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ABSTRACT

This paper describes the relevant research activities that are being carried out on the development of a novel
shotcrete technology capable of applying, autonomously and in real time, fibre reinforced shotcrete (FRS) with
tailored properties regarding the optimum structural strengthening of railway tunnels (RT). This technique al-
lows to apply fibre reinforced concrete (FRC) of strain softening (SSFRC) and strain hardening (SHFRC) ac-
cording to a multi-level advanced numerical simulation that considers the relevant nonlinear features of these
FRC, as well as their interaction with the surrounding soil, for an intended strengthening performance of the RT.
Building information modelling (BIM) is used for assisting on the development of data files of the involved design
software, integrating geometric assessment of a RT, damages from inspection and diagnosis, and the charac-
teristics of the FRS strengthening solution. A dedicated computational tool was developed to design FRC with
target properties. The preliminary experimental results on the evaluation of the relevant mechanical properties of
the FRS are presented and discussed, as well as the experimental tests on the bond between FRS and current
substrates found in RT. Representative numerical simulations were performed to demonstrate the structural
performance of the proposed FRS-based strengthening technique. Computational tools capable of assuring, in
real time, the aimed thickness of the layers forming the FRS strengthening shell were also developed. The first
generation of a mechanical device for controlling the amount of fibres to be added, in real time, to the FRS
mixture was conceived, built and tested. A mechanism is also being developed to improve the fibre distribution
during its introduction through the mechanical device to avoid fibre balling. This work describes the relevant
achievements already attained, as introduces the planned future initiatives in the scope of this project.

1. Introduction

includes several thousand km of tunnels, the majority of which were
built between the middle of the 19th and 20th centuries. A significant

European Union (EU) authorities have fostered the extension of the percentage of railway tunnels (RT) present structural and functional
high-speed rail through legislation, due to the recognition of being the damages, not compatible with a safe and comfortable circulation of the
“transport mode of the future”. The railway network (RN) in Europe new generation of trains. Despite the relatively small length of RT
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comparatively to the total length of the RN, the costs and the environ-
mental impact for building these infrastructures are huge (Infrastructure
Cost Review, 2010; “HS2 Guide to Tunnelling Costs, 2015), advising for
their upgrade. The strengthening of tunnel linings is frequently executed
using conventional materials and techniques, such is the case of shot-
crete with steel meshes, which are quite time and cost demanding, and
susceptible to the occurrence of serious accidents (Liu et al., 2021; Han
et al.,, 2021; Zhang et al., 2019). Since the 90s, the use of fibre rein-
forcement on the shotcrete technology (fibre reinforced shotcrete, FRS)
has gradually increased in tunnel stabilization and rehabilitation, due to
the potential of fibres replace steel meshes with technical and economic
advantages (Bernard and Thomas, 2020). However, the available FRS
technology does not allow the optimum use of FRS, and current design
methodologies do not consider the soil-structure interaction in a mul-
tiscale framework, which are addressed in the research conducted in the
RoboShot@FRC project, herein described. Recent research has demon-
strated that hybrid fibre reinforcement (FRC with more than one type of
fibres) has the potential of providing strain hardening capability to the
FRC (SHFRC) with great benefits in terms of load carrying capacity and
ductility of structures, mainly those of high support redundancy
(Smarzewski, 2019). SHFRC is a cement-based material that, under
direct tensile load, develops a tensile strength higher than the stress at
crack initiation of its cementitious matrix. During the strain hardening
phase, up to the localization of the tensile failure crack, this composite
presents high tensile deformability and energy absorption capacity, with
the formation of several microcracks (Fig. 1.1). Scientific methodologies
have been proposed to determine the minimum percentage of a certain
type of fibres for assuring a strain hardening character to an FRC
(Rubino et al., 2023). SHFRC is being used in the structural rehabilita-
tion and strengthening of concrete and masonry type structures with
notable efficiency (Di Prisco, 2022). However, SHFRCs are relatively
expensive, therefore their use must be well optimized by adopting
rational and reliable design methodologies. A new FRS robotic system
should be controlled for being capable of applying, layer-by-layer in the
tunnel area of strengthening intervention, the types of FRS determined
by a multi-scale design methodology. The potential of this FRS tech-
nology was demonstrated elsewhere (Taheri et al., 2022), by deter-
mining the optimum disposition of SHFRC and strain softening FRC
(SSFRC) forming an FRS thin shell for the structural strengthening of an
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RT. SSFRC is a fibre reinforced concrete (FRC) that, under direct tension,
beyond the deformability corresponding to the crack initiation of its
cement matrix, the tensile stress decreases with the imposed tensile
deformability, with the formation of one predominant crack (Fig. 1.1).

Artificial neural networks (ANN) are being used to design concrete
mixes and/or to predict their compressive strength (Kasperkiewicz et al.,
1995; Lai and Serra, 1997; Yeh, 1999; Yeh, 1998; Yeh, 1998), with
satisfactory accuracy, having been concluded that ANN are more accu-
rate than models based on regression analysis. Boosted by the increase in
computer power and improved algorithms, many studies have reported
very good results, with prediction accuracies around 98 % (Asteris et al.,
2016; Malagavelli and Manalel, 2014). Recently, a web application
(www.aipfrc.org) has started being developed for assisting in the mix
design of FRC and FRS with aimed rheological, mechanical and dura-
bility properties (Figueiredo and Barros, 2022). This tool includes a
database with information about FRC and FRS mixtures and available
properties at hardened stage, mainly the residual flexural strengthening
parameters proposed by Model Code 2010 (Walraven, 2013) for the
characterization of the FRC in terms of toughness class, and for defining
its post-cracking tensile capacity under the framework of the analysis
and design of FRC structures with analytical or numerical models.
RoboShot@FRC project aims also to contribute for the dynamic feeding
of this database.

Commercial software based on the finite element method (FEM) has
been used for the simulation of the nonlinear material behaviour of FRC
structures. Smeared crack and discrete crack models (SCM and DCM,
respectively) are the most implemented approaches in these computer
programs (Carvalho et al., 2020; Chi et al., 2017; Zhan and Meschke,
2017; Dancygier and Berkover, 2016; Teixeira et al., 2015; Deluce et al.,
2014; Cunha et al., 2012; Oliver et al., 2012; Lee et al., 2011; Swaddi-
wudhipong and Seow, 2006; Padmarajaiah and Ramaswamy, 2002).
Most of these models consider the contribution of fibre reinforcement
mechanisms through a cohesive traction-separation law obtained from
semi-empirical recommendations, or from experimental results, either
directly or from inverse analysis (IA) (Matos et al., 2021). For modelling
an FRS shell applied with the new shotcrete technology for the structural
strengthening of an RT, this curved shell should be simulated by layers,
and each layer can have different properties for modelling its behaviour
in serviceability and ultimate limit state conditions. The interaction of
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Fig. 1.1. Test recommendation and typical tensile behaviour of a strain softening and strain hardening fibre reinforced concrete.
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the FRS shell with its surrounding soil should be properly simulated.
FLAC®P software is being used for this purpose due to the specialized
constitutive models for simulating, in a comprehensive strategy, the
fundamental phenomena occurring in soil and rock systems (Nem-
atollahi and Dias, 2019; Nematollahi and Dias, 2020; Sanchez, 2019).

In the last years some advances have been done on the assessment of
the tunnel’s geometry, properties, and damages (Malva and WiBler,
2014). This information should be integrated with building information
modelling (BIM) for the generation of twin RT, and its design according
to a multiscale approach. Despite the increasing adoption of BIM in the
context of buildings (Eichler et al., 2023), particularly in view of gov-
ernment mandates and available standards (e.g. ISO19650 series (14:00-
17:00, “ISO 19650-1:2018, 2023), its adoption in tunnel infrastructure is
not at all generalized yet, in view of the incapacity of Industry Foun-
dation Classes (IFC) to directly handle tunnel entities (a project on
IFCTunnel has begun in 2019 and should produce impact soon (buil-
dingSMART, 2020). Important efforts, such as CrossRail (Taylor, 2023)
and RailBaltica (Rail, 2023), have been exhibiting the possibility of
using BIM in general for infrastructures with tunnels.

Specialized shotcrete equipment has been used in several applica-
tions of civil and mining engineering to minimize the shotcreting time
and to increase the safety conditions of the execution procedure (Nabulsi
et al., 2010) (Liu et al 2022); (Galan et al., 2019) . Most shotcrete ap-
plications involve an operator remotely controlling the equipment on
site (Nabulsi et al., 2010); (Liu et al., 2022); (Cheng et al., 2001) ,
although for some operations the nozzle can be manually held by the
operator. The shotcrete projection is applied in layers with a given
thickness and concrete composition, according to a shotcrete plan, in
general based on a structural design that ensures structural stability
(Nabulsi et al., 2010). A skilled operator is needed to ensure a projection
trajectory that leads to layers with the desired thickness, while mini-
mizing rebound (concrete which is projected but does not adhere to the
projected surface). The rebound increases with the deviation from the
orthogonality to the projection direction (Malmgren et al., 2005).
Automating this process can be done by recurring to robotics together
with automatic path generation and control, and an adequate perception
system, allowing to relieve workers from these hostile environments,
while contributing to increase the quality and efficiency of the

FRS

Production of specimens
and prototypes and testing
programs for assessing the
effectiveness of the

proposed technology FRS thickness

Generating a RT twin
for advanced
numerical simulation
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shotcreting process (Liu et al., 2022); (Girmscheid and Moser, 2001;
Rodriguez and Rio, 2007; Chun-Lei et al., 2020) . Although there are
several developments towards this goal (Nabulsi et al., 2010); (Liu et al.,
2022); (Cheng et al., 2001); (Girmscheid and Moser, 2001); (Chun-Lei
etal., 2020) , and Normet, a Finnish company, has announced that it has
plans to offer a fully autonomous shotcrete system, currently there is no
automatic shotcrete equipment on the market (Lin et al., 2019).
RoboShot@FRC aims to contribute to this development, particularly to
the possibility of applying FRS with the properties required by the
structural stability design. To this purpose, the robot should be able to
add, in real time, the content of fibres in a premixed FRC, in order the
FRS, to be applied in a certain layer/zone, has the aimed properties. The
flowchart of the relevant aspects of technology proposed in this project
is indicated in Fig. 1.2.

