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Abstract Tunnels progressively deterioeadue to ageing,
Nowadays, the vast majority of the tunnel inspection environmental factors, increased loading, change in use,

processes are performed manually byualified operators. damages caused by human/natural factors, inadequate or

The process is subjective and the operators need to facepoor maintenanceand deferred repairdJnfortunately,

very uncomfortable and even dangerous conditions such as several incidents related to the structural condition of

dust environments, absence of light, or toxic substance tunnels hae taken place,such asthe Big Dig ceiling

exposition among others. Robotic technology can overcome collapse in 2006 in Bostof8], or the Sasagdunnel

many of these disadvantages and provide quality collapse in 2012 in Toky[4].

inspections collecting different types of data. This paper
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One of the greatest challenges enginéacsis the Figure 1. Changes in the number and total length of

inspection, assessment, maintenaacel safe operation road tunnels in Japd2006) [1]
of the existing civil infrastructuteThis includes large

scale constructsuch as tunnels, bridgespads and These examples highlight the need afutomated,
pipelines In the case ofunnels(water supply, metro, costeffective and exhaustive inspection of tunnéfet
railway, road, etc.), thepave increased in both total prevents such disastetn this work, we present current
length and nmber, and will continue to do so. tendencies and future trends within this area.
Furthermore some tunnels still in service were
completed over 50 years ago, with the existing This paper will describe the key aspects of the tunnel
construction and materials technology. inspection procedures and the main advances in robotic
tunnelinspection technologysection 1 defines the main
Only in Japarin 2006 the number ofactive tunnels tunneldefects to identify and the principal methods to
was up to 9000[1], with tunnels such ash¢ Seikan detect them. Section @escribes the motivations to use
Tunne| which is 54 km longand partially belowthe robots in this task anthcludes a review of the robotic

seabed[2]. Figure 1 shows the evolution of Japaa tunnel inspection systes developed up to date, while
tunnels in terms of number and lengtftil 2006 Section 3 describes themain drawbacks fo these

systems In section 4two relevant European projects



regarding automatic tunnel inspection system® methods [5][8] are far morecommonly used than

discussed. Section 5 focuses on the future trends thiastructive methaxl As said before, the most common
can be applied to the robotic tunnel inspection arestructural material in tunnels is concrete, thus the
Finally, the conclusions of the papare included in following inspection processes are usually applied to

Section 6. concrete tunnelsNDI methodsin structurescan be
divided invisual strengh-based, sonic andltrasonic,
1.1 Tunnel Defects magnetic, electricalthermographyradag radiography

and endoscopy methads
The first aspect of inspection thatustbe defineds

the related to thetypes of defectsthat may affect
tunnels. Identifying tese defects is crucial for
perfornming a successful inspection, veriifig the state
of a tunnelandperformingmaintenance ifequired

The following list of common defects in tunnéss
based upon thefOMIE Manual [5], created by the
Federal Highway Administration (FHWA).

efflorescence (right)s]

1 Concrete suctures:scaling, cracking (raverse,
longitudinal, horizontal, vertical, diagonal,

pattern, dcracks, random), spalling, joint spall, . . )
popouts, efflorescence, staining, delamination Visual testing is probably the most important of all
honeyco,mb leakage ’ ' nondestructive tests. It can often provide valuable

information to thewell-trainedeye. Visual features may
1 Steel structures: corrosion, cracks, buckles anﬁa{ii?%ﬁeﬁcﬁﬁ%ﬁlﬂ%pi’tSitsr u;rliirilzerzlgn(i:rizglrlgﬁtand
kinks, leak r ive layer fail . . ;
S, leakage, protective layer fa for the engineeto beable to differentiate between the
. . . various signs ofdistress thatmay be encountered.
1 Masonry structures: masonry units (displaced, f . b hered f sual i .
cracked, broken, crushed, or missing) mortar” ormation can be gathered from visual inspection to
shape e,1Ii nmenic leaka e, ' give a preliminary indication of the condition af
be, allg ' g structure and allowthe formulation of a subsequent

. . . testing program.
1 Timber structures: decay, insects, checks/splits, g prog

fire damage, hollow area, leakage 1.22 Strength Based Methods

1.2.1 Visual Methods

The walls of most tunnels amade ofconcrete popgug and penetration tests measure the surface
t_hough these walls may contain finishes S_UCh as Ceranlifrdness ofmaterials and provides an estimation of
tiles or metal paneldn most caseshe typical Qefects surface compressive strength, uniformity and quality of
found in a tunnel are cracks, spallmg ancihe structure Examples includehe Schmidt Hammer
efflorescence/leakag¢6]. Examples of thistype of [8][9] (rebound) the Windsor Probe [8][10]

defects are displgyed in Fig_u_re #. the walls are (penetrating) Flat Jack Testing11][12] (applied to
covered by a finishthe condition of such walls is masonry) or methods without contagt3]

generally defined by theeficiencies of the finish on the
wall surface An analysis of the causes of these COMMOR 53 gonicand Ultrasonic Methods
defects in tunnels can be foundtie work by C. C. Xia

etal.[7]. In sonic methodsalsoknown asimpactechotests

i hammer blows create imputs@nd the time of travel of
1.2 Tunnel Inspection Methods these sonic pulse is measuredvith pickups placed on
] o ) the wall [14][15][16], as can be seen in Figure Bhe
The purpose of inspection is aheckif a structure {ime of travel is related to the modulus of elasticity and,
that has been functional for years is still safe or Nogence, the strengttSometimes leain drags, sounding
Furthermore, it is desirable to do this without creatingygs or standard hammers are used for detecting

any negative effect on the structure or component, agghjamination on horizontal surfaciésthe inspector has
this is why the nordestructive ispection (NDI) experience in detecting hollow sounds.



