardous environments.

To address these | imiittetionspeads aamsagdleadegwio
equi pping structures with a permanent set
its structural behaviour. This practice ha:
toring (SHM).

2.2.2 Structural health monitoring

SHMiIi ms tocaliteet ,ahmd quantify the i mpact o
SHM systems, comprised of monitoring syste
pl oyed on structures to provide continuous
hearnhy ofHM system | ie sensors, responsi bl e

transmitted, processed, and analysed to ge

The parameters to be monitored can vary si

cluding théetoywyoék' phase, age, occurrence
ma-made), and the objectives of the monitor
objectives is a cruci al step Bomer e?’d ihoao ss
i dteinf i ed several objectives that help defir

- Monitoring and controlling the construction process.

- Validating structural designs and characterizing structural performance.
- Detecting anomalous infrastructure behaviour

- Identifying the causes of known problems.

- Designing appropriate retrofit measures.

- Protecting existing assets and their operation.

- Assisting with infrastructure maintenance.

17



- Triggering preplanned contingency actions related to emergency response, efforts
including building evacuations and traffic control.

- Supporting research and development.

Once project stakeholders agree on the mon
parameters to monitor. These moniitmtra ntgwo a

maj or groups:

- Structural parameterslhese encompass any features that enable the assessment of
the structure's integrity or its structural behaviour during and after construction.

- Environmental parameter$his category includes any physicaltigr@s of interest
for understanding the surrounding environmental conditions that may affect the

structural behaviour.

Tab2d2e adaptseedcimbdims e dp utbd n regplr iodvenssiegsn a | i st

monly monidtoegred fparr atmrunnel s al ong with thei

Table2-2. Examples of parameters monitored in tunnel project and correspanstingnenta-

tion.
Parameters Il nstrumentatiCategory
Latwér di spl aclExtensometer
Change in in|Electro | evel
Changes in e|Pressure cell
Crack or joi|Vibratingnewier
Strain in st|VW strain ga(Structur a
Tunnel ' i nigTape extensorl
di stortion Strain gauge

tensometers
Lining stres|/Pressure or |

Lining |l eaka|Fl ow metre

Changes in wPiezometers ,

. . . Environme
Vi bration sei smograph

Temperatur e Ther mocoupl e

2.2.3 Wired SHM

Wi r@ddMnet hods can be characterized by the f

- Wired Data Transmissionrhese methods rely on wired connections to transmit
data collected by sensors. Data is typically transmitted through physical cables or

wires.
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- Discrete or PointSensorsin conventional SHM, sensors are discrete or point sen-
sors. They are individual sensors strategically placed at specific locations to moni-
tor specific parameters of interest within the structure.

- Mature technologythese methods rely on mature avell-establishedechnology.

2.2.3.1 Wired SHM using point sensors

2.2.3.1.1 Electmonic

El ectronic sensors function by measuring

transmitting this information in the form
redfhese sensors | everage the correlation b
sistance, capacitance, or inductance, and

opens up opportunities for var i oruasi nmegaasuugrees

being one of the most widely wused.

The fundament al principle behind a strain
strain and the variation in ¢21gc twhieac &l Rr s

resits reRishanckangbt hen stersaism,ananred K is t !

y272 +R (2-1)
A typical strai nzamupeat tceornmsd & tnge tod!l ao rz i sge mi
ont o a plgassthiecethacAksi nstrain is applied, bo

sistance change accordingly.

However, the resistance variation in a stra
precise measurements challengiogmmdao pvact
empl oy a Wheat st one FBrgi2dgee whetfhiggruriar i @ ng | ¢

full bridge setup.
Basic strain gauges can also be integrated
ducémwmad cells, and piezometers, expanding

dustri es.
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Quater -Bridge
Wheatstone bridge

Basic resistive
Strain Gauge

Figure2-4. Resistive strain gauge organised in a qudmielge Wheatstoneonfiguration.

Al t hough a ppa&siicn dtoran mfgau t hin met al foi
concrete, after atta&thinhgibstusaalthéeéor ennobe
strain twhnbBdaceapgpropr iTalhtexrrger ctoenenteirwce ad o a1
blseolomtsi t hat aBe2.d2i scussed in

2.2.3.1.2 Vibrating wire strain gauge% WSG)

Vi brating wird&d gy W)wesrheo wvanmoinng t he first t°

utilized in civiP® ehlyge nfelemd ame mtpodll i gy s onasl
these sensors involves a tensioned wire wh
resonant frequency. Any alteration in the
l eads to mgcohargeoinmii t?3 resonant frequenc
The fundament al principle behind a vibrati
ship between strain and the variat(®dn i n e

wherlband epresent the | ength of the vibrati:
This provides a gener al equati owi thavarciaaou
structur al parameters. (22),t @ ndeoggn & ogarets p

to the modul us of el asticity, strain, and
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b . p 00

SIS (22

Similar t o graaugiesst,i twehes tvridirmti ng Wi re princ
grated into commerci al transducers to meas
pressure, and | oads.

Over t hveNsyeemasdsrogs,s have emerged as therdavour

in dtemgn strain moiiatserdi g vofl cdamarcdtue es .

vantages, including greater aékumrampiysti®menps
and the ability to YlenMarad eceass abdWesnieialsiutr e
|l ongrm drift, prac-tlicftwilyteha papl sdoodstAntifznegr toheerr o
evaluation of V3ANSZL. 3 s discussed in
Input
Pulse Train
Electromagnetic coil
R
Output
Signal

Figure2-5. Vibrating wire operation principle

2.2.3.1.3 Fibre-Bragg Gratings

Fi bre Bragg Grati nFgsg 2@ EBar)e diss csrheotwen apnt i ¢
They are created by -mxgpe® sfiinlgr ¢ hteo ca rpee roif o di
|l aser |l ight generated by the interrogation
the refractivie tadex Dobrmhegfabfexed index
When the fibre undergoes defocrmanges, ehab

cali bration for measuring physical par amet ¢
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Coating

Gratings Fibre optic

Insident light
o O Trasmitted light

B
Reflected light

Cantral wav elengih

A

Ircidint Rofoction T TSI S 0T
spischnm spacinum spcimim

Figure2-6. Representation of an FBG operational principle

Much | i ke resistese BBG VW chhohogyghage be
porated into commercial transducers. This
parameters, including tilts, temperature,

2.2.3.2 Wired SHM with fibre optics

2.2.3.2.1 Fibre optical sensors

Fi bre optics used in structural health moni
mi ssion. They consist of a thin-1g0 aBns awid e

up to 125 Om when including thearcd addafi Ingc tl

along the fibre. Fibre optic sensors (FOS)
transmit the signal or a sensing el ement o
signal transmission, FOS can be grouped in

- Point Sensors(Figure2-7.a.): These sensors provide measurement data at a spe-
cific point along the optical fibre, making them suitable for highly accurate and
precise, but very localized monitoring. One such typeaaftgfibre sensor is the
FabryPerot interferomete2.2.3.1.3

- QuastDistributed (Multiplexed) Sensors (Figure 2-7.b): Quasidistributed sen-
sors enable multiple measurements along the fibre by muligiex combining

data from different points. This approach offers a level of spatial coverage beyond
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point sensors. An example of a sensor suitable for glistsibuted measurements
is the fibre Bragg grating (FBG).

- Distributed Sensors(Figure2-7.c): Distributed sensors offer continuous measure-
ment capabilities throughout the entire length of the optical fibre. This distributed
nature makes them particularly valuable for capturing variations and changes in the
monitored parametealong the fibre's span. They are appropriate for global SHM
and can track effectively cracks and settlement, covering from 20cm to over 75km
of distance®.

2.2.3.2.2 Distributed FOS

Distributed Fibre Optics Sensors (IDIFO&-) ar
tions. Their ability to cover | arger regio
tunnel global structural behaviour or som

mount ed on e>*i%srt ienmgb etdudnende lisnt "“hewl y bui

B I EE

a. Point Sensor b.Quasi distributed : FBG

¢. Distributed: Brillouin and Raman

B Fibre
| Sensor

Figure2-7. FOS classification

Al t hough in the | atter case a better adhes
more guaranteed, a | arger numbemrw mtfe de.xiTshiis
could be due to the fact that the paramet e

and their identification depends on factor
struction. For exampl e, wheld ef ort einsb epdodsesd bs
measure water pore pressure in a section of
the construction, it is not <clear that dur

bedded strain and dneiffoersntatiitosne Isfe nwsiotrhs twhiel I|s
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a new construction (an underground or over

many years after the tunnel i's compl eted.

Sever al i nsvoahde depf oyemaht s -0odnOFOBS amd bex
isting tunnel s®™ad4’8dthe emaji drendridwhealck of DF
of fs between spatial resolutions, measur anoc(
highly |l ocalised measur eame ndisf foifc uslttr aiim prna
can make it challenging to interpret the d

effective distributed system should theref

tions of interest to reduce uncertainty.
Ovatl, regardl ess of whretfldalrdtyrh dyt ade FO&I n
|l ack the modularity and adaptability of wi

the networ k-iomrstcad u peldi mge nproae s fromniemdiheirdu
straightforward nor convenient, and the | oc¢

t hat l i ne.

2.2.4 Wireless SHM

While the experimental phase of this project

wireless node, tiblwaes dddmedsessveme common

nol ogy applicable to the smart segment once
nol ogy and the issues outlined in this sec
i nfor med tolfe sseallseat itoenchnol ogy, as wel | as

house the node el ectronics.

2.2.4.1 General features of vireless sensors

A wireless sensogemnstytsg,emniitncfiadedatdeacqui
aggregation, @pg®ca&rsd itnhyéhapnavaesits eumbibte.def € he e
as wireless sensori poarr twiorfe | ae svi rneol dees sw hsi ecnhs
Fi g&8(ea) i's a schematic representattbe of

components arFki gi@eds)le nt edamnedxamppeobddt apevi
assem edhe | ab.
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Wireless Measurands

r——=-=- 1

Transmission Processing Sensors

Power supply

Integrated system

(a)
‘ I .;v". ':‘ 1 c..: TRy f" ”"-- ,',; :'2.",:".1,.! ,r‘ ;.“,ri_‘_. },"r ...':-'77 .,'."’\;q\.{",‘::':‘:",: ..‘:-:;“. -.‘:.‘;_-‘-‘."4.4‘ '.
pers- 2x3.7 V battery .
R g
" 1
Enclosure
Cover
RS 485 board
g
Arduino Nano 33

Figure2-8. Standalone Wireless system (a) schematic repiasen (b) example of lathade
wireless node to interrogate a vibrating wire strain gauge

Sustained developments in the field of wir.:
tion of electronics have made pososgyblree-an
pl acement of wired system of conventional

Every WSN is generally composed of wireles
component that generally sense, process anit
al so assume itnhedfdartmern rtwl é ts primary func
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data fromond é s edndd t he wi der net wor k or i nt er

their topology, which is the configuration
pose Ethgremeamal |y three Fiog®Releogt a&rs, relpu etsern
mesh networks. Star and cluster tree topol c

while the mesh configurabiontsehdghteo pewk
t i°dn

The most commonly used wireless technologi

Tab2d3x feature their typical characteristic
SlevesFi(g2Iele. I n addition t o itrh eT28boluérla eteeec hno
ot her technologies relying on internet mob

5G, that we dacept diossaysthatetdey present
and depend on g°fodi fnfeitomolrtk tsd gancaHiseve f or t

can be an i mportant disadvantage for a con

STAR CLUSTER MESH

. Gateway

. Node

Figure2-9. Wireless network topology

The wireless nodes used for CivilopSHMNMNSNC|
Whil e they may not al wagpt jbewgrse Ireosbsu s4 e rassi
used in research asiegous¢ omi seme h OB dady ,t hei
there are also sever al commer ci al sol uti on
bei ngas mhebottiebel | 1 um

26



Table2-3. Wireless technologies used KM 5354

Attrib Wi-F i Bl ueto Zi gbe LoRa
Range| 15m10m 10ml. 5k 30m10M@ | 2 K& m
Througlt54 Miblp.s 125 k|20 KRpg 10 KbP
Gbps Mb ps kbps kbps
Power c( Hi gh Medi ut Low Low
tion
Batter)Mi nuhtoers Houday Daywsear Year s
Modul e Hi gh Low Low Low
e \\/ |- F | Bluetooth ZigBee LoRa
Range (m)
Cost \ Max rate (kbps)
=t
/ ‘\A
Node size ~ Power (mA)

Battery life

Figure2-10. Wireless Technologi?>

WSN Operating Systems
For a WSN to operate smoothly andr emdntcs:en

- Low Power Consumptiomhe network should be energfficient to prolong the
life of batterypowered nodes.

- Efficient Resource Managemettiffective utilization of constrained resources, in-
cluding bandwidth, processing time, storage, and mensuyucial.

- Concurrent Task Managemenfthe network should efficiently manage multiple
tasks happening simultaneously.

- Sensor CompatibilityFlexibility to accommodate different types of sensors such

as strain gauges, accelerometers, and load cells idiaksen
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To meet these requirements on a fixed hardy

(OS) is pivotal. Sever al OSs have been dev
toase solutions available for iogps$emeaeamsati N
tably, Conti ki, TinyOS, and Wasecpmoé¢ eOas ewit d
used in the field of civi® Structural Heal

2.2.4.2 |ssues with wireless sensors

While Wireless Sensor Netwogks, (WENs}pk oMmpe
acknowl edge t he c¢ hSdJ ernalecsto dtl Htedyregsatsi |hla vfea cbes

sively explsodeldi flaraperce al i

One of these chall engWisr @lse stsh es epnoswoerrs caornes ut
by pswpply chall enges, unlike wired systems
and communication. This beectoemmens appaprltiiccautliaori
possible solution is to replace dr asi niesd ba
feasible only for easilymaecntsadi bhesseTber

for SHM engineers ipsowewo fuonidt:s dtehsaitg narneg d ao:
pl ace batteries. Achieving thidogoalf itrhwolsv

ing node as a whole and exploring alternat

Optimization strategies may vary dependi ng¢

(where energy is imparted to the stirugcture
intervals, excitation power, and data trans
I n passive sensing, the focus shifts to me

Energy harvesting have been searddhear sf oan dnol
already -wsoamed raepapll i cati ons to replace conve
omous S®iTerys are an interesting option for
in increasdingetbé wereArnggs candde harvested
ment al sources such as solar, wind,*®mechar
Whil e solar, wind, and thermal energies ar e
avai thAklyeare not Whit ablagph opp eciz@ed ®lct h i @s e
harvesokeftercaa viianblees tsacllWiSieendad i ekder i men;
pro’®dthey sdariel | imited and alternative app!

strategies are preferred

28



Ehergy management strategies could include

- In road tunnels, the surrounding installations (such as HVAC and electrical sys-
tems) provide a readily available power source that can be redirected to power the
wireless node.

- Due to their relativel static nature, the structural behaviour of tunnels experiences
little dynamic loading and can be considered more regular compared to structures
like bridges. Adjusting the sampling rate of tunnels to lower frequencies during
service life can prolong batty life.

- The extension of battery life can also be achieved through the use of appropriate
computation algorithms (specific examples should be provided) and selecting the

most suitable wireless communication protocol.

2.2.5 Other examples of monitoring systems civil engineering

This section briefly presents other monito
established technigues and others are stil]

arately or in conjwsreatsmene tchomd/kse.nt i onal and.

2.2.5.1.1 Total station

Tot al stations are widely employed in the
marily for precise infrastructure position
i nstruments measur e ttahhd odni sttoa moed |fercam rtsh e at
horizont al angl es. I n recent times, advanc
of autonomously | ocating reflectoirtse omenr &-
tors. With arDambm@ul ar dascdc amayd e 6fu rmacde rof (
tot al stations can be instrument al i n moni

|l evel, including settlement,-sjecitmoonsmovemen

Using a heghubyomaetedat omnalp rseticatsic@amj wintch i @ n
di st rEHMIttehdke Cambridge Centre for Smart | nf
successfully conducted a series of struct.ou
cresescsjohocusing on ¥elat'itveée sdevioo it tha tniod n 9 ¢
the total station measurements aremm),jght]
they offer a distinct advantage i nimeasur.i
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tunnel ring under examination. I n contrast

ative deformation within the same section.