2. Assessment of the geometry and damages in tunnels and its
integration in a BIM model

As responsible for its own asset management, ‘Infraestruturas de
Portugal (IP)’ has been making inspection, monitoring, and diagnosis of
RT since 1999. The process of inspection/monitoring started to be
digitalized in 2004, in collaboration with SPACETEC/Germany, and by
deploying several inspection techniques (Malva and Willer, 2014)
within a specially adapted vehicle, the EM120, that carries a scanning
device. Right now, all the 80 railway tunnels of IP have a wealth of
digitalized data that is available as input in the scope of the RoboSh-
ot@FRC framework. The data includes the laser scanning, photogram-
metry and thermography of the tunnels, as well as the traditional human
visual inspection and traditional inspection/monitoring techniques
(permanent and non-permanent) such as: strain sensing with fibre op-
tics, topography stations, crack monitoring, load cells, piezometers, in-
clinometers, corrosion sensors, endoscopy and Ground Penetrating
Radar, GPR, (Inspeccao, 2011). Most of the above-mentioned tunnel
data is conveniently stored and analysed in a competent dedicated
software for the purpose, named Tunnel-Inspector (by SPACETEQC),
which allows integrated data overlapping/analysis and mapping of vi-
sual inspections as overlays to the other data. Some screenshots of the
data integration can be seen in Fig. 2.1.

Multilevel advanced
Numerical Simulation

New FRS robotic system including: i) Mechanical
device for controlling the amount of fibres to be added in
real time; ii) A mechanism for avoiding fibre balling; iii)
Computational tools for assuring in real time the aimed

Design of S(H/S)FRC by
computational tools

Fig. 1.2. Main characteristics of the technology proposed in the RoboShot@FRC project.
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Fig. 2.1. Examples of information gathered in the digitized tunnel inspection management: (a) overlay of layers of geometry and other data; b) visually inspected

damage mapping overlay on the laser scanning and photogrammetry data.

The information needed for the work described in the following
sections can be harvested from the currently existing databases, with
most being retrievable from the laser scanning point clouds that allow
feature extraction and establishing baselines for the 3D geometry of the
surface to receive shotcrete.

The developments made so far in integration with BIM include the
establishment of the modelling rules, comprising definitions of
geometrical and non-geometrical information. As the model to be used
pertains to the combined use of ‘facility management’ and ‘shotcrete
projection’ (where applicable), the geometrical definition is generally
simplified, except for the requirements regarding the surface of the
tunnel lining (to support the shotcrete layer). Focus has been given
mostly to non-geometrical information, where developments were
necessary to define the relevant information to include. Two funda-
mental principles were followed: (i) always perform modelling with
interoperability in mind (hence with proper export to IFC envisaged);
(ii) follow a sound strategy for non-geometric data, including a “product
data template, PDT” approach. The Building Information Models are
being prepared in Autodesk Revit 2023, while carefully exporting in-
formation to the IFC format for legacy information. An example of a
modelled tunnel is shown in Fig. 2.2a, based on a laser scan, allowing the
hosting of all the necessary information for facility management coming
from the existing database. Strong emphasis has also been input into the
production of specifically driven ’'product data templates’, in accor-
dance with ISO-CEN recommendations (EN ISO 23386:2020 and EN ISO

a)

Fig. 2.2. A) example of a tunnel modelled with the intended framework; b) part of the data template for shotcrete tunnel lining.

23387:2020 standards), and with implementation in the national Por-
tuguese platform pdts.pt, which hosts standardized information for the
entire industry nation-wide. A part of the developed data template,
which paves the way for country-wide normalization in tunnels (and
inspire worldwide initiatives in this field of tunnels, which are scarce), is
shown in Fig. 2.2b for illustrative purposes. It is noted that the PDT for
shotcrete lining is available for free in the pdts.pt platform, and that this
is a live standard, constantly evolving. It is also noted that developments
on other data templates of relevance for RoboShot@FRC are being
developed, namely: ballast, rail, fastening system, sleeper, tunnel lining,
and anomalies in tunnel lining.

3. Fibre reinforced concrete/shotcrete mix design compositions

Due to the limited number of publications with detailed data on the
FRC and FRS mix compositions and their corresponding properties at
fresh and hardened states, a web platform (aipfrc.org) started being
developed for collecting this type of information (Figueiredo and Barros,
2022). This platform integrates machine learning (ML) algorithms to
propose the optimum FRC or FRS mix composition for targeted prop-
erties at fresh and hardened states, but at the present stage is still limited
to the residual flexural tensile strength parameters, fgj, proposed by
Model Code 2010 (Walraven, 2013) to characterize the post-cracking
tensile capacity of FRC. Since this goal is quite dependent on the size
and reliability of the information collected in the database, search

Product data template based on EN 1SO 23387

Fibre reinforced concrete layer
V11

Property Unit Description Ref. Document

FibreType Unitless Type of fibre added (e.g steel, synthetic) [EN14889-1:2006
FibreContent Unitless Percentage of fibres in the mixture EN14889-1:2006
FibreTensileStrength  |Unitless Tensile strength of fibre EN14889-1:2006
FibreDuctility Unitless Ductility of the fibre EN14889-1:2006

FibreElasticityModulus |Unitless Elasticity Modulus of the fibre EN14889-1:2006

FibreDimension Unitless Length, thickness and shape of fibres EN14889-1:2006

EN14889-1:2006

FibreMixingMethod Unitless Mixing method with concrete

b)
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engine tools are being developed to dynamically feed the database with
data automatically extracted from papers published in WoS journals.
Despite the efforts that are being done in this complex task, the collected
data continues to be relatively scarce, requiring a complementary
research strategy involving the development of a software for the mix
design of FRC/S and the characterization of their properties in a fresh
and hardened state. The Graphical User Interface (GUI) of this software,
designated by FRMixD, is illustrated in Fig. 3.1.

FRMixD is based on the method developed by Faury (Faury, 1958),
which is a particle-packing model (PPM). A modified version of the PPM
was implemented in the FRMixD, which was also adapted to consider
the influence of fibres in the optimum arrangement of the aggregates
regarding the maximum compacity and internal friction angle of its
skeleton. As will be detailed in Section 6, the new shotcrete technology
assumes that an FRC with properties suitable for the major zone of
structural strengthening intervention in an RT is supplied to the robot
system, and an extra content of steel fibres is added in real time by the
robot system to the FRC, in order to ensure an FRS with the properties
required by the design project for the particular zone that is being
shotcrete. The FRC is produced according to a ready-mix technology and
can already include fibres different from the ones to be added by the
robot system in the projection moment. Therefore, the FRMixD should
be capable of designing not only the optimum FRC but also the final FRS.
The influence of each type (material and/or geometry) and content of
fibres must be properly accounted by the adapted PPM implemented in
FRMixD.

The PPM includes the Faury parameters for considering the influence
of the nature of the used aggregates and aimed concrete workability
(Faury, 1958). These parameters were originally calibrated for plain
concrete. Therefore, research on the technology of FRC/S has been
conducted to determine the values of these parameters for FRC/S. The
database of FRMixD allows to determine the optimum aggregate skel-
eton arrangement based on the available type of aggregates, and in-
cludes the properties of the FRSC/S at fresh and hardened states,
synchronized with the AIpFRC to feed this platform with the information
from the FRMixD.

A tunnel’s formwork was built (Fig. 3.2a) for serving as a real scale
laboratory, where the potential of the new shotcrete technology for
accomplishing the application of the aimed FRS is assessed. The rebound
is determined, and the mechanical and durability properties of the FRS

o) FRMixD - Fibre Reinforced Shotcrete and Concrete Mixed Design =a 8 | XL‘

File General Materials Concrete Properties  Design  Data base  Help
o) Design ‘E'E’ % |
Material Type/Class/Specification  Density (ka/m3) Content (kg/m3)
Cement - Secil CEM 1425R 3150 400
-
Water | o Granulometry of aggregates Elﬂl—z—hj
Filer |
— 120
Superl ~ —&— Coarsc 5-12.5 mm
SF_HES S 100 —&— Sand ().5?5 mm
= 0 === Faury reference curve
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Fig. 3.1. Graphical User Interface of FRMixD software.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 147 (2024) 105707

are evaluated in cores extracted locally and from specimens and pro-
totypes produced in this lab (Fig. 3.2b).

4. Assessment of FRS properties

An extensive experimental programme is being carried out for hav-
ing data correlating FRS mix compositions from the FRMixD with their
properties at fresh and hardened states, as well as data for the multi-
scale modelling described in Section 5. The specimens used for mate-
rial characterization were extracted outside the defective zone as
defined by EN 14488:1 (2005) (EN, 2005), so that the assessed experi-
mental material properties would not be influenced by wall effects, and,
consequently, are representative of its behaviour on the real application.