The temperature on the surface represents the
thermal flow through the surface, which in turn is
influenced by the mechanical and/or hydraulic
discontnuities of the structure. Consequently, thermal
discontinuities on a surface reflects abnormalities within
the underlying structure.

1.2.7 Radar Methods

Radar methodshave been widely used to detect
defects in tunnels and other structures, and the most
used is the GrounBenetrating Radar (GPR)

& AN [31][32][33][34]. GPR is the electromagnetic eogue

Figure 3. Inspection using an impact hamii&i of sonic and ultrasonic pulse echo methods. It is based

on the propagation of electromagnetic energy through

Ultrasonic devices are normallyad by measuring materials of different dielectric constants. The greater
the velocity inthe materialof a pulse generated by athe difference between dielectric constants at an
piezoelectric transduc§t8][19][20]. The pulse velocity interface between two materiatee greater the amount
depends on the composition and maturity of thef electromagnetic energy reflected at the interface.
structural materialand its elastic properties. The
relationship to strength depends on several othdr2.8 Radiography Methods
properties and is best determined experimenfally.

X-rays, gamma radiationor neutron rayscan
1.24 Magnetic Methods penetratestructural materialand theefore can be used
on inspection purposeg35][36][37]. The amount of
Magnetic methods are used to determine the positi¢adiaton absorbed by the material is dependent upon the
of reinforcemerg and are not techniques for detectinglensity and thickness. This radiation can be detected
defects or deterioration directly, but the fact tha@nd recorded on either film or sensitized paper, viewed
inadequate cover is often associated with corresio®@n a fluorescent screen, such as a television screen, or
induced deterioration indicates that a method fofletected and monitored by electronic nsieg
locating the reinforcing bars can be important irequipmentUsing this method, limitations are imposed
corrosion cotrol. Examples of these method are the by accessibility to both sides of the object, long
Magnetic Flux Leakage method22][23] or the exposure times, and safety precautions required to

Magnetic Field Disturbancaethod[5]. protect both the operators and public.
1.25 Electrical Methods 1.2.9 Endoscopy Methods
Electrical methods for inspection of tunnel Endoscopes or videoscopesonsist of rigid or

components include resistance and  potentidlexible viewing tubes that can be inserted into pre
measurements[24][25][26][27]. Electrical resistance drilled boreholes of an element under investigation to
has been used for measuring the permeability of de€kamine its conditiorf38][39]. Light can be provided
seal coats and involves measuring the resistanby¥ glass fibers from an external source. In the rigid
between the reirdrcing steel andsurface while tubes, viewing is provided through reflecting prisms
electrical potential differences are caused by corrosidind, in the flexible tubes, a fiber optics system is used.

of reinforcement New models consist of an additional CCD chip to
improve the images.These scopes allow close
1.2.6 Thermography Methods examination of parts of the structutteat could not be

otherwise viewed. Although this is a viewing
Infrared thermography measures the thermahstrument, someminor destruction of material is

radiati on emitted by t hnecessar@rithpgoped yse wal | s . Infrared

registration techniqueallow visual presentation of the
temperature distribution on the surfd28][29][30].



2 A Survey onRobotic Inspection ring shape. The inspection consists ie #tan of the
tunnel lining to search for deformations. The

Even with the great variety of inspection method§xperimental results show that this system can detect the
presentedin Section 1, presently structural tunnel deformed innemvalls at the division ofLl4 mm when the
inspection is predominantly performed througHobot moves at 20 mmy/s.
scheduled, periodic, tunnelide visual observations by
inspectors who identify structural defects and rate these
defects. This process is slow, labor intensive and
subjective (eépending on the experience and fatigue of
the inspector), working in an unpleasant environment
due to dust, absence of natural light, uncomfortable
conditions or even toxic substancssch aslead and
asbestos. These working conditions are a main
motivation behindhe develomentof robotic systems.

2.1 Robotic Tunnel Inspection Systems

The use of robotics systems in the construction field \ ¥
had been a common research area, and several studieq:igure 4. Robotic platform with camera used in
review the advantages in the use of robotic platforms for {,nnel inspectionf43]
construction [40][41] and underground construction
[42] purposes Robotic systems carcomplete the 54 5 Impact Methods
inspection process with objective results and high
efficiency. They also improve safety by performing  Figyre 5shows a system built with an industrial
inspection in dangerous environments instead of “?ﬁanipulator robof48]. The system consists of an eight
Inspeetors. ton truck usedas a base machine, tunnel cross section

measuring systems, Electronic Distance Measuring

_Therefore, manu_al and (human)_visual inspection aEDM) instruments employed to measure impact
being replaced with more precise methods usiNgcations, an impact unit with five hammers that
mechanical, electronic and robotic systems angenerates impact sounds and its equipped on the robotic
processing data provideuy cameras, laser, sonar, etCqrm, g lifter tfat raises the robatp to ceiling level, and

The following review will cover a variety ofobotic  finally a computer unit that controls all these
systems using different kinds of sensors detect components.

defects on tunnel&€ach subsection describes a different
approach to inspect the tunnel.

2.1.1 Visual Methods

In the caseof the system in the Figure, 4 small
mobile robot is equipped with a CCD camera
[43][44][45]. The robot stays at a constant distance of
the wall using a differentiadirive wheel configuration,
and a set of photos are taken. The camera is mounted on
an antivibration device to stabilize the images. The
robot goes through all the tunngderforming the
inspection, but the data is processéirall the images
are collected. The inspection consists in the detection of
cracks via computer vision algorithms.

