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Sommario

Nelle infrastrutture sotterranee, la costruzione di gallerie convenzionali prevede gen-
eralmente un rivestimento primario temporaneo in calcestruzzo proiettato, seguito
dall’installazione di una membrana impermeabile e da un rivestimento secondario in cal-
cestruzzo armato gettato in opera. Sebbene il processo di applicazione del calcestruzzo
proiettato come rivestimento permanente (PSCL, Permanent Sprayed Concrete Lin-
ing) sia ormai ampiamente noto, nella pratica comune il calcestruzzo proiettato assolve
convenzionalmente solo la funzione di rivestimento temporaneo. Il calcestruzzo fibror-
inforzato spruzzato si e affermato come un materiale promettente per i rivestimenti
permanenti delle gallerie, offrendo un’alternativa piu efficiente e sostenibile nell’ambito
dei metodi convenzionali di scavo delle gallerie, che attualmente comportano inefficienze
in termini di costi, tempi e utilizzo dei materiali. I recenti sviluppi nella tecnologia del
calcestruzzo fibrorinforzato proiettato comportano, inoltre, vantaggi significativi, tra
cui la riduzione dei costi di investimento e di esercizio ed un’impronta carbonica inferi-

ore rispetto ai sistemi di rivestimento tradizionali.

Le opzioni attualmente disponibili per la progettazione di rivestimenti in calces-
truzzo fibrorinforzato spruzzato - rivestimenti a doppio strato (Double Shell Lining-
DSL), rivestimenti compositi (Composite Shell Lining-CSL), rivestimenti a strato sin-
golo (Single Shell Lining-SSL) - incorporano sempre pill spesso il calcestruzzo fibrorin-
forzato spruzzato come materiale permanente, sia per il rivestimento secondario che per
entrambi i rivestimenti, primario e secondario, a seconda delle opzioni di progettazione
applicate. Tuttavia, mancano ancora procedure consolidate per la classificazione del
calcestruzzo fibrorinforzato spruzzato per applicazioni di rivestimento permanente di

gallerie; le linee guida di progettazione sono limitate e la fiducia nelle metodologie e
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negli approcci standard esistenti & insufficiente.

Lo studio vuole valutare I'idoneita del calcestruzzo fibrorinforzato proiettato per i
rivestimenti permanenti di galleria come soluzione efficace, valutandone le prestazioni
meccaniche, il comportamento post-fessurativo e la conformita alle norme e alle linee
guida di progettazione esistenti. Il lavoro di ricerca ha sfruttato appieno l'attuale
metodologia per la caratterizzazione meccanica post-fessurativa del calcestruzzo fibror-
inforzato proiettato da utilizzare nel PSCL (Permanent Sprayed Concrete Lining), ob-
bligatoria per il processo di progettazione di queste strutture permanenti. Consider-
ando anche campioni convenzionalmente gettati in casseri, si possono ottenere utili
possibili correlazioni tra le prestazioni post-fessurative degli elementi di riferimento in
calcestruzzo proiettato e quelli gettati. Lo studio, inoltre, esplora se esistono relazioni
consolidate tra le proprieta delle fibre e il comportamento post-fessurativo osservato
nel caso del calcestruzzo fibrorinforzato proiettato e indaga l'influenza del processo di
proiezione del calcestruzzo sulla resistenza a compressione del calcestruzzo rispetto a
quella del FRC (Fibre Reinforced Concrete) gettato. La ricerca mira anche a fornire
dati affidabili sulla resistenza residua post-fessurativa ottenuta da prove su pannelli in-
tagliati ed a sviluppare leggi costitutive uniassiali post-fessurative accurate da utilizzare
nella modellazione numerica e nel processo di progettazione dei rivestimenti permanenti

in calcestruzzo spruzzato (PSCL).

Per raggiungere questi obiettivi e stata condotta una vasta campagna sperimentale.
La campagna comprende prove su campioni di riferimento in calcestruzzo proiettato
rinforzato con fibre d’acciaio e anche campioni provenienti dallo stesso getto di calces-
truzzo confezionati in casseri. Sono state inoltre utilizzate anche fibre macro-sintetiche
per la preparazione di campioni gettati in casseri. Sono stati studiati il comportamento
post-fessurativo e la tenacita, compresi la resistenza alla compressione, il modulo elast-
ico ed il ritiro. E stata applicata la metodologia di prova in termini di resistenze residue
(EN 14488-3:2023, Method B), recentemente inclusa nella norma europea EN 14487-
1:2023 sul calcestruzzo proiettato per la caratterizzazione meccanica post-fessurativa
del calcestruzzo proiettato finbrorinforzato. Similmente, ¢ stata condotta la prova di

capacita di assorbimento di energia, prova su pannello EN 14488-5, raccomandata
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anche dalla norma EN 14487-1:2023 e comunemente applicata nei rivestimenti delle
gallerie. E stata, inoltre, eseguita la prova di flessione a tre punti, EN 14651, consigli-
ata dall’Eurocodice 2 e dal Model Code 2010 per valutare le prestazioni del’FRC per
I'uso generalmente in tipiche strutture gettate convenzionalmente. La maggior parte
delle ricerche e dei casi di studio sul PSCL utilizzano infatti ancora questa norma (EN
14651), anche se si riferisce principalmente a campioni gettati in casseri. E stata inoltre
effettuata un’indagine numerica utilizzando un approccio di analisi inversa applicato a
travette con intaglio gettate in casseri ed & stata proposta ’applicazione di questo met-
odo anche alla prova su pannelli spruzzati con intaglio. Infatti, ’obiettivo principale ¢
quello di fornire leggi costitutive post-fessurative uniassiali accurate rappresentative del
comportamento effettivo del calcestruzzo spruzzato FRC da utilizzare nella simulazione

numerica del corrispondente rivestimento permanente in calcestruzzo proiettato.

Lo studio ha stabilito chiare relazioni tra le prestazioni del calcestruzzo fibrorin-
forzato spruzzato e quello gettato, sottolineando 'importanza di utilizzare campioni
proiettati rappresentativi per una caratterizzazione meccanica accurata, fornendo un
quadro coerente per una caratterizzazione e una progettazione affidabili dei rivestimenti

permanenti in calcestruzzo spruzzato (PSCL).

Keywords: Rivestimento permanente in calcestruzzo proiettato (PSCL); Calces-
truzzo proiettato rinforzato con fibre; 3SPBT su pannello quadrato proiettato con intagli;
3PBT su travette con intagli; Resistenza residua post-fessurativa; Caratterizzazione

meccanica; Legge di trazione uniassiale.
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Abstract

Within underground infrastructures, conventional tunnelling generally involves a tem-
porary primary lining of sprayed concrete, followed by the installation of a waterproof
membrane and a cast in-situ reinforced concrete secondary lining. Although the process
of application of sprayed concrete as a Permanent Sprayed Concrete Lining (PSCL) is
now widely recognised, the conventional practices, where sprayed concrete serves only as
a temporary lining, remain the most common. Sprayed Fibre Reinforced Concrete has
emerged as a promising material for permanent tunnel linings, offering a more efficient
and sustainable alternative within conventional tunnelling methods, which often result
in inefficiencies in cost, time, and material use. Recent developments in fibre-sprayed
concrete technology have also demonstrated significant advantages, including reduced
capital and operational costs and a lower carbon footprint compared to traditional

lining systems.

The currently available sprayed fibre reinforced concrete lining design options -
Double Shell Linings (DSL), Composite Shell Linings (CSL), Single Shell Linings (SSL),
increasingly incorporate sprayed fibre reinforced concrete as a permanent material,
either for the secondary lining or for both primary and secondary linings, depending
on the design approach adopted. However, there remains a lack of well-established
procedures for classifying sprayed FRC for permanent tunnel lining applications, along
with limited design guidelines and insufficient confidence in existing methodologies and

standard approaches.

The study aims to investigate the suitability of sprayed fibre-reinforced concrete
as an effective solution for permanent tunnel linings by assessing its mechanical per-

formance, post-cracking behaviour, and compliance with existing standards and design
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guidelines. The research fully exploits the current methodology for the mechanical
post-cracking characterisation of sprayed fibre-reinforced concrete for use in PSCL,
which is a mandatory step for the design process of these permanent structures. By
also considering conventional cast-in-mould samples, the study identifies useful possible
correlations between post-cracking performance of reference sprayed concrete elements
and cast ones. In addition, the study explores whether established relationships between
fibre properties and post-cracking behaviour observed in case of sprayed FRC and in-
vestigates the influence of the spraying process on the compressive strength of sprayed
fibre reinforced concrete compared with cast FRC. The research also aims to provide
reliable post-cracking residual strength data from notched panel tests and to develop
accurate uniaxial post-cracking constitutive laws to be used in the numerical modelling

and design process of Permanent Sprayed Concrete Linings (PSCL).