2.2.5.1.2 Photogrammetry

Phot ogrammetry used in SHM consists of i ma
mation ef d$tmrectvut engineering, there are
velocity (PI'V) and digital i mage correl ati

Both techniques share a similar underl yi ni
adapted from f1l ui d |Inme cchaameircas ,c awht eurreeisn aa sseic
measure the displacement field. Key featu
tracked from one point to another, enablin

tire ‘€ufface

PI'V fi mdsveexutseen in controlled | aboratory e
conditions, and environment al factors are
tures, where these variables can significa

DIC on darmhy Itaoanded ralready a considerabl e numl
On such appli €8LCdheysdevemopkd a system c
| mage Tracking (SI'T) that have been succes
structsureeh as London Underground tunnel s,
Royail Mail tunnel, the Moorgate escal ator
of more tunnels affected by?thbeesSta@vabkbli pme
devel oped to monitor the movemedtheansyg sdefmor
sists of wusimsgehalff odidgiblt @1 o &ameras to take
and deduce deformationg® suktl eme ntmparsck dt e
gen@ef sections of the tunnel. The precisi

0.008MmMm some cases, making it equal or eve

2.2.5.1.3 Micro electromechanicalystems

Micro electremecOB®MEMER] segsors widely avai
other modern ¢éYXaoteaBitydbei caesegrated to
they present are thmecsom®tmegmsometsiesgs ¢ h
combine g,het seencsamput ati on, and the communi
extended | ifeti me, and their | ower <cost.
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ME MS
tilt,
t hese

“fat ot

pl oye

can be employed for measuring various
andombdeexRepl es pafblteheodfe mearsuar a1, ©
features, already exist. d®@wel lwgteabl e
he CSIC and now/availkalleemsoommarscibalel

d in numeroupsost&hnel s for SHM pur

2.3 Tunnel instrumentation in the real world

2.3.1 Real world tunnel projects with Instrumentation
Over the past bawedeSadestusahsdéleal th Moni
increasing use in significasntk etyu nanseple cptrso joef
successful projects, i ncluding instrument a
densi ty. Through case studies, the instrun
monitored parameters,waphldensiteghaonoeé ogli €S ¢
merous tunnel projects exist worl dwi de,
are the projects |isted bel ow.

f London based tunnel projects (Ufkj0:46.72.75.81

f Semmering Base Tunnel (Austri&j>484%2383

f Grand Paris Express (Frante)

f Barcelona HigkiSpeed Rail Tunnel (Spaffif®
Whi Teb24es ummar i sed key information garnered
mentioned tummoméleswwora hyawmieeagnotael ows

1. Integration of Multiple Monitoring Techniques: the reviewrevealed a prevalent

trend of integrating multiplenstrumentation methods
2. Parameters Monitored: Typically, the parameters monitored include abnormal

horizontal and vertical tunnel defnations, convergence (relative displacement of
two diametricallyopposed points), cracks, joint movements, water leaks, and, in
severe cases, potential collaffs®epending on local conditions, measurements of
water pore pressure and structural acegiien may also be necessary. In tunnel
structural health monitoring using DFOS, the most commonly monitored structural
parameter is strain, often coupled with temperature sensors for compensation.
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Strain measurements enable the determination of mechaties$, crack open-
ings, and crossection ovalisation.

Monitoring in Existing Tunnels: In existing tunnels, the focus is typically on
tracking the evolution of strains, cracks, and various deformations under normal
loads (permanent and service) or exaapl loadings, such as the influence of new
constructions in the immediate vicinity**® water accumulation, earth slides, or
seismic events. Monitoring systems in existing tunnels are generally limited to crit-
ical sections where anomalies have ocediror are likely to spread. DFOS is at-
tached at several points, gensioned, and can measure compression. These pa-
rameters can be used to deduce others of interest, such as the tunnel's curvature or
ovalisation. DFOS is usually coupled with a tempemfpobe for compensation,
except in deep tunnels (>50m) where temperature variations are nithimal
Monitoring in Newly Constructed Tunnels: In newly constructed tunnels, moni-
toring serves two main purposes. First, it helps understand the interaction wit
neighbouring constructions, such as twin tunneffig the effects of new urban
buildings®. Data gathered from this monitoring aids in assessing deformations and
providing early warnings or enhancing the understanding of structural behaviour,
which can validate or improve designs in similar environments. Second, it provides
insights into tunnel lining behaviour under shiatm loading®, which is particu-

larly relevant for segmental tunnels or sprayed concrete lining tdéfelstru-
mentaton in newly constructed tunnels is often concentrated in critical sections,
and sensing elements can be sur@oeinted or embedded in the tunnel lining,
whether in the worksite or precast elements.

Instrumentation Density: In most case studies, instrumaindn is concentrated in
sections identified as critical, and the density of instrumentation within the tunnel
varies depending on the specific project. For instance, the Semmering Base Tunnel
project in Austria includes the systematic installation of DIEQ$g tunnel exca-
vation and lining, alongside loigrm SHM. Additionally, DFOS are typically
complemented by other monitoring systems, such as automated total stations, pho-
togrammetry, higlresolution CCTV, and MEMS sensors to measure deformation.

. Sensos technology: Themost usedtrainsensor technologg the VWSG and the
long-gauge fibre optics.

. Types of tunnel: Instrumented transport tunnels are the most common of all.
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To

sum up, monitoring tunnel condiftaicd rog sr e

beyond | ocal ground conditions and service

cantly influence the parameters that need

gro
gro
wat

pl a

und prioritise structural p a rea nteutnenresl sl i
undwater or sewers may prioritize monit
er pressure or pH |l evels. This project

cement s, especially | ongreudroal abndttuo

rameters to monitor in sever al ci vil i nfr a:

measure in a-comytemudtoinan ¢eopsltoyed SHM sys:

wi |
str

tio

2.3.2

I be discussed inritthieséadl $towaing -thhenest”r, €1
uctur al Il nsights as the measufxoemsntr uazr e

n service |ife stage of the tunnel s.

Gaps in existinginstrumented tunnels

2.3.2.1 Smart segment

Wi t
str
zer
can

ma i

Thi
seg
str
bet
hol

Bas

S ma

h a growing iemg hwari isouosn adsipge cttiss of t he
eamline processes throughout the <constr:
o goal s, one promising strategy involve
seaml angl wmnadlylsectdata from various ass

nt édénance

s approach forms the core of our researc
ment" i s proposed. Smart ssecgarieee hsdtefganbh k i C
umented with commercially available sen
ter meet the diverse needs oft eaans estt akwen

ders in projects, such as segment manuf

ed on the early stages -oftotnlte piB@ arfeaad It

rt tunnel segment equipped with cust omi

2.3.2.1.1 Characterisation of smart segment

Wh i

seg

| e 3edtnilcdmnu de db acsoendc rteutnenel s i n gener al,

ment al l inings are discussed.
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SeveraP®4daudi been conducted to gain insigh

tunnel segments under Honhb typpdcal oasd exc
The experiment al components of these studi
ment s:

- Instrumentation of Segments Segments were instrumented with embedded or
surfacemounted sensors and other measurement devices.

- Application of Real-World Loading Conditions: The segments were subjected to
loading conditions that closely simulated those encountered hwoehl tunnel
scenarios.

- Comparison with Models The measurements recorded by the sensors were com-
pared with the predictions of namcal or analytical models developed to replicate

the testing conditions. This process often involved sensor calibration to ensure ac-

curacy.
This process, f duwumbonisi sgtewderod!l tutnnckilessegm
with embedded amwdns$edf aensors and tested u
| oading until failure. Measurements garner
the segment . Fl exur al | oadings were simila
handl i fig@gcitmrtyheand/ or the transportation to
the thrust on the segments during their in:
in this projectsdtcadl ehamarct esegmenthe | ab
2.3.2.2 Gaps

Smart segmentsvould undergo a series of loadings before their installatiorsitsy and
monitoring the effects of these loadings is critical, especially in the casesstommonly
used SFRGegments. Once in a tunnel ring, the segments are usually under compressive
loads, ad the reinforcement bars in the segments typically serve to resist preconstruction
loading generated by diverse manipulations during thec@mstruction phasas
shown in

FigkX¥ There is an intetrersdl iant anoenidforti meg s
this phase, as they may easily be subjecte
of |l oads, str &i nlsn addidtiisogn atcce neerndavi di ng cr
strain sensorshalelsprogqas tnp eelnd igrdg @i lbcktad ctud at

maxi mum disspdmdegeémerdt t hye afe cahweoilloagbhl e commer
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mateurenough i ncdfudd¢ cegmbiend @¢fear ns tarsa i dni ssceurssscerds
Chapter 3.

Whil e prmewiloupsr otflect s have demonstrated co
monitoring systems, the identified |imitat
for further research in this field. One si
andousot ness in FOS, highlighting the necess
toring system. Additionally, the time and
wireless technology is employed, priefnertos |

more efficient and streamlined processes.

Furthermore, the current approach -¢t@n-moni t
struction stages, neglects valuable insigh
i ours dur itkngs etghearnitfuaantedr i ng and constructi
the structural behaviours at play during t|
tunnel monitoring.

Anot her noteworthy |limitation is thegmanual

to potential er,sortsriannns nihsesiironp | (8Bcuiehaettd di s

fai.l uAdedr essing these issues is Iimperative

()
o
—_

ed dat a, empédasf zingeshegamprogtaantomat

pl oyment met hods.

I n conclusion, the identified gaps in exis"
ul ari ty, depl oyment effi ci-earcyt r lamtdi arh ep ht ae
stantirateonhée for the current research. B

aims to contribute to the development of m
toring systems t hamte wd yn blue | it n ttLelgtroaatide dt suitnrmntreol
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Table2-4. Summary of instrumented projects consulted

Existing tunnel

Newly built tunnel

Case Study 7%

Case Study 2%

Case Study &

Case Study 4*

Case SH4%% 5

Name Thamedink tunnel Royal mail tunnel TMB L9 National Grid power tunnel Semmering base Tunnel
\ 1 | =iy “conctlng
Description Old masonry tunnel (153 yea| Old cast iron tunnel built i Recently builtbolted segmenta Segmental tunnel to carry hig Shotcrete tunnel part of th
old) 3.6m above the northbour| 1917 less than 2 meters abg tunnel. The DFOS installed in| voltage power cables. The mo| TEN-T Network corridor con-
Thameslink 2000 tunnel built if a newly built Crossrail plat| small section to measure the ¢ itoring system (first of its type| necting the Baltic and the Adr
2005. form tunnel. The DFOS is in fects of the construction of | conssted in embedding FO] artic sea. The DFOS are embe
The DFOS installed is the first ¢ stalled to track effects of th new building 14.40 meter| into precast SFRC segments| ded in two layes between the
this typeand had both a practic§ boring of the new tunnel o| above the tunnel. measure shotterm mechanica| rock and the extrados and b
and academic interest. the existing one. effects due to the installation f tween in the lining thickness.
the TBM.
Location London, UK London, UK Barcelona, Spain London, UK Austria
Year installation 2005 2013 2018 2014 2017
Parameters  moni Circumferential and longituding Circumferential and longitudi{ Circumferential and longitudi{ Strain and temperature. Strain and temperature
tored strain and creks nal strains. nal
DFOS technology | - singlemode fibre optic in g -  singlemode fibre opticn - Yokogawa AQ8603 - A 7.2mm sensing cabl
900 pm a 900 pm - Interrogator: ODISIA by BOTDR to readout the containg the FO and fiv
- Yokogawa AQ8603 - Yokogawa AQ8603 LUNA Technologies using measurements. protective layers
BOTDR to readout the BOTDR to readout thgq sweptwavelength coher; - fibrisTerre BOFDA ana-
measurements. measurements. ent interferometry lyser
Other technology | Automatic total station. Manug Wireless displacement and t| No additional sensors used. Automated total station, photg

surveying, CCTV.

transducers and photograr
metry

grametry

System density

83m of 100m of the critical sed
tion instrumented

40m of over 100m of the criti
cal section were instrumente

Around 8.71m of the 20 m crit
ical section is instrumented.

6.5km of fibre installed for
2x27.3km tunnel (under cor
struction)
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Lifting St ac kitnrga nasnpdg Segment har Segment inst

S L S

Figure2-11. Loadings on tunnel segment fr@nstruction The top line shows image ségment duringarious manipulation preonstruction anthe
second line show the correspondstigictural diagrarshowing the types of loadings on the segment. The image have been obtained courtesy
of ITATech®°
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2.4 Summary

This chapter focused on the review o0é tunne

segmental tunnels. The chapter started witdt
design features of segmental tunnels. The
pl oyed for structurally desi gniamg thwmmeeali csa

approaches, al ong -swd &lhe dteess tginn ca.i drFeur tbhye rf mad rl
cess of precast tunnel segments was presen

ousel and static met hod.

Regarding tunnel viirewt rdierbamtdea thnmeitrohnoadl h eo fr et u 1

structur al inspetei onmnsuahclimdipegtoons and
cept of SHM for tunnels is also discussed,
itoring of gtornumetnuradl pamrdnmenwirs. The array

aYWSGEFBG wirel easnsd sM&WW&o rasl ,s oF idn aslcluys,sead bri ef
tion of ot her techni quessendsslieady € dumantcatnij a

conventiontaéchmisgpees iionn gi ven.

To illustrate tunnel I nstr woeartdatiinsn,r upmmeand
nel projects were presented. These project
structed tunnels, showcadgded tthlkee tkicvhenrod e gp &

and the | imitations of existing monitoring

This chapter identified several research g,
tion practices. These included i ysuasndr alna
overemphasossbnupbsbdn stages. These identif
devel opment of sensors in the subsequent
demonstrating the devel opment ofdespnaocy <tum

sensor s.
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Chapter 3Sensors Selection and Design

The chapter explores the selection process
solutions for both resistive and VW strain
advant ageadwadt dges is provided, particul a
as embedded sensors. The rationale behind
study is then elucidated. The chapter furtdHt
of VWSGs, along with the design considerat

robotic depl oyment .

3.1 Background

Over the past decades, there has been a gr
into civil i nfrastr wontadr easn dt anad mh e&amae cteh eeif
out their service | ife. pd&sdsubet etaon saf dovr amact ei noe

sensor techawd ongrytededs stimegg power that can b
increaoimpaglcy cdnmMfdd hemumsdance of data coll e
anal ysed not only serves the i mmediate pur
potential to enhance str-eactectiliveadewhighe em@
bility and safBeMy. sensbhe mneel miobt al, as
|l ation, and resilience significantly deter

TheensorSHMa sveads t wo main componesntep:l otyhme nd e
anal ysis toegeretateuppbet!|l sgbsequent insp
ations. I n this study, the sensor retrofit
advantages of the smart segment;siitte isgy suietne
Theyl udnesidre wired and wireless systems. Bo

l owi ng:

- They are deployed paesbnstruction during the fibut period.
- They are specialized tasks and require expert human workers.
- They do not capture preonstruction behaviourf andividual segments.

- Sensors are often surfang®unted.

Smart segments on the contrar yc,o0 nisnt raudcdtiitoino
site SHM systems, they have other features
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structur adr doweghhavdtoruai t measur eme Acto nosft riuncst |
tion. Additionall ys,uistrmeadr tt os eag nmeondtusl aarr es tweulcl
t al system and canhoonwmedudlegpd oyedworflos m wid
ment commwinti ft adti megr s .