A similar rabot can be found in the work by F. Yao
et al.[46][47]. In this case, the mobile robot is equipped
with 21 ultrasonic sensors and 6 video cameras. These
sensors are mounted on the same plane and with a semi

Figure 5. A robotic tunnel inspection systémat
usesthe impact sound methqd3]



The system uses an impact acoustics method for the The measurement sensors for the condition survey
inspection procedure, which impacts the concretd w are installed on a truckapableof running on rails and
with hydraulic hammers, converts the impact soundan flat terrain. The vehicle comprises all the systems
into electric signals, anthenanalyses thenThe system necessary for safe road and rail travel (lane occupation
is capable of finding exfoliation and cavities & indicator, speed governor, electric power supply for all
concrete lining. In order to maintain stable attitude, thgystems, signaling equipment etdt)can hold up tasix
truck ha beenequippedwith outriggers on the nen laser cameragkach pair ofasercamera units inspects a
motorized wheels. Thre@eople conduct the impact 2 m wide section with an accuracy ofrdim. Using the
sound diagnosis: supervisor an operator and a driver. six cameras, tunnelsvith a 9 m diameter can be
The machine is operated from the touch panel of thenspect ed at t hresolgignst emds ma x
computerthat is situatet the operator console.

Another example, seem iFigure6, uses two lasers
to perform a hammdike inspection to detect inner
defects in concrete structures like transportation tunnels
[49]. The system is mounted on a motor vehicle and the
technique is based on the initiation and detection of
standing Lamb waves (or natural vibration) in the
concrete layer between surface and inner defects. The
concept consists in enlase used like a hammer to
impact the surface and another one used to take the
measurmens. The system can detect various types of
inner defects like voids, cracks and honeycombs. The
accuracy of defect location is about 1 to 3 cm tra
detectiondepth up to 5 cm.

Figure 7. The Tunnelings system sensor structure

The system developed by N. Sano ef%il] consists
in acrack detecting vehiclequipped with laser sensors
and CCD cameras. The vehicle is driven through the
tunnel by an operator and tltkameras take pictures of

\Eﬁéeprr'gép:d the tunnel walls. The isolatetmages taken by the
A cameras arenerged together into a surface map of the
\‘i \ tunnel. After the map is obtaineda dedicated vision

G software detects cracksiin

scattered
[OLEREETIE | aserNB]

. 2.1.4 Drilling Methods
Figure 6. Schematic of thenammetrlike laser
remote inspection systej#9] The system shown in Figure éhecls for voids
behind lining by drilling holes with a mechanized crane
2.13 Laser Methods [52]. It performs high speed drills of 33 mm diameter by

a combination of rotation and striking the lining

Also of interest is the Tunnelingsroject[50]. The concrete of a tunnel surface in order to investigate the
tunnel inspection system developed by Euroconsult atidickness of a lining and the height of a rear cavity with
Pavemetrics shown in Figure 7is based on cameras high accuracy.This example and otherg¢such as
and lasersensors that allovecanninga tunneb svall methods based on a mechanized hammering tester
linings at speeds up to 3dn/h. The software of the installed on a crane, Figure 9) were described by Hideto
system alsoallows the data from two different Mashimo and Toshiaki Ishimura ifl], where they
inspection runs to be rapidly compared, and structuredefine the status of road tunnel inspection and
changes and wall lining defects to be assessed. maintenance in Japan in 2006.



This tunnel cleaning system consists in a standard
commercial truck equipped with eight mechanical arms
with different types of brushes. The arms and the
brushes have hydraulic actuators whigbrovide
movement and watdlow for the cleaning process.

Figure 8. Void detection rotary percussive
drilling machine[52]

More examples a$ystems working odapan tunnels
can be found in the work by Toslio Asakura and
Yoshiyuki Kojima [53], which shows maintenance
technology and typical deformation cases of Japanese
railway tunnels, along with some methods of inspection
and diagnosis and three easstudies (Tsukayama
Tunnel, Fukuoka Tunnel and Rebunhama Tunnel). The
inspection methods examples includes Hammer testin%
on the lining (performed by an operator in this caseal

Carmoras mounted i a iels m rais, and miestigaton %Y 21 OPSfator near the truck. A second operator i
N . ? needed to drive the truck at a speed of 2 km/h while the
of the surface of the tunnel lining using an mfrare(?unnel walls are being cleaned with the bres The
camera and CCD cameras. system can operate in tunnels of a 7.66 maximum
height. Only one half of the tunnel section is covered
each time, without blocking the traffic on the free lanes.

Figure 10. Tunnel cleaning systéS]

The mechanical arms can be positioned remotely to
aptto different tunnel geometried his is achieved
ith a communication briefcadie system controlled

2.1.6 GPR Methods

Another commercial example is the IRIS Hyrail
built by Penetrdar [56], shown in the Figure 11. The
; system is based on a GPR sensor mounted in a
Machine outline Practical machine telescopic piece in the front of a Hyrakhicle (e.g. a
Figure 9. Mechanized hammer tgs} vehicle able to go on road and on rails). The GPR
positioning device can be rotated to cover the sides and
top of the tunnel walls and the motorized boom can be
2.1.5 Tunnel Cleaning retracted to avoid obstructions. Penetradar provides
specialized software to anage data collection, data
The mechanized cleaning truck shown in Figure 1grocessing and display of GPR data.
is an example of a tunnel maintenance syqtA4t{55],
which is important to prevent further damage. It has
been designed by engineers of Colas, Switzerland, in
collaboration with operators of roatworks. It waset
up in seven months in 2012.




go over tunnel power cables while making the
inspedion. Unfortunately,this work is only theorétal
and the robot does not exfshysically. Other example

of tunnel cables inspection rolsotan be found irB.
Jiang et al[60][61] andClaudio Mello et al[62].

Anothertype of small tunnelis ventilation tunnels.
R. Minichan et al[63] designed three different mobile
robots to inspect the ventilation tunnels of the H
Canyon Facility in 2003, 2009 and 2011. Due to the
toxic environment of theunnels, onlya robot could
perform the inspection proces3he control of the
robots is nade remotely and the systemas connected

Figure 11. IRIS Hyrail system inspecting a tunnelthrough a long tether to the control statiohhe

Note the capability to be mount on rdfs] inspection consisd in a visual assessment with the
images provide by the robot cameras. Figure $Bows
2.1.7 Small Tunnel Robots the three robot models.