A comprehensive experimental campaign was conducted to achieve these objectives.
The campaign included tests on reference sprayed Steel Fibre Reinforced specimens and
also cast-in-mould samples from the same concrete batch. In addition, macro-synthetic
fibres were used for preparing cast-in-mould specimens. The post-cracking behaviour
and toughness including compressive strength, elastic modulus, and shrinkage were
studied. The residual strength test methodology (EN 14488-3:2023, Method B), re-
cently included in European sprayed concrete standard EN 14487-1:2023 for the mech-
anical post-cracking characterisation of FRC sprayed concrete was applied. Similarly,
the energy absorption capacity test, EN 14488-5 panel test, which is also recommended
by EN 14487-1:2023 and commonly applied in tunnel linings, was conducted. Addi-
tionally, the three-point bending beam test, EN 14651, advised by Eurocode 2 and
Model Code 2010 for evaluating the performance of FRC for use generally in typ-
ical conventionally cast structures, was carried out. In fact, most research and case
studies of PSCL still utilise this standard (EN 14651) even though it mainly refers
to cast-in-mould samples. A numerical investigation was also performed using inverse
analysis approach applied to notched cast-beam and the application of this method to
notched sprayed panel tests was proposed. In fact, the main goal was to provide accur-

ate uniaxial post-cracking constitutive laws representative of the actual behaviour of
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FRC sprayed concrete for use in numerical simulation of the corresponding Permanent

Sprayed concrete lining.

The study established clear relationships between the performance of sprayed and
cast fibre-reinforced concrete, highlighting the importance of using representative sprayed
test specimens for accurate mechanical characterisation and providing a consistent

framework for the reliable characterisation and design of PSCL.

Keywords: Permanent Sprayed Concrete Lining (PSCL); Fibre-reinforced sprayed
concrete; 3PBT on notched sprayed square panel; 3PBT on notched beam; Residual

post cracking strength; Mechanical characterisation; Uniaxial tensile law.
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Chapter 1

Introduction

Within underground infrastructures, conventional tunnelling generally involves a tem-
porary primary lining of sprayed concrete, followed by the installation of a waterproof
membrane and a cast-in-situ reinforced concrete secondary lining. Although the process
of application of sprayed concrete as a Permanent Sprayed Concrete Lining (PSCL) is
now widely recognised, the conventional practices, where sprayed concrete serves only
as a temporary lining, remain the most common. Sprayed Fibre Reinforced Concrete
has emerged as a promising material for permanent tunnel linings, offering a more effi-
cient and sustainable alternative to conventional tunnelling methods, which often result
in inefficiencies in cost, time, and material use. Recent developments in fibre-sprayed
concrete technology have also demonstrated significant advantages, including reduced
capital and operational costs and a lower carbon footprint compared to traditional

lining systems.

The currently available sprayed concrete lining design options can be broadly cat-
egorized into three types. The first one is Double Shell Linings (DSL), which involve a
sacrificial primary lining that carries the temporary loads and a secondary lining that
withstands the permanent loads. The second type is Composite Shell Linings (CSL),
where the primary lining carries the temporary loads and a proportion of the perman-
ent loads through composite action with the secondary lining. The third type is Single
Shell Linings (SSL), which use a single lining for the temporary and permanent loads,

although it may be built up in several passes.




Within these design options, FRC sprayed concrete is increasingly utilised as a
permanent material, either for the secondary lining or for both primary and secondary
linings, depending on the design options applied. Consequently, understanding in detail
the mechanical properties, as well as the mechanical characterisation in terms of post-
cracking performance and classification of fibre reinforced sprayed concrete, is essential
for its use in the design process and for supporting its implementation in permanent
tunnel lining practice. However, there remains a lack of well-established procedures for
classifying sprayed FRC for permanent tunnel lining applications, along with limited
design guidelines and insufficient confidence in already existing test methodologies and

standard approaches.

The fib Model Code 2010 and Eurocode 2 Annex L are nowadays used as refer-
ence documents for Fibre Reinforced Concrete and recommend EN 14651 three-point
bending (3PBT) on notched samples for material characterization and classification.
Likewise, ITA Report No.16 and fib Bulletin 83 provide guidance for FRC segmental
tunnel linings and also refer to the EN 14651 test. This beam geometry and test-
ing method are mainly suitable for cast-in-situ tunnel linings or precast FRC tunnel

segment structural applications, but not for fibre-reinforced sprayed concrete.

The former European sprayed concrete standard EN 14487-1:2006, specifically con-
ceived for sprayed concrete, describes various methods to evaluate the post-cracking
toughness of fibre-reinforced sprayed concrete, including residual strengths according
to EN 14488-3 (four-point bending test) on beams and energy absorption capacity de-
termined from EN 14488-5 panel test. The energy values obtained from EN 14488-5
are typically considered when designing a temporary sprayed FRC lining and are not
generally used for material characterisation and classification in permanent tunnel lin-
ing design. The residual strength four-point bending tests on unnotched samples of EN
14488-3 are not completely incongruent with the MC 2010 and conducting these tests

on the saw cut beams taken from sprayed panels does not seem practical or feasible.

To align with the MC 2010, and using a sample representative of the spraying pro-

cess, EFNARC produced guidance recommending the use of the three-point bending
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tests on notched sprayed panels with the same geometry as EN 14488-5 (Energy ab-
sorption capacity test) and proposed a correlation between parameters of the EFNARC
notched panel test and the EN 14651 notched beam test to prove the comparability
of their corresponding residual strengths. More recently, the European sprayed con-
crete standard EN 14487-1:2023 has been updated to include the notched panel test,
and the corresponding standard EN 14488-3 incorporates the 3PBT on notched panel
as Method B, alongside the four-point bending beam test as Method A. It is worth
noting that even though EN 14487-1:2023 is specifically intended for sprayed concrete,
it frequently mentions the EN 14651 test method a test developed for cast or poured
concrete, without clearly explaining how to produce beam samples representative of

the spraying process adopted for tunnel linings.

Within this framework, this Ph.D. study aims to investigate the suitability of
sprayed fibre-reinforced concrete as an effective solution for permanent tunnel lin-
ings by assessing its mechanical performance, post-cracking behaviour, and compliance
with existing standards devoted to sprayed concrete. The research fully exploits the
current methodology for the mechanical post-cracking characterisation of sprayed fibre-
reinforced concrete for use in PSCL, which is a mandatory step in the design process of
these permanent structures. By also considering conventional cast-in-mould samples,
the study identifies possible useful correlations between post-cracking performance of
reference sprayed concrete elements and cast ones. In addition, the study explores
whether established relationships between fibre properties and post-cracking behaviour
observed in conventional cast FRC are applicable to sprayed FRC, and investigates
the influence of the spraying process on the compressive strength of sprayed fibre re-
inforced concrete compared with cast FRC. The research also aims to provide reliable
post-cracking residual-strength data from notched panel tests and to develop accur-
ate uniaxial post-cracking constitutive laws to be used in the numerical modelling and
design process of Permanent Sprayed Concrete Linings (PSCL). Additionally, current
guidelines and standards, such as the fib Model Code 2020 and Eurocode 2 Annex L,
provide frameworks for the characterisation and classification of fibre-reinforced con-

crete (FRC). However, these documents do not specify explicitly whether the same




classification procedures are applicable to fibre-reinforced sprayed concrete. Therefore,

this research aims to assess the applicability of these classifications to sprayed FRC.

In developing the research methodology, the study began with a comprehensive re-
view of literature on fibre-reinforced sprayed concrete. Relevant standards and design
guidelines were reviewed, along with case studies of tunnel linings that employed
sprayed fibre-reinforced concrete as a permanent structural material. In addition, pre-
vious research on mix design approaches for fibre-reinforced sprayed concrete was re-
viewed to identify key parameters influencing performance. These case studies and
literature findings were analysed to understand the design concepts adopted, the types
and quantities of materials used, and the practical considerations in mix proportioning.
The insights gained from this review formed the foundation for selecting the materials,

fibre types, and mix proportions used in the experimental investigation.

The investigation involves a detailed experimental study that includes tests on ref-
erence sprayed steel-fibre-reinforced specimens and also cast-in-mould samples from the
same concrete batch. Additionally, macro-synthetic fibres were used to prepare cast
specimens. The post-cracking behaviour and toughness including compressive strength,
elastic modulus, and shrinkage were studied. The residual strength test methodology
(EN 14488-3 Method B), recently included in European sprayed concrete standard EN
14487-1:2023 for the mechanical post-cracking characterisation of FRC sprayed con-
crete was applied. Similarly, the energy absorption capacity test, EN 14488-5 panel
test, which is also recommended by EN 14487-1:2023 and commonly applied in tunnel
linings, was conducted. Additionally, the three-point bending beam test, EN 14651
advised by Eurocode 2 and Model Code 2010 for evaluating the performance of FRC
for use in typical structures, was carried out. In fact, most research and case studies of
PSCL still utilise this standard even though it mainly refers to cast-in-mould samples.
Moreover, within EN 14487:2023 that also refers to the EN 14651 test methodology,
to produce samples representative of the spraying process adopted in PSCL, sprayed
panels (15 x 80 x 200cm) were made and beams (that comply with the dimensions
specified by EN 14651) were saw-cut from them. These sprayed beams, sawn from the

panels, were tested in accordance with the test set-up of EN 14651, providing more
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reliable residual properties than those obtained from cast-in-mould beams.