4.1. Compressive tests

Compressive tests are executed on cores with a diameter of 50 mm
and a height of 100 mm, extracted along two directions, respectively,
parallel and perpendicular to the shotcreting direction, (Lnec, 1993;
Cunha et al., 2008). Average values of modulus of elasticity and
compressive strength for the parallel and perpendicular specimens are:
31.5 GPa and 50.5 MPa; 33.2 GPa and 43.1 MPa. Since the fibres have
the tendency to orientate preferably orthogonally to the shotcreting
direction, the fibres-matrix interfaces, which are weakest zones on the
microstructure of this composite material, have higher detrimental ef-
fects in terms of compressive stiffness and strength when the compres-
sive loading actuates orthogonally to the shotcrete direction. The results
from the two groups of tests suggests that the compressive strength in
the orthogonal to the shotcrete direction is of one strength class smaller
than the compressive strength in the parallel direction.

4.2. Flexural and indirect tensile tests

The flexural behaviour is being assessed through four-point bending
tests (4PBT) on 75 x 125 x 500 mm? prismatic specimens, according to
the EN 14488-3 (2006) (EN, 2006). Additionally, the tensile behaviour
is being characterized through several indirect tensile tests, such as the
modified splitting tensile test (MSTT), the round panel test (RPT), and
three-point bending test, on notched specimens (3PBT), (Cunha, 2010;
Lameiras et al., 2015). The stress-crack width (¢6-w) will be determined
by performing inverse analysis (IA) with the experimental results of the
RPT and 3PBT (Matos et al., 2021; Soltanzadeh et al., 2019) . The 6-w is
fundamental for modelling the post-cracking tensile behaviour of FRS
(described in Section 5). For deriving the o-w in case of slabs and shell
type FRC structures, it is recommended that the IA be applied to the
results obtained in RPT since, in this test, the fibre distribution and
orientation best reflect the cracking process on this type of FRC/S
structures (Soltanzadeh et al., 2019). However, available information in
this respect shows that the 6-w relationships derived from the IA provide
unsafe predictions (Salehian and Barros, 2015). Another important
aspect of the simulation of FRC/S structures is how to take into
consideration the dispersion of results in RPT in the constitutive laws
simulating the FRC/S. In fact, due to the relatively smaller fracture
surface of these specimens, regarding the total fracture surface occurred
in real FRC/S structures, mainly in those with high degree of static in-
determinacy, the number of fibres contributing for the post-cracking
tensile capacity is much smaller than in real structures, resulting in a
higher coefficient of variation values in these small-scale tests (Matos
et al., 2021; Soltanzadeh et al., 2019) . The o-w obtained from IA will be
compared to the one obtained directly in the MSTT to correlate this
information with the fibre distribution and orientation in these types of
tests, for its consideration on the constitutive models adopted to simu-
late the behaviour of FRS.

Fig. 4.1. and Fig. 4.2 show the typical results obtained in three-point
notched beam bending tests (3PNBT) and in four-point bending tests
(4PBT), respectively. These tests (the number is indicated in the caption
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a) b)

Fig. 3.2. A) tunnel’s formwork serving as a shotcrete laboratory; b) production of specimens for the experimental programs.
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Fig. 4.1. Typical results of the flexural stress — deflection relationships obtained through three-point notched beam bending tests for the compositions with: (a) 20
kg/m3 (2 specimens) and (b) 40 kg/m3 (2 specimens).
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Fig. 4.2. Typical results of the flexural stress — deflection relationships obtained through four-point bending tests for the compositions with: (a) 20 kg/m® (2
specimens) and (b) 40 kg/m3 (2 specimens).
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of the figures) were executed in specimens produced with the conven-
tional FRS technology, by using distinct mixtures of 20 and 40 kg/m®,

The flexural behaviour of the two series of 3PNBT is according to
what was expected. In fact, after crack initiation of the matrix, the
higher content of fibres in the series with 40 kg/m? of fibres allowed a
significant increase of the peak flexural capacity over the series with 20
kg/m® of fibres. The drop of the flexural capacity is also smaller since the
notched cross section has larger number of fibres resisting to the crack
opening due to pullout resisting mechanisms. The post cracking tensile
capacity of a FRC, oprc(W), is the addition of the contribution of the
matrix, o.(w) plus of the pullout resisting mechanisms provided by fibres
crossing the crack, o¢(w), as shown in Fig. 4.3.

Since the 4PBT do not have a notch, both series of 4PBT presented
higher flexural strength than the corresponding series of 3PNBT. How-
ever, the post-cracking flexural capacity of both series of 4PBT was
significantly smaller than the corresponding series of 3PNBT. Since a
notch was not applied in the 4PBT, the flexural failure crack has initiated
in the weakest section in the pure bending region of the specimen, i.e., in
the section with the minimum number of fibres or/and more deficiently
distributed and oriented, as shown in the photos included in Fig. 4.2.
However, further inspection will be conducted on the specimens of the
series of 4PBT reinforced with 40 kg/m? of fibres, since it was not
expectable a so low post-cracking tensile capacity.

4.3. Shear and bond tests

The shear capacity of the FRS is assessed by performing direct FIP
shear test (Fig. 4.4a), whose test setup is described in detail elsewhere
(Salehian and Barros, 2015). The in-plane bond shear behaviour is
assessed by performing experimental tests according to the setup shown
in Fig. 4.4b, which is described elsewhere (Salehian and Barros, 2015).
Different levels of confinement are adopted for determining its influence
on the constitutive law modelling this interface. Since a major part of the
old RT in Portugal has a masonry arch substrate in granitic and clay
blocks, these are the two substrates adopted in the specimens of the
experimental program (Fig. 4.4b and Fig. 4.4c). The influence of the
level of roughness of these substrates on the bond behaviour is also
investigated to determine how relevant is the pre-treatment of the
substrate (i.e., hydro/sand blast) before the application of the FRS shell.

Typical results on the in-plane bond shear tests are presented in
Fig. 4.5 and Fig. 4.6 for the granite and clay substrate, respectively,
where the acronym adopted to nominate a specimen, XYZ_#, has the
following meaning: X can assume the letter G or C to represent granitic
or clay substrate, respectively; Y can be SS or RS to indicate smooth or

»
'

W(,’}”

Fig. 4.3. Contribution of matrix, o.(w), and fibre reinforcement, o¢(w), for the
post-cracking tensile capacity of a FRC, oprc(W).
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rough surface of the substrate, respectively; Z indicates the level of
confinement stress, in MPa; # is the number of the specimen in the same
group of tests. For instance, GSS1.0_1 is the specimen number one of
granitic substrate, with smooth surface tested under a confinement level
of 1.0 MPa. From these results, it is shown that, by increasing the
roughness of the substrate, the in-plane bond strength is increased,
regardless the type of used substrate. The main difference from the two
types of substrates is the higher residual shear strength assured by the
clay substrate.

5. Integrated design of tunnel strengthening with FRS

An RT case study provided by “Infraestruturas de Portugal”, namely
the Mourilhe RT, is being numerically simulated with two different
software of complementary objectives in the context of the strength-
ening of this RT, with the innovative technology based on the applica-
tion of FRS with a new robotic system, which is described in Section 6. A
macro modelling was performed by FLAC®P (FLAC, 2019) to determine
the strain and stress field in the medium affected by the construction of
the RT, as well as to define a domain for a more refined analysis with the
FEMIX software (Barros, 2016), which can simulate the nonlinear
behaviour of the FRS and its contact with the substrate. The relevant
results are presented and discussed in the present section.

5.1. Macro modelling

From the 2D topographical map represented in Fig. 5.1a, the 2D
contour lines were transferred to Civil3D software to derive their cor-
responding 3D contour lines (Fig. 5.1b). By using the Rhinoceros3D
software, the ground surface was generated from the 3D contour lines
(Fig. 5.1¢), whose file in “.stl” format was imported by FLAC®P. The
mesh shown in Fig. 5.1d, composed of tetrahedral polygons, was then
generated.

The computational model of the Mourilhe tunnel is shown in Fig. 5.2,
whose dimensions were determined following the recommendations of
Rodriguez (Medina-Rodriguez, 2000), regarding the minimum exten-
sion of the model in order the main conclusions of the analysis do not be
affected by the boundary conditions, which are represented in Fig. 5.2a.

In the initial equilibrium analysis using the Mohr-Coulomb consti-
tutive model with the estimated parameters corresponding to weathered
granite (Table 5.1), the in-situ displacement and stress fields, existing
before the excavation of the tunnel, were determined by considering the
self-weight of the materials intervening on the model. The correspond-
ing vertical (z direction) and horizontal (x direction) stress fields are
represented in Fig. 5.3, where it is shown that the vertical stress is much
lower than the compressive strength of the weathered granite rock.

The Mourilhe tunnel was excavated in weathered rock media ac-
cording to the Belgian excavation procedure, whose numerical simula-
tion is shown in Fig. 5.4, by considering the tunnel’s phase construction
(Kargar et al., 2020).

The vertical displacement field at cross-section y = 126 m (see
Fig. 5.2) is shown in Fig. 5.5, after the tunnel has been completely
excavated. It is shown that the excavation had caused a final maximum
deflection of 0.3 mm on the crown of the masonry lining, and 0.8 mm
upward displacement in tunnel invert.