Whentunnekthatneed to be inspected have reduced Not all tunnels are designedcarry vehicles, people
dimensiors, such as underground tunnels used to depldy cables.Water distribution is managed with tunnels
power cablesthe use of robotic platforms is more thanto0, and different solutionsiustbe usedo inspect this
appropriateIn this scenariosmall teleoperatednobile kind of structures In this scenario,alternatives to
robos can make inspections providing visual andnobile  wheeled  robots include Autonomous
concentration data of some poisonoussap like the Underwater Vehicles (AUV) [64] and Remotely
system by Fu Zhuang et §7] shownin Figure 12 Operated Vehicles (ROV[65][66] which can exploit

the use of sonar sensors for thepping procedure.

This tele-operatedobot (420mm long, 320mm wide
and 300mm highgan operate in 1 meter wide tunnels,
move at a rate of 24 m/minand has 2 hours of
autonomy Its fnsor system includea parttilt-zoom
camera inclinometer, gyrosopes gas sensors (CO,
CH4, C0O2,and 0O2)thermome¢er, IR distance sensors
and dtrasonic sensors.

Figure 13 Three ventilation tunnel robotic
inspection system$3]

2.1.8 Embedded Sensors

All the systems seen in this sectibavethdr own
sensorsand publish the data obtained to perform the
assessment of the structundowever, an alternative
strategyinvolves the use ofensorsembedded in the
structure to be inspected, such afaingauges which
are usually more precise and reliatBgian Esser et al.

7] implemented this method and developed a robot

. 6
In other cases, cables are not inside small tunnels &f‘éfpable of remotg powering and collectig datafrom a
along a greater orn@aced on the wallsTaking this into network of embedded sensing nodesd providing

account, Songyi Dian et gb8] designed aobotbased o0 gateaccess via thenternet. The system uses
on a shrimgrover vehicle[59] with six wheelsable to A 4ressable Sensing Modulese(ASM6s) t o

Figure12. Cable tunnel inspection robf&7]
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data from a wide variety of sensore.d. peak Lastly, climbing capabilitiesof some robots are
displacement, peak strain, corrosion, temperaturbeing usedo perform inspections zones with difficult
inclination, etc). This kind of systems usefulin long access[89][90]. Early attempts usedegged robots
tunnels where a wired sensor network is difficult taapable of climbing metallibased structureg91],

implement or in tunnels with complicated access. while the most modern systems uses sucf@] or
negative pressurf93][94][95][96] devices to attach to
2.2 Other Related Robotic Systens structure walls.

Thereis alsoa great number o$ystemsthat have
been developedof inspection purposethat may be 3  Main Drawbacks
applicable to the tunnel environmenfThese systems

were designedor the inspection of bridgesipes or As sea in the previous sectiorall of the robotic
pavement among othersh& similarities in geometry, t nnel inspection systems are tejgerated in some
materials, defects and dpection procedures of the way. This is one of the main didvantages of all tise
systemdeads tosimilar technological solutions able to systems.These systems slightly improve the working
be used for the tunnel inspection procedure. conditions of the operators in the tunndlut to
o successfully overcome all the problems of the manual
Two examples of this kind of robo&re the ones inspection procedures, a fully automateminnel
designedby Carnegie MellonOne isa teleoperated jyspectionsystemmustto be developed.
vehicle formapping of abandoned min8] (similar in
geometry and dimensions to a tunnéipe otheris a The need forone ormore human operatsrof the
similar robot developedor the inspection of hazardous presented systemsmetimes require the worlesto be
environments with cameras embedded on an articulatgfihe same location as the robot, eliminating one of the
arm[69]. benefits of the robotic inspectiorwhich is remote
operationBecause of this, the operator is exposed to the
Inspection of pipes is also a relevaarea Some  gangeous tunnel environment, inclirgy large isolated
pipe dimensions can be up tor8, similar toa small  4reas, low visibility, dust, humidity or even toxic gases.
ventilation tunnel. Th& scenarios involve small tele
operated robot§70][71] able to make visual inspgons In some cases, the inspection data gathered by the
along with mapping of pipeand deformation analysis system is not enough to make a complete assessment of
[72]. Some of thee systemscan everperformcleaning  the tunnel, and an additionaimanual inspection
[73] and maintenance [74][75][76] operations performed by a qualified inspector is required. This
Commercial solutions like Redzone Robot[@g] also  causes subjectivity in the inspection results that relies on
provide pipe inspection robots. the inspector judgment and may contain diverse errors.

Certainrobots designed for bridge inspection have | other cases, the limitations in the type of

the vehiclecrane configurationsimilar to some of the ~ommunication used (e.g. betr length, wireless area)
ones used in the tunnel inspectid)[53][48][78][79], |eads to the same problem described befor¢he case
but modified to reachzones under the bridges of wired teleoperation, the mairbottleneckis the
[80][81][82]. The majority of thee systems usdhe |ength of the cable itself, which limits the operational
same sensors to achieve the inspection (visio®r.lasyange of the robot with respect to the control station.
ultrasound,etc) and some solutionase robotic arms
installed on the tip of the crane to perform maintenance Regardhg the wireless communicatioaneproblem
operationg83]. is the signal intensity decagind it could dependn the
) ) tunnel length material orcomplexity Other problem is
On the other had, robots designed to inspect thethe pandwidth that needs to be high if the robot has little

superior part of bridges mainly focus on the crack,tonomy and sesd large amounbf datato the tele
detection of the pavemef84], and are similar to road gperator.