In addition to experimental methods, numerical techniques are employed to study
the post-cracking properties of sprayed FRC. A numerical investigation was performed
using an inverse-analysis approach generally applied to notched beams, and the applic-
ation of this method to notched sprayed panel tests was proposed. In fact, the main
goal was to provide accurate uniaxial post-cracking constitutive laws representative of
the actual behaviour of sprayed FRC concrete for use in numerical simulations of the

corresponding Permanent Sprayed concrete lining.

The study established clear relationships between the performance of sprayed
and cast fibre-reinforced concrete, highlighting the importance of using representat-
ive sprayed test specimens for accurate mechanical characterisation and providing a

consistent framework for the reliable characterisation and design of PSCL.

The structure of the thesis is as outlined in Figure 3.1 and organized as follows:

The first chapter introduces the research, covering the background, problem state-
ment, research objectives and questions, scope and delimitations, and an overview of

the methodology and structure of the thesis.

The second chapter reviews the state of the art, providing a detail description of
fibre reinforced concrete and in-depth discussion of sprayed concrete, including innov-
ations in materials and technology. The chapter also includes a literature survey on
the mix design of sprayed concrete and case studies exploring the use of sprayed fibre-
reinforced concrete for permanent tunnel lining applications. Additionally, it identifies
knowledge gaps and unresolved questions, particularly regarding the mechanical prop-

erties of sprayed FRC in using for permanent tunnel lining applications.

The third chapter highlights the research significance, its contributions to the ad-
vancement of knowledge in the field, and practical implications in the construction

industry.




Chapter 4 presents the experimental investigations undertaken in this research. It
outlines the experimental programme, provides detailed descriptions of the materials
and mixture proportions, and explains the procedures adopted for specimen prepara-
tion, spraying and casting. The chapter also describes the experimental setups for all

tests conducted and presents the corresponding results and discussions.

The experimental programme comprises a comprehensive study using standard test
methods to evaluate the mechanical properties of fibre-reinforced concrete (FRC). The
residual strength test, EN 14488-3 Method B (three-point bending panel test), was
carried out in accordance with the European Sprayed Concrete Standard EN 14487-
1:2023 on sprayed notched panels, in addition notched cast panels were also tested.
Similarly, the energy absorption capacity test, EN 14488-5 panel test, also recommended
by EN 14487-1 and commonly used in tunnel lining applications, was performed on
sprayed concrete panels as well as on cast panels. Furthermore, the three-point bending
beam test, EN 14651, referenced in Eurocode 2 Annex L and the fib Model Code
2020 for assessing the performance and mechanical characterisation of cast FRC, was
conducted. In addition, notched sprayed beams sawn from sprayed panels were tested.
The latter will be referred to herein as sprayed beams. Complementary tests, including
compressive strength, elastic modulus measurements and shrinkage measurements, were

also undertaken.

The experimental investigations were performed on sprayed concrete, including cast
FRC specimens from the same batch prepared with different fibre types, properties,
and contents. The overall experimental programme is summarised in Section 4.1. This
chapter presents the results obtained from each test method and analyses the perform-
ance of the material under different casting and testing conditions. The post-cracking
properties of sprayed FRC are evaluated for each test, and the characterisation and
classification of the material are determined and discussed in detail. In this regard,
it is worth noting that the post-cracking performance was evaluated and compared by
means of energy absorption on panels (EN 14488-5), while the mechanical character-
isation was based on residual post cracking strengths (fr;). The latter were obtained

from 3PBT on notched panels (EN 14487-1:2023) and on notched beams (EN 14651).
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In this chapter, these residual strengths (fr;) were directly compared, even though
these parameters derive from different test set-ups. The correlation and comparability

of these parameters are investigated in Chapter 6.

Chapter 5 focuses on the numerical investigations carried out in this research. It
presents the background of the numerical modelling approach, the description of the
finite element modelling (FEM) framework, and the procedures adopted for inverse
analysis and model validation. The chapter integrates the results obtained from the
uniaxial post-cracking laws with the flexural tensile strength results derived from the
experimental programme. Inverse analyses were performed for different fibre types and

casting methods to establish uniaxial tensile laws corresponding to each combination.

For each specific FRC composition, it is essential to establish the o—w relationship
that most accurately reflects the tensile behaviour of the composite. Ideally, a direct
tension test should be performed to establish the o—w relationship. However, this
test is complicated. An alternative approach, currently under extensive investigation,
involves using the load—displacement response from 3PB tests to drive the o—w curve of
the material through inverse analysis. Most researchers have focused on the behaviour
of notched beams under three-point bending loads, while inverse analysis using 3PB
notched panel tests, which is the reference test methodology for characterising FRC
sprayed concrete, has been scarcely addressed in the literature. To address this gap,
the research performed inverse analyses on both notched beam and notched panel tests
to determine the o—w relationships for various fibre types and casting methods, and to

investigate the post-cracking behaviour of sprayed fibre-reinforced concrete.

Chapter 6 presents the investigation into the correlation of the main displace-
ment parameters of 3PBTs and in particular their comparability in terms of a similar
crack-width range investigated. According to the European sprayed concrete standards
EN 14488-3 Method B:2023 and EN 14487-1, the crack mouth opening displacement
(CMOD) measured in beam tests (EN 14651) and that obtained from panel tests (EN
14488-3) are generally considered equivalent when determining the residual strength of

sprayed fibre-reinforced concrete (FRC). However, due to the geometrical differences




between the beam and panel specimens, the loading configurations, and differences in
notch depth between the two test methodologies, the CMOD measurements cannot be
regarded as fully equivalent. In this study, the relationship has been analysed, verified,

and established using analytical, experimental, and numerical methods.

Finally, Chapter 7 presents the overall conclusions of the research, synthesising the

key experimental and analytical findings.




Chapter 2

State of the Art

This chapter provides an overview of sprayed fibre reinforced concrete used in perman-
ent tunnel linings, along with a broader overview of Fibre-Reinforced Concrete (FRC),
as the foundation for discussing the main topic, fibre-reinforced sprayed concrete for
permanent tunnel linings. It examines the applications, mechanical properties, and
mix design of both sprayed and cast FRC, supported by relevant research, case studies,
and practical experiences in tunnel lining applications. The chapter also identifies ex-
isting knowledge gaps and unresolved questions, particularly regarding the mechanical
performance of sprayed FRC when used as a permanent structural material in tunnel
lining.

In addition, regional standards and design guidelines related to the mechanical
characterization and design of FRC are reviewed, with emphasis on their limitations
for sprayed applications. The discussion highlights the constraints of standards origin-
ally developed for conventional FRC and evaluates their applicability to sprayed FRC,

particularly in the context of permanent tunnel lining design.

2.1 Fibre Reinforced Concrete

Fibre reinforced concrete (FRC) is a composite material consisting of a cementitious
hydraulic cement, and aggregate of various sizes, incorporating discrete, discountinuous
fibres, characterised by an enhanced postcracking tensile residual strength, also defined

as toughnes, due to the fibre reinforcement mechanisms provided by fibres bridging the
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crack surface [1, 23-25]. The inclusion of these fibres enhances the material’s post-
cracking tensile residual strength by allowing the fibres to bridge crack faces through

a pull-out mechanism [1].

Fibre-reinforced concrete has demonstrated its reliability in a wide range of con-
struction applications, including in various complex architectural forms, precast ele-
ments, industrial pavement, highways and airport runways, in sprayed concrete tunnel
linings, in precast bridge sections and decks as transverse reinforcement, in ground-
supported concrete floors and others. Fibre reinforced concrete sections can be signi-
ficantly reduced in thickness compared to traditional rebar reinforced concrete, leading
to material savings, lower labour costs, and a decrease in greenhouse gas emissions

associated with cement production.

Plain, unreinforced cement-based materials have low tensile strength and limited
tensile strain capacity, making them brittle. Traditional reinforcement bars (rebars)
are typically used in structures at specific points to resist tensile and shear forces. In
contrast, fibres are discontinuous and are usually dispersed randomly throughout the
concrete matrix. The mechancical properties of a cementitious matrix are modified
when fibres are added. However, elastic properties and compressive strength are not
significantly affected by fibres, unless a high percentage of fibres is used [1] see Figure
2.1. High-modulus fibres for structural application, low -modulus fibres and small size
(length of few millimetres and diameter of few microns) for reduction of shrinkage
cracking and enhancement of fire resistance. Higher fibre volumes and fibres with a
high elastic modulus would be more efficient in controlling crack openings, resulting

high post cracking performance as shown in the Figure 2.2.
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Figure 2.1: Main differences between plain and fibre reinforced concrete having both
normal and high strength under uniaxial compression.
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Figure 2.2: Difference between the performance of high-elastic-modulus and low-
elastic-modulus fibres (Summer School presentation on FRC, August 2024, by Pro-

fessor Lucie Vandewalle).