For determining the critical zone around the tunnel’s cross section, i.
e., the more susceptible to structural instability, two methods were
considered. In the first method, herein designated by “stepwise reduc-
tion of material properties”, the following scenarios were adopted in
terms of reducing the cohesion and the internal friction angle of the soil:
1) Reducing cohesion up to 50 % in 5 steps; 2) Reducing cohesion up to
100 % in 10 steps; 3) Reducing friction angle up to 50 % in 5 steps; 4)
Reducing friction angle up to 100 % in 10 steps. Fig. 5.6 shows the
vertical displacement field and the maximum principal stress field at
tunnel’s section y = 126 m for the scenario 2. This selected scenario was
the one of highest impact on the maximum vertical and lateral
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a) b) C)

Fig. 4.4. A) direct shear tests (fip) on frs specimens; b) and c) in-plane bond shear behaviour between frs and granitic (b)) and clay (c)) tunnel’s substrates.
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Fig. 4.5. Typical results of in-plane bond shear tests on FRS-granitic substrate with: a) smooth, b) rough surface of the substrate in contact with the FRS.

deformability of the masonry lining, as well on the maximum principal In the second method, designated by “Strength reduction method”,
stresses in this tunnel structural component. The maximum downward the material shear strength is successively reduced up to failure occur-
movement (0.6 mm) occurred around the right-side arch, while the rence due to the attainment of a state of limit equilibrium. This method,
maximum compressive stress in masonry’s spandrels is 2.14 MPa, which which aims to determine the safety factor of the critical material pa-
is much lower than the compressive strength of the granitic nature of the rameters on a certain design scenario, was used to evaluate the critical
masonry arch (114 MPa). zone around the tunnel. The vertical displacement field and the
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Fig. 4.6. Typical results of in-plane bond shear tests on FRS-clay substrate with: a) smooth, b) rough surface of the substrate in contact with the FRS.

maximum principal stress obtained using this method is represented in
Fig. 5.7. In Fig. 5.7a, the maximum vertical displacement (2.7 mm) has
occurred on the right side of the tunnel arch, which is in the same
location provided by the stepwise method, although the displacement
obtained in the second method is about 4 times higher than the first
method. On the other hand, the maximum compressive stress in the
spandrels of masonry’s arch (Fig. 5.7b) is 0.5 MPa, which is similar to
the value obtained in the stepwise method, whereas its magnitude is
nearly a quarter of the stress in the first method. The different results
obtained from these two methods can be attributed to the fact that in the
stepwise method, the gradual reduction of properties is not applied to
the masonry lining, while in the second method, the strength properties
of the lining are also reduced along with the ground.

To determine the soil area surrounding the tunnel, whose soil-
structure interaction is important to be considered to numerically
assess the influence of an FRS strengthening solution on the stability of
this tunnel (a topic covered in the next section), the displacements in a
series of points along the axis represented in Fig. 5.8a were measured
(vertical along z axis; horizontal along x axis). The top and bottom
horizontal boundaries of the representative area were defined by the
points where the vertical displacement was about 1/500 of the

displacement registered in the crown and invert of the tunnel section
(Points A and B). The lateral vertical boundaries of this area were
defined by the point where the horizontal displacement was about 1/
500 of the horizontal displacement in the face of the masonry arch (point
Q).

To simulate the most critical scenario for FRS structural strength-
ening, already proposed by Taheri et al. (Taheri et al., 2022), a zone of
weak soil and a failing region soil was adopted, as represented in
Fig. 5.8b, whose properties are presented in Table 5.2. In this scenario,
and for these soil properties, the representative boundary conditions are
those shown in Fig. 5.8c.

5.2. Meso modelling

Previously (Taheri et al., 2022), it was demonstrated that a thin FRS
layer of 100 mm thickness, combining strain softening and strain
hardening fibre reinforced concrete (SSFRC and SHFRC, respectively),
can restore the loss of stiffness and load carrying capacity caused by the
existence of a critical zone of soil with properties much lower than the
remaining soil medium. That analysis was performed for the Mourilhe
tunnel, by adopting the relevant conclusions of the simulations
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Fig. 5.1. A) topographical map with 2d contour lines in autocad, b) 3d contour lines in civil3d, ¢) 3d surfaces in rhinoceros, d) 3d mesh in flac®P.
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Fig. 5.2. A) three-dimensional geometry of mourilhe tunnel in flac®P, b) Dimensions of the tunnel’s cross section, ¢) Boundary conditions of the model.

Table 5.1
Estimated geotechnical parameters for simulating the Mourilhe tunnel with the Mohr-Coulomb model.
Parameter E (GPa) v Cohesion (MPa) Friction angle (°) Density Compressive strength (MPa)
(kg/m®)
Weathered Granite 3.10 0.25 1.9 37.6 2700 69
Masonry Lining 40.27 0.25 2.6 42.0 2700 114
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Fig. 5.3. Initial conditions of the Mourilhe tunnel before excavation: a) initial vertical (in z direction) stress field (in Pa); b) initial horizontal (in x direction) stress
field (in Pa) (Stress sign convention: positive value indicates tension; negative value indicates compression).
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Fig. 5.4. A) schematic representation of the belgian excavation method, b) simulation phases of belgian excavation method.
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Fig. 5.5. Vertical displacement field in the transverse section of the model at Y
= 126 m (in meters).

presented in the previous section.
By considering a representative tunnel’s cross section and sur-
rounding soil medium, determined according to the methodology
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described in the previous section, a meso modelling study was per-
formed to assess the influence of simulating the contact FRS-masonry
arch-soil and between the blocks forming the arch (Fig. 5.9). The in-
fluence of the loading conditions, the type of FRS (SSFRC and SHFRC)
and their disposition in the layers forming the strengthening FRS shell,
are also analysed regarding the tunnel’s stiffness and load carrying
capacity.

In a previous work (Taheri et al., 2022), it was demonstrated that,
when the Mourilhe tunnel is submitted to the load type gs (Fig. 5.9),
representing the dislocation of an unstable block of rock, the location of
a weak soil in the zone represented in Fig. 5.9 is the one conducting to
the highest loss of stiffness and load carrying capacity for this tunnel. In
the present study, the following load cases were also considered: g,
which represents a uniform distributed load in the total top boundary of
the representative tunnel’s section; gz that is also uniformly distributed
in this boundary, but applied exclusively in the weak soil.

The numerical simulations were carried out with the FEMIX com-
puter program (Barros, 2016), which has constitutive models capable of
capturing the relevant nonlinear features of FRC, namely the fibre
reinforcement resisting mechanisms after concrete crack initiation. The
adopted finite element mesh is represented in Fig. 5.10, being formed by
8-noded plane stress elements with a 2 x 2 Gauss Legendre integration
scheme for the FRS, masonry arch and soils. To model the contact be-
tween masonry blocks, blocks-soil, and FRS-blocks, line interface finite
elements of six nodes with a Gauss-Lobatto integration scheme of 1 x 3
IP were adopted.
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Fig. 5.6. Results for scenario 2 at the tunnel’s section Y = 126 m: a) Vertical displacement field in meters; b) maximum principal stresses in Pa. (Stress sign

convention: positive value is tension; negative value is compression).
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Fig. 5.7. Results in the tunnel’s section y = 126 m using the strength reduction method: a) Vertical displacement field (in meter); b) maximum principal stresses (in
Pa) (Stress sign convention: positive value indicates tension; negative value indicates compression).

5.3. Constitutive models

The plastic/damage multidirectional fixed smeared crack model
described elsewhere (Edalat Behbahani et al., 2015) was adopted for
simulating the nonlinear behaviour of FRS in tension and compression,
whose relevant diagrams are represented in Fig. 5.11 in order to illus-
trate the physical meaning of their defining parameters. Up to an
effective stress (according to the William and Warnke failure surface
(Willam and Warnke, 1974) of aqf. (Fig. 5.11a) the FRS compressive
behaviour is considered in linear-elastic regime, defined by the modulus
of elasticity, E., and Poisson ratio, v, of FRS.

According to the smeared crack model (SCM) of the adopted nu-
merical approach, crack initiation and propagation is simulated by
considering a cracked concrete as a continuous anisotropic medium.
According to this approach, an increment of stress is obtained from an
increment of strain via an elasto-plastic-cracked constitutive matrix,
D0 (Ag = DP° Ag), which integrates the information regarding the
elasto-plastic behaviour of concrete in compression (yield surface, flow
rule and evolution law for the hardening parameter), as well as the in-
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formation corresponding to the fracture modes of the smeared cracks.
The elasto-plastic component of this model is governed by the five-
parameter Willam and Warnke failure criterion (f = f(c; o)), the
flow rule AgP AX0f /05 (AP is the incremental plastic strain vector,
A4 is the non-negative plastic multiplier), and hardening function 5, —€,
represented in Fig. 5.11a.

Fig. 5.11b represents the diagram that simulates the concrete frac-
ture mode [ initiation and propagation, where is the tensile strength, is
the mode I fracture energy, and define the shape of this diagram, and is
the crack bandwidth. This last parameter correlates the crack width, w,
with the normal crack strain, and is related to the size of the finite ele-
ments for avoiding the results be dependent on the refinement of the
finite element mesh.

The sliding between the granitic blocks of the masonry arch, as well
as between these elements and surrounding soil, is simulated from the
following equation (Fig. 5.12a):
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Fig. 5.8. A) adopting points for determining the representative tunnel’s cross section for frs strengthening intervention, b) 2d view of the weak zone and the collapse
region considered in the mourilhe tunnel model, ¢) dimensions of the representative tunnel’s cross section for the frs strengthening scenario.

Table 5.2
Properties for the adopted materials.
Rock type Elastic Poisson Cohesion Friction Density
modulus ratio (MPa) angle (°) (kg/
(MPa) ) m®)
Weathered 3100 0.25 1.9 37.59 2700
Granite T
Weak zone 31 0.25 0.95 37.59 2700
Falling zone 3100 0.25 0 0 2700 ll
Masonry 40,270 0.25 2.6 42 2700
lining
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Fig. 5.9. Representative cross section of the Mourilhe tunnel, strengthening
FRS structure, surrounding soil and loading and support conditions.
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Fig. 5.10. Finite elements mesh considered in numerical simulations.
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where

Ty = C+0,.tang 4

with g, and p, being the parameters defining the shape of the 7—s
branches between sy and s, and above s, respectively, while ¢ and ¢
are the cohesion and friction angle of the interface, respectively. When
using 7 —s, it is assumed the interface does not open, while when the
movement of the interface is exclusively simulated by the o, —w, no
sliding is considered and the stiffness before initiation of separation is
defined by the k, parameter (Table 5.5).
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Fig. 5.11. A) effective stress vs equivalent plastic strain in compression; b) crack normal tensile stress vs tensile strain (Gy.: compressive fracture energy; G}: mode I
fracture energy; l. = I, is the crush and crack bandwidth).
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Fig. 5.12. Constitutive laws adopted for the interface finite elements a) shear stress-sliding for modelling the contact between the blocks of the masonry arch and
between them and soil b) Tensile stress vs opening displacement diagram for modelling the separation process between FRS shell and masonry arch.