As hi ghlairgahrtlieideri ndi s ca.s¥.i otnr ainn Ssetcan dsn out
guently monitored swouktdupabj parsameThkhe cho
seqii stri butedtfrarndsehsobstddpends on the
However, when aiming for a modul ar wirel es:
nicati on -mniettev,0o rtklkse ocnompati bl e solutions nar
sensors. Aodidnitt i soennasiduyst egot ef oweldegment s of r
particularly when compared to t bientemtmarek 4 ti
solutions for resistive and VW strain sens

cesbhe definitive solution used in this pr

3.2 Choice of sensors

This section examines features of commer ci
t wo cl asses: el ectronic sensors and VW sen
the moashl susol ution for this study and pr o\

3.2.1 Embedded sensors

This shoexplseicetsipprnef erence for embedded st
mounted ones. Embedded sensor s lay,e tfhaevyo uorfe
enhanced protection against environment al

they provide more accurate measurements by
matri x, el iminating interfegleinpeade.o mAdsduirtf
embedded sensors enable comprehensive cont

from fabrication to | ater stages.

3.2.2 Electronic sensors

Resistive strain gaugtsr mrapplfiteat pores edue
bity to environmental {fta&ctmorss,abwhiidly. c&revie

are available commerci al solutions that Cc a
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easy to use and present a straigtlst facr warsd |i
convertible voltages, facilitatirrdfetctaive

choice and offer sufefrimd®itearstk saccuracy for s

However, once incorporated into coaemen e,
pef ormance, including noticeable drift ovel
for ext?dndediwmgethe evaluation, two commer

ducers were assessed.

3.2.2.1 Prismatic embeddable resistive strain sensor

Thitype of resistive strain sensor is <char a
body to allow a better adhesion to concr et
sensor is the EGP el ect Figa&ltwhkmbe ddinethd s seal
be found AAdAAAPGR Nsdemxsor contains a single s
prismatic polymer body. The strain gauge n
OhmM&rrangewheiant sat oone bri dge configuration.

L

Figure3-1. Example of an EGP embedment strain sensor. Image courtesy Micro Measurement
3.2.2.2 Cylindrical resistive strain gauges

This type of sensor hadi sacscydti ndlme cakxt sdmip
outer body i mpervious to water wiGhamd el a
as hi gkaasand arranged in a half or full Wi
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representation of nsuchridEdfewrsi ahlee KMI 5 ke ali
EGP sensors, these KM strain sensors offer
figurations, -bmiclgedbagdiged lolphalbhs, as wel |l
spanning from 30mm to 200mm in | ength. Det
the datashefl i n Appendi x

Figure 3-2. Examples of KM strain transducers. Image courtesyd ddeasurement Instru-
ments Laboratory Co., Ltdhe image presents three specimens of strain transducers
which uses vary depending on their application. The smallest option would be more
adapted to be used in laboratory concrete elements.

3.2.3 Vibrating wire strain gauge

Despite the fact that the Vibrating Wi re (
sistive gauges, it quickly found applicati:
operati on?8| Owreirndii pnee VW tsheen sprresf errarveed boehc mi
bedding in civil structur est entand es torfa icn nnoa rei
These sensors are renowned for their supe
gauidfest hei r?°r@Adst hety Bbipeomi seabbeéymeasu
with miffmbhh dhié$tstudy, we specifically cc
i ki g8&%3a company offering a diverse range o
and i ndustriBéet aipdpdhdnd actail oanirgerf ow imthed omanuf ac -
turer daApasldex i n
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Figure3-3. Examples of Geokon concrete embedment VWSG. Imagetasy Geokon
3.2.4 Comparison and final choice

I n thi g hesedcthimmeyr ci abusbleHoBReanrxr eval

based on the following criteria:

- straintransmissiorcapability;
- ease of interrogation and communication;
- sensor degradation;

- sensor outer body material;

3.2.4.1 Strain transmission.

uat e

Embedded strain transducers must ptorsamress S

mi ssidhis is typicallyodchhihevedanBdacegh 'tsh.

ymer or stainless steel) in contact with t
(prismatic or cylindrical). I n the conveni
scribed, both theessfeedlatures have been add
For prismatic embedded el ectrical strain g
an irregular contact surface, creating a g

of the transducerstthart mipmadie Kiewn &alm anddlored

concrete
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I n contrasnesiVIMSIGv ea hgtpgréh irne Il sye mmsaoirnsl y on anc
at each end of the main cylindrical body t
The accurate tr anosnmitshsei ognu ad fi tsyt roafi nt hree |bioensd
ities and®% He campdruetee t hah etaern @ad é meo WS Mma tre
as the concrete, it i s recommended that th

ti mes thesimaxiomumh® aggregate

3.2.4.2 Ease of interrogation

While resistive strain sensors can be easi
tems that measure voltages and subsequent|l
VWSGs functi WWS@s fpreocdumdasyf o,egwpheincchh ersequi r e
ditional ciomtveenrdtmt e tata compati bl ebawietdh <co

interrogation devices.

3.2.4.3 Sensor degradation

Concrete structur eusp darde29BrAgisne bweheidcfhd me | mesq

| ohgsting embedded component s. Unl i ke stru
which can | ast as | ong asant bhfeadicldocr et e, em
Sensor failures can be attributedotre Vba&rn ina
mechanical and ewietch resemdor nda&blfes etk i na
install ation and t%he concrete pouring phas
Failure rates differ between sensiomitt ypes.

washothrat aftern nstgehragoembeaddeadcssmalale ne s
bri dge,nsc&lradinf tsyepeePdr ad a 70% failure rate
ited a |l ower 22% failure rate. Similarly, [

fai l i ti5&6%% faid3Are rate was obsdtved after

Sensor degradation poses a genuine concern
strategies | iRké 'eanwroandl é hwndamay sklemrcting
their suitabi Hietryn fusre sahrcer tcrar ilcamdg measur e

ur es.

3.2.4.4 Sensor packaging material
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When it comes to the material for sensors
ruption to e. ghosstt rneastse rfiiaell dwshiilne tahsesur i ng
host material. This i1s usually achieved by

properties to ensure a good fit.

Embeddednsedsboorsdei srtasth duri ngenwniseallliafte .o
mercial strain sensors reviewed here use r1
outer body. The choice of the sensors oute
rameters they measure. dgiomgimatamical, s dli f kK e
steel) and soft (polymer) mainly i mpact str
with relatively consil%® &Smrtn sefrfse avti € hovae 1 otwh ¢
are suitabl e nfsorduméaagu it iRy, t&irhiialie psremcsensrss  w
ma | coefficient similar to that of concr e

| 04%s Such variety of properties are only a

3.2.5 Sensor choice

Buil chi ntgheo ear |l i er comparative presentatior
VWSGs was driven by their overall superior
I n this section, technical consideyat aads

temperature range for both the elTad3llrreoni c s

Table3-1 Comparison of Technical Specifications between Electronic Sensors (EGP and KM)
and VWSG Geokon Model 4202

El ectronic sqVWSGs

EGP KM VWS Gs

Range N5 0®)0 N5 0®)0 N3 0®0
ResolutiolUp to 1 Up tw 0. 1Up tw 0. 4

Accuracy 0.9 FS 1% F S 0.% FS
Temperatul|-5C t&€ 50/-2CC t&€ 80/-2@C t& 80

VWSGs offer sever al compelling advantages
Fist |y, VWSGs exhi bi3t0Gc omp aoedOt@anigee Nd f N
the electronic sensor s, making them more s
measurements within a |imited range.
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Secondly, VWSGs boaspabupeties, rewf@pbheswvipgboe
nificantly outperforming the res@taa@)i.ons of
This finer resolution allows for the detec
cations whtirei thy gihs spasamount .

Furthermore, VWSGs demonstrate enhoauricled ac
Scal e, (FbBr)passing the accuracies of electro
FS). This higher | evel of eaxdsler sady ae ms uneass

crucial for critical structural monitoring

Moreover, while the temperature range of V'
20Cl 86Cl), VWSGs can withstand20Cbh weorf fteee mmegr a

satility in environments with colder cl i ma

Finally, VWSGs ar et emom eStsruu dtawrl el fHeaalltom gMc
plications when embedded into ctenmretabiVWi
|l ess susceptible to interference due to the

are also robust and more apptidpriate for wu

More precisely, the model 4202 Ge@pHKira¥WDa

and wmiomrcaete, will. be used in this study

3.3 Electronics and programming

3.3.1 Communication mode

Embedded transdtwer snodas wofilciommuni cati on:
through cabling and the newkogwethodtempl| o
into detailed descriptions of each met hod,

i s adept at addressing and the chall enges

3.3.1.1 Wired Communication:

Cabled communication i ncltuidee swibrogsh. eBctch ra
share a common structure consisting of a
optical fibre) enclosed in a protective co
dium for communicatiompl whedenan &Epbcrcefoptsés

mitigating risks Ilike lightning or el ectr
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cables embedded in concrete can introduce
sensor damaglki ktédbheaymahg eer uadihsedce r hi gh pressur
the addition of protective pd adsaulbclwda tirbaInegg a
stamgechanical il mwgadienrameaes Fiiomaltl y, the depl o

is demandingompamadpodtwemnew solutions such

3.3.2 Wireless Communication:

Wireless sensors are typically linked to a
el ement, " which % !¢Htheddve d eil re scso reemetoag s o
sah as greater deployment flexibility, ul t

pared to wilrldt Hyweaveenrs, wireless nodes pl a

materials | i ke concrete face chaglat e mgpe sa,ndi
propagation | oss of radio and el ectromaghne
of metallic elements such aSl*rResifiotre etmeea tw
sensors chall enges, they a emaduwml ar moy £t eamh t
segments and have a real potential of cutti

of sensor s.

I n this study, although t We owmisrieleads sngn dcdcéa s\
a complcéttheed deaaman i mawdi t o showcase the dive
of the sensor node that cowuld easily be mi

3.3.3 VWSG node

Due to the reasoB8Bsamilt 8,i htelle i mo dSee cwd so nssp e c i
oped with wireless commuidhedataidoreivh cr@ai na i
gate the VWSG developed as phird84ddr et mias nPh

har dwarree rctognpionc | ude:

- A microcontroller type Arduino 33 BLE with builh wireless communication ca-
pability

- An RS485 board

- A VW addressable board interfacing the VWSG and thel&sboard.
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Threode components wer e agsuanplelrea ddirdgweswebr e ad
from the computer.

The interrogation of the sensor has been a
projienctte,gr al liyn pArpgserdtiTehde sensor outputs ar
guency andrtehe Tthempereagtuuency 1 s cor(2-gl at ed
The calibration coefficient permitting the
through a series of repetitiwe ttessgtes . ol hee
process a@afmdtniets wllt sWAMSIGsr evd @ @tnd b f

3.3.4 Sensors interrogation process

The interrogation dfhet fdiof@WPGTHiehldu $ sr 3 U endna
ri sed as foll ows:

1. Initiali sation: Theprocesstarts by initializing the Modbus communication library,
setting up necessary pins, specifying the sensor's Modbus address, and configuring
the delay for reading strain data.

2. Setup Functionwithin this function, the code configures the communication port,
initialises Modbus for communication, sets up tetk functions for data trans-

mission, and prints a setup confirmation message.

VW interface board 'y

Computer to power

and reads sensor '
data

Figure3-4.Ad-hoc Interrogation device
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3. Loop FunctionThis is the core of the code. It continuously reads the frequency and
temperature from the VWSG. It then converts the frequency to strain ugrag-a

tical equation and finally, prints the frequency, strain, and temijpeeadata.

The Geokon VWSGs have a minimum sampling r

-

|, Initialize Modbus |
.

——

I Y
| setPins and Variables |

[ setup Function |

..

v

“© \
| Loop Function |

Yf<Read Frequency and Temperature jno
es Eno ' ™,
f—<Con\rert Data to Frequency | Return Error |
\_

I ™, / ~,
| Convert Data to Frequency | | Return Error |

| Read Temperature |

.,

—

Y?<Read Thermistor Resistance jno

/ ~, y ~
| Convert Data to Temperature | | Return Error |

| Calculate Strain |

. v

| Print Frequency, Strain, and Temperature -'|

| -

—
’Y'\

A

&

Figure3-5. VWSG interrogation flowchart

3.4 Initial calibration results on the VWSG and results

Manufacturers ubuvatlipgpnstvateestoai datal sheet

accur at e. Calibrating a VWSG wusing a tens

49



ensuring accurate strain measurements. The
subjecting itrhes eViSoG stta acontroll ed strains
its resonant frequency response. The objec
the strain applied and the resulting chang
the gaugpe fof the strain gdad&le.wlhlgsiet hies sdam

i n, OGF t he gaugaer ef arcetsopre,c tFi vaenldy Ft he r esonan

instant t =0.
.‘O,‘S"O O
PTTT (31)
A description of the calibration process i

- Preparation: Before the calibration begins, the strain gauge is properly installed in
the tensile tester (Séegure3-6).

- Initial Frequency Measurement the initial resonant frequency Bf the strain
gauge in its unloaded stagerecordedThis served as a reference point for future
strain calculations.

- Tensile Testing compressive/tensileighlacementstrains are applieth the &n-
sors within the supu.ain gaugeds range (3

- Data Collection Time-synchronized data points were gathered at regular intervals
throughout the calibration test. These data points include the applied displace-
mentstrain later converted into strainsyéthe corresponding resonant frequency
of the strain sensor. At each measurement point, the hold time was set at 10 seconds,
and the frequency values were the averages of 10 consecutive measurements for the
applied displacement or strain. The appliedistfar each calibrated sensor was
sequential and consistent, with displacement measurement point being 0.00, 0.01,
0.05, 0.10, and 0.15 mm in both compression and tension.

- Linear Correlation : A data analyis of the collected data follows. First, a graph of
the applied strain versus?(f?)/1000 is plotted as shown Figure3-7. The rela-
tionship between these variables should be linear within the strain sensor gauge's

range. The slope of the linear regression line, representmtige factor GF.

Note: Throughout the calibration process, t
entire test duration was between 110 and 1
of these two factor s, t Henrse twa sacmco umda e d otr c

effects.
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Application of

controlled VWSG_ Tensile tester
strains

Figure3-6. Tensile tester during VWSG calibration test

1000 - R?2 = 0.999
GF = 0.396
500 1
(=]
(=]
o
o
o 0~
s
o
~500 -
~1000 1
3000 -2000 —1000 0 1000 2000 3000

€ [He]

Figure3-7. An example of VWSGs calibration results on one VW$I& correlation is signif-
icantly high and the gauge factor close to the one specified by the manufacturer

which is 0.395.
The calibration test for VWSGs was perform
4202. The calibrati omr asesrutldad Aifdo r A pepaecghe isxern:
observations are as foll ow:
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- The gauge factors across the sample set were consistent4a00084. This value
closely matches the manufacturer's value of 0.395 obtained on a larger sample
Sensors.

- In addition to the gauge factor, an additional parameter called the batch factor is
applied to the conversion Equati¢r3-1) to calculate strains from the measured
frequencies. The batch factor is a calibration faotozorrection factor applied to
account for variations in the manufacturing process that may result in slight differ-
ences in the performance of individual strain gauges within a batch. This value is
provided by the sensor manufacturer in the documentatioompanying the sen-
sors and its values vary between 0.9. In the case of this initial calibration, the
sensors tested were all from the same batch, therefore they had the same batch fac-
tor of 0.93.

- The initial frequency &varies with the sensor's ptisn and the adjustment of the
nut, which can be used to expand or shrink the measurement range. The particular

model of VWSG used in this study is highly sensitive to these adjustments.

3.5 Summary

I n this chapter, the seltehcet iloanb osfc aslter ati unn nse
di scussed. A comparison between resistive
di fferent <criteria. Commercially avail abl e
for the specific appmlcicuataicoyn dwé utsd ntelsesi, r a
ments over extended periods. VWSGs are al s
similar features, even after adding the ex:

them to a conbasedi onmalr ocvont ag@eé | er .