pavement inspection robotf85][86][87] that have

similar sensors and algorithms to the tunnel crack The difficulties mentioned before maingffect the
detecting in tqnnelswhile others mount a variety of gyajity of the inspection and the operators working
sensors to achieve a more complete assesgégjnt conditions, but an important aspect of the inspection

procedure is theconomicimpactthat isincurredwhen



a tunnelmustto be closed for inspection. Leaving the4.1.1 Maintenance Procedures to be Automated

tunnel inoperable reverts in losses for the tunnel owners
and usersBecause of this, takingto account this issue
is desirablego develop systemthat can allovthe use of
the tunnel during the inspection proceel

Presently, as with
discussed previously practically all
operations in tunnels are performed manualfhis

the inspection procedures

maintenance

leads to similar disadvantagegaffic flow must be cut,

One ofthe solutions to thee problens begins with
the improvement of the ammatic behaviors of the

and scaffolds mounted, implying the subsequent loss of
global productivity. The am of the TunConstruct

robots. With a fully automated inspection system, theproject wasto automate these procedures to overcome
security of the operators is guaranteed, along with thibe mentioned drawback¥he maintenance operations
management, quality and objectivity of the tunnel datautomatedinside the scope of the projecall for the

Current efforts should be focused awbtaining more
autonomous behaviothat mayadapt to diffeent tunnel
environmentsvith less operator dependency.

1

4  Current Efforts in Fully Automated
Tunnel Inspection

The latest developments in robotic and automation
science allow thecurrent tunnel inspection systems
being developed to become more automated than the Al
previously seertele-operated systemsThis confirms
that the tendency is to reach fully automated
inspection systenthat allows a remote inspection with
no direct human operation needed.

The first part of this section reviews the
TunConstructsystem which was partially autonomous 1
while the second part explains the RQBPECT
system, which aims to perform fully autated tunnel
inspection

4.1 TunConstruct System

The TunConstruct projec{78][79] was part of the
European Commission 6th Framework Program (FP6),
and was conductedy 41 partners from 11 European
countries. The main objective of the TunConstruct
project is to reduce the cost and time of construction of
underground infrastructure, promoting the sustainabilit§-1-2
of our environment and the safety of people during the
phases of construction and usef services and
infrastructure.

following set of tasks: superficial preparation, fissure
injection, and FRP composite adhesion.

Superficial preparation includes all of the
processes needed to eliminate concrete in bad
state. The surface must be prepared before the
reparationprocess Common methods include
compressed air blowing, sand abrasion, and
hydrodemolition.

The main objective of the fissure injection is to
re-establish continuity in concrete sectio$ie
material used to fill the concrete discontinuities
is usually lowviscosity epoxy resinlnjections
can be used to fill in internal or hatd-access
zones

Superficial reparation and restoration with Fiber
Reinforced Polymer (FRP) has progressively
increased in use. Carbon or aramid fibers allow
high mechanic, thermal, electric and chemical
resistance, high modulus of elasticity, and low
density[97]. To apply the fibers on the concrete
surfece a layer of epoxy resin ipropagated
across the surfacélext, the fiber strip is placed
over the resin and pressed against the surface.
After this, a finishing layer of the same resin
usedbeforeis appliedover the FRP

TunConstruct SystenComponents

The TunConstructsystem shown in Figure 14,
consists in a robotic arnnathe tip of a crane, mounted

on a vehicle.The robot arm chosen for the application
In order to contribute to the general objective of th&as the MitsubishPA-10, a 7 DOF manipulator with

project, several different engineeriagplicationswere
developed. One of thee proposals involved the
developmenbf arobotic systemcapable ofperformring
inspection and maintenanteconcrete tunnels.

10 kg load capacity and 1 meter maximum extension
range. The global increment of this ganis achieved by
mounting the oboic arm on a 5 meter exteitde
articulated lift platform.



FRP Roll bi net
Resin

A HMI is installed in the

to which the artiulated lift platform is attached. Power
for the system can be supplied from an-bward Cartridge
generator , the wheeled vel tunne
basic provided services. Distance
Sensor
A lightweight sensed integrated tool was designed

and manufacturedor the automaon of the described Camera
processesA conceptual desigmf the mentioned tool
can be seen iRigure 15. The tool is composed by two Traction
complementary systems: material application system Roller
composed by mechanical subsysteand actuators, and Pressure
a vision and securitgystem composed by camelaser Roller Guillotine Dispensation Roller
distance sensor, and security miswitches. Figure 5. TunConstructool diagram

Robot Regarding the fiber application,gearandroller-set

Controller  system waslesigned for the dispensation of dry FRP
strips Motion is achievedthrough the rotation of a
Robot Control PC . /—TOO' roller by friction with the surfaceo obtain compact
_\, N— resiri FRRA resinlayers mounted on the tunnel's surface.
B Robot N order to cut the roll of FRP into strips of the desired
Platform length, thegearandroller system is combined with a
Crane guillotine-like cutting mechanism that is activated by
relative movements between thaol's internal mobile
parts and the tunnsl'surface A transversal section of
Compressor  the tool performing FRP applicatiowan beseen in
Figure16, where FRP describes the red trajectory, resin
output is set in blue, and additional redfattening

trowels arecircled inorange.

HMI Control PC
‘ Generator

Distance
_sensor

Figure M. TunConstruct system schem

- Camera
Resin

cartridge

The option chosen fosuperficial preparan was
compressed air blowing sa selected and existing
composites must be applied on dry adlan surfaces
An onboard compressor mounted on the wheeled
vehicle provides the compressed . aiir flow is
digitally controlled by low poweconsumptionmini-
electrovalves. Connection

wirobot

The fissure injectiomprocedure usea nozzlethatis

an empty cylinder wittoner e si n i nput boi
and many punctur es siflesThenm)
availability of compressed aimplies thatthe thrust of

the resin towards the tig triggered by the canalization

of compressed air towards the piston the resin

cartridee.