2.1.1 Types of Fibres

The main categories of fibres include steel fibres, synthetic fibres like polypropylene,

glass, carbon, polyolefin, and polyvinyl, as well as fibres derived from waste materials.

However, in structural FRC, steel, macro synthetic fibres, glass fibres and natural fibres

are the main types of fibre, which are used as a replacement for conventional steel fabric

reinforcement.

A sub-classification is often used based on the size and functionality of the fibres;
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hence, fibres can be classified as microfibers or macrofibers with the fibre diameter of
0.3 mm as the separating limit. Macro fibres bridge macro crackes and micro fibres
bridge micro cracks. Steel fibers and polymeric synthetic fibres are the most-used types

of fibers in fibre reinforced concrete compared to other types.

Tensmn Ten510n
Micro-crack * * ? * f *
Macro-crack
Micro fibres )
bridge mici:cracks/:;
, Macro fibres
bridge
{ ‘ * * * # * macro-cracks
Tensmn Tenswn
(b) (a)

Figure 2.3: Macro fibres bridging macro cracks (a) and Micro fibres bridging micro
cracks (b) under imposed tensile load on FRC elements.

2.1.1.1 Steel Fibre

Currently, Steel Fibre Reinforced Concrete (SFRC) is the most commonly used fibre-
reinforced concrete. Steel fibres significantly alter the behaviour of concrete, turning
it from a brittle material into a ductile one that can endure substantial deformations
without losing its load-bearing capacity. This ductility allows for load redistribution
and enhances the structure’s bearing capacity, while the mechanical properties of the

original concrete material remain unchanged.

Steel fibers come in many geometries, including rectangular, flat, cylindrical, and
variations or combinations of these. In addition, fiber anchorage mechanisms in con-
crete include continuous deformations such as twists, dimples or crimps, end anchorage
such as hooks, or simply bond for undeformed fibers. Bond to the concrete matrix
is enhanced by mechanical anchorage, surface area, alloying, surface roughness, or a
combination of these. Fiber geometry and anchorage significantly affects resistance to
pullout forces and overall performance of FRC. Another characteristic is the aspect
ratio or the ratio of the length to diameter. Typically, for the same mixture propor-

tions, as the fiber aspect ratio increases, so does the reinforcing performance. Steel
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macrofibers have typical diameters in the range of 0.3 to 1.3 mm and a length in the

range of 30 to 65 mm.

e —

The gluing of fibres into bundles Hooked ends provide optimum anchorage
ensures quick & easy mixing with

homogeneous distribution.

Figure 2.4: Technical concept of steel fibre (Images sourced from the manufacturer’s
data sheet).

2.1.1.2 Synthetic Fibre

Synthetic fibres in fibre-reinforced concrete includes macro and micro fibres. The main
goal of adding fibres, such as macro-synthetic fibres, is to replace conventional steel
reinforcement and improve the ductility and post-cracking strength of concrete. Syn-
thetic fibers are made with polyolefin materials, which typically include polypropylene
and polyethylene. Synthetic macrofibers have typical diameters in the range of 0.3 to
1.0 mm and a length in the range of 25 to 65 mm. Non-structural synthetic micro-fibers

are generally 6 to 19 mm in length and a diameter of a few tens of pum.

Numerous studies have emphasized that the inclusion of macro-synthetic fibres en-
hances the residual strength and toughness of the concrete, [26-28] and also substantial
post-peak load carrying capacity and continued resistance with increasing crack sep-
aration [29, 30].In contrast to steel fibers, macro-synthetic fibers have relatively low
tensile strengths and low elastic modulus. However, due to the low elastic modulus of
fibre, residual strengths tend to be more positively influenced at larger deflections or

wider crack openings this phenomenon was observed in some studies.

The main advantages of using fibers are observed in the post-cracking phase where
there is an increase in the residual tensile flexural stresses with the increase in the
fiber content. The polypropylene macro-synthetic FRC exhibits a nonmonotonous post

cracking behaviour marked by a first drop of the load-CMOD curve of EN 14651 after
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cracking to more than 67% for a CMOD = 0.5 mm, followed by a strength recovery up
to stress stability. The low elastic modulus of polypropylene fibers compared to steel
fibers explains this drope [31]. Macro-synthetic fibers are starting to gain popularity

due to their corrosion resistance relative to steel [31].

Figure 2.5: Various types of macro-synthetic fibres (Images sourced from manufac-
turer’s data sheet).

2.1.1.3 Glass Fibre

Glass fibres are made in a process in which multiple filaments are drawn simultaneously
from a container of molten glass, usually, 204 filaments are drawn simultaneously and
they solidify while cooling outside the heated tank [23, 32]. The typical glass fiber
varies from 6 to 18mm with an average density of 2.60 g/cm3. The tensile strength
of glass fibres ranges from 1000 MPa to 3400 MPa with elastic modulus from 29 to
84 GPa. Furthermore, glass fibre has a significantly higher modulus of elasticity than
synthetic fibres, although not as high as steel or carbon fibres [33].

2.1.1.4 Basalt Fibre

Basalt fibre is a kind of inorganic fiber made by the extrusion of melted basalt rock
through melting process. The basalt rocks can be so finely divided into small particles
that it is possible to produce into a form of fibres. Basalt fibres can be used in concrete
as chopped fibres to make basalt fibre-reinforced to replace steel rebar. Basalt fibres
are being has comparable mechanical strength with other fibres, higher durability than
glass fibres, lesser cost than carbon fibres, sustainability due to abundant raw material,
and environment-friendly production process [34].The modulus of elasticity (E) varies

between 75 and 115 GPa and tensile strength between 2175 and 4840 MPa [34].
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2.1.2 Mechanical Properties of FRC

The mechanical properties of fibre-reinforced concrete (FRC) are influenced by the
characteristics of the fibres (such as material type, volume fraction, shape, and orient-
ation), the concrete’s properties (including aggregate size, strength, and elastic modu-
lus), and the interaction between the fibres and the concrete matrix. The mechanical
properties of FRC, like those of ordinary concrete, differ between the fresh state and

the hardened state, and need to be considered separately.

2.1.2.1 Fresh State Properties

Factors which affect the mechanical performance of the FCR significantly related the
fresh properties of FRC. The properties of fresh concrete are typically described by
its workability, flowability, consistency, mobility, compatibility, pumpability, and finish
ability. Among those terms such as workability, flowability, consistency, and mobility
have been used to characterize the rheological behaviour. Rheology is an effective tool
for assessing workability, flowability, consistency, as well as predicting stability, pump-
ability and shoot ability. The state of fibre distribution, which is closely related to the
rheological properties of fresh concrete matrix, is actually influenced by both the fibre
dispersion during mixing process and the stability of the plain concrete during casting.
Additionally, fibre orientation and dispersion significantly affect workability, which in
turn has a strong impact on the mechanical performance of fibre- reinforced concrete

(FRC).

The fresh state is a crucial prerequisite for the use of fibre-reinforced cementitious
composites, and numerous researchers have validated the potential correlations between
concrete flowability and its mechanical properties [35-39]. Optimizing the fresh and
rheological properties of fiber-reinforced concrete (FRC) is essential for improving its
mechanical strength and durability in the hardened state. Generally, increasing fiber
length, content, aspect ratio, or fiber factor reduces workability, while fibers tend to

raise the yield stress and viscosity of cement-based materials [35]. Stiffer or hooked-end
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fibres have a greater impact on concrete flowability and passing ability compared to
flexible or straight fibres. In addition, the orientation of fibers is mainly governed by
the deformation of the fluid, good fiber orientation promotes workability and vice versa,

moreover, favorable rheological performance facilitates fiber dispersion [35].

2.1.2.2 Hardened State Properties

Among the properties of the hardened state, compressive strength is the most import-
ant. It is typically the primary property specified and used to classify concrete due
to the relative ease of its testing compared to other properties. Additionally, many
other characteristics of concrete, such as modulus of elasticity, tensile strength, and
permeability, are tought to be influenced by compressive strength and can often be
inferred from its data. However, compressive strength cannot be served as a substitute
for all properties, particularly for the increased residual strength or toughness seen in
fibre-reinforced concrete (FRC). Therefore, specific toughness measures and alternative

testing methods are necessary to properly evaluate fibre reinforced concrete.

Table 2.1 presents the ranges of various mechanical properties for cement-based
materials, including cement and concrete. The Table 2.1 includes values for the follow-
ing properties: compressive strength (f.), tensile strength (f;), modulus of elasticity
(E), fracture energy (Gr), and characteristic length (I.;,). The characteristic length

provides an indication of the material’s brittleness and is defined in Equation 2.1:

_EC’XGF

Lo, = T (2.1)

In normal-strength concrete, the aggregate is considerably stronger and stiffer than
the cement paste; however, in high-strength concrete, their strength and stiffness are
more comparable. When fibres are incorporated into the matrix, the concrete exhibits
increased ductility (see Figure 2.7, with the primary benefit being their ability to resist
the growth of longitudinal cracks. The inclusion of fibres is especially beneficial for

enhancing the mechanical properties of high-strength concrete under compressive loads,
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Table 2.1: Assessed ranges of mechanical properties in cement-based materials [2].