The electronic and programming aspects of
the design of an interrogation devibye and
step description of thededitiabVotal nhbratubpt

sensor to controlled strains and measuring

Future work could explore a further miniat.
sensor nodes to makelthesm pdfewdrvhblyyt wart ¢

serves as a proof of concept, and the deci
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progseéobcus on demonstrating the concept ra

chall enge, whisohvies esobheimal | y a

I n the upcoming chapter, the automated dep
The discussion will cover the challenges a
botic deployment developed in the study.
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Chapter 4Robotic deployment d sensors

Whil e robotics has found broad use i n many
and civil engineeri nd® rNeommaeitnhse | seosnse, w ht ahte rlei nh
efforts to introduce aut oemagtiinoene riinntgo pvraorjieo
efforts include the incrasasdgisneldy desmmgan (CA

project desight®adhds mvehlgemsent he depl oyment
during construction tm Ireebdauwre. tAhded irte loinaan cl ey
pl oyed during the operational phasé hok str
chapter, the automation solutions in the <c
posing of robotprce cagsptl iicnadaisotwsyl ilchi astschugsisee dme
to robotically deploy VWSGs nodes.

4.1 Background

4.1.1 Automation during the operation/maintenance phase

| mportant civil infrastructures, l' i ke tunn
years iama mreguwl ar mai nt enancet ropetrwarn e d nisn s 5
throughout their operational l i fe. -aMhtid e t |
inspections, there is a growing ibtkbumah i
i nspeatpiadn |Auttiosnsaltuédpnansi actukeaest ar e:

- unmanned aerial vehicles (UAVS)

- mobile robots.

4.1.1.1 UAV inspections

UAVs are increasingly finding “&I'bumydiec alplpy

t hey ard wiqtuh pgporee or a combinatéesal ofi 6ihec:

eras, thermal i maging technology, and geom;
igating confined spaces, such as sewer or

i ngactcoe s s, and they provide additional det &
spections. UAVs in confined spaces have de

cluding mappi §23i thd mtaisftyriuncg us ersft 48 odat ect s
ing sources P dirter ankildmboas | eakages
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Al t hough many of these applicationg hreemai n
shelf solutions are avéeilialplog tiamtt de !l mart kee |

ti oresnaonbe relatively expensive and typica

fessionals for operation. Fur thhaevre dbeetean |psr el
ously ®utlined

UAVs stil |l have room florc hiarhgd recm\geeme tth edyu & atc
ited GPS signals in confined areas, poor p
often the case of sewer tunnels), vulnerahb

straints on payl oagqluicmmpearcti ttyhey ieonan i agr it yh.e

tions, UAVs adoption is increasing and finc
of sensors 4asl.d3i scussed in
4112 Mobil e robotsé inspections

Similar to WAVss ,arneo beiguei pppoebd wi t h an array

| aser sc-amdar s, gberemalnidamaonhic@amer as, and
mounted on wheeled vehicles. This solution
Si ve sectonopfarteodoltso drones. These vehicles a
all owing them to perform measurements for

The use of mobile robots equipped with LiLDC
numer owserltdabpplecappbnesatiTes span a wide
spection robot-spmtatoc &adu toon campapwse kleat tsemay |
clé%3¥Some of the common operations carried
map of the dughthl tbwcnsesatmeasuring tunnel

crack and void detection on the tunnel Il i n

Among al l the applications, t he most pr ev a
using Li DAR and pho'o gt ahhine tiemnyp oty eadr hpnei agaude so r
manent measuring devices. Th ewsoer |tde cahpnpil gi uceast
and their effectiveness has been amplified
sation of advanced Alpladxg oop etrhansi,o msl |oonwian gs
of i mages. Another application is the 1Insp

such as briPdg3* bearings
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Nevertheless, the primary challenge that m
nature of prelabelled datasets used to tra

limitation also hinders thir widespread a

|l nspections conducted by robots are distini
(See dedti3WMhi |l e i nspetcitmeo nnse apsruorvei ndeen tosn e s e
possibility of continuous monitoring. I n m
constructi oMo wesv ecro mitldhe tsel dpgabedvant ages: t he
haviour before the installation of the mon
ronment for sensor installation becomes <ch
the same flexibitliiply topecambiome muke a hur

stricted working conditions.

4.1.2 Automation during construction phase

Thi s 9¢eetsaeunthosmati on sol utisone -ddindemdgdbet hut
phase of concrete eewW em$eintdes .c oFnisrtsrtu,c ta no no vreorl
cussed before expanding on robotic solutio

this research.

4.1.2.1 Automation on construction sites

The incorporation of automati®h0s nltedctomsna
abl e marginal® iOmepr oveméetfirst successful s
was the Single Task Construci? ohT RRD oadr g SeTx
l ent at executing repetieducedt @skorcacompat
wor kers. However, they do have a major | i mi
l ack flexibility and are t4bpi ctaaslkys pwiotghr am
changes in thel%“WwoTrhkeseancvti brroinsmteindds ar e essen
environments such as construction sites. T
Sites, which i nvoHvie ei necnovri proornarteinntgs fiancttoo rcy
Aut omated Sitei ctoemgpr asttesd odeta awfe| STCRs desi
ization and the efficient flow of materi al

out of the worksite and reduce the need fo

56



Al t hough automation saletsbnkl oancewsetviunoygi

uable reference |iterature availabl®¥?for n
and autohftdt Addisitesal |y, there are more re:
ti al applicatubnens®ffooboonst swcti ssnidd we

needed dfl%Pessing

4.1.2.2 Precast manufacturing robots

Concrete precast el ements are produced wit
tors such as temper atowpreag,atd patail als eagrureanrcgem
managed, i n-s¢ dmt rogpetr at © oo B . The extensive
critical tasks, Ilike Ilifting, transporting
al so optimises oroWueni makieddiaileacge quan;
el ement s, such as tunnel segments, these s

replicas'’ with remasrntlkdbdlies h&dc wsready.ngT hsiismp
tion of rebptocessnto th

I n the production of flat and prismatic pr
Fi g#Xfer b m,'%%@Qre employed for the installatic
as for markinhgelioeswohkhtpdeifinens. These s

out separately or in a coordinated manner.

As for tunnel segment soluti @angtdodt i eale
duction met hods talree cgreenaetriadn yo fussteadieid @dmotd e | ¢
andctamemnetedh od. I n addition, i n either appr
Tabdle are part of the process for paomducin

creting, and demoulding, followed by stora

Il n the existing solutions for tunnel segme
concreting and cTuarbdheg Tphheays ec asnh oewint hienr par t |
rel ace human operators. These robots consi s
with di ftfoeorlesntdeesnidgned f or speci-duict eédasfker.
carousel system and can be emplsggedenhoe oh

the production process.
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(d)

Figure4-1. Robotic system used in concrete prefab factories. (a), (b) Robotic arm used for shut-
tering and deshuttering in (b) notice the combineftni on of a O6pl ot t er
positioning of shutters. (c) A dedicated plotter that transfers CAD data to nozzle to
plot on shuttering profile (d) robotic arm used for placing and removing profiles.
Images courtesy of Progress (a and b) and Weckamnjaand d)

4.1.3 Automated deployment of sensors using UAVs and mobile robots

There are a host of studies showi ng!®§ucces
and robotileSedervorcesdepl oyed using tlsiss mett
and-cloost . The sensors, in the cases of UAVs
pl acement, or dFhagdRierAg ds0rs htdven diepl oy ment
t he saemesamrs |l y partdcd tolfe trheea g wrbeomesntani s t e m)

ti nuous.

The deployment method using UAVs, suitable
constraints, may present challenges when t
The deploymewotbi methhottodo6, mas indicated by

not strictly constitute the installation o
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out manually to ensure continuous monitori|

tur e.

The ecnuurrsensors depl oyment methods wusing bo
j eecdtf i ntense and promising reseiarebat!| panapap
c absloel st bodepl oying strain sensors into pr
mated factories.

4.2 Robotic process to deploy VWSGs on smagegment.

The advanced automation technology in the
posed for the successful depl oyment of VWS

t he most rowiottdlcl procevwlalmdrt senisdeal nen al

I n this sfAoglyacé hePpPktechnique was ident
met hod for deploying VWSGs, which are atta
provia@redi hathe study).

Il n this section, the selected robottiacolsol ut
selection, and the design of VWSG packagin

4.2.1 Robotic tools

4.2.1.1 Collaborative robots

Coll aborative robots,arod te nt yped eafr eidn d ws tarsi
to work alongside human operators in a she
robots, which are typically caged off and

(7))

afety featurestaed s$sensot $abbattta@l wowh hu

ni ficant ri sks.

I n this studwaxia dobottrtswppe Roblitg4#30e IR 10
used to deploy VWSGs sensaecrosl.l alfne raa bpbroetcsa scta
empl oyed to carry out compaoabhboraskse Wb
pose more hazards compared to cobot s, t hei
plant is justified due toheéeynwepraaddi de ondR10

useful features that i ncl ude:
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Table4-1. Robotic solutions for manufacturing of tunnel segments. Images courtesy of Her-
renknecht Formwork

Manufacturing phase End ool

Cl eani i
roll er

Bl eow t
l ubr i fi
t ool

Sandi ng¢

Il nsert g
pers

Torque

St ep 3. Demoful
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Sensor Launching
AN Tl

[ .
Direct Placement

Sensor Dropping IfJ" l

\

\ \

/
/\ / d N ,\ \/)

T Al
RO TR

Figure4-2. Different deployments of wireless environmental sensors using U&Vs

1. Advanced safety features making UR 10 highly responsive to human presence, re-
ducing its speed and impact force, preventing as such dangerous collusions.
Easiness to programme tika to a usefriendly interface.

Costeffective acquisition, deployment, and operation,

Enhanced productivity provided a higher payload.

a kr 0N

Highly suitable for humamachine collaboration environment.

4.2.1.2 Robotic gripper

UR10 being one of tfhec onboostts ,c ammoins tdyepsei sg noe i
many t yptessolod. elnd t his study, theas@nasoe de

can be achieved with a gripper. Three techr
- Suction gripping
- Magneticgripping
- Finger gripping
The selected gripp€ingechgol plpigkavadrhit seif i gv
nol ogy provides the highest versatility ani

materials and shapes.
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B

Figure4-3. Universal Robot 10UR 10 is a éaxis robotic arm with a payload capacity of 10
kilogrammes and a reach of 13@n.

To make the wultimate selection, agrciopnpere h e
opti ons oofbfoetrieqgdk nbaywmRe mad nuf acturer-freeodhiyzce
grippers designed to seamlessly integrate

regard of these criteria:

- Precision The chosen gripper must deliver precision equal to or better hiean t
specifications for segment fabrication, as outlined in the BTS Specification for tun-
nelling, 3rd edition, 83.5.3, which stipulates a range of £1 to +1.5mm.

- Environmental ResilienceThe gripper should exhibit a high level of resistance to
dust and humiitly, ensuring it can be safely employed in both dry and humid con-
crete environments without suffering damage.

- Payload CapacityThe gripper's payload capacity should be equal to or less than
the UR10's capacity, which is 10 kg.

- Gripping Force It is imperdive that the gripper offers an adequate gripping force

suitable for both smooth and rugged surfaces.
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| mabd2e which outlines the grippers evaluat
acteristics basteidomend tehaer Icireirt,eriita insenevi de
gripper stands out as the most favourabl e

coetfective price compared to the alternat|

Fi g4diel l usthept®dsed fingers, which have been
the original metal l i c fiThgep3dd nttheadt fcionngee rwsi
t he advantage of bei ng rloon gdeerd tnmeamltlh e rmharmr

ally, theyycpnobdacedsand used in wet and ha

4.2.2 Robotic process

4.2.2.1 Robotic PnP

Al t hough the PnP method is commonly wused i
a specific evaluation framewdr bet aidlapt ed i
study were encountered. The cl osest match f
for the systematic assessment of rrdhbdic P

This framework utilizepetobel ewal uati on me

1. Success Rate (R)This is the ratio of successful PnP actions to the total number of
PnP attempts.

2. Mean Picks Per Hour (MPPH) It measures the average number of successful
pick-andplace actions completed in an hour.

3. Successful Task Executions @er Total Attempts (SETA): This metric estimates
the probability that an individual task execution attempt will be successful.

4. Average Duration (AVGT) and Standard Deviation of Duration (STDCT).
These metrics capture the average time taken for a succBssfutycle and the

associated variability.

Whil e the previously-smenhedone®d m@mstsriscs ngr ¢
mance of a PnP (Pick and Pl ace) system in
for a comprehensicvarawcyg!l wdt i odi vfi dtulad el em
priate approach would involve evaluating gt

ing and comparing them to similar errors i
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Table4-2. Two-finger grippers selectiontmages courtesy of Robotig.

Manuf g | mage Resol Prot| Prot Pay| Gr i
tur ern tion tionl tion |l oa| for:/
Mo d el Dust|l wate (kg| (N)
SROBOTIQ

ROBOTI

H a REd 0. 2 | P67 |I P67 |35kg|2@a 3(
DH ROB

| CS 0.03 |I P54 |I P54 |35kg|18®5

AG9 5

ROBOTI i

5B 5 0. 4 | P40 |I P40 |5kg |2@3F¢

(a)
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(b)

Figure 4-4. (a) 3D illustration of the alloc gripper finger (b) the robotiq Hand E gripper
equipped with 3Bprinted fingers
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4.2.2.2 PnP performance assessent

The main objective in this context is to a
geometric variations. Of particular i mport
curacies and strain errors,tiumg etrise ope mfgo rt

t he -apnipd kace (PnP) process for VWSG sensor s.
To be more specific, the performance asses:

- Evaluation of Geometric Deviations: This involves analysing translation and rota-
tion errors 6r both manual and robotic VWSG deployment.

- Evaluation of Strain Sensor Errors: This step focuses on assessing strain sensor er-
rors resulting from geometric deviations for both manual and robotic VWSG de-

ployment.

To achieve this geabrgftectomnéliguriet tihe net
pi-akpll ace operations and to adapt the sens

and positioning.

4.2.3 Sensor packaging

The box Fsihgodiseer mes a dudaels rsoupep:oritt fporro vtihe
t wo hooks and also could house the necessa

tively converting the whole setup into a w

The design of this box untenwebhbhemmbstipbkaeli
and di mensions. Additionally, Neodymi um ma

to i mprove adhesion to the formwork surfac

To ensure an accurate gr i psp,i ncge rotfaitnh ea dojouxs tc

box have been Fmagdid eas shown i n

4.3 Pick-and-place implementation

The primary scenario of interest is a robo;
using a roboti cceanraw.i oHoaweovneer ,mayhimnots pr ovi c
finitively establish its superiority over |

be investigated:
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- Robotic PnP with a Magnetic Box
- Robotic PnP with a NeiMagnetic Box
- Manual PnP with a MagnetBox

- Manual PnP with a NeiMagnetic Box.

For each of these scenarios, 100 data poin
for a statistically significant analysis.

To coll ect the necessary data, a NieldombyD32
two tripods will be employed iMi gpddide t i on t

VWSG Model 4202

Neodymium Magnets
on box cover

Box containing
electronics

Figure4-5. VWSG box

Figure4-6. Modified box to improve the gripping

66



Placing point

Figure4-7. Set up for PnP
4.3.1 Steps to evaluate PnP performance of the magnetic box

4.3.1.1 Geometric errors evaluations

For each scenario, the following steps are
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1. After postioning the box at its designated spot, whether manually or with the as-
sistance of robots, a phosbowing both théox and the targetvastaken These
photos provide essenti al ged meshownino dat a
Figure4-8. The boxwasgently lowereavith the robot up to 25hm above the target
and dropped

2. The captured imagegere latecconverted to grayscale with pixel intensities ranging
from O (white) to 255 (black). The Otsu thresholding metwadthen appkd to
create a binary image of the b&@mnce he contour of the binary shape found, and
the bounding box aligned with the contour's extremitlescentreof the bounding
boxwas therdetermined at the intersection of the horizontal and vertical axes. Th
coordinates athecentrewerethen subtracted from the coordinates of the template's
centre resulting i n @X anwhscarYlated lismetrigp-n gl e
nometry.