Table 5.3
Constitutive laws of the used FRCs in numerical simulations.
Material designation fe St E, ao €1 Gy ay & G} Vi Ig/ds
az &
— as &3 J— J—
(MPa) (MPa) (GPa) ©) (%o) (N/mm) ) ©) (N/mm) (%) ©)
SSFRC (Amin et al., 2015) 61.3 4.15 335 0.4 2.5 40 0.53 0.01 3.79 0.4 64
0.35 0.50
0.18 0.98
1.09 0.04
SHFRC (Redaelli and Muttoni, 2007) 190.0 8.90 60.0 0.4 3.5 60 0.65 0.14 23.50 2.4 125
0.22 0.25

Vf is the fibre volume percentage; I¢/dy is the fibre aspect ration (fibre length/fibre diameter).

5.4. Material properties

For the FRS shell, the strengthening potential of possible arrange-
ment with SSFRC and SHFRC was explored numerically. Their proper-
ties for defining the constitutive laws (Fig. 5.11) are indicated in

Table 5.4
Properties of the soils and masonry arch.

Material designation E(GPa) v0) Density Table 5.3. For the Poisson coefficient of both FRC, a value of 0.15 was
(kg/m’) assumed.

Masonry (Granite rock) 40.27 0.25 2750 In these analyses, the soil and the granitic masonry arch were

Normal S,Oil 441 0.25 2700 assumed in linear-elastic state, whose behaviour is defined by the

Weak soil 0.05 0.25 2400

14
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Table 5.5
Values of the parameters defining the 7 —s constitutive model (Fig. 5.12a).
Bond So Sm C 2 h Pa kn
designation (mm) (mm) (N/ (@) ) ) (MPa/
mmz) mm)
BS1 1.0 1.5 0.0 5.0 0.5 0.7 1.0

parameters indicated in Table 5.4. To simulate a weak soil, a modulus of
elasticity of about 1 % of the value adopted for the normal soil was
assumed.

The 7 —s simulating the sliding between the granitic blocks, and
between these and the soil, in the critical region (Fig. 5.9 and Fig. 5.10),
herein designated by BS1, is defined by the values of its parameters
indicated in Table 5.5.

Several analyses were carried out to assess the influence of the
different loading conditions (q;, q2 and g3), and the consideration, or
not, of the sliding of the masonry blocks in the critical region, in terms of
loss of tunnel’s load carrying capacity and stiffness. In all these analyses,
the FRS shell was assumed to be formed by the SSFRC with the prop-
erties indicated in Table 5.3.

The most important analyses, herein designated by scenarios, are
indicated in Table 5.6, and their corresponding load versus deflection is
shown in Fig. 5.13. The load is the total vertical reactions, while the
deflection is measured in point A (Fig. 5.9), considered positive in
downward direction.

It is verified that the presence of the weak soil has a significant effect
in terms of decreasing the stiffness, but the load carrying capacity is not
affected, which is justified by the linear behaviour admitted for the weak
soil. When comparing Scenariol and Scenario3, it is verified the
tremendous influence of the load case gs. In this scenario, the q; was
increased up to 1430 kN/m, and since then maintained, while g3 was
incrementally applied up to convergence difficulties in the numerical
simulations forced to conclude the analysis. Comparing the responses of
Scenario3 and Scenario4, it is verified the significant decrease of the
stiffness when only q; is actuating, and a significant loss of load carrying
capacity when g3 was incrementally applied, which means that the
possibility of the sliding between the granitic blocks of masonry in the
considered critical region has a pronounced detrimental effect on the
FRS strengthening efficiency, due to the higher cracking damage
induced in the FRS shell (Fig. 5.14).

5.5. Tunnels strengthening strategy for recovering its structural
performance

To assess the potential of using SSFRC and SHFRC in different layers
of the FRS shell, applied according to the new robotic shotcrete tech-
nology, the strengthening region indicated in Fig. 5.15 was strengthened
according to the three arrangements shown in Fig. 5.16. The SSFRC and
SHFRC have the properties indicated in Table 5.3, and Scenario4 was
adopted for the loading conditions, type of soils and contact modelling
between the blocks of the masonry arch in the critical region.

The force-deflection obtained in these strengthening plans are
compared to the ones determined in the Scenario3 and Scenario4.
Fig. 5.17 shows that, by using only on layer of SHFRC in the outer faces
of the FRS shell, the stiffness and load carrying capacity of this
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Fig. 5.13. Force-central displacement responses of Scenarios 1 to 4.

strengthening solution is identical to the structural efficiency of the
other two solutions, but much more economic.. However, the stiffness
registered in the Scenario3 was not possible to recover, since the dif-
ference in the modulus of elasticity of SSFRC and SHFRC is not enough to
have an impact on the structural stiffness at this stage, and the thickness
of the FRS shell was kept the same in all the analyses. To recover this loss
of stiffness, the joints between the granitic masonry blocks should be
filled by an adhesive that significantly increases the bond strength and
the bond stiffness.

6. Control and automation for robot-assisted FRS

The shotcrete process yields a hazardous environment for the oper-
ator, requiring skilled manpower to achieve the thickness as specified by
the structural stability project. Automating the projection will allow for
a more accurate thickness control while enabling the variation of both
the thickness and the FRS properties, since the amount of fibres in the
FRS mixture can be adjusted in real time, according to the structural
design, as described in the previous section. The sections below describe
the developments to allow both the addition of fibres to ensure the
aimed FRS properties, in real time, during the projection, and for the
projection task to be automated. It should be noted that the concrete
arriving to the shotcrete robot arm already includes a certain percentage
of fibres, with an extra content of fibres being added in real time and
during the projection, allowing to improve the properties of the FRS to
accomplish the designed plan. This accomplishes the general requisites
faced in structural strengthening with FRS, without dramatically
increasing the technical demands for the innovative device that controls
this operation.

6.1. Development of fibre injection prototypes

To have an effective shotcrete technology capable of applying, in real
time, FRS with different properties, it is assumed that a premixed FRC is
prepared according to a ready-mix concrete technology, with the
properties for the areas of the RT with small structural demands in terms
of strengthening intervention. This premixed FRC can already include

Table 5.6

Details of the adopted scenarios in tunnel simulation.
Scenarios Soil typel Soil type2 Masonry block relative displacement Dead weight Q1 qs**

(N/mm) (N/mm)

Scenariol NS* NS - Considered Incremental -
Scenario2 NS ws™ - Considered Incremental -
Scenario3 NS NS Considered Considered 1430 Incremental
Scenario4 NS Ws Considered Considered 1430 Incremental

* Normal Soil; ** Weak Soil; *** g2 was not considered since it was verified to be not so critical as g3.
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a)

b)

Fig. 5.14. Crack pattern in the FRS shell at the maximum load level for the a) Senario3 and b) Senario4 (the red, green, dark blue, light blue, and purple represent a
crack in opening, closing, closed, reopening, and fully-open status, respectively).

] FRS A
(<7 Soil typel D Soil type2

] structure

. Masonry

—— Interface elements

Fig. 5.15. Localization of the strengthening region.

more than one type of fibres, for instance, micro-polypropylene fibres
and steel fibres, the first ones to avoid concrete explosive spalling in case
of a fire in the tunnel, and the second ones to ensure the aimed post-
cracking tensile capacity for the FRS. This FRC arrives to the new
robot-shotcrete equipment, which incorporates a system for adding the
amount and type of metallic fibres to ensure the FRS with the properties
intended for the place being shotcrete. Such system should be located as
near as possible of the projection head, ideally in the head itself, to
minimize the delay between the fibre introduction moment and the
projection instant. However, this possibility is difficult to achieve due to
the inherent weight of both the fibres and the required mechanisms,
bearing in mind the considerable amount to be introduced (between 15
and 30 kg of metallic fibres per m® of concrete). The alternative is to
build this system as near as possible to the robot’s base, minimizing the

5x20mm 3 SHFRC  5x20mm 3

SSFRC

a) b)

mentioned delay and sharing the load bearing structure of the robotic
arm. Due to the reasons to be explained later, in the present phase of this
project, only metallic fibres will be added to the premixed FRC.

6.1.1. Mechanism to add the extra content of fibres to the FRS

To add the extra content of fibres to the pre-mixed FRC that comes to
the robotic shotcrete arm, an electro-mechanical mechanism has been
conceived, built, and tested, which, due to its inherent complexities, has
been subject to an iterative process with successive implementations and
improvements. The appropriate content of fibres to be added depends on
the instantaneous FRS flow in the pipe. Due to the pulsating flow
generated by the concrete pumping system being used, this becomes
rather difficult to achieve. On the other hand, the fibres are to be
introduced at a point where the concrete pressure may be more than 20
bar, which demands a robust mechanism from the mechanical point of
view. The first trial on the development of this mechanism was based on
sensing the instant flow and controlling a motorised fibre introduction
system. The simulations during the design process have, however,
showed that this approach would not be able to comply with the ex-
pected demanding operating conditions. The second trial was based on a
self-propelled rotor with variable volume chambers, able to guarantee
the fibre-to-concrete ratio independently of the instantaneous flow. A

100000 |
80000 -
Z 60000 -
3
£ 40000 A Scenario3
= ——Scenario4
20000 4 ——StrPlanl
StrPlan2
4 StrPlan3
() T T T T T
0 5 10 15

Central Displacement, dc [mm]

Fig. 5.17. Comparison of the force-central displacement responses of Sce-
nario3, Scenario4 and of the three strengthening plans.