Material f. [MPa] f; [MPa] E [GPa] Gpr [Nm/m?] I, [mm)]

Cement 10-25 2-10 10-30 10 5-15
Mortar - 1-10 10-30 10-50 100-200
NSC 20-80 1.5-5 25-40 50-150 200-400
HSC >80 4-5 40-50 100-150 150-250
FRC 20-80 1.5-5 25 >500 >1000

as it significantly reduces its inherent brittleness. Overall, it can be concluded that
conventional steel fibres used at moderate dosages (less than 1%) do not impact the
pre-peak properties, but they do increase the strain at crack localization and the failure
strain. In contrast, using high fibre volumes (greater than 1%) can lead to an increase
in compressive strength [2]. Generally, Fibres do not modify the compressive strength
of the matrix, but reduce the brittleness in compression, especially in high or ultra-high
strength concrete and in the cases where fibres are predominantly oriented orthogonally

to the compressive force [1].
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Figure 2.6: Schematic description of the behaviour of plain concrete (normal and high
strength concrete) and FRC in compression [1].

When we come to the tensile properties of FRC. The most reliable way to classify

the tensile behaviour of fibre-reinforced concrete is based on the material’s uni-axial
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response [40-42]. The tensile behaviour of fibre-reinforced concrete can be classified into
two types: strain-softening or strain-hardening. Strain-softening materials, which are
quasi-brittle, develop a single localized crack after reaching peak stress, and the stress
decreases once the matrix cracks. In contrast, strain-hardening materials, also known as
high-performance fibre-reinforced concrete, exhibit post-cracking strength greater than

the cracking strength, displaying a strain-hardening (elastic-plastic) response refer to

Figure 2.7.
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Figure 2.7: Classification of tensile behaviour of concrete and fibre-reinforced concrete

2].

In plain concrete, the primary mechanism for transferring shear stresses across a
crack is typically attributed to aggregate interlock and friction along the crack surfaces.
In fibre-reinforced concrete, with low to moderate fibre content, the cracking strength
remains unaffected; however, once the matrix cracks, the fibres are engaged and begin
to pull out, leading to a significant toughening effect. In summary of the mechanical
properties of FRC, for concrete with a low to mideam volume fraction commonly called
Vi < 1.0%, fibres have minimal impact on both tensile and compressive strength [2].
Their main contribution is in enhancing post-cracking behaviour and toughness, the
ability to transfer stresses after matrix cracking and increasing tensile strain capacity

at failure.
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2.1.3 Testing Methodologies for Post-cracking Performance of Fibre-

reinforced Concrete

The experimental determination of the tensile constitutive behaviour of fibre-reinforced
cementitious composites is a critical step in material characterization, classification, and
the development of design methods for structural elements made from fibre-reinforced
concrete. To achieve this, international standards and guidelines suggest conducting
either direct tension tests, bending tests, or both, often combined with an inverse ana-

lysis process.

To assess the post-cracking tensile properties of FRC can be used with the following
types of tensile tests: indirect (non standard) tensile test, direct uniaxial tensile test
and flexural (bending) tests. Indirect (non-standard) tensile tests and direct uniaxial
tensile tests are briefly introduced in Section 2.1.3. However, the bending test discussed
in detail in 2.1.3.3, as evaluation of the performance of sprayed FRC and cast FRC with

that test methodology is a key focus of this thesis.

2.1.3.1 Indirect Non-standard Tensile Test

The type of indirect non-standard tensile tests includes, the Wedge Split Test (WST)
and Double Punch Test (DPT). The WST is a suitable method for establishing splitting
tensile strength, which is related to tensile strength and fracture energy and provides the
stress — crack width curve and is independent of specimen size (Figure 2.8). The DPT
is performed on cylinders 150mm high by 150mm in diameter. By applying compressive
load through the punches, uniform tensile stresses are generated over diametric planes,
and tensile cracks occur along these diametric planes. The Double Punch Test (DPT)
and Wedge Splitting Test (WST) on specimens weighing approximately 2 kg have been
utilized to assess the post-cracking behaviour of FRC [43]. Both the DPT and WST

tests enable the characterization of FRC cores extracted from the structure [43].
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Figure 2.8: Typical wedge splitting test schematic [3].
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Figure 2.9: Typical schematic view of double punching test [4].

There is also indirect tensile testing called Double Edge Wedge Splitting (DEWS)
test which has been developed at the Politecnico di Milano for thin-walled fibre ce-
mentitious composite structures. The test can directly provide the tensile stress versus
crack opening behavior of the material, without requiring back analysis, by conducting
an "indirect” test, where a compressive load is applied to the specimen [5].Though
performing an indirect test, by applying a compressive load to the specimen, it directly
yields the tensile stress versus crack opening as shown in the Figure 2.10a and 2.10b.
The test is simple, with compact specimen geometry and a preordained fracture plane,
allowing easy alignment with fibre orientation. This makes it perfect for analysing how

fibre orientation influences material behaviour in customized casting processes.

Numerous studies in the literature have examined the characterization of fibre re-
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inforced concrete using indirect non-standard tensile tests. However, it is important
to note that these tests are non standardize and have not yet been validated by any
international standards organization. As a result, they should not be used alone as a

substitute for standardized beam/panel bending tests or full-scale segment testing.
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Figure 2.10: Force diagram (a) and details of specimen geometries (b) in double edge
splitting test [5].

2.1.3.2 Direct Uniaxial Tensile Test

The second type of test involves applying a direct uniaxial tensile load to the specimen
as shown in the Figure 2.11. Direct tensile tests can be used to characterize vari-
ous properties of SFRC, including tensile stress-strain behaviour, post-peak response,
tensile modulus of elasticity, and tensile strength [6]. These tests allow the tensile
stress-strain and tensile stress-crack width curves to be derived directly from the test-
ing, without the need for analytical manipulation. However, this test is well-known for
its difficulty and complex set-up, difficult to guarantee rigid-fixed end conditions and

a uniform application of stress.
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Figure 2.11: Typical schematic view of direct tensile test [6].

2.1.3.3 Bending Test (Notched Beam Test)

The most commonly used test methods for FRC material characterization involve bend-
ing tests of beams. The main advantages of the three-point bending beam test are it
is well-established, relatively easy to perform, supported by an extensive database for
comparative studies, and consistent with existing design guidelines. The notched three-
point bending beam test is a standard test method for FRC, as seen in standard such
as EN 14651, RILEM TC-162 TDF, and JCI-S-002-2003. However, the focus of this
thesis is on EN 14651 [7].This is a flexural tensile test on a beam specimen with nominal
dimensions of 150 mm in width and depth, and a length (L) of 550 mm < L < 700 mm

as shown in the Figure 2.12.

The test specimens shall be prisms conforming to EN 12390-1 [44] and the procedure
for filling the mould is according to the standard EN 14651 [7], Section 7.2. The test
specimens shall be cast and cured in compliance with EN 12350-1 [45] and EN 12390-

2 [46]. A notch with a maximum width of 5 mm and a height of 25 mm is sawn.
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Figure 2.12: Test setup according to EN14651 three-point bending test [7].

The notch allows the creation of a weak section where cracks can spread quickly. In
correspondence with the notch, the depth of the section is equal to 125 mm as shown

in Figure 2.12.

The test is deflection control or CMOD control, in case of a testing machine con-
trolling the rate of increase of CMOD, the machine shall be operated so that CMOD
increases at a constant rate of 0.05 mm/min. when CMOD = 0.1 mm, the machine
shall be operated so that CMOD increases at a constant rate of 0.2 mm/min. In case
of a testing machine controlling the rate of increase of deflection, the CMOD related
parameters are transformed into deflection related parameters, can be correlated as per

Equation 2.2.

0 —0.04
MOD = ——— 2.2
MO 0.85 22)

Where: § is deflection, in millimetres; CMOD in millimetres.

The results of the test include the limit of proportionality (LOP) and the residual
tensile strength. These expressions are derived from the bending moment at mid-
span of the test specimen, corresponding to the center-point load F in the Figure 2.12
and represented by Equation 2.3. Assuming a linear stress distribution, as illustrated

in Figure 2.14b, the LOP is given by Equation 2.4, and the residual flexural tensile

23



2.1. Fibre Reinforced Concrete

ol
|
|
|
|
e LLd-
|
|
|
|
|
|
|
|
[
s
|
|
|
|
|
|
|
|
|

CMOD (mm)

|
|
|
|
|
|
|

0 CMOD,-05  CMOD,=15  CMOD,=25  CMOD,=35
Figure 2.13: Load-CMOD diagram and F; (j =1, 2, 3, 4) [7].

strength fr, j (j = 1,2,3,4) is provided by the expression in the Equation 2.5.