Ideal concrete surface

Carbon
fibre roll

Figure B. FRP application process



An Axis IP surveillance camera and aitra-light In the firstmain screen, two degrees of freedom are
precision laser telemeter sensor are the two maipermitted to theperator for directing the rohdiser is
components of the visiosystem. Sensor ray and theintended to direct the ereffector toolperpendicular to
camera's central pixel point are alignadd oriented the paition of the surface to treathe operator, when
parallel tothe axis of the resin cartridg®licroswitches satisfied, presses the CONTINUE button. A zoomed
activated by contact with the tool's mobile parts assukésion of the camerdmages is displayed, and fine
mechanical safety. adjustment of the robot tip is performadth the same

degrees of freedom
4.1.3 Irspection and Maintenance Procedure
After proper positioning oftte robotic arm, the user

Once in the tunnelthe operator places the vehicleis allowed to mark the points of imest for trajectory
behind the zone to be repairehe nspection is generation.In FRP adhesionprocedure the operator
performed through a uséiiendly guided HMI (Human marks the limits of th&RP strip to be adhereth resin
Machine Interaction), whernhie camera image stream is injection procedure a splinetype curve is generated as
displayed and operation procedures are requestegperator marks pointkrough the interface
Visual servoingrased on the depth measure captured by
t he tool 6s | aser toeidntedme t T’he 2D dagarinttoduceg &y rthe operator is enough
actuators are coordinated through tapkcific control for the system togenerate the final 3D robotic
software, allovng the process to be automaticallytrajectories. The system executes thesgjectories
performed by the robotic system while coordinating the automatic actuators for task

completbn. Theoperator simply waits for procedures to

Using the HMI with theimages provided, the be performed. After task accomplishment, the robot
operator can guide the robot and select the crack in thefely returns tdts initial position, and the interface
tunnel surface in which the system is gpio apply the returns to the main screen.
repair material.Two options are available: superficial
preparation andepoxy resin injection, or superficial Communication schemes between H&td control
preparatiorand FRP adhesion. software are implementedver TCP/IP, the Internet

Protocol This means the operator could technicallg

Figure 17 showshe programmainscreen. Avirtual the HMI software to identify fissures and weakened
traffic light (circled in red) informs thaiser if the tool surfaces from any place the world.
tip is too close or too far away from the tunnel surface.

The exact measure of the distance from the tool tip th1.4 System Testing
the surfaceés also presented to the user.
The TunConstructsystem was first tested indoors,
7R ‘7 using modelsmanufactured by FRP anepoxy resin
e / providers. After having succeeded in proving
effectiveness in all of thiaboratory tests, the complete
integrated system was taken and testatdoors.
Demonstrations werperformed in real, nooontrolled
environmens in tunnels in Bembibre, Le6here too,
7 testsprovided satisfactory results in terms of huiihan
machine interactiorrpbot trajectory generation and task
execution. A demonstration dfow vehicles can pass
belonv the system while process operation bsing
performed in a functional tunnel can be seen irufég
18.
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Figure D. ROBINSPECT schematic
representation

The initial dataset on tunnel defects has been
provided from case studies (including-ondon
Underground, an interesting case study as the network
incorporatest he wor |l dés first under
be used not only for transféearning but also for the
evaluation of structural models. The robotystem will
be evaluated and benchmarked at the research
infrastructure of tunnels of VS Switzerland, at three
road tunnels of the Egnatia Motorway in Greece, and

) . . sections of the railway tunnel of London Post Office.
ROBINSPECT (ROBotic System with Intelligent

Vision and Control for Tunnel Structural INSPECTion
and Evaluatiorf) [98] is a project cdunded by the

European Commissionunder its T Framework  he ROBINSPECT extended mobile robotic system
Program(FP7) The project begun on October 2013 andsists on a wheelaobotic system able to extend an

will finalize in 2016.This project comprises the design, ;iomated crane to the lengths commofoynd in
of an autonomous robotic systexapableof performing 1 nnels (4 to 7 meter range) sustaining a robot
intelligentinspection and assessment of a tuninane manipulator while beingiutomated througthe use of
pass Figure B depicts a schematic representation of theytic controllersand sensorgsee Figure 19)The
ROBINSPECT system. Its similarity with preViousmechanical_ components of the system consist of a

projects of the field is phpfle veHicR &n alitbrhalic cPanelaAdR dnduderfyl NV ent
wheel o philosophy, and i gg&kyeBodic afin® Matddod R Ncrafudtibr@.mat i or
intelligence, and benchmarking objectve Systems with similar configurations are the

TunConstruct system[78][79], and other existing

~ ROBINSPECT is driven by the tunnel inspectionyystems of the construction industfg9]. The two
industry and adapts andntegrates recent researchgensor subsystems consist of various cameras with

results in intelligent control in robotics, and computegificial vision algorithms for cracks detection and an
vision tailored with semsupervised and active \irasonic system for characterizingacks.

continuous learning and sensiigan integratedobotic

system. The final system is intended to scan

automaticallythe tunnel intrados for potential defects N The crane of the vehiclis sensorizedn order to
concrete surfaces and lable to detect and measure. o nt r o | t h positign| and brientatiod.s To

radial deformation in crossections, distances betweengnapie collision avoidance, localization and navigation,
parallel cracks, and cracks and opeints thataffect

. X e ) ~'=~t  the mobile robot includesvo laser sensors and a digital
tunnel _stab|I|ty,W|th mllllmeter_accurgmes. This will .amera. The mobile vehicle laser sensor will be
allow, in one pass, both the inspection atrictural  compined with visuallandmarks detectedwith the
assessment of tunnels. camera to be able to distinguish amgst different
similar sites insidéhe tunnelSpecial attention has been
! http://www.robinspect.eu/ placed in keeping the vehicle stabilitgs well as

F=ivg‘u‘r7e‘ B. TunConstruc syétéméeiﬁ a ébsh
tunnel. Note that one lane of thenrel traffic
flow is not blocked

4.2 ROBINSPECT: Towards aFully Automated
Robotic Inspection System

4.2.1 ROBINSPECT SystemComponents




developing the platform modular enough to allow both
road andrailway navigation. A set of landmarks placed
along the tunnel and dedicatethmeras and laser
sensors have been attached to the mobile vehicle in
order toachieve an accurate path following in tunnels.