5x20mm 3 SHFRC

©)

Fig. 5.16. Cross-sections considered in the strengthening plans of a) StrPlanl, b) StrPlan2, and c) StrPlan3.
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first prototype of this mechanism was built, and the tests carried out
demonstrated the need for some improvements, which is an ongoing
task.

In what concerns the first design, it is based on a cam mechanism
guiding fibre injection into the concrete through cylinders. The recip-
rocating motion of the pistons depends on the rotation of the rotor and
pins, with bearings mounted on the endpoints of the piston structure.
The piston motion is guided by a cam system, which was constructed by
combining two cylindrical structures with specially designed slots, or
guides, as shown in Fig. 6.1.

This design showed two main problems: 1) The mechanical design
was complex and with some potential fragile spots; 2) The ability of fi-
bres insertion was not compatible with the short pulses (2-3 s) of the
pumped concrete flow. Moreover, the possible solutions for flow mea-
surement were either not appropriate or too expensive to be used in the
project’s scope.

The second concept is based on the principle of a rotary set of vari-
able volume chambers propelled by the flowing concrete (see Fig. 6.2).
The pressure loss of such mechanism, which could be an obstacle in
principle, is not relevant, since the power of the pumping system is
enough to rise the concrete over more than 17 m, and the maximum
projection height for the operation within the project is well under 5 m.
In this design, the concrete flow pushes a blade that encloses a fixed
volume of concrete into which the content of fibres, required by the
structural design project, is introduced. The rotor is divided into four
different zones by collapsible blades that allow the separation between
the high-pressure zone, where the concrete flows, and the atmospheric
pressure area, where the fibres are introduced. This way, the fibre-to-
concrete ratio is maintained, independently of the actual instanta-
neous flow rate, since the rotation speed of the rotor, and, consequently,
the opening and closing of the fibre introduction vent, will directly
follow flow variations. The solution, the principle of which is depicted in
Fig. 6.2, becomes simpler, since no sensing, motoring, and controlling
devices are needed at this stage. Therefore, the control of the fibre
content to be added is concentrated solely within the dosing mechanism
where the high-pressure concrete is not present.

6.1.2. Fibre separation system

With the proposed fibre introduction mechanism, the rate of fibres to
be added into the self-propelled system must be controlled prior to
insertion. The abovementioned concept implies that the appropriate
amount of fibres (in accordance with the structural design project), is
measured and is ready to be introduced whenever the rotor movement

Inner CAM path

Outer CAM path
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opens the input window. This timing depends on the actual rotation
speed, which is set by the instantaneous flow rate of the pumped con-
crete. A second issue to overcome is avoiding the tendency of fibres to
entanglement, which can block the flow of the FRS into the mixing de-
vice. This problem is common to all type of fibres, but more critical with
the metallic ones due to their higher stiffness, compared to the polymer
ones. As such, the fibres dosing mechanism should have the following
four different functions: 1) prevent fibres entanglement; 2) ensure a
controlled variable flow of fibres; 3) control the correct weight of each
fibre batch to be dropped into the mechanism’s intake port; 4) syn-
chronize the fibres dropping process with the variable rotation speed of
the rotor. The first function is ensured by introducing two moving
conveyor belts (see Fig. 6.3) within the feeding section of the hopper. By
moving the belts in opposite directions, the fibre mass is in constant
motion, effectively preventing entanglement. Gravity will do the rest by
allowing the fibres freed by this motion to fall through the gap between
the belts. The control of fibres addition is achieved by the uplifting belt
speed, which results in more fibres being separated from the entangled
mass; 2) the gap between the belts can be increased, allowing higher
content of fibres to feed the hopper. The control of the mass of fibres in
each batch is achieved by using a dosing cylinder mounted on a load cell.
Finally, the target mass of fibres is dropped into the mixing box by
rotating the dosing cylinder by a quarter of a turn.

To evaluate the amount of metallic fibres in a certain volume of
concrete, a metal detector was designed. This detector is formed by a
two-coil transformer capable of measuring the mass of the metallic fibres
going through the sensor. The primary coil is fed with a sinusoidal
voltage creating a magnetic flux that induces a current on the secondary
coil. The effective voltage measured at the output on this secondary coil
depends on the magnetic coupling between both coils, which is influ-
enced by the core material. The core is a variable mix of air and metallic
fibres, and the coupling increases with the metal-to-air mass ratio.

Torrents et al. (Torrents et al., 2012) performed a series of prototype
tests using inductive methods, to evaluate fibres’ orientation in fresh
concrete cubic specimens and using a low-impedance analyser. Despite
explaining the process using a two-coil transformer, they analysed the
change in the self-inductance of a single coil to perceive the number of
existing fibres. In another approach, Nunes et al. (Nunes et al., 2016)
proposed an inductor with a U-shaped ferrite core with a single coil
winding the ferrite’s two legs, to determine the content and orientation
of steel fibres in concrete on thin slab samples. The idea was to assess the
content and the orientation of the fibres into a certain volume of con-
crete. The authors formulated a circuit simplification of the set coil and

Piston

Insertion camera

Pins & bearings

b)

Fig. 6.1. First design: a) cam paths, b) full view.
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Fig. 6.3. Fibre entanglement avoidance mechanism Right: Operating principle; Left Physical prototype.

concrete slab, to measure the coil’s inductance within both axes of the
slab. They concluded that the orientation of the fibres could interfere
with the measurements of the fibre content. The prototype proposed
here uses a primary coil with 600 turns with a 15.63 mH inductance, and
a secondary coil with 50 turns and 6.23 mH inductance. The test voltage
applied to the primary terminals was 10 V at 100 Hz. Varying the input
signal frequency demonstrated that the output on the secondary coil also
changed, due to the resonant frequency, when the two coils are excited
with a specific coupling frequency that amplifies the transformation on
the secondary to enhance the output signal. This careful choice of input
frequency allows a higher sensitivity in the device. The overall block
diagram proposed for the instrument is shown in Fig. 6.4.

Its operation can be described as follows: the primary loop is excited

18

using an AC voltage of known amplitude and frequency; then, a voltage
measurement is performed on the secondary coil; the passage of the
metallic fibres through the interior of the detector modifies the char-
acteristics of the electromagnetic field and the measured voltage ac-
cording to the content of fibres; this raw signal needs to be conditioned,
which was ensured by a filtering and amplification process, before being
acquired and processed by an appropriate device (microcontroller, PLC,
or computer). From the specified device, it is possible to control the fibre
input, as depicted in Fig. 6.4, closing the control loop.

6.2. Tunnel surface scan and post-projection analysis

Monitoring the tunnel structure before and after the projection is
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Fig. 6.4. Proposed overall block diagram for the detector of content of steel fibres in a certain concrete volume.

required to guarantee a uniform layer thickness of the projected FRS, to
detect imperfections and apply corrections if needed.

Monitoring the tunnel structure is achieved by performing laser
scanning using Light Detection And Ranging (LiDAR) devices. These
devices output multiple points that represent a distance to the sensor,
thus allowing to generate a point cloud with a level of precision dictated
by the equipment itself, and the materials being scanned. For a moving
platform, the automatic alignment of the received point clouds is
required to generate an accurate digitalization of the structure. Other-
wise, all the received data, independently from sensor location, would
be registered to the same reference frame, resulting in an inaccurate
representation of the structure. To perform the alignment of the received
point clouds, the Simultaneous Location And Mapping (SLAM) algo-
rithm was implemented. This algorithm allows to perform mapping
while keeping track of the platform motion, often making use of regis-
tration algorithms (Zhou et al., 2021; Sensors, 2022) to register the
received point data and to create a global point cloud that accurately
represents the tunnel surface.

Point cloud registration is also required to align the generated point
cloud of each scan, as these can have a distinct reference frame. One
popular algorithm for point cloud registration is the Iterative Closest
Point (ICP) (Besl and McKay, 1992), which is a method to register two-
point clouds by iteratively minimizing the distance between their cor-
responding points. A concise and straightforward illustration of the
entire procedure is shown in Fig. 6.5.

Registering large scale point clouds demands increased computing

Laser scan n° 1

a»

Laser scan n°2

Resulting point cloud n° 1

power. To enhance registration efficiency, one effective approach is to
use a specialized data structure such as octrees (Eggert and Dalyot,
2012). Octrees work by recursively dividing the 3D space into increas-
ingly smaller cubic cells, where each cell is subdivided into eight
neighbouring cells, forming a hierarchical structure that are mutually
connected. This data structure (illustrated on Fig. 6.6) is designed to
efficiently represent a three-dimensional space, where each node, at any
given depth level, can be divided into eight child nodes through a reg-
ular 2 x 2 x 2s ubdivision, or it may have no child nodes. Inherent to this
structure is a key relation between the octree depth level and its spatial
resolution. Specifically, with each successive subdivision level towards a
finer refinement, the spatial resolution in each of the three dimensions
(i.e., length, width, and height) is effectively doubled. This is due to the
fact that, at each depth level, the spatial domain is subdivided into eight
smaller, equally sized volumes. Therefore, the refinement level in an
octree dictates its spatial resolution, with higher depth levels corre-
sponding to higher spatial resolution. This feature allows the octree to
adaptively represent spatial data with varying levels of detail, providing
a finer resolution where it is needed, while conserving computational
resources elsewhere.