(2.3)

0,5h
sp

(a) (b)

Figure 2.14: Stress distribution (a) Real stress distribution and (b) Assumed stress
distribution.
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where
£l 1 is the LOP in MPa;
fR,j is the residual flexural tensile strength corresponding with CMOD = CMOD; or § =
0; (7=1,2,3,4) in MPa.
F7, is the load corresponding to the LOP, in N;
F; is the load corresponding with CMOD = CMOD; or 6=90; (j=1,2,3,4) inN.
M7y, is the bending moment corresponding to the load at LOP;
M is the bending moment corresponding to the load at F; (5 =1,2,3,4);
b is the width of the specimen;
hsp is the un notched height;

After finding the LOP and the residual tensile strength material, characterization
and classification can be assessed according to Model Code 20 [8] and EN 1992-1-1:2023
Annex L [9] or as detailed in Subsection 2.1.5 of this PhD thesis. In general, testing
the structural performance of FRC is essential to characterize its post-crack behaviour

and to derive tensile strength parameters for use in design analysis.

2.1.4 Behaviour in Tension

When unreinforced concrete fails under uniaxial tension, a single crack typically
forms, leading to failure. In fibre-reinforced concrete, however, the fibres usually remain
intact after a crack forms. These fibres, which cross the crack, help to resist its widening
and create what is known as a crack-closing or crack-bridging effect on the surfaces of
the crack. Various failure modes may occur depending on how effectively the fibres
provide crack bridging, see Figures 2.15a ,2.15b. If the fibres break or are pulled out
during crack initiation, or if they are unable to carry additional load after the first crack
forms, the initial cracking strength becomes the ultimate strength. Further deformation
is then controlled by the opening of the single crack, with fibres either pulling out or
breaking along its edges, as illustrated in Figure 2.15a. This type of behaviour is referred
to as tension softening. On the other hand, if the fibres can withstand additional load
after the initial crack forms, as illustrated in Figure 2.15b, this is referred as strain

hardening behaviour.
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2.1. Fibre Reinforced Concrete

In tension-softening FRC, the strength after cracking is lower than the matrix crack-
ing strength, and typically, only a single crack forms in a specimen under direct tension.
In this scenario, elongation is controlled by the crack opening (w). This behaviour is
common in most FRC used for structural applications [47]. In this thesis only materials

exhibiting the tension-softening behavoiur will be dealt with in detail.

In tension-hardening FRC, the strength after cracking surpasses the matrix crack-
ing strength, leading to increased tensile strength without a dominant crack forming.
During the hardening phase, multiple micro-cracks develop, and overall deformation or
elongation is typically measured as strain for simplicity. Hardening behavior is uncom-
mon in most FRC and is usually only achievable in certain UHPFRC with a high fiber
content, where the fibers have high tensile strength and strong bonding properties [47].

P .
— i > —{ i
Crack formation Crack formation
* % g / As.
p ¥ P - Crack
cr cr localization
» O p O
(a) (b)

Figure 2.15: Softening (a) and Hardening (b) behaviour in axial tension [8].

2.1.5 Classification of Fibre Reinforced Concrete

Model Code 2020 [8] stated that “To classify the post cracking strength of FRC, a
linear elastic behaviour can be assumed, by considering the characteristic flexural resid-
ual strength values that are significant for serviceability (fr1x) and ultimate (fr3K)
conditions, and in particular, two parameters: frix (representing the strength interval)

and a letter a, b, ¢, d or e (representing the frsx / frix ratio).”

The strength classes for frix (characteristic value of fr; ) are defined by the

following values: 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 10, 12, 14
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[MPal], the strength classes in Model code 2020 [8] updated compared to Model Code

2010 [1]. The bold numbers represent the updated classes.

a, if 0.5 < % <07
R,1k
b, if0.7< 1B <09
fR,1k
Class = { ¢, if0.9< B <17 (2.6)
d, if 1.1 < % <13
R,1k
e, if13<fma
\ R,1k

Fibre reinforcement can substitute (also partially) conventional reinforcement at
ultimate limit state, if the following relationships are fulfilled [1]. Alternatively, as
described in the Model Code 2020 [8]: 'For the design according to the Model Code
2020, the following equations should be satisfied:’

TRk 4 (2.7)
frk
IR 3k
it > 0.5 (2.8)

The classification according to EN 1992-1-1:2023 Annex L [9] is specified in terms
of frix and frsk, consistent with Model Code 2020 [8]. The values of fr1x and fr3x
to use for design correspond to the values obtained from classifying the strength class
and ductility class according to Table 2.2 respectively. Unlike Mode Code 2020, the
ductility classes are not determined directly from the ratio of frsi/frikx. Instead, they
are based on the ratio of fr3x/SC (Strength Class), as shown in the Table 2.2. The
values of characteristic residual flexural strength used correspond to those determined

using EN 14651 [7] test methodology, as in Model Code 2020 [8].
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Table 2.2: Performance classes for Steel Fibre Reinforced Concrete (SFRC) [MPa] [9].

Strength Classes SC (frix > SC)

Ductility Classes Analytical Formula

1.0 1.5 20 25 30 35 40 45 50 60 70 8.0

a 05 0.8 1.0 1.3 15 1.8 20 23 25 30 35 4.0 fr3r > 0.55C
b 0.7 1.1 14 1.8 21 25 28 32 35 42 49 56 frar > 0.78C
c 09 14 1.8 23 27 32 36 41 45 54 63 7.2 frar > 0.95C
d 1.1 1.7 22 28 33 39 44 50 55 66 7.7 88 frax > 1.15C
e 1.3 20 26 33 39 46 52 59 65 7.8 91 104 frax > 1.35C

2.1.6 Constitutive Laws

A stress-crack opening law in uniaxial tension is defined for the post-cracking be-
haviour of FRC. The post-cracking tensile behaviour can be derived through inverse
analysis from the result of EN 14651 [7] test, as advised in the Model Code 2020 [8]

and detailed in the numerical modelling chapter 5 of this PhD thesis.

Model Code 2020 [8] proposes two simplified stress-crack opening constitutive laws
that can be deduced from the bending test results: a plastic rigid behaviour or a linear
post-cracking behavior (hardening or softening), as shown in Figure 2.16. Where, frs
represents the serviceability residual strength, defined as the post-cracking strength
for serviceability crack opening, and fgy, represents the ultimate residual strength.
The two simplified models corresponding to LoA (Level of Approximation) I and II,
cannot be used with Finite Element analyses, because they cannot reproduce crack
localisation because they fully neglect the matrix behaviour and reproduce only the
pull-out resistant mechanism exhibited in the post-cracking regime and, therefore, they

risk introducing a significant spurious dissipated energy [8].
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Figure 2.16: Simplified post-cracking constitutive laws: stress-crack opening (continu-
ous and dashed lines refer to softening and hardening post-cracking behaviour, respect-
ively) [8].

The rigid-plastic model, identifies a unique reference value, fry,, based on the

ultimate behaviour see Figure 2.16 a and Equation 2.9.

(2.9)

The linear model, a more advanced model, which identifies two reference values,
namely frys and frg, as shown in the Figure 2.16 b. They have to be defined through

residual values of flexural strength using the following equations:

frts = 0.37fRr 1k (2.10)

fros = fops — W, — CMOD,
Ftu = JFts = GMODs — CMOD,

(fres —0.57fr 3 +0.26fR1%) > 0 (2.11)

Where W, is the maximum crack opening accepted in structural design; its value

depends on the ductility required.

29



2.1. Fibre Reinforced Concrete
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Figure 2.17: Typical results from a bending test on a softening material (a); linear
post-cracking constitutive law (b) [8].

CMOD,=0.5 CMOD,=2.5

« is the coefficient corresponding to W = 0 and is computed from the linear post-

cracking constitutive law at W = 0 as represented in the following equation.

o= 052 — 0.1 8% (2.12)

Rk

In both the rigid and linear models in Model Code 2010 [1], it was not specified the
residual values were characterstics or not. In contrast, the Model Code 2020 [8] clearly

defines the residual values of flexural strength as characterstic values.

In Model Code 2020 [8] it is advised that, for higher levels of approximation at the
Ulitimate Limte State (ULS) and the Serviceability Limit State (SLS), more refined
uniaxial stress-strain relationships in tension can be applied. At Level of Approximation
IIT (LoA III), four cases are distinguished. In this thesis, we have discussed two cases

that may be applicable to the softening FRC materials used in this thesis.

Case (I) For softening materials at SLS (frts < 0.8 feum, ), the same constitutive re-
lationship adopted for plain concrete in uniaxial tension is used up to the peak strength
fetm- In the post-cracking stage, a bilinear relation applies (Figure 2.18a ). The post-

peak propagation branch (see BC in Figure 2.18a) is analytically described as:

Uﬁfctm _ &—E€p

= , forep <e<eq 2.13
0'2fct - fctm €EQ —Ep F ( )
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Where
GF 0-8fctm
= — 2.14
“Q fctmlcs - <€P EC’ ( )
Gp="73-f18 (2.15)

Point A in the curve of Figure 2.18a, 2.18b is defined in Figure 2.18 .