The robotic arm chosen is the Mitsubishi-R&\(see
Figure 20) This model was used successfully in the
TunConstruct project described on section 4The
range of movement®f the robotcovers from few
centimeters to one metapproximately.A processing
PC will be used to run all the software needed to the
correct operation of the arm and can be plagitder
inside the platform or attached tbhe mobile vehicle
depending on the mobile vehicle space availability. This
PC is connected to theesvo driver controller. The
control software is based dahe ROS [100] software
architecture used also on the mobile vehikleaddition L ¥
some modules commurite internally usingYARP Figure 20 PA-10 robotic arm
[101] libraries Therobotic arm system usan external
2D range laser sensor in order to compht required Apart from the mentioned components,

trajectories during the inspection process. This las@fygiNSPECT will use a Ground Control Station
could bemounted inthe platform near the robot base Or(GCS) device and a control room. The GCS includes a
attached to a link of the arm. graphical user interface to contdoigh-level aspects of
. o ) the system and it is connected W4-Fi to the robot.

The visual sensor systeaonsistsin threedifferent 1o control room receives all the inspection data and
parts: i . performs the tunnel assessment using a sebftiare

1 A 3D laser profiler located on the mOb'letooIsdeveloped inside the project scope.

vehicle. Using this lasera slice of the tunnel

lining will be scanned. This 3D surface will be4 5 5 ROBINSPECT Inspection Procedure
used to detect lining deformations.

Regarding the inspection procedure, the vehicle
A full-frame DSLR camera mounted on thepgsitionsitself at a constant distance te wall (using
mobile vehicle will take images of the hel the npavigation laser sensorgid then advances with
walls in order to detect cracks and othegonstant velocity parallel to the tunnel wall vehthe
concrete defects. inspection is performed. This first ipection level is

based on visual detection using the images provided by
1 A structured light system consisting in a pair okhe DSLR camera.

stereo cameras and a projector attached to the

robotic arm. Tlese devices will provide a  When a tunnel defect is detected, depending on the
detailed 3D image of the defect surroundings teype of defect, the system stores the position and type of
thetunnel assessmentodule the defect and continues the movement, or stopekes
additional measurement#f the defect requires more
A special new ultrasonic sensor developed by one gfeasurements,a second level of inspection is
the project partners will be mounted the robotic arm performed. The additional data will come frahe laser
of the robot and will be displaced on the tunnel walbrofiler installed on the mobile vehicland/or the
during the ultrasonic measurements. The sensors will Bemeras attached to the robotic arm. The laser
positioned in vicinity of the crack at a controlledprovide 3D pointloud data of the actual tunnel section

distance from it in order to take crack width and deptfyhile the cameras can take closer pictures of the defect.
measurements.



Additionally, if the defectis a relevant crack, the Moblle Vetice + Cranes| | RobotioArm: | [VisualSystem: | | Utrasoric Syste:
. Position Joints Images Defects ch: teristi
cranerobot subsystem withpproach tdhe crack Then, oreion Toposton | | Dacaostin | | o escpton
. . unnel Map ip orientation ‘unnel Model
the robotic arm controllers will compute a safe State descripion 2DLaserData | | State description

State ipti ‘

trajectory to approach to the crack using the input from —
the robotic arm laser placed on the crane platform.
Finally, the robot performs the trajectory at low speed to User Input ROBINSPECT i
avoid excessive oscillations of the system and ensure S ELOEAL O RELER G

the sensds integrity. When the ultrasonic sensors

attached to the robot tip are in contact with the crack, |
they measure the crack characteristfesdth and depth — — — —
particularly). At this point, thestereo cameras extract

architecture

When all the relevant information is extracted, the _ _ .
robotic arm and the crane return to the initial position. Moreover, the input of this global controller will
The system then returns to the first level inspection sta¢@me from the visionlaser and ultrasonic sensor
and the mobile vehicleestars the movementAll the Systemsand the mechanical state of the mobile vehicle,
describedprocesses arepeated until the tunnel is fully crane, and robotic arm. A diagram of the controller

inspectecbr the user stops the system. inputs and outputs is shown éfigure 21 The global
controller incoming data will be very different in nature
4.2.3 Robotic Controllers and consists in

At the software level, Component Based Software 1 Visual information consting in images labeled
Engineering (CBSE) techniqueare being applied. by the computer vision algorithms and 3D
Specifically, a set of lovlevel devie drivers for eaclof position of the detected defects
the robotic subsystems has been developed to allow the
component 6% be dwegrateml into the 9§ An online stream of updated 3D model data of

developments of the following tasks of the project. the tunnel environment coming from the 2D and
Currently,several robotic software architectures (YARP 3D lasersensorsnd the stereo camera system
[101], ROS [100], OROCOS [102], etc) for
implementing CBSE exist and are interoperable. 1 Associateduncertainties (both intrinsic to the
nature of the sensors as information regarding
During the development of theobotic software the confidence at each given instaot)the 3D
components, ROS and YARP have been used to data

program thelow-level drivers of the robotic arnThe
driversallow the robotic arm to be controlled either in  § Position and orientation of the mobile vehicle,
position or in velocity. In addition, the use of the ROS crane and robotic arm systems
environment allow the controllers to communicate
easily with other software tools responsible for ¢  Aadditional semantic information regarding the
trajectory generation, and to receive osdérom the state ofeach of thesystemcomponentsand the
high level controller. required action or behaviotoming from the
user interface