The tunnel presented in Fig. 6.6 is colour coded by the geometric
distance between two octrees, each constructed from laser data acquired
sequentially, one prior and other after the concrete projection.

The software required for the described functionalities runs under
the Linux operating system, on top of the Robot Operative System (ROS)
(Quigley, et al., 2009). In ROS, software and sensor drivers can send and

Ry

Affine Registered
Point cloud registration

Resulting point cloud n° 2

Fig. 6.5. Illustration of the tunnel laser scanning and registration process.
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Fig. 6.6. Illustration of octree depth levels: from coarse to fine refinement.

receive information using messages These “messages” being published
or subscribed in a stream of data, designated as “topics”, henceforth will
be designated as “data stream”. The developed software, that automates
the process of capturing and comparing point clouds, runs as a ROS
package. The point cloud messages published by the LiDAR’s ROS driver
are subscribed by the running SLAM algorithm. This SLAM algorithm
then estimates the sensor motion by analysing the current and past
LiDAR messages, a process known as LiDAR odometry. After performing
LiDAR odometry, point cloud messages are registered to the global map.
The registered point cloud messages are published by the SLAM algo-
rithm to a specific “data stream”. An implementation of the Point Cloud
Library (PCL) ROS implementation subscribes the “data stream”, saving
a point cloud file for each received message. When the tunnel laser
scanning is completed, the point cloud files are merged into a single full
tunnel scan file. To obtain a global point cloud for the time before and
after the FRS projection, the previous process is performed twice.
After converting the point clouds of the instances, from before and

after the FRS projection to octree representation, registering between
the two point clouds is performed using the ICP algorithm.

To compute the distance (difference) between the two octrees, the
initial octrees is selected as the reference octree, and an octree-to-octree
distance calculation is performed. An octree-to-octree distance consists
of computing the distance of a given octree leaf relative to the closest
octree leaf on the reference octree. As a result, a new field is added to
each leaf of the compared octree, which contains the distance (in me-
ters) of the octree leaf relative to the closest octree leaf on the reference
octree.

One of the FRS projection experiments carried out on the prototype
tunnel is shown in Fig. 6.7a and Fig. 6.7b, for the tunnel inner surface,
before and after projection, respectively (the experiments were con-
ducted using a Livox Horizon LiDAR, which features a distance random
error of less than 2 cm at 80 % surface reflectivity). Each figure shows a
photo of a tunnel prototype (purposely built for testing within this
project by the partners EPOS and Leirimetal), as well as the generated

a)

Fig. 6.7. Prototype tunnel experiment before a) and after b) projection
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octree from two different perspectives. The colour of these point clouds
represents the intensity of the received light for each respective point,
with a darker colour indicating lower intensity. The displayed colours
follow a linear scale of blue, green, yellow, and red, from minimum to
maximum intensity, respectively. Fig. 6.7a and Fig. 6.7b colour scales
have intensity values from 0 to 98, and 0 to 85, respectively. The highest
possible value for the intensity parameter is 255, which is only reached
with a very high reflective surface.

By scanning the surface with the LiDAR, a model of the tunnel was
constructed for the instances before and after the FRS projection. The
differences that occurred in the tunnel surface model were computed
from the point cloud derived from each scan. The resulting difference
can be visualized by attributing a colour to each octree leaf, which
represents leaf to leaf distance, using as a reference the initial octree. As
an example, Fig. 6.8 shows the difference for the obtained point clouds
from the experiments shown in Fig. 6.7.

During the mentioned experiment, FRS was projected to one half of
the tunnel only, hence all the figures are showing only that half. In
Fig. 6.8a, the difference between the surfaces is shown, with a linear
colour grade that ranges from the minimum measured distance (0 cm) to
the maximum measured distance (31.44 cm). In Fig. 6.8b, the linear
colour grade was applied to the points with a distance ranging from 1 to
4 cm, to better enhance the differences in this interval. Seven iterations
of the experiment were performed, where FRS was projected to a fixed
point of the tunnel wall, as shown in Fig. 6.9a, with the corresponding
scanned point cloud being shown in Fig. 6.9b and Fig. 6.9¢c. The depth of
the projected blob was measured by inserting an analogue depth gauge,
with sub centimetric precision, into the recently projected FRS. The blob
was then removed from the structure and the surface rescanned prior to
the next projection.

From the scanned point cloud, the area of the projected FRS was
extracted, as shown in Fig. 6.9¢c. After computing the difference between
point clouds resulting from each extracted area, (shown in Fig. 6.10) for
each of the experiment seven iterations, the implemented algorithm
extracts each point with its corresponding distance parameter.

The extracted points are then sorted from lower to higher distance,
and a histogram is created. By recursively identifying the statistical
mode of points closer to the maximum measured distance, the projected
FRS blob maximum depth is estimated. The fourth FRS projected blob
detached from the wall due to its own weight, hence its scan and
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characteristics are not being shown. From the results shown in Table 6.1,
one can observe that the differences between the LiDAR blob depth
estimation and the analogue depth gauge measurements always fall
within the LiDAR’s 2 cm precision.

A surface with high reflectivity percentage will provide more accu-
rate results. For reference, the reflectivity of most points on the point
clouds at Fig. 6.7a and Fig. 6.7b range between 7.4 % and 19.2 %, and
between 4.0 % and 16.7 %, respectively. The currently in-use LiDAR
sensors will be replaced in the future with more recent LiDAR sensors,
such as the Ouster OS1 Rev 7, which features a precision near + 0.5 cm
for 10 % surface reflectivity. This LiDAR will enable a higher resolution
in inter layer thickness assessment and, consequently, more flexibility
for the project contractor when defining concrete layers thickness.

6.3. Trajectory generation and execution

The shotcrete machine must automatically generate and follow a
path for the process to be fully automated. This subsection describes how
the path generation and execution works, which follows the pipeline
summarized in Fig. 6.11. The details of each step are provided in five
subparts, as follows: 1) creation of the cartesian path; 2) path adaptation
to avoid collisions; 3) search in joint space to obtain a path feasible
exclusively by linear motions; 4) simulations to estimate the result of the
projected shotcrete layers; and, 5) trajectory execution using commu-
nication with the controller through TCP/IP.

6.3.1. Generation of the cartesian path

Assuming the TCP (Tool Centre point) is located on the axis that
passes though the nozzle, with a displacement from the nozzle tip (away
from the robot) equal to the desired nozzle-to-wall projection distance,
the cartesian path for the TCP to follow must be composed of targets
whose position lie on the tunnel surface. The cartesian path is created
based on a mesh that represents the tunnel inner surface, such as the
ones described in Section 6.1. The algorithm allows generating four
different path types, namely straight, straight with ellipses, square-
wave, and square-wave with ellipses, as shown in Fig. 6.12. The path
to be selected, and its parameters, should be the one that ensures the
thickness of each projected layer along the tunnel surface, according to
the structural stability project, something that will be further discussed
later. Each path has a different set of parameters that need to be
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Fig. 6.8. Difference between scans in meters: a) linear colour grade range [blue, red] = [0, 31.44 Jcm; b) linear colour grade range [blue, red]=[1, 4] cm.
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Fig. 6.9. Tunnel surface after single point projection.

Scan n°1

Scan n°2

Scan n°3

Scan n°6

Scan n°7

Fig. 6.10. Lateral view of projected FRS.

Scan n°5

Table 6.1

Results from the FRS concentrated projection experiment.
Experiment Flow Depth )  Width Height Duration Depth ®

m®1  [cm] em]  [cm] [s] [em]

1 10 4 40 40 4 4.82
2 10 12 40 40 10 13.57
3 15 6.5 50 50 5 6.56
4 15 - - - 6 -
5 15 6.5 48 50 4 6.31
6 20 6.0 50 50 5 7.11
7 20 3.0 36 36 2 2.83

(1) Depth measured with an analogue depth gauge.
(2) Estimated blob depth using measured LiDAR data.

provided. In the case of the square-wave paths, the parameters are the
lengths of each horizontal and vertical lines. The paths with ellipses are
formed by adding to either the straight or square-wave path, a rotating
vector that describes an ellipse with a given frequency and the length of

the two ellipse’s axes.

The algorithm to generate a path (set of positions) works by taking an
initial position and adding a vector to it. The closest 3D point that be-
longs to the mesh surface (not necessarily a vertex or cell/face centre) is
chosen as the next path position and added to a list. Then, the same is
done with the latest position added to the list. This is done for one entire
section, producing a path as shown in Fig. 6.12a-6.12d. As the path is
being generated, the vectors are recalculated so that they follow the
mesh curvature. For instance, to create the path shown in Fig. 6.12a, the
user only needs to provide an initial position, the distance between
targets and the vector that gives the z direction (whichis [0 0 1]in
this example, according to the world reference frame shown in Fig. 6.12
and in Fig. 6.13). For the path shown in Fig. 6.12¢, the longitudinal
(along axis y) distance between targets and the longitudinal direction
are also parameters. As such, two vectors must be updated to make sure
the path follows the geometry of the tunnel surface in its cross section
and longitudinal axis.

Each target will correspond to a TCP frame, such as the one show in

" Graph
- Generation . Transform T
Generation X Adapt search in K Send joint space
Tunnel of circular - cartesian
Path of Z shaped path to joint space . path to robot
Start surface > path from [ . X > pathinto [ End
parameters path of avoid to find . controller

mesh the Z shaped . . joint space )

poses collisions linear through tcp/ip
path R path
motion path

Fig. 6.11. Flowchart of the path generation algorithm.
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Fig. 6.12. Different types of paths that can be generated. From left to right: a)
straight path; b) straight path with ellipses; ¢) square-wave path; and d) square-
wave path with ellipses.