For softening materials, the residual strength (fourth branch) is defined by two

points corresponding to (esrs , fres ) and (eyrs, frew) where:

CMOD
£SLS = lil (2.16)
2.5
EULS — ’llul = min <5Fu, l) (2.17)

with epy = 2% for variable strain distribution along the cross-section and 1% for only

tensile strain distribution along the cross-section.

Case (I1): materials characterised by a residual strength fr larger than 0.8 fet,. In
this case the cracking process shows localisation, but the residual strength on uniaxial
tension at SLS strain remains close to the peak strength: a three-branch post-peak
relation defines the constitutive relationship. The first branch in the post-peak remains
that corresponding to plain concrete, while the second branch (C’V) is analytically

described as:

0Bl __ e—ec
oy — Bfa  asesps —ecr

for e <e < agesrs (2.18)

Where:

B - tensile strength factor at the breakpoint of matrix crack (Figure 2.18bb)

ag - peak strain factor of the hardening branch due to fibre residual strength (Figure
2.18bb)

oy - peak stress of the hardening branch due to fibre residual strength (Figure 2.18bb)

£srs - limit strain at SLS (given in Equation 2.16)
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eyrs - limit strain at ULS (given in Equation 2.17)
€@ - breakpoint strain of plain concrete (given in Figure 2.18a) computed as = (Figure

2.18a).

After having reached point V the material follows the pull-out branch characterised

by softening with the slope or the branch (DE).

o

g
A
B
fc! fft _A—
sV D)
o ths
fre Mal
¢ thu b E
" Plain concrete
. i
fFl.u
0:2 ct
0 3 = o £ »
Ep  U&sis Egs ULS
(b)

Figure 2.18: Stress-strain relations at SLS for softening Case (I) frrs < 0.8 fetm (a)
and quasi-plastic Case (II) fprs > 0.8 fetm, (b) behaviour of FRC [8].

The values a; and 8 can be identified by means of equilibrium equations: they may

be assumed conservatively as as = 1 and g = 0.75.

The constitutive law discussed in Eurocode 2 Annex L [9] is as depicted in Figure

77 and the parameters are determined as follows:

Jriter = ko - kg -0.37fr1K (2.19)

fFi3.ef = ko - kg - (0.57fr3x —0.26fr 1K) (2.20)
w 2.

EFtu = TZL < E;mrn < €Ftud (2.21)
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min{A; Sy m.cal,r}, for members subjected to combined axial and bending

lcs =
Sy.m.cal,Fs for members subjected to uniaxial tension
(2.22)
kek
Sr,m,cal,F 1.5¢ + 1% ¢ 1-— Oéf) (223)
72 Ppeff
BTkok
fctm
(2.25)

_ fctm o
Ectm = ) EF0 = 250tm
Ecm

The simplified laws, the rigid plastic law and the linear law in Model Code 2020 [8],
are the same as those in Eurocode 2 Annex L [9]. The difference lies the residual

strength values, which are design values that have been factored.

a

fetm

”

Fret,ef f \——'—_ \
:'
,

—d

f Ft3, ef

£

EmSF'D =0,5/J;cs EFtu

Figure 2.19: Constitutive law of SFRC in uniaxial tension for structural analysis [9]

The constitutive law described in Model Code 2020 [8] and Eurocode 2 Annex

L [9] is nearly similar. However, the assumption regarding the pre-cracking and crack

initiation stage is slightly different.
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In addition, in Eurocode 2 Annex L [9], the residual values used in the constitutive
law are factored by an orientation factor instead of the characteristic residual strength

values used in the Model Code 2020 [8], as shown in Figure 2.20

g

o
fﬁ'f fcrm »
\
1k |
£ Frer, e 1
) Fra,ef lI
fFl.u f
0:2 ct
EaméEpg = 0,5/1cs Epu €

(b)

Figure 2.20: Stress-strain relations at SLS for softening Case I Model Code 2020 [8] (a)
and Constitutive law in uniaxial tension Eurocode 2 Annex L [9] (b).

The post-cracking tensile behaviour is derived from the results of the notched beam
and panel tests for different fibre types in this PhD thesis. The constitutive laws for
these fibre types are proposed through inverse analysis, with details provided in Chapter

5 on numerical modelling.

To compare the constitutive laws in the Model Code and Annex L with the inverse
analysis from the experiment results, the Stress vs. Strain representation should be

changed to Stress vs. Crack-width.
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Figure 2.21: Stress-strain Case I Model Code 2020 (a) and Stress-crack width Case I
(b) constitutive laws.
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Figure 2.22: Stress-strain Case II Model Code 2020 (a) and Stress-crack width Case 11
(b) constitutive laws.
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2.1.7 Fibre Distribution and Orientation

Fibres crossing the fracture surface significantly influence the performance of fibre
reinforced concrete (FRC) and are crucial in determining fracture outcomes used to
assess the structural integrity of the composite. Therefore, the post-cracking behaviour
of FRC depends on the number of fibres engaged at the crack surface and their align-
ment. The position and orientation of the fibres are influenced by the pouring method,
wall effects, formwork geometry and the concrete’s rheological properties [21]. Some
researchers argued, among the several aspects governing fiber orientation, the fresh
state properties of and the wall effects introduced by the sides of the mold are most

affecting [10, 48, 49].

The Fresh state properties of FRC are affected by fibre despression [50];fibres can
be clumping when fibres are not randomly distributed throughout the matrix. They
bundle together leaving some parts of the matrix unreinforced see Figure 2.23a. Fibres
also segregate, fibre segregation is defined as the settling of fibres under gravitational
forces (Figure 2.23b). Fibre segregation results in weakly reinforced upper sections of
the components. Preferred orientation is as shown in the Figure 2.23c, the preferred
alignment of fibres which may occur due to several reasons such as casting method,

formwork restrictions, the flow-ability of the matrix, etc.

’f
/ S
*‘x E \ == ] o
s | — A"N % o —_—
b -
S % — ==
* >1 -
(a) (b) (©

Figure 2.23: Fibre dispersion state; Fibre clamping (a), Fibre segregation (b) and
Preferred orientation (c) [10].
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In order to consider the orientation of fibres in a cracked concrete surface, several
researchers have used the so-called fibre orientation factor. Among the many research
works, a simple expression for estimating the fibre orientation factor with respect to a
given direction of tensile stresses and thus to a given cross-section (the expected crack
plane, perpendicular to the tensile stresses) was proposed by Krenchel [51]. Thus, the
number of fibres (N) crossing a given section can be related to the fibre orientation

factor (), as follows:

aVy

N =
Ay

(2.26)

where N is the number of fibres per unit surface, « is the fibre orientation factor,

Ay is the cross-sectional area of one fibre, and V; is the fibre volume fraction.

In relation to the structural design, the Model Code 2020 [8] and EN 1992-1-1:2023
Annex 1 [9], introduce an orientation factor, denoted as ko, which adjusts both the
serviceability and ultimate residual strengths by multiplying them by k¢. This factor
can either reduce or increase these strength values as in Equation 2.28 and Equation
2.29. In short, the main goal is to consider within the design process the actual post-
cracking behaviour exhibited by FRC belonging to a given structure by considering the
actual orientation of fibres in the structure with respect to that exhibited in standard
samples. In this regard, in the fib Model Code 2020, a factor ky corresponding to the
ratio between the fibre orientation ag in the structure and the fibre orientation equal

to 0.58 in the EN 14651 [7] standard specimen is introduced:

ko = —— (2.27)

In the equations in Model Code 2020 [8] referred in this thesis Equation 2.28 and
Equation 2.29, the values frisor and frsuyep represent represent the residual tensile
strength values identified by bending test according to EN 14651 [7] and corrected

taking into account the manufacturing method and the concrete workability:
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JFtsefr = kofFts (2.28)

ths,ef = kOthu (229)

For favourable effects, an orientation factor kg > 1.0 may be applied if experiment-
ally verified. A maximum value of 1.5 may be assumed. When ky > 1.0 is applied
in one direction, the kg in the orthogonal direction kg, L has to be considered lower
than 1. For unfavourable effects, an orientation factor kg < 1.0 must be experimentally
determined and applied. It is worth noticing that the orientation factor as intended by
documents [8, 9], can also be considered as the ratio between the post-cracking strengths
exhibited by FRC belonging to a given structure and the reference post-cracking per-
formance (fr;), as retrieved by standard notched FRC samples tested according to EN
14651. Accordingly, in some research works [52, 53], small beam samples were saw-
cut from real structures and tested to obtain the residual post-cracking strengths (fr;).
The latter were compared to those obtained by standard samples cast-in-mould, the au-
thors [52, 53] imply that these comparison can be considered as the orientation factors
intended by standards, since they are experimentally determined. In these approaches,
the fibre orientation factor is not estimated or measured; basically, the consequences
of possible different fibre orientation are only evaluated in terms of post-cracking per-

formance.