3. The geometr dc aqXyviandowmy, qppobtained in tlI
orded in tables for further analysis.

4.3.1.2 Strain errors

4313 Geometryds i mpact on strain error

A fundament al connection exists between ge:
di scussi on. The effect of tranlslhda i oommatli reg
upon the segment's geometry and its ulti ms
segment' s size, these effects will be rel at
role in comparison to erromsamnqulipdraceeneinat
directly influence the resulting strain, a

For a unitaryFsgé4%®Benheashamgwniinfdheadnagul
to a chahge iof the ava a¢dlepxprhes sad aiim Eeda

expressed in percent?dge i s shown in Equat:i
- Ep Al cC— (4-1)
y. .
— b ZpTMT (4-2)
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Wireless node -
Printed target

Figure4-8. On the left. A photo of the box after the pose. On the right, a representative drawing
with geometric deviations

= S

(a)
Figure4-9. VWSG Strain transformatiofa) ideal state (b) rotated state

4.3.2 Results

4.3.2.1 Geometrics errors

Tabd3presents the results of the gerpomket PnP.
Simi Fagley@@hows the distributions of geomet
botically deployed sensor nodes, with and
the results, the €omhdwing observations we

- Manual vs. Robotic Deploymer#& clear distinction is observed between manual
and robotic deployment methods. When sensors are manually placed without the

use of magnets, transl ati on e#)exbbits ( &X
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relatively larger variations. In contrast, robotic deployment yields more consistent
and precise results for all three geometric parameters.

- Magnetic Attachment's Impacthe inclusion of magnets significantly influences
the results. In the manual deployment scenaso)g magnets leads to a reduction
in translation errors ( #@Xresatmgin adighter and r
and more accurate sensor placement.

- Directional DiscrepanciesWhen looking at the robotic deployment with magnets,
there'sapeculiaengat i ve value for &Y, which indi
direction. This might be due to the interaction between the robotic system and mag-

netic elements.

Table4-3. Geometric and strain errors of raiedPnP vs Manual PnP.

Met hod Transl al|Trans!| alRotati o|Strain

ror ror rogg [ deg [ %]

() [mm(%¥) [ mm
Manual 0.68 N |[0.44 N [1.44 N |(12.72R 2
magnet)
Manual 0.94 N |[0.29 N [1.0841N |[0.62N 0
magnet)
Robotic [4.50 N |0.2.86 |-0.302 No.23N ©
magnet)
Robotic [2.39 N |[-0.027 No0.098 N/0o.14N 0
magnet)
The influence of the magnetic box on the i
important to recognize the study's | imitatd.i
met hods. I n this case, the manual pl acemen
introduce bias in favour of demonrngdgtrnat inmd e
worthy that the distributions for manual p
sity functions, suggesting that they may n

4.3.2.2 Relative strain loss

The examination of theoTahlBe adc rsasrsaitnh d ofsosu
i os pr elieqdtreldlevienal s a consi stent trend: ro
the potential to reduce errors andanbal var

and -nmaognnetic placement .
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't is worth noti ngondaaddirnth eosnea |r ef sauwclttosr sd, 0 snu

of vi brations when sensors are embedded wi

anticipate thastpeaiaalt-thacgard eotrd rcn olnosx, e s coul d
nounced. However, these findings collectiyv
tribute to the reliability and consistency
4.4 Summary

This chapter begamwby fprcowmitckimppramyovermhwit i
infrastructur e, addressing both operationa
mai ntenance activities, the discussion rev

construction pRasaendnAubdmaeddSTECt es.

The subsequent section explored existing r
industry, emphasizing their common wuse in
mar ki ng positions. Thigs tpev eedd atpheatwaoyn fodr t

l uti ons for sensor deployment.

Furthermore, the chapterrdbbtvdeedpall chywion g h\eWS G
on smart tunnel segments. The choice of t he
UR10i epped wit hgaert geogiup ppepre ds edtibpt rhi mat esce tf iorfg e
al so outlined the steps for assessing PnP

ing geometric and strain errors in both ma

The fimdtitmigss cdchapter underlined the higher
pl acement compared to manual approaches. 1t
were conducted on flat surfaces, obhesmapbt ¢
segment formwork of smart segment, charact
upcoming chapter the | aboratscrayewemlaraf tfuat
ments following the robotic depledy menntde@ft h'

di scass weé |l | as the evaluation of the fabri
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Average Strain Error (%)

Average Strain Error with Standard Deviation

PnP Types
Robot with magnets (RWM)
Robot without magnets (RWO)
31 Manual with magnets (MWM)
Manual without magnets (MWO)

2 |
1_
0 ‘|’
-1- . ‘ ‘
RWM RWO MWM MWO
Type of PnP

Figure4-11. Average Strain Error with Standard Deviation
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Chapter 5Automated Manufacturing of
Smart tunnel Segment

I n conj urChtaipdre t midtsh secti on forms the hea
practical aspects of the work carried out
assessment of tenndbtamhyt 6kRgmdapl oyment
means. This chapter represents the cul min

5.1 Background

Chapter 1, the research mentioned the
e foctulsexifs.t hilsis tunnel, spanning over

pections and maintenance. Construction

tunnel

n
h
0

l ective effortofithmeritndaerchomrod toagys tf atrereenhanc e
n
c
h

rt

a

L

ming the longest in the UKS Irtepwidsdemtesqua

S
cess to preliminary design data has been
e

s shape, the numberThd seymead s

this information are the tunnel's designer,
who are also generous contributors to the
Bonna, a tunnel segment maniuf accampreaherhdivreg
tical aspects of segment production and se
Utilizing robots for the permanent depl oym
mon. However, there is an examplebobh)ttwasl.i
equi pped wionhi agspodaypylé & o -saleenmpstiongg smedtfak a ol

opol ymers for sufface crack detection

A standard procedure for manually embeddin

hem to the rriengyftorec epmeenpardaut i on phase, |

t
(refFeirgbtioe Thi s ensures that the sensor wil

jected to intense vibrations #dowewgrt hmosd

U ¢

el

tunnel segments,t hseuchulsCse thbse wnvsiedfat cemer

and so this method is not feasi bl e
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Figure5-1. Manual deployment of an embedded sensor foeegst grandstand eleméfit

This chapter begins with an introduction t
work. The subsequent focus is on the pract
materials and thehat prapereéeéesestattiooh owi nigh
fabricating the smart segment and preparin
the concluding part is dedicated to the pre

segments andoft hteh edirsecsuusistisonobt ai ned.
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5.2 Design and fabrication of labscale segment

5.2.1 Discussion on the scale

The segment's design is based on the desig
COWI .Filgir2,e a typicalLT€ecbadntofhAhnéheconsi st
segments, which areOdevpdiedci pal, wdh rt'&laepget- o
zoi dal ,seagnemt st and@ar dfas.elgnPeontt.sdief i ni ti ons

segmeand rol e).

The | ab experi momt dowemed cobmddatrdd segment s
di mensions of 5210x2000x500mm (Length x Wi

LOWER THAMES CROSSING
Road Tunnel

Standard segment geometry

“T

5400

AR
LSRR
000z

5300

S

Types of segments

:| Key (1)
I Tropezoidal (2)
&‘\ﬁ Standard  (7)

Figure5-2. Lower Thames Crossing tunnel ring geometry

Scales for reducing the size of concrete e
with Héing the most cbPmdfiihe evimplled yedcsepl
for selecting a scale is to aim for the ¢
practical considerations often mabkee stthriusc ki ¢
bet ween the cost of manufacturing and test

si-zel ated i mpacts on the mechanical propert
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TabSllef f er s a s eolpecdtoinosn adfn srceacloemmended rang

of the standard LTC segment. While the wei
adhering to | ab handling requirements, the
bal ance. 3Fhosl dabamctor a scale that both

properties and mi trigglaadteesd tenfef eicnipsa.c tAcohfi esvii z

cruci al i n ensuring that the experiment pr

Table5-1. List of segment model scale

Scal|lExtra/CentreHori z{WidthThi chWei gt

Ar c l engt ht al [f{[ mm] |[ness |[ kg]

l engt|[ mm] [ mm] [ mm]

[ mm]
1:1/5400 (5210 5300 |2000 (550 13, 4¢
1:2 (2700 (2605 2650 [|1000 (275 1, 68:
1:3(1800 (1737 1767 |667 183 499
1:4(11350 (1303 1325 (500 138 210
1:5(1080 (1042 1060 (400 110 108
The selection of | aboratory model scal es hi
' imitations, al/l of whiedh frmust hlkee chosewmr rse

1 Weight Limit The segment's weight should not surpass 1,000 kg to align with the
lab's pallet truck and overhead crane capabilities. For ease of manual handling dur-
ing placement in testing equipment, keeping the segment weilgiwt 660 kg is
recommended, ensuring safe and efficient handling during testing.

1 Sensor HeightThe standalone sensor box, with a maximum height of 80 mm, must
not be smaller than the segment's thickness, maintaining a minimum 20 mm cover
between the sensand the nearest segment face.

1 Geometric and Mechanical Similaritfhe selected scale should provide accepta-
ble geometric and mechanical resemblance to the prototype.

1 Minimum LengthThe segment model must be at least 1000 mm in length to fit the
testingequipment used for flexion tests.

1 Aggregate and Fibre Scal&he chosen scale factor should result in sisialk ag-

gregates and fibres readily available in the market.

With the criteria established, t he foecus n:

nents invBR€edipbeithen bifs thenesreagimeynwtr econm
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downsize concrete model component’s Téese t

el ements include:

1 Aggregate Size and Gradatidhat directly impact mix workabity and can be
downscaled using the same factor as the model.

1 Steel fibore Length Commonly available steefibres include lengths of
25/30/35/45/50/60 mrh'%. These cannot be directly scaled, but they must be longer
than the aggregate diameter and mesttndition that the double of the aggregate

size should be greater than etheéd and smaller than twthirds of the fibre length
173

Tab32provi des-doiwe saggredate sizes uUusibng t he

51, along with a recommended range of fibre

Table5-2. Scale down aggregate max size and fibres length

Scal e Max. aggregal/Compatible fib

1/ 1 20.00 56 0m

1/ 3 6. 67 35 0mm

1/ 4 5.00 28 0mm

1/ 5 4. 00 2@25mm
After evaluation of the equipment avail abl
them combined with the various |l ength of tfF

of 1/ 5i wad ftetathe | ength and the thicknes:
t he WiidgttBsehows t-hiezadwsrmart segment that wi

this thesis.

5.2.2 Characterisation of concrete

I n this eséestitbe mpmieseomposition and the me

used t o tsaharliec asteeg meankt .

5.2.2.1 SFRC mix composition

5.2.2.1.1 Components
Cement

A CEMI tet#&wmaB® consishenhéycosedete mix
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Figure5-3. Geometry of smalkcale segment (dimensions in mm)

Aggregates
The coarse aggmne gsaitzee .use was a 6
St eel fibres

Three types dfab%33kebadlavei beesn, ciomsi dered i n
were add iumsietdi &l concrete mixes, Kramperhar

are more in accordance Wwi2hlcriteria enoun
Admi xtures

DVA XR '3A0ioger f or mance superplasticiser was
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Table5-3. Steel fibres properties

Manufactu|Lengt hlEq. di |[Aspect|Tens S
( mm) (. mm) (L/ D)

Adfil''SF |60mm 0. 75mm [80 1225 MP

Bek déf t 35mm 0.55mm |65 1345 MP

KrampetMa|25 mm 0. 40mm |63 1200 MP

5.2.2.1.2 Mix composition

The SFRC composition was for nmdhmld.®2 dwibtyhitnak
the specified range of expected values for
cl ass, recommended mé xmed imeind s hfawre thlreen p
i ma b5t4e

Whil e the r elabii i mpymiex,hiibnt sl ight wvari at
previousl!l y tmeretmao med , sfuabraibd &t if og assekaliens t |
component s| asbcuaclhe atsuntnheel segment targeted f

Table5-4. Range of proportions for SFRC componéfits

Size aggr|/Up to 10nUp to 7.5

Cement 27-950 Kkg/|2217408
w/ c 0.B8B545 0.8B55
Sand/ Aggr 4% 0% 4155%
Fibre con|380 250

Table5-5. Steel reinforced concrete mix design

Component s Reference|Fi bre con
Cemd (CEM 11350 kg 350 kg
Water 158 | 158 |
Coarse aggre|{1200 kg 1200 kg
Sand 600 kg 600 kg

Fi bres - 40 kg
Superpl astic 1. 41

5.2.2.2 SFRC characterisation

Fresh concrete

The Vebe testl®? avasdesnpr iolyed itree ewa lkwudti d ittly
Vebe value measured before and after the ac
18 secondspPDespspectheebuperplasticizer cau:
the concrete retainadtetisssitcfowmesksgepdr ¢ g @t

concrete®®el ement s
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Hardened concrete

The SFRC compression obtained bmmtekbdsng a
and the flexion obtammele!#fmsatrien g6 aluBda5 0iOnx 1 0

Table5-6. SFRC mechanical properties. Wherdd are respectively the elastic limit and the
residual strength with crack opening at 0.5, 1.5, 2.5, and 3.5 mm as defified in

Compr e g FIl exi on

fL fr1 fr2 fr3
fc[ N/ mm [ N/ mn [ N/ mn [ N/ mn[ N/ mn

Strerr 40. 3Ng4.39N3.98N4.63N5. 24N

5.3 Smart segment characterisation and performance assess-
ment

5.3.1 Mechanicaltestson segments

Mechani calcotnalaitcd ewlesrcaa | eedegeng nt s t o asses:

durability of sensors under controlled | ab:
uate the sensor s’ performance in tracking
withssbhmptaion that, should the monitored s
The determination of appropriate | oad | evel
structur al engineering team from COWHg-who

sign of the LTC road tunnel

5.3.1.1 Tests layouts

To character i zse ail nes tsrt tamedmatredd sleagbme np ¢i, nta c o

bending test were conducted. Further detai
ment. Previtd®s Bhasttiremented tunnel segment
into the placement of embedded sensors, an
such as di splacement sensors, was <cruci al

5.3.1.1.1 Threepoint bending test

The +Pplorbeeeng itnest ,Fisghidwenwdsn conducted to eval
of VWSGs wtsorbheesuUtahg from temporary | oadi
cluding those associated with dnegmo uasdiwnegl,l

the sustained | oading from soil pressur e.
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objective of this assessment was not to ex:
Rat her, the study ai med tcalhyesepyayedt V&V
normal | oading conditions, well within the
this goal, the | oading was systematically
a predetermined friatct(imax iorfum hl e aal absetfiocr el

cracks) |l oad was attained.

L L

Figure5-4. Threepoint-bending test experimental layout

5.3.1.1.2 Compression

The compressi éngbteen -4 adloavnt u mnel segment

the sensors' response to compression force:c
the installation of the segment. Similarly
fraction of the elastic | imit.

L

Figure5-5. Compression test experimental layout

5.3.1.2 Preliminary tests on the labscale segments

The purpose of this section is t-scaresseay-
ments, repbobronsheadkesduvang these tests, al

sequent stages.
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I n the initial pmade umentleds segment snwer e
t hfpeoa nt bending test and compresgciadtre tBegt.

ments served sever al pur poses:

1. Assessing Handling Conditions A primary focus was to evaluate the practical
aspects of segment handling within the laboratory environment. This assessment
placed particular emphasis on instances where manual handling meguired,
notably during the fitting of segments into the flexural testing machine and the uni-
versal compression machine.

2. Comparing Maximum Loads and Crack Patterns Additionally, the study
sought to draw comparisons between plain segments and segmeppeeéquth
a dummy box in terms of the maximum loads they could withstand and the patterns

of cracking observed.

To facilitate these investigations-scal €orm
segments, Fagh& ke dGwimsiemquent |l y, two pairs of
with each pair comprising one plain segmen
box. The first pair undepwent keatduagi best
second paitredwa® <whnmpeessi on testing. These
on Daretec flexion testing rig and a hydraul
| ogi cal measurement readingsgbdBeth testing

5.3.1.2.1 Segments handling

I n the | aboratékegydahbaedseogomenhse ARdved to I
track equipped with an el evator was wused t

during this process:

1. The support rollers on the flexiorsteng rig had to be replaced to be replaced with
longer onessurpassinghe usual length of the supports (25cm).
2. The universal compression machine's stroke range {825 cm) allowed mini-

mal clearance for inserting the lbea

Thetsweohal | ehgagdhtleidgla her lhaeredleafacgpo g etnd i al e g

ment adjustmenss for future testing
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Figure 5-6.0n the left the segment formwork is shown. The right shows the segment being
casted.