A global controller for the system in the presented
scenario will be developed for two main reasons. Tq manage all the different daaad generate proper
Firstly, the additional length requirement means that argommandsan intelligent controller will be deveped as
deviation of the control output at any of the stages of thge global controller. It willipdate its prior belief model
low level will be multiplied at the eneffector of the of thetunnelenvironment continuously by using the 3D
robotic manipulator(sensingtip). Secondly, lhe three model streandataas input while taking into account the
different mechanical subsystems (the mobile robot, thgcertainties as confidenvalues of the given data. The
automated crane arm, and the robot manipulator) mugdmantic informatin will be treated as conditional
fulfill a set of required behavioroojunctly. Then, only ¢|auses for generating trajectories that comply with the
a global_ controller can assure coherent and optimiz%cle ner al sy s t Thenféeslback wili eiused t e s .
trajectories. for the global controller to awtune its parameters.



Additionally, the systmmos
and environmentis assured by the local controllers
developed for each of the subsystems as dglobal
intelligent controller is set at the high level to send
references to thegand not directly on the actuators).

5 Future Trends

The previous sections have presented an extensive
review on tunnel inspection methods amdbotic
systems with teleoperated and more modern
approaches focusing on the structural inspection

Figure 22 Conceptual image of a future tunnel

problem A discussion is open in this section, in the inspectiorproces$
context of presentingsolutionsbased onforthcoming

improvements in the robotics araad related fieldsin ) _
order to have a more complete vision of the futur@dvances infte field of nanotechnology could leaddo

On the other side, reducing robot dimensions with

different type of inspections in the future, using nano
robots a.k.a. nandoots. These narmechanisms could
penetrate tunnel walls throligcracksor small fissures
andperforminspecion and structural assessmentshef

trends of technologgnd new approaches

In terms ofcomplex andunstructured environmest
the great majority of large inspectionsystems canno i e oSS
work properly or have difficultiesin doing so because matenals from the insider search for invisible cracl_<s
of the use of wheeled platforms. One possible solutidd the extrados.Tests that are currently destructive
could be the use of legged robots with indéat legs, could be perforn_1ed througihe use ofondestructive
such asthe proof of concept robotic harvesystem Nanchot mechanisms.
developedby John Deergl03] or the quadruped robot
built by Boston Dynamic$104], to go throughrough
and uneven terrain and avoid unexpdctebstacles
easily.

In terms of including preventive measures within the
design phase,n@ther good idea is to take into account
the inspection and maintenance processes at the time of
the structure constructionA set of rails could be

Another technolog applicable to thefuture tunnel  Planned and located along the tunneéady to arail-
inspection procesthat avoids the mobility limitations "0POt to be attached. In this way, the robot (e.g. a
are the Unmanned Aerial Vehicles (UAV robotic arm with sensors at Fhe t_|p) may travel around
developments. There are some works #tatt to use the structure and inspect it with different sensors.

this approac105][106]. One advantage is thatese Additionally, the robot couldstore different tools and
robots may be produced at low cosind used sensorsand only pick up the appropriate osevhen

simultaneously as they do not interrupt taffA required for a given tunnel structural assessment

complete swarm of robotsith reduced dimensionsay L ) .
be used toperform the inspection process faster and Predictive efforts should benefit from advances in

exhaustivdy, concurrentlygatheing large amounts of sharing and storing big data _and informaFion theory.
data Figure 22depictsa hypothetical tunnel inspection TuUnnel data can beavel andretrieved, and this process
scenario using legged robots ddAVs. should become globally accessible through integrated

services. Data may be used to compare different

A more advanced notion of legged robots would pihspections of the same tunnel or similar tunnels around
the use of humanoids and anthropomorphic robot{!e Wworld. Information from nearbyand similar
Advances within the field of robot walking gait structures could be &d toinfer an idea of the land
generation and solving stability issues are required fgfovements and predict how this will affect to the
this step, but it is favored in turn with thelvantages of Structures.
the capabilities of these robots, which have the potential
of using the same vehicles and tools that human workers
currently employ, without exposing humans to the
associated risks.

2 Qriginal backgroundhotayraph byScott Beale



6 Conclusions

Although great efforts are being made in the robotics
community, existing robotic tunnel inspection systemsg
today suffer from a number afrawbacks that must be
overcome. Most of the systems described are totally or
partially teleoperated, which requires an operator to be
in an uncomfortable and dangerous environment.
Additionally, in some cases, the information obtaineé?)
from the inspectionis not enough to make a full
assessment of the tunnel, and additional inspections
involving human operators are required. In addition, thﬁ]
data obtained is processed after inspection sometimes,
extending the time of obtaining the results and exposing
the unnel to accidents if there is any major deficiency.

(4]

One of the major solutions to these problems is to
make the system fully autonomous. This is the goal that
is being pursued in recent developments such &
TunConstruct and ROBINSPECT projects. A
compleely autonomous system can perform the
inspection of the tunnel without compromising th
safety of operators. Regarding the finalizei
TunConstruct project, it was possible to develop a semi
autonomous system capable of applying a treatment to
repair cracksRegarding the ROBINSPECT project in[7]
development, the main goal is to traverse the tunnel
environment autonomously and detect and characterize
defects and then send the information to a control
station, where the data will be collected for compariso,
with previous inspections to make a complet
assessment of the tunnel.

]

Future systems must be capable of both maintenan[g]e
and inspection with minimal human intervention, and
perhaps with no supervision at all. Much research is
ongoing in able to design betteystems, capable of
performing accurate and cesffective inspection, (10]
maintenance and assessment of civil structures that
reverts in more safety in environments and less budget
spent in reparations. [11]
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