Fig. 6.13, with the algorithm described so far generating the positions
for each path target, but not the orientation. The orientation is given by
the direction vectors that represent the x, y and z axis of each target
pose, as shown in red, green and blue, respectively, in the TCP example
in Fig. 6.13. The z vector corresponds to the nozzle projection direction,
and should be orthogonal to the mesh to minimize rebound. For each
target, the z direction is computed as the average of the normal vectors
of the mesh vertices closer to the target position, as shown on Fig. 6.14.
The x direction vector must be perpendicular to the z direction vector,
resulting in infinite possible solutions (from the point of view of the
projection, only the perpendicularly restriction matters). As such, a goal
direction is arbitratedas [0 1 0] (in world frame coordinates), for the
first target, and, for each subsequent target, the goal direction is the one
of the previous targets. The actual x direction will be the one that
minimizes the x direction change between consecutive targets. Finally,
each y direction vector is computed as the normalized cross product of
the corresponding z and x direction vectors, to guarantee a direct and
orthogonal frame.

Robot

frame

—_— World

reference

L. frame
—

P’
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6.3.2. Collision avoidance

The developed algorithm assumes that the tunnel is free of obstacles,
with the FRS robotic arm being supported on a stiff system, rolling on
the existing railway of the tunnel to be strengthened. However, one
needs to take into consideration the track location, due to possible col-
lisions between the robot and/or the nozzle with the track, as exem-
plified in Fig. 6.15. These collisions exist given that the path was
generated, such that each projection is performed perpendicular to the
tunnel surface.

To avoid this problem, each target leading to a collision is reoriented,
while maintaining its TCP position (which was already on the tunnel
inner surface), so that the robot fist and projection nozzle do not collide
with the track. This means that the orthogonality constraint between the
projection direction and the mesh will no longer be accomplished,
resulting on a slight increase of the rebound, but preventing collisions.
Fig. 6.16 shows an example target before (Fig. 6.16a) and after
(Fig. 6.16b) the update.

6.3.3. Search in joint space

The path must be such that the TCP velocity is constant, and so that
the TCP is always perpendicular to the wall, even between targets,
which can be (approximately) achieved if a linear motion between
consecutive targets (piecewise linear path following) is used. Given the
robot positioning with respect to each tunnel section being processed,
each cartesian target will result in one or more possible joint configu-
rations, obtained by applying the robot inverse kinematics (each joint
configuration is stored as a joint vector, where each vector element
corresponds to the robot joint value — articulated robots, such as the one
being used here, typically have six joints). However, the robot will only
be able to move linearly between consecutive joint targets if these
configurations are chosen properly. As such, a graph search is performed
in joint space, considering the joint targets corresponding to the carte-
sian targets previously generated, resulting on a path that is feasible by
the robot (for a more detailed description of the search algorithm see
(Moniz, 2023).

6.3.4. Shotcrete simulation

To assess how layer thickness varies resulting from different paths
and different paths’ parameters, an algorithm was developed to simulate
the shotcrete spraying process. It assumes that, for a given flow and
trajectory (TCP) velocity, the concrete projected by the nozzle is
distributed according to a paraboloid centred around the attack direc-
tion of the nozzle (Chen et al., 2019), with the rebound calculated based
on the angle between the mesh surface contact direction, and the normal
of the mesh at each point. The simulation also takes into account the
concrete flow, which is not constant, but follows a periodic wave

Endfist
frame

Fig. 6.13. Overview of the used reference frames.
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Fig. 6.14. The z direction of a target’s orientation (red arrow) is computed as
the average of the mesh normal directions near the target’s position
(blue arrows).

Fig. 6.15. Lower positioned targets may result in the collision of the robot with
the tracks.

(Sakoparnig, 2023). As an example of the simulation outcome, the layer
resulting from a single straight path with ellipses trajectory is shown in
Fig. 6.17. The path shown in Fig. 6.17a is generated using an iterative
algorithm and was obtained with non-optimized trajectory parameters,
namely a 2.5 cm linear advance per iteration, an angular frequency of 1
rad/iteration, and a 20 cm ellipse radius (for both axis). The shotcrete
projection simulation for that path, shown in Fig. 6.17b, was obtained
considering a 9.6 m> concrete flow, a projection cone with a 50 cm
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diameter base at 1.5 m projection distance, and a TCP speed of 1.0 m/s.
The expected projection result, considering these non-optimized pa-
rameters, for the projected area, yielded a layer with an average 1.8 cm
thickness, with a maximum thickness of 4.2 cm.

The present focus of this project, regarding the shotcrete automation,
is the optimization of the trajectory and motion parameters to ensure
that the structural stability project is followed in terms of layer
thickness.

6.3.5. Trajectory execution

All the trajectory generation described previously takes place on a
computer, which connects through TCP/IP with the robot controller. A
specific program was developed to run in the robot controller, which
continuously receives sets of targets with the desired speed and motion
type. This approach allows the trajectory generation to be done in par-
allel with the trajectory execution while, at the same time, allowing for
the tunnel surface scan to be processed (as described in Section 6.2) and,
if needed, a new trajectory be generated from that scan. Given that the
targets are sent in batches from the PC to the robot controller, the robot
continuously considers the current and the next targets, allowing for a
smooth and continuous motion.

7. Conclusions and future work

This paper describes the integrated research activities that are being
carried out in the scope of the RoboShot@FRC project for developing a
new shotcrete technology capable of applying, in real time, different
types of fibre reinforced concrete for the structural rehabilitation of
railway tunnels (RT).

Advanced inspection/monitoring systems using laser scanning,
photogrammetry and thermography are being adopted to define the
geometry and characterize the damages in RT. This information is being
integrated with BIM in the context of having the RT’s digital twin.

A new computational tool, named by FRMixD, has been developed
for the mix design of fibre reinforced concrete/shotcrete (FRC/S),
integrating a database with the characteristics of the mixture and cor-
responding properties at fresh and hardened state. This database is
linked to the one existing in the AIpFRC webplatform (aipfrc.org), which
integrates machine learning algorithms to assist in proposing the opti-
mum mix composition for FRC/S with target properties at fresh and
hardened states.

An extensive experimental program has been carried out with cores,
specimens and prototypes of FRS produced in a dedicated tunnel’s lab,
to determine the properties of FRS at fresh and hardened states, and its
classification regarding workability, strength, durability, and toughness,
according to existing standards and design codes. Special focus is being
done on the characterization of the post-cracking tensile behaviour of
FRC, since it is fundamental for the numerical modelling of the FRS
shell, up to its collapse, in the context of the structural rehabilitation of a
RT.

An integrated design methodology has been used involving two
software: FLAC®P for a macro analysis of a tunnel including dedicated
constitutive models for soils, capable of simulating the tunnel phase
construction and the existing displacement, strain and stress fields, and
determine the critical zone in a tunnel for being analysed with a meso-
model; FEMIX, that has constitutive models capable of simulating the
nonlinear behaviour of FRS/C in tension and compression, by simulating
the FRS strengthening lining as a layered curved shell, in order for the
numerical simulations to be representative of the new robotic-based
shotcrete technology. This multiscale modelling strategy was applied
to the case study of Mourilhe tunnel, to demonstrate the potential of this
shotcrete technology, capable of applying FRS with the required prop-
erties for the local being shotcreted, by controlling, in real time, the
content of fibres to be added to the shotcreting robot system.

In what concerns the fibre introduction device, the proof-of-concept
stage for fibre introduction, dosing and measurements was successfully
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b)

Fig. 6.17. Generated trajectory with the projection cone shown on an example target (a) and, in b), a view of the simulated resulting shotcrete layer, where the

colours represent the expected layer thickness in m.

completed, and early initial prototypes were produced, tested, and
validated in laboratory environment. At this stage, a design based on a
variable volume self-propelled rotary system was proposed for the fibre
introduction, allowing for the separation between the high-pressure
concrete flow and the atmospheric pressure fibre batch intake, where
a fibre feeder arrangement including a motorized belt was designed,
prototyped and tested, showing effective prevention of fibre entangle-
ment. A metallic fibre flow rate sensor was also developed and tested.
The process of scaling to higher technology readiness levels (TRL 4 and
above) is well under way in a close collaboration between academic and
industrial partners within the project.

Monitoring the tunnel structure before and after the FRS projection,
using LiDAR-based laser scanning and point cloud registration, is crucial
to ensure uniform layer thickness, detect imperfections, and apply cor-
rections if needed. The developed system employs SLAM algorithms for
automatic alignment of point clouds, using octrees for an efficient rep-
resentation. The process involves capturing and comparing point clouds
using ROS, estimating sensor motion with LiDAR odometry, and regis-
tering point clouds to create a global representation of the tunnel sur-
face. The differences between pre- and post-projection point clouds are
computed, enabling accurate assessment of FRS depth and surface var-
iations. Future work involves employing more advanced LiDAR sensors
for higher precision and resolution, optimizing the registration process,
and developing algorithms to detect and correct deviations in real time.

Regarding the automatic trajectory generation and execution, an
algorithm was proposed and successfully developed to generate
different types of trajectories, given a model of the tunnel surface and
desired projection parameters. Tests were successfully performed using
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a realistic simulator using a typical sized tunnel, as well as using a
smaller scale real implementation with an industrial robot in a labora-
tory environment. Current work is focused on optimizing the trajectory
parameters, in order to increase the homogeneity of the projected layer,
reducing the projected surface thickness varioation with respect with
the structural stability project.

Despite the research methodologies of this project having been
applied to RT, they can also be implemented in the rehabilitation of
other underground structures with minimal changes whatsoever.
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