Figure5-7. Left: segment on the Dartec rig. Right: segment in hydraulic testing rig.

5.3.1.2.2 Maximum loads and crack pattern

The resul tpsoionft tbheen dtihnrgeet est on the two pre

compar amuem wmakues, alkph,r ofxo rmalhcetlly tll¥e segmer
the plain segment. Notabl y, Fti gé&8 @iislplluasctermae
close alignment in their peakt varalelser Hdbiwsey
ments for plain segment while the segment

menWki | e t hsofditrheec tciroanc ki ngas ni It lire sytbrllyaet esa g n
are similar,thtahe si noidtr it dnteinarr acgi ng ThBeséig

findings suggest that the introduction of
tur al response but may have influenced the
maftave guaranteed further investidgatsit@amdf o
of stthreuct ur al behaviour of SFRC segment , i
goal her e: determine whether the insaéftyion
the maxi mum value of the | oad on segment.

84



Similarly, the compression test correspond
the plain segment showed that the maxi mum

20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00

0.00
0.00 0.50 1.00 150 2.00 2.50 3.00

Displ. [mm)]

Load [kN]

Segment with box plain segment

Figure5-8. Displacement versus Load of segments with and without dummy box

-4

B

%l &

Figure5-9. Cracking patterns of instrumented (above) and plain beam (below)
5.3.1.3 Conclusionrs of the preliminary test results

The retshué tcsompr eeosindn bemdlihg tesaor itidne-i cat

tiation rods wlrtaicrkg nfgr om t he insertion of t he
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segment with the box demonstrated remar kab

mi nalm i nfluence on overall structural respec

While the handling of the 125 kg segment

became evident that manual handling was nol
ful fitting i ntnce,t he eumiedaircseadl smach ng i n t
ousness and a slightly increased risk in m
I n response to the initial testing chall enc

able equipment witholhihgpedrenBedbeindg ngamages c
tests. However, this Itaklnsons tomsahionritseaordastaaplapl
and | oad r elolierts bfeard i thnlgectr&esnd ra gr e diuwoowe da t mas

space avail ablne march@Bhaem)d.o mpr essi o

Consequently, the segmentFisgorigd ttlto vad 9 gha lwi ¢
new equi pment specifications and enhance t

testing procedures.

¥ :‘/ y :
"/ 1)

Figure5-10 Segment formwork with a new patrtition divides the formwork into two regions for
pouring the same SFRC. This configuration enables simultaneous casting of an in-
strumented segment and a plain segment, tter laded in the failure test.

5.3.2 Instrumented segments on straight beams

Prior to embarking on tests involving inst
tive to establish a foundation using strai
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prel i mismeareyx cdhuas i2u éhlrpedi mtc | luedredsi ng t ests, as
ough understanding and resolution of potent
Additionally, this initial testing pbase | :

evaluation of the smart segment, which wi/l

5.3.2.1 Experimental Setup

This section pre@oemtts btemaeli ngs uletsgs sofon3 a p:

concretdenkreamstrumented and one pl ain.
The expeyoment &#hgtrhalei inncl udes the foll owi ng

1 The instrumented beam, featuring two VWSGs. The first VWSG attached to the
ad-hoc packaging presentdd.3is embedded within the beamhile the second
sensor is surfaemounted at the bottom of the beam.

1 An ad hoc data acquisition system, as descrith&d3, is utilized to interrogate the
sensors during the bending test and transmit data to an independpoterom

1 A universal test machine is employed to execute a customized flexion test. Addi-
tionally, two Linear Variable Differential Transformers (LVDTSs) are positioned at

the midspan to measure the displacement.

The testing pr oc e duoragdifcnotmme npcleadi nwilt eha m huen t i

failure | oad recorded at 7.00 KkN. Subseque
upper | imit for cyclic tests conducted on
The test on the instrumehitedtbeamofnaotuerd:
at the midspan, i-2i%kM,|] | fyolr3aobgkeNhgbTyhri@m5s0e.q5u

repeated ten ti mes.

o VWSG

@ LvDT
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Figure5-11. Experimental setup ofBoint bending test on 10080x500mm beam.
5.3.2.2 Results and commentary

5.3.2.2.1 Drift in the results

A drift was observed in both the displ aceme
VWSG and trheustued acreeF iagb-Xszh owvhni |ienatnh e ed rai f 1
matter of concern generally, it is worth n
cause of the | ow range of | oadings kuN.ed i n
Secondly, given that the oydluica etdestn drhei res
of the SFRC beam, a drift correction and z

col umn gt 2r e guarant eed.

5.3.2.2.2 Material properties

This test further famodultas edf tblkasetsitc imay i
ratio of the SFRC beam via an iterative fi
FEM of the beam, const r rhicgbelrde irre pAh acogause da ntdh
and sedtiup ocnogmodfntt hheending test performed ol
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Figure5-12. Timeseries for measured Load, Displacement, and the Strains. The left column
shows the raw measurements and the rightreolpresent the same measurements
readjusted to eliminate the drift

Through an iterative adjustthenhbheoPot bseombsd
ci dmd)n t he model, a xyalwezs dafetEx3m0 nE@Ra dardes ¢
found to provide the closest match between
signifying a successful dceal itbor atthieo ne xopfe rtihnee
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Figure5-13. FE model for the prismatic SFRC beam.

5.3.2.2.3 Strain transfer

Further insights were obtained by comparin
the finitemoedelmenfthi(sFEQompari son typically
transfer, which is the ratio of the theore
me nt position. For mbeneenthe¥dbdatainmg sWirif e

(VWSG) seqitsmaisn tha&nsfer values were found

Strain transfer values are typically betwe
bet ween measured and calcul ated values. [ n
ichi cate a superior pmrufndrerda WoMS Gfso rc otmpe r udr f
ded VWSGs. However, these values, although
This could be attributed to the measur emen
Ve, it's noteworthy that thmostntrad nVWaGs em
not accurately capture the strain at the I
above it

5.3.2.3 Summary

This section adpmiwads bteo dii mmt o et n®aerd asni mp | ¢
beam in orderghbosgonapply to Theéecattelstsi
this stage were as foll ow:
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- The measured values of the strains and the deflection had to be readjusted to elim-
inate thetesting machinenduceddrift.

- The module of elasticitgnd the coefficient of Rson obtained througterative FE
modellingwere respectivel0 GPaand 0.2.

5.4 Smart segment performance evaluation

This section outlines the st epsscatlaek esnmatrot es
ment. It also discusses the methodol ogy anc
involved in the assessment.

5.4.1 Steps

The evaluation of the smart segment involywv

Steppimul taneous!| yo cwmesstt rt umoe rsteggdnewittsh VWS Gs
depl oyment , and, tseo wakti hgebrl €1 dfhte plesimed | o«
pl acing the sensor box was marked on the f

tioningeasmass Begments.

Target to place box
drawn on formwork

Figure5-14. Robotic deployment of the VWSGs on smart tunnel segment formwork.

Ste®nZze both segments haasateewspe d olodncdh it rhaatr prl iati
segment é&red orbgacaarndkedt val ue.
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StepPe3form a cyclical test on the instrumet

to 50% of the average failure | oads from t
of |l oads, displacementwsrnt lmenrd asrialay ani sver e r
Stepedel op a theoretical mo del (both numer
test conducted on the instrumented segment

St epgvall uate the strain transfer for each

model s.

Stepf\s$ess t he r espteraatianbitlriatnys foefr tahcer oss al |

5.4.2 Sensors

Two VWSGs were embedded i nFeag&abhsimhetdseigme

to incorporate two VWSGs iinng ha&s sanar a x isa&lg ms
the other as a | ateral sensor, is underpini
under |l oading in two principal directions.

Lateral VWSG

Axial VWSG

Figure5-15. VWSGs deployed on the smart segtfenmwork
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5.4.3 Number of segments

I n the evaluation process of the 6matedsedgd
Thnember remains sufficiently representati:

segment satadofef esrainmeg tiinnsel gvhatlsu abnlteo t heir perf ¢

5.4.4 Tests

Prior to testing the instrumented-psodgment s
bending test on pl ai n asveegrnaegnet sf aw el ruer ec ol nodaudc
me nwadk0.kIND. Subsequamtrity,s efgomre ntthse, ap csierrti e s
bending testFs gbhtt® weceuueder -8 kkBN ,r Gvh geh.i n ¢
| ower value in the range corresponding to

upper | imit represents 50% of the average

Figure5-16. Smart segment in the flexural rig during the cyclic test

5.4.5 Models (numerical and analytical)

The anal ypoisntofbdrmei Mgt hhess maresuseégment i n\
them to two theoretical model s i mpl emented
properties as those of the actual beams.
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5.4.5.1 Model 1: Straight Beam Approximation

Il n t he analoysnits boefn ds megn I tehset  srmeasrutl tsegment |,
model empheiyetded at approxi mating the seqgme
as il | ursitgrbatt&Eli $ nsi mwa s f p odausei bthoe t hlea rsgeeg me r
Radi/uTrhi ckness f&%tio, exceeding 5

Applying the el astic equations for a strai
the | oad u(Hil)ng &£md aE2) wantl ino it h elsaen ke geupa teisoemst ,
axi al and | @t ereslpesttn aied yi. n TBe parameters
for the distance of the sensor | ocation to
el asticijtyPifnorN/tmme It bdad momeNt amndi heftori a i

Figure5-17. lllustration of straight beam approximation of a curved beam

, U

R O 1 %CS (51)
, U

R O HT %(3 (5_2)

5.4.5.2 Model 2: Finite Element Model (FEM) Simulation

Compl ementing the straight beam approxi mat
a FEM using Ab&qg%®Yr&iTHiusitdt @ad edi mwml ati on r e
conditions, incorporating |l oads identical

Measured strains from the experimental set

strains predicted by the FEM.

5.4.6 Performance evaluation.

The performance evaluation of smart segmen
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1. Estimating the strain transfer of robotically deployed VWSGs using as theoretical
models the straight beam approximation and the finite element model.
For each segment, the #ea plot depicting peaks of measured strains versus cal-
culated strains is generated. The ratio between these two values, defines the strain

transfer

Figure5-18. Curved beam FE model

2. Assessing the repeatabyliof the strain transfers across the 10 segments.
For the assessment of repeatability in peak values of strain measurements, the cho-
sen statistical metrics were the estimation of the coefficient of variation and the
Intraclass Correlation Coefficient (IG@f the strain transfer of robotically de-
ployed VWSGs across the 10 smart segments tested. Utilized in reliability studies,
ICC offers a robust means to evaluate the consistency and agreement among re-
peated measurements. This statistical method quarttigesxtent to which peak
strain values exhibit consistency across multiptts providing an objective indi-
cator of the repeatability of strain measurements.
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5.5 Results and discussion

5.5.1 Results

This phase of the study f ocuses nomMeaxsamienmmie
smart segments subjected to diverse |l oadin
portance in evaluating the reli-abaletyuahe
smart segmentts gbht®lrestmat ed riamnn ti me serie
smart segment . Notabl vy, the —cepeéet iptolimnd f at

bending tests is distinctly reflected in t

-10 1 v .

=15 T

Strain [pe]

R

=30 A —— axial sensor (VWSG1)
— |ateral sensor (VWSG2)

—35

T T T T T T T
0 200 400 600 200 1000 1200 1400 1600
Time [s5]

Figure5-19. Time series showing measured strains during the cyclic-fiwie¢ bending test

I n addition to strains, |l oad data for each
corresponding axial anoddelatoetrcad h es tlraaly mesn tu ss
i FRi gh2@®@nd the straight beam apprboxi.mati on

Thecat toefr ptlhoet measured strain veFisg®%2Xx al cul
for a sensor in a typical segment using or
mode and the straight beam approxi mati on,
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1.0 would indicamee nameaxadactedmatnadh pbetdi ct eoc
closer to 1 the better. Peak SAppaanesd or t h
a nAd.5.

Wy,
T
Ny

Rty
\n.“lll .

NI

Figure5-20. Curved beam FE model

Measured Strain [ue] o
-30 -25 -20 -15 -10 -5 0
-5
[ ]
:Aa_meas = 5|.IE§ 10 E
L S— =
H 'E
b
-15 |=
............... 5t
E
=
Ag_calc = 5.40pe -
20 |¢
° Strain transfer = -25
Ag_meas [Ag_calc = 0.93
20

Figure5-21. Example of peak strains scatter plot illustrating the definition of the strain transfer
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Tabst7eut |l i nes the straiaximanahdrl|l aakuas Vv

smart segments. The data is organized based
for estimation, providing a clear overview
| ater al or i erttatsieagmse nitms .t he sm

Table5-7. Lab-scale smart segment strain transfer

FE model Straight beam
Axi al Later Axi al Later
0.930N( 0.567N( 0.853N( 0.869N

5.5.2 Discussion

5.5.2.1 Drift correction.
SiimM agstrteoi ghnh beéampr els.nB,naeymeastisednstr ai
tated a correction of the drift coming fro
5.5.2.2 Strain transfer.

5.5.2.2.1 Theoretical model

I n one hand the atiailn VIMSEGss faegre aofel tah i vel y
model , On ®t3&OMWNI0y 012 for the FE model and 0. &

proxi mati on.

On the other hand, the strain transfer of
cal culoadteil o nOnm5t6a7bfi@y.r0 T the FE. SnddRD.rahdie str a
beam approxi mation. The potential reasons f

model se can

- Complexity of Curvature: despite having a R/h (where R is the radius okt
ment and h the width) ratio of 14.58 which is superior to 5, the straight beam ap-
proximation that assumes a simplified linear variation of strain across the cross
section may not accurately capture the-finear effects introduced by the curva-
ture.

- Influence of Poisson's Ratiothe Poisson effect can impact lateral strains. In a
curved beam, the lateral contraction may be affected by the interplay of axial and

transverse strains, contributing to variations from the straight beam approximation.
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Conttrartyhe | inear Mppmetilmaticomal tlgeomELt ry
properties at each point alonbi hbar beaafmec
curvatlmeéed phenomena that are notamaapount

proxi mati on.

5.5.2.2.2 Repeatability of measurement

Coefficient of variati on

The coefficient of variation unveils consi
for the axial VWSG and 1.9% for the transve
in both VWSGs indicate a consistent and re
measured strains. This suggests that the ¢

provide an accurate estimate of the actual

| CC

The average | CC values across the 10 smart
VWSG 2. This confirms the previous observa
as a repeatability metric.

5.5.2.3 Robotic process

While the robosbcsphmagementrodficeestrain er
as demon4&t 3,a2tel®le ivwari ability in strain trar
attributed to the position variatTihorms diirmsctr

ancy indirectly captured by the strain tra
close to an ideal model , i'S more pronounce.
sensor. I't i s possiblarthaegdentingheheoscatst

VWSG have shifted. Adaiyti onagli ngook idecthk udii

shed more lights on this.
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5.6 Summary

This chapter focused on the &easilgen,snmaabkr itc

segments based on early design stage of th

The | ab experiments on the segment design
selection of scales for reducing the size

i nvoilw & eRE composition of the segment i s al

The chapter then moves on to the character
scale segment s, i ncluding the mix composit
The fresh amdr entag depmepmerctoi es are described

mechanical strength of the SFRC.

Next, the chapter discusses the performanc
the steps involved in the eveantuead iaomd plnail
ments, failure testing of plain segments,
theoretical model s used for strain calcul a
Strain transfer values for the instrument e
bem approxi mation and the FEM. The resul ts
measurements, indicating consistent strain
However, some discrepancy existedlbstwaéem
measurements, possibly attributed to the cc¢
son's ratio.

These findings on a | ab diddhael efdredtenveinessn

robotic technology for ndaeamdoraddamlceymertts, i

and reliability in the manufacturi mweraef s m:
satisfactory, future work wi-s$taliavemaet i me
wi || assess t heboteipce appradbcidsist yi no fs ttrhaei mr ot r an
of segments, further advancing our wunderst
The following chapter presents an economic

the case for their ossuiitteabwilrietdy ainnd cwoinipealreisss
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Chapter 6 Economic justification for smart
segments

This chapter presents economic justificati
bedded amousuefilasensors, as these could of
pared to traditional methto@s m Bimnelotmolmegoef il
of smart segmeniLsataemebefoierfsitt( paBapecyostigésdct e d

to weigh the financial feasi biidadlt ydmadki-simanm
i ng wasmlt roduced, serving as a cvoarpuaarhbalte vad
evaluating various instrumentation options

6.1 Justification of the study

To justi-fgat beptadgeti on of smarttsegelesnt s
it Iis essentiiaadv antdegnaEanssatvreutneenndtieed t unnel s
approaches such as tradi-stiitoenawi rwedreesds upadTilhyi
achieved t hvracueh dsa OB Ast gk emladnled gaiss et s owne
design team, and tdHdessegmeat pamanWbactbeut ben
assets ownert enrenresd samd eencoonngpass the whol e
manufacturer and the sttreuicmpulriac atdieosni ginn ttehae
asset and their role consists at supportin

of the project.

Il n this section, the presentation explores
needs by addrigssinemg st hdAidrditeaoual | vy, it del

smart segmaemtsd ravrerastiretade ainnds tornu ment ati on sol

6.1.1St akehol ders needsd 1 denti ficati or

The smart segment proposed in our situgly i s
|l i ke the Hfng6kbtdme cantext of this economi
smart segment is robotical syttt achaeadvintpeeta d \
l ess node to monitorndosthr ainmse.r n@tl h dirennmgpeer sac
the precast f.acBeirnyg pwisrte lceassst,i nigdeal | vy, t h

from the segment can begin during the mani
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construction, -odpier afThen, ndovd mahdon gener at

can be used by all the stakeholders involyv

———

VWIRELESS NODE connected to:
SMART SEGMENTS - 2 VWSGs and 1

- Electronic boards

Figure6-1. Tunnel ring equipped with smart segments.

Tabollprovides a concise overview of the ider

in i mplementing and operating smart segmen

- For asset owners/managerthe focus is on maintenance and repairs and opera-
tional efficiency to mininize costs and disruptions. Integrating smart segniexsts
the potential taeduce inspection visits and facilitate timely maintenance, improv-
ing asset management.

- Segment manufacturesgek to address challenges such as inefficient production
processes, uglity control, cost reduction, waste management, and environmental
concerns. Smart segments offer potential solutions by incorporating automated
manufacturing processes, réihe quality monitoring, optimized concrete mix,
and reduced waste generation.

- The structural design teamfgeeds revolve around structural design, construction
management, safety, risk management, maintenance, and repairs. Smart segments
provide realtime feedback to enhance design accuracy, improve construction man-
agement, enable active risk mitigation, and offer valuable historical data for ef-

fective maintenance and repairs.
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The adoption of smart segments primarily s
their operational efficiency,t arle dsuucsitnagi ncaobsi
tunnel infrastructure management. The stru
play vital supporting roles in achieving t
Table6-1. Smart segments Stakeholders' needs
Stakeholder Needs Description
Assets own4 - Al: Maintenance Although statutory inspections (general and p
ers/managers and Repairs cipal) are still currently required even on inst
mented tunnels, the assumption is that in the
ture the requirements cloube relaxed and th
number of inspections reduced.
- A2: Operational Minimization of closure costs for routine maini
Efficiency nance
A3: Safety and Risk Proactive monitoring for potential structural prq
Management lems
- A4: Maintenance Clear historical data for effective maintenar
and Repas and repairs
Segments many - M1: Efficient pro-| Reduction of inefficiencies, delays, and costs
facturers duction process manufacturing
- M2: Quality con-| Reattime monitoring of concrete quality dugr
trol casting
- M3: Cost Control | Reduction of manual labour and associated c(
- M4: Waste reduc{ Optimization of concrete mix and reduction
tion waste
- M5: Environmen-| Reduction of embodied CO2 through improy
tal concerns quality control
Structural design| - E1: Structural De{ Reakttime feedback for accurate and efficient {
team sign sign
- E2: Constructior] Enhanced construction management and earl
management sue detection
6.1.2 Benefits and advantages of smart segments
The foll owingshHhdratesmm améd noergnédfei ts and adv:
segments. Wheirlne btemes fliotnsg al i gn wi th establ
strength of smart t$egmebesefiés.in their s
6.1.2.1 Short-term benefits
The $leomt pnhparsiesecso t hree crucial steps that
segment s:
- Sensorsod6 deployment at the precast fact
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- Segments storage, stacking, and transportation to the worksite.

- Configuration of the sensors during the fitout period.

StageSeapboytent in the prefab manufacturi

During this phase, sensors far emvbpyl. B cOendc ewiii tnf
stalled, these sensors allow for the track

Thi s hassdweareal benefits:

- Reducing the reliance on human interventionsensor placement, as robots excel
in accurately positioning them on repetitelements

- Enhancing the quality control of concrete curitigough embedded temperature
sensorsAdditionally, this couldmprovethescheduling for formwork removal and

the entire segment production process.

St ageShart segment storage, stacking, and
This phase includes the storaVVeri sedamaningu
ti ontse odmart segment i n the manufacturing

Compared ntsa ruanment ed segments during this

foll owing advantages:

- improved supply chain information storage such as the precast segnaanifs.ca
turing data (factory, date of manufacturing, concrete mix properties, etc.) loaded in
the wireless node during the storage. This feature is like those found on -surface
mounted RFID tags used 1. Similarly, ad hoc GPS tracker can be fitted ia th
wireless node to provide a retdhe monitoring location of the segments.

- continuous tracking of mechanical properties of smart segments during the storage,

stacking, transportation, and the installation on site.

Stage S®\art sseigtnee nctosnofbing ur a

Asmart segonemntto ceaonk hseat @eémemt $ he moment it ¢
t he ftahcet-loeriy¢ of the system. However, in pra
after the tunnel is completed. td@hmrefuingur dtei a
woutl ller ef ore consi st of one or al/l of the
frequency; (ii1) configuring the wireless n
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Therefore, the main advadtit agenaf smthiebns ey

reduced configur atfitem itdhttern weamteil o otmpmet i o

6.1.2.2 Long-term benefits

The teng benefits of smart segmehfoaranthe

conti nuobuassebiMnspgpst enc talnyd Isiusctcadc bel ow.

- Significantly reduced needs for operative access;

- monitoring of intrinsic state;

- numbers of readings;

- reakttime information;

- much higher volume of information, and higher information delivery speed;

- foundation for intelligence.

Whi n8HK system provides valuable insights
di fficult to access through periodithenspe
amourstt adfut ory inspections can be oe®tduscaew- t
ings offered by an SHM system.

The CBA study presented in the foll owing se
for different monitoring solutions to potert
Vari ous wor ki ngmaadses uommp thiootnhs twheer es mart s e g me

tory inspections.

6.2 Cost-benefit analysis

A thor olugmefciotstanal ysi s has been conducted
segments, fegar dimpd ilcmantg ons oostgemser alhamsd

ysis consisted i n saoslsuetsisoinrnsg the NPV of fou

I.  Solution 1: Baseline scenarddo monitoring systems installed
ii.  Solution 2: the smart segment solution;
iii.  Solution 3: the ossite wireless solution;

iv.  Solution 4: the traditional wired SHEYstem.
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6.2.1 General considerations/assumptions

6.2.1.1 Tunnel inspection
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Table6-2. Types of inspection conducted on tunriélg®

fhroiwrewiep a |

thmemibet o¢ @l lwh ebseHM esdyussteesimh al | e d .

Type of Inspection

Team Size (inspec;

Frequency of In-

Duration of Inter-

tors) spection vention
Swoerficial  inspecq 1-2 Weekly or monthly, A few hours
tion depending on siz
and usage of the tur
nel
General inspection | 2-3! Annually 2-3 nights**
Principal inspection | 2-32 5-6 years 7-10 nights
Special inspection | Varies As needed, such g Varies depending o

after an accidet or
other significant
event that may hav,
affected the tunnel'
integrity

the nature and scoy
of the inspection

staaf &f tiao
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6.2.1.1.1 Tunnel length and type

The tunnel consider é¢dnien rtolaids tutnmmey .i s a 1

6.2.1.1.2 Instrumentation lifetime

Antipating the potenti al fyoera r c o mpf oensepnatn o besqc
1/4th of the tunnel's total |l i fespan) was

6.2.1.1.3 Number of inspections

To assess the potenti al c o shte rs aovfi nsgtsa truetsourl
tions (particularly gevwidrhalt hend ngHMMAdyagdalon
temhNePV anwdgysgener at esd mfudsra fliab@&3cE dbr ea f i X ec
number of r entsgpiercrdad oqesngr3dl, 20, or 10), sim

ci pal i nspections ranging from one to siXx.

Table6-3. Simulation on the amount of general and principal inspections

Si mul at| Principal Gener al [
1 1 to 6 30
2 1 to 6 20
3 1 to 6 10

6.2.1.1.4 Cost of inspections

The costs of sitmtluitme ywii nls ptelca’ Pgomndsv a1ti &4 m char

fokmlod ame2road tunnel ar e:

- £3,000 for each general inspection

- £35,500for each principal inspection

6.2.1.2 Tunnel monitoring system

Over the Il ength of the tunnel , Fisgé#ekehseect i o

density of instrumentation along tchues stewdnnel
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Figure6-2. Typical instrumented tunnel section. In this case the instrumented section has three
instrumented rings

6.2.1.2.1 Number of instrumented sections

Based rceenvitehwe ofwos dme i msdaiinomént edr eshe)t ed i n

and common practice in at heldtln wdtuwumuanend esi
was conBheegppeaci fied number, which represer
structairlalngdetf the tunnel project, of fers
variety of geol ogi cal and hydrogeol ogi cal
depths. Each seg@titdhmewoulidgsontain 1

6.2.1.2.2 Number of instrumented rings

Il n a nbhh+l trung configuration, each ring had
tity ensured an adequate | evel of redundan:
costs within acceptable Iimits.

6.2.1.2.3 Sensors

Whi | e

stage

I VWA

prac-t

this thesis

t he

pritmaan |wi tflocamlead dend

of study, it was considered
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CB, making it more realistic. Consequently,.

ded andmoswmrtfeadc eVWS G4 rtac nmegasadroengs wi t h til tr
convergence. Depending on the chosen instr.
tem could also include data acquisition un

6.2.1.2.4 Cost of monitored sections.

The obsisstrumentati oAn7, deatcdiuldeac gi n hep phanm d

the installation costs are based on the fo

- For onsite wired and wireless instrumentation solutions, the installationa@sst
estimated at 30% of the total hardware cost. This cost covers the installation of
sensors but does not include system configuration.

- For the smart segment, the installation cost is set at zero since all sensors are as-
sumed to be installed at the manufaiciy plant. Any subsequent adjustments after

segment installation will be made during the configuration phase.

6.2.2 Cost benefit study

6.2.2.1 Net present valug(NPV)

The NPV is an effective metr i e etran asnsveessst nte
asnSaHMy st em. As 8¢tyetaed |Iddfeoroef, t he SHWwe syst
NPV presente@l),i sh&gdatfenence between the

erated by the investment dutimegtits | ifet:i
. 60
00 oz ‘ 6 (6-1)
p i
CF: annualised cashfl ow, i ncluding costs (n
N:. project I|ifeti me
rr discount rate in %/
Cshm i nvestmenttha BdMefine, the smart segm

solutions respectively.

For each i nstr uelNPiV aatniaa iy ss @l wtiuhl rastee d{ dieonra r i «
2, and 3 instrumeabteddatrmrinaggs sp emu lra ébsetadn ginna s
6.2..1.1
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6.2.2.1.1 Cashflow estimation

The cashfeldnfw tcloevnsamsntnual i sed cost of the ge
and the savihgstkhbetibrestmawdment ati on. For eac
thesulndes ar eTegphbldesent ed i n
Table6-4. Cashflow for different simulations
Scena#3( Nemher of instr
Total number of princi
6 5 4 3 2 1
3g0.1(-0.0{-0.0{0.0{0.0|{-0.0|cosT
Simul at|{20-0.0[{-0.0{-0.0[-0.0[{-0.0/-0.0[{(A100
((”Ta’“gefr‘] 1d-0.0/0.0/0.0/0.0[-0.0[-0.0
Specti03C+O.(+O.(+O.(+0.(+0.(+0.(SNING
20+0. (+0. (+0. (+0. (+0. (+0. (7%
(A100O0
1+0. (+0. (+0. (¢(+0. (+0. (+0. (
6.2.2.1.2 Discount rate discussion
A 4% discount rate was used in this study,
in the UK (LbhdoRr&nossf &rand Paris Expres
19_4
6.2.2.1.3 Cost of instrumentation
For each instrumentation solution and vari .
i ma bétse
Table6-5. Investment cost for the 4 instrumentation solutions
ScendrNiuareber of
SHM Sol utii mented ring
1 2 3
Basel i 0.00 O0.00f O0.00O
Smart s CS'(;SMT 0.19/ 0.35 0.50
Wl.rele(A100 0. 25 0. 45 0. 66
Wi red 0.38 0.73 1. 08
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6.3 Results and discussions

6.3.1 NPV

Det arird 2wl t s ©d mh ihmai IMIg Vb | eo fs ciemsatrri wmean dt i on
SHM ol stannbe founA.8i nGeApereanldi xbser vations

presé@éenitn the | ines bel ow.

6.3.1.1 Baseline

Theasedalneti on, which consist of having no
shows a constant negative r-Al67nod9DbHushbhe at e
i Fi g6:3 e

6.3.1.2 Smart segment:

The investment in the smart segmentt ogpener a

c harFti gieth) e when equi pping the instrumented s

one smart ring. Thoinse spcre macriipoa | a si-snesapeescS b Ml ny
system | ifetime and retains the recommende
Similarly, the investment achi ebvoetsF oigiusr ema X i

6-4) under didnser elnnt tchoinsdictase, the tunnel I
per monitored section, with the number of

inspections reduced to only 10 during the

6.3.1.3 Wireless

The i1 nvest-smevwiér eélnesasn soymstem results i n a mi
(stea@pFi g&t5) e when the instrumented sections o
3 instrumented rings. I n this sceamar-i loe 30
year SHM system |ifetime, and 20 gener al i
On the other hand, the investment abcohti-eves

toomFi gt ) eunder different ceqdi ppedswi Hber en

mented ring per monitored section, with th
whil e gener al i nspections are reduced to o
6.3.1.4 Wired

111



The investment in a winrepdo ssiytsitveem NPe¥s agppft sA 2i4
offFi g66)e weegni pmicrogn i tsoercewdi ¢ m 1 i nstrumented

scenario, one principal -yeasmpeETHMony dtse m olnidfi
20 generalnsi myeeatet ai ned.

Li kewi se, the i nvest ment achievebot bé mmaxi
Fi g6 eunder different conditions. I n this
mented ring perwimohnitthoer endu nsbeecrt ioofn,pri nci pal
whil e gener al inspections are reduced to o
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3 instrumented rings - 30 general inspections
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_3'm . . . .
Number of principal inspections

Smart seg —— wireless wired
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2 instrumented rings - 20 general inspections
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o
o
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<
93]
o

NPV (£100,000)
N
S

N
8 &

_2'50 . . . .
Number of principal inspections

Smart seg —— wireless wired

Baseline

1 instrumented ring - 10 general inspections

1.00

NPV (£100,000)
ot
8 3

Moo
8 &

Number of principal inspections

wireless wired

Baseline Smart seg

Figure6-3. NPV results in different scenarios showing thestant negative NPV for the base-
line solution
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1 instrumented ring - 30 general
inspections

0.50

0.00

-0.50

-1.00

-1.50

NPV (£100,000)

-2.00

-2.50 T :
Number of principal inspections

1 instrumented ring - 10 general
inspections

1.00
0.50
0.00

-0.50

NPV (£100,000)
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-1.00

-1.50

Number of principal inspections

Figure6-4. Lowest {op) and highestl{ottom) positive NPV for smart segment solution.
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3 instrumented rings - 20 general
inspections

0.50

0.00

-0.50

-1.50

NPV (£100,000)
N
S

-2.00

-2.50 L :
Number of principal inspections

1 instrumented ring - 10 general
inspections

1.00
0.50
0.00

-0.50

NPV (£100,000)
=]

-1.00

-1.50

Number of principal inspections

Figure6-5. Lowest {op) and highestl{ottorm) positive NPV for orsite wireless solution.
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1 instrumented ring - 20 general

inspections
0.50
— 0.00
2
= 0 1 2 3 4 5 6 7
o -0.50
=]
A
= -1.00
(=18
=
-1.50
_EIDD . - . -
Mumber of principal inspections
1 instrumented ring - 10 general
inspections
1.00
0.50
=)
=)
g- 0.00
o 0 1 2 3 - 5 G 7
> -0.50
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=
-1.00
-1.50

Number of principal inspections

Figure6-6. Lowest {op) and highestljottom) positive NPV for orsite wired solution.

6.3.2 Additional discussions

Whil e NPV anbyyeprespneedossowed that smar:t
compar egli tteo winr e and ewiyrienlge sesx csloul suitvieolnys ,o nr
deciding on tunnel iimsufrfuin¢indmstt comcmay piroo:
addi ti onats utthhec dismpsr aned t haf poyenti al enhanc
ity collected by the SHM systemolial yomali
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t hrougiht @envTesi address t hi-makihmd |teon@le, was dae

i nviongge t he comparison of three matrices. Th
ious configurations, i ncluding the number
inspections (general and principaly) rickmssi

and data quality.

Each matrix wi-¢tbodedpspyt amcoldiumg red to i
orange for acceptable options, and green f
each matrix are expl aimreidptbiednosw,t cal foanai Iwii tt:

of their application.

6.3.2.1 Matrix NPV

The three ranges to classify NPV values in

- RED: NPV <-£15,000] Investment unsound

- They represent situations where the investment measurable bgratistial sav-
ings in number of inspections), are clearly outweighed by the cost of implementing
the SHM system.

- ORANGE:- £15,000 <NPV<£15,000. Investment at cost

- This range represents a transition zone around which the investment in a SHM is
barely braking even. With £15,000 approximately representing 5% of the total
amount spent in inspections (general and principal) for amgtrumented tunnel.

- GREEN. NPV>£15,000 Investment financially sound

- This represents scenarios where the investment prodwdear positive longerm
return.

- The NPV matrix presented ifable6-6 shows very similar colour patterns for each
solution. For all configuration and solutions, the investment is not profitable if the
number of principal inspions is superior to 3. In the zone where the project is
either at cost or making a positive return, the smart segment solution shows a better

return pattern than the egite wireless and wired solutions.
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Table6-6. NPV codecoloured matrix for the three instrumented solutions.

W O

6

N o

Pri |

ins
a |
—

Smart segment
No ri 3 2 1
No Gen 30‘20‘10 30‘20‘10 30‘20‘10
> I
5 i ] e
PNroii ! b e
s 3 R
4 =
 Wireless
No ri 3 2 1
No Gen 30‘20‘10 30‘20‘10 30‘20‘10

O

6.3.2.2 Matrix Safety

Knowing tiyatarf oi maf3 @me,

t

Wi red
No ri 3 2 1
N o Gen30‘20‘10 30‘20‘10 30‘20‘10

s I
AR
Pri | | -
s o
2
0

he

frequenci es

- Principal inspections (PI):-6 inspections. Which means one inspection evesy 5

years for 30 years.

- General inspections (GI115-30 inspections. Which means one inspection every 1

2 years for 30 years.
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table to poor
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out come

of

i nspections

out comes

i nspections

principal
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Table6-7. Safety codecoloured matrix for the three instrumented solutions

No ri 3

2

1

6.3.2.3 Data quality matrix

The
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t he
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dat a
asing the

refore the

reliability

data -qabbutgdcmderi x i

RED:1 ring/ monitored section

ORANGE: 2 rings/monitored section

119

of

S

t he

def i

bcuoi Il odu rtehde nsaatfrei txy bcaosdeed o

of
Wi

on

n t

h

prin
th o
t he

when

20

qguabbel8y ammsuimes (timat i ncreasi

dat a

ned

or

de pstpd balye otua cmpaners,

ng

col

as

t h

Bnrshgw}) wn

consi sdrearti3pui®is n, :

~
<
(o

r ca

i nspections.

t

nNumbg@s ) of nd msdsasnenhedr edunda



GREEN: 3 rings/monitored section

Table6-8. Data quality codeoloured matrix for the three instrumented solutions

No ri 3 2 1
No Ge
Il nsp|3020/10/3020/10/30 2010
6
N |
5
1 .
0 4
pri
ins 3
2
1
6.4 Summary
This study discussed the economic justifioc
smart <SAddgmentd. s c utsesrim ga-tt ehremn csbhepnretf i t s of s m
a comparative analysis of smgrhypegmenst sNBP
statutory inspections, the tunnel <configur.
sition were made.
TheéABnal ysis consistently showsdl wpitonsaoalilve
the scenarios (1, s2pa&mnd Oresditnes i urneel netsesd arnidn
tions al so vyi bunioesdt Ipyo sfiotri vtieh eNPLV,i.nstr ument e
Finally, in addition dios ctuhsesfeldP Vootaheeark w s hs as
ri sks andt dat acfgauchttoirbegd i n t he deci si on ma
instrument.ation solution
Whil e the study gave satisfactory results,

This study does not account for the financial implications of the time required for a

principal or general manual inspection on the local economy, especially in cases

where partial or complete closure of the tunnel is necessary. While this perspective

may be acceptable from the standpoint of an asset manager, it fails to acknowledge

the hidden costthat are ultimately subsidized by society. As a result, manual in-

spections may appear less expensive than they indeed are.
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Similarly, this study is not considering the full cost of installing the monitoring
system for wired or wireless solutions. While tiieen figures primarily accounts

for labour expenses related to installation, it overlooks the substantial impact on the
construction project timeline. For example, a weelg involvement of personnel

in cablerelated tasks at the construction site neitates additional expenses to re-

tain other contractors or may introduce delays to concurrent project activities. Thus,
a more comprehensive evaluation of the true cost should consider the associated
labour costs, potential expenses for retaining contrgctnd potential project
slowdowns.

No failure rates of the sensors have been included in this analysis. The assumption
is that once installed they will be able to serve during the system tunnel lifetime.
This is equivalent to saying that the failure saté sensors will be comparable
across all cases, and this may not be the case.

While the main savings considered in the study consisted of potential reductions of
statutory inspections due to instrumentation, there are other significant financial
andsocetal benefitdhat have not been accounted for such as the ability to pro
actively plan maintenance to reduce maintenance costs and support resilience, or
the ability to use sensor data from live projects to inform design changes that reduce
embedded carlo

Whi lcknawl edging certain | imitations, it
mai ntenance advantages that contribute t
tunnel infrastructure management .
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Chapter 7Conclusions and Futures Works

7.1 Conclusions

This project successfully d/ewsoGend rlaxcmtdet he
Ssmart stgmeellthe i ntegration of psftkaadnl rogweends o r
for efficient deployment andt o steehgeme olghaet i on
robotic approach significantly improved ac

errors and strain variations.

VWSGs were found to be the most adapted st
hoc packaging,pridmthgée g tnich g da fn ga N3etdod yf nai cui nh i maa
its robotic deployment was designed. Si mil :
together to interrogate VWSGs | aying the g
node which whebhhnet pdopect can bd@heowcéiader

~+

acterisa
0.394N0

i oocopfluthedVWB8Ga temperature cons:

O
S

64e to manufacturer recommended v

The wuse f robotic imngthhetdaddstlriudttiean hiarsd

The precast induker pnwehaisvg f ensutii dhleéeevgerlatofon of
mated processes and even included the use
partial/l or fHhubpwegr aWhpirlaec isnogmeh ucneas es of r ol
ment wer found i@anglhacéi methodresetdhenpthb

sidered ossible through a repurposing of

5D T 0 < O 9 O

ufacturindi ngdast ol otehc cgrfii mpgeerr swiftolr a/dwWS Gs
strated in the @fojexcpr.e slsheed ried a%,i \
1.72N 2.53 for a manual PnP of the VWSG bo

box.

as demon

10 spesci mfc all @b s mar t sbtausnende lo ns eegamed nyt desi gn o
geometric mMeehanescsaWwlkeyesucgresis fpaolitngtr ebgeanl dui an
te$When compared to calcultataedsstfraimnst wosie
VWS Gisn each segment to captsuhroeweadx iaalc oannsdi slt

haviout hacndés deams. T h et rraenusef gettrash ieldi tby d fth es
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the 1 CC were respectively found to be 1% a

0. 396 for the | ater al sensors.

Wor king with industrial partners, this ©prec
smart segment whena t mphemeptegect, .Tthaeki ng
econamiatcoyfsissmart segrmemder stoh ataonsgp®napt ilanf eo
expectancy of t /genmomnrittedr ice @ Ingytsheee omcudmdbte r o
gener al and prThmei pmar t ns ¢ghgamd B D h § W & U WNIPW @

from A6, 041 to A7 25 N®0OOgualln teaddivtei cam atl oy sti h
safety and quality osfucccelslisdead! dtdo | wmif be mat h @
tool s taode hiedapoignhgecess i n selecting the app

ti on.

7.2 Future work

7.2.1 Automated deplbyment onreal segments

Whil e the chtamactebotsiad i beplodashmahéeé o & g MEVS Gs
vided good results,caomter ¢lalme daeeeas vnzogto asmuefnfti hce
dr @dw oader otbes eawvoadlado.rse®d it d thnigc depl oyment i n

coul d sheghnmorae sleisghtmore effectively the a

One interesting thing to explore would be

in the process of tf airtihc aat i fnwl Ityu nanwetl o nsaet gende

industri al robots per f opronsitn gc afsccri newyoer ks uprrfeapc
i shing. I n addition to analysing geometric
time to compl etses tolie bwhol @ npt@ad | i ng sensort
Herrenktnecht For mwor k, who is the biggest
cessfully installed fully automated factor

sights fr onantuhfea steugegeredt t bnovles taemr t he case fo

7.2.2 X-ray computerisedtomography

The calculated strai ngWsGHindg ¢t hwergtidtsaals s um

tisamter thei fFfupltdaeememivesti gayi omssuas sgmpl
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and capt @r @accaeursadred ypositions variations af

vi bration during the casting.

The vuvaseamfming techniagwecsmEght earsi ek tXomogr
ture more accnuraft et lye t henipswrsiet@dormndaechetasadd tyi
scan should be done on the entire beam foc!
ded. Howev ére,h atlhliesngcionugl das the size and the
problem img¢ertihegAsicstampeérn ng of a core of th

could render better resul t s.

7.2.3 Characterisation of sensors behaviour for instrumented ring

An i mptrhoryeeadnt bending testing of smart segn
v ad . Fixed end support at the exdhieanndd eisn
a testing rig sit¥fduwlrd toe tphree foenrer aucs etdo i tnh e

configuration

This testing setup woulgmant olwe haviuodre rwham
in a ring aseftfhoerttcscamaprmeesseé dnf rom segment t

ground | oadings.

7.2.4 Deployment ofadditional sensors

Ot hseernsors coul d be added to the shnaavritousregn
during its | ifetime. I n addition teegtrain

medends are thpamamétessendvibé considered

The capability to operate with wirheyl exsfs se
furtheestigation to capture tunnels def or m
convergence. Wi rceoludsds egenpped wodbadsinertia

programmed to calculate the resamevei c@nve

Experi ment al | oradas icsatimipyoasastiteergi gli se zaab hil€d be e
not onaécyo-sotfffeecrt i ve al ternative butcoaltsmngcart
entdo®f hat ctam bebdPRPitez ae lmelc tmoiucntlea on t he
beam during the test wowlgdiesmd § meentt heo merss

resulting from the ground | oadings
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7.2.5 Cost Benefit Analysis using a probabilistiapproach.

Whil e the economic justdyfothersni pseghkhnhsedt
smart segment to existing wired aBdh hvatr el e
considers both thecoonstsuasisocgci apedatwi 6hs p

the benefits of using smart segments.

Amore preferable approach would involve a
have addBrheBHM dond®Stimdyarticular, could be
Key steps would entail detai |l esde g ndeennttsi fdi ucrai

prceonstruction operations) and the benefit
costs. This would include building a Finit
of strains over time and espabbabhlngytofe

Furthermore, i4d4npremenbbabdi ailomaen eafpiptr oaarcal )
would invol veoutidl iroiamdg tanmedl as a case st
parative advant ages-soitrestnrau me rstegtmenrn ss mlvietri
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A. Appendix

126



A. 1 Sensors datasheet

MICRO:=
INIEASUREMENTS
AVPG Brand

Concrete Embedment Gages

Special Use Sensors—Concrete Embedment Strain Gages

The EGP-Series Embedment Strain Gage is specially
designed for measuring mechanical strains inside
concrete structures. The sensing grid, constructed of a
nickel-chromium alloy (similar to Karma), has an active
gage length of 4 in (100 mm) for averaging strains in
aggregate materials. A rugged 5 in (130 mm) outer body
of proprietary polymer concrete resists mechanical
damage during pouring, minimizes reinforcement of

the structure, and provides protection from moisture

and corrosive attack. The grid, cast within the polymer
concrete to ensure maximum strain sensitivity, is self-
temperature-compensated to minimize thermal output
when installed in concrete structures. Each gage
incorporates a heavy-duty 10 ft (3 m) cable with 22-AWG
(0.643 mm dia.) leadwires; a three-wire construction to
the sensing grid helps minimize temperature effects in
the instrumentation leads. Special lengths of preattached
cable will be quoted upon request. Micro-Measurements
M-LINE accessory cable 322-DJV is available for adding
cable length in the field.

Rugged and reliable, EGP-Series Strain Gages are
available in both 120-ohm (EGP-5-120) and 350-chm
(EGP-5-350) resistances.

SPECIFICATIONS

* Construction: Strain sensing grid cast in a sturdy,
water-resistant material.

+ Sensing Grid: Nickel-chromium alloy on polyimide
backing. Active gage length of 4 in (100 mm) nominal.
Grid resistance of 120 or 350 ohms, +0.8%.

¢ Outer Body: Proprietary polymer concrete. 5 x 0.7 x
0.4 in (130 x 17 x 10 mm) nominal.

e Cable: Three 10 ft (3 m) leads of 22-AWG (0.643 mm
dia.) stranded tinned copper in 0.015 in (0.4 mm) thick
PVC insulation. Nominal cable diameter of 0.2 in (5 mm).
(Other lengths quoted upon request.)

+ Temperature Range: The normal usage range is
+25° to +125°F (-5° to +50°C). Extended range is
-25° to +150°F (-30° to +60°C).

+ Strain Range: +0.5% (5000 pe).

DIMENSIONS inch
GAGE RES. IN Legend: ES = Each Section millimeter
DESIGNATION Fotee OHMS
RoHS ACTIVE GAGE | OUTER BODY | OUTER BODY | OUTER BODY
COMPLIANT LENGTH WIDTH LENGTH THICKNESS
4 0.7 5 0.4
-5 0,
EGP-5-120 120 = 0.8% 00 - e =
4 0.7 5 0.4
EGP-5-350 350 = 0.8%
* 100 17 130 10

Document No.: 11526
Revision: 31-May-2017

For technical questions, contact WwWw.micro-measurements.com
mm@vpgsensors.com 1
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