Table 2.3: Fibre orientation factor values provided by the models from various research-
ers [21].

Probabilistic Boundaries 2-D 3-D

54, 55] 0.637 0.405
[21, 49, 56] 0.600  0.500
[57) 0.637  0.500
[58] 0.667 0.444
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Due to the growing interest in developing techniques to identify the final orientation
and distribution of fibres within hardened concrete, various advanced technologies have
been employed. These range from expensive equipment to complex procedures and from
destructive methods to post-test approaches, providing numerous ways to measure fibre
positioning. The most straightforward technique involves counting the fibres on cut
surfaces. After curing and testing the specimen, a grid is drawn on the sawn surface,
and the fibres are counted. Afterwards, taking advantage of Equation 2.26, the fibre
orientation factor («) can be estimated for that given cut surface. It is a simple approach
with less accuracy than other methods listed in Table 2.5, but it is aligned with the
purpose of obtaining the orientation factor. In fact, Equation 2.26 is currently cited in
the fib Model Code 2020 [8] for estimating ap. This method has been utilized in this
thesis. Additional methods for studying fibre orientation are presented in Table 2.5 as

discussed in the paper [21].

Table 2.5: Methods to determine fibre orientation factor [21].

Method Type Technique

Indirect Manual counting + theoretical expression

Destructive . Image analysis
Direct

X-ray method (computerized tomography)

Alternating current-impedance spectroscopy

Translucent fluid

Open coaxial transmission line
Non-destructive Direct Dielectric waveguide antennas

Electrical resistivity methods

Magnetic monitoring

Electromagnetic and inductive methods

40



Chapter 2. State of the Art

2.2 Sprayed Concrete

Sprayed concrete technology traces its origins and development to the early 20th cen-
tury. Carl Ethan Akeley, an American taxidermist at the Field Museum of Natural
History in Chicago, initially designed a device to create artificial landscapes using
spray gypsum. He advanced this device around 1907 into a practical two-chamber sys-
tem for applying cementitious materials. In 1911, Akeley received a patent for this
device, known as the cement gun, marking the ”birth” of sprayed concrete technology.
Since then, shotcrete has evolved significantly, particularly in recent decades, into a
high-performance construction technology that has greatly transformed underground

construction [59].

Sprayed concrete, commonly referred to as shotcrete, is a type of concrete or mortar
that is conveyed through a hose and pneumatically projected at high velocity onto a
surface. The impact of this high-velocity application simultaneously compacts the

material. Various standards describe this process similarly:

e EN 14487-1 2022 [19]: defines sprayed concrete as concrete projected pneumat-

ically onto a surface at high speed.

e EFNARC [60]: explains it as concrete conveyed through a hose and pneumat-
ically projected at high velocity.

e ASTM C1385 / C1385M — 10:2017 [61]: describes it as either concrete or
mortar transported via hose and pneumatically applied at high speed onto a

surface.

e ACI 506R-16 Guide to Shotcrete [62]: refers to shotcrete as mortar or con-
crete pneumatically projected at high velocity, often reinforced with steel rods,

mesh, or fibres.

e CSA A23.1-19 [63]: defines sprayed concrete as concrete or mortar conveyed

through a hose and applied pneumatically at typically high velocity.
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e JSCE Guidelines for Concrete No.16 [64]: defines and emphasizes that the
material can be applied in either wet or dry mix form and is compacted by the

force of its application.

In general, sprayed concrete involves conveying the material under pressure and
projecting it onto a surface at high speed, where it is compacted by the impact. Sprayed

concrete is also refered to as ‘shotcrete’ and both terms are used in this PhD thesis.

2.2.1 Major Development in Sprayed Concrete

Major developments in sprayed concrete have significantly advanced the shotcrete
industry over the decades. A major revolution occurred in the 1950s with the devel-
opment of the wet-mix shotcrete process. In 1971, the Batelle Research Corporation
in the United States first developed the concept of reinforcing shotcrete with discrete,

discontinuous fibers [65].

Another significant milestone was achieved in 1975 in Norway, where condensed
silica fume was first incorporated as a supplementary cementitious material in shotcrete
mixtures [66]. This innovation brought major benefits, including enhanced adhesion
and cohesion, reduced rebound and fallout in plastic shotcrete, and increased strength

and durability in hardened shotcrete.

In the 1990s, the introduction of synthetic fibre-reinforced contributing to the con-

tinued evolution of sprayed concrete technology [67].

A significant advancement in shotcrete technology came in also in the 2000s with
the introduction of “alkali-free” shotcrete accelerators [68]. These liquid accelerators,
typically composed of aqueous solutions or suspensions of aluminum sulfate compounds,
have a PH of around 3 and cause less negative impact on the compressive strength, per-
meability, and durability of shotcrete. They are also compatible with most hydration-
controlling admixtures. Since the 1970s, Research and development have focused on
creating accelerators and admixtures that provide higher early strengths with lower
dosages, while maintaining the long-term strength. This also aimed to reduce dust

and rebound during application. Additionally, advancements in spraying equipment
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have enhanced the quality, quantity, and automation. As initial challenges were ad-
dressed, subsequent research shifted towards better understanding the durability and
mechanical properties of sprayed concrete, leading to more refined design approaches

and applications.

Critical to the use of sprayed concrete in underground support was the development
of design methodologies that allowed engineers to replace conventional steel meshs and
timber lagging-type designs or cast-in-place reinforced concrete lining designs with rock
bolt and shotcrete designs. The innovation of the use of 3-D scanning survey equipment

allows shotcrete lined tunnels to be constructed without lattice girders.

Spray applied waterproofing membranes (SAWMSs) which are discussed in Section
2.4 and shown in Figure 2.32 allow concrete to be sprayed directly onto them, creating
a bond between the primary and secondary linings. This development is linked to the
advancements in sprayed concrete lining. The use of SAWMs facilitates the creation of
composite action between the primary and secondary linings, leading to the develop-
ment of composite tunnel lining designs, one of the most efficient tunnel lining design

options, as it has been discussed in Section 2.4.1.

Finally, the use of fibre reinforced sprayed concrete for permanent tunnels, which
is the key focus of this thesis, represents a major advancement resulting from the

significance improvements listed above.
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Figure 2.24: Major developments in sprayed concrete.
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2.2.2 Spraying Method

Sprayed concrete is produced in two ways: the dry mix process and the wet mix

process.

2.2.2.1 Dry Mix Sprayed Concrete

In this process, aggregate naturally moist or oven-dried, along with cement, and addit-
ives are transported by compressed air through a hose to a nozzle. At the nozzle, water
and possibly a liquid accelerator is added to create a plastic material upon impact
with the receiving surface (see Figure 2.25) [11]. The process involves five steps: first,
thoroughly mixing all dry ingredients except water; second, feeding this mixture into
delivery equipment; third, introducing it into the delivery hose via a metering device;
forth, carrying it by compressed air to the nozzle; and finally, jetting the material at

high velocity onto the target surface [11].

Air compressor

Accelerator

Dry cement & aggregate Pump \
delivered by truck or pipe Nozzle &
or in pre-mixed bags nozzleman

Figure 2.25: Dry mix process [11].
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2.2.2.2 Wet-Mix Sprayed Concrete

Wet-mix sprayed concrete consists of cement, aggregates, water, and possibly admix-
tures, which are hydraulically pumped to a nozzle where compressed air is added to
ensure high-velocity placement and consolidation on the target surface [11] (see Figure
2.26). The main advantage of the wet-mix method is that all ingredients are thoroughly
mixed beforehand, for faster placement of larger volumes compared to the dry-mix
process. This process involves five steps: fully mixing all ingredients, introducing the
mixture into delivery equipment, metering it into a delivery hose, adding compressed
air at the nozzle to increase velocity, and finally spraying the concrete at high velocity

onto the receiving surface [11].

Ready-mixed wet
sprayed concrete Alr compressor

Accelerator
(added at nozzle)

Robotic or
semi-robotic
spraying arm
controlled by

o S nozzleman

Figure 2.26: Wet mix process [11].
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Table 2.7: Comparison of dry-mix and wet-mix processes.

Dry-Mix Process

Wet-Mix Process

Higher early age strength
Lower plant cost

Lower volume per hose size
Higher rebound

Higher level of dust

Variability due to nozzleman influence

Three manual dry-mix sprayers match one
wet-mix mechanized unit

More manpower required

More rebound

Lower spraying output (3 m3/hr)
More processing time

More wear and tear

Lower early age strength

Higher plant cost

Higher volume per hose size

Lower rebound

Less dust

Batched at a plant, fixed water—cement ra-
tio

Mechanized wet-mix spraying saves energy

Less manpower required

Less rebound, reducing waste
Higher spraying output (18 m?®/hr)
Time-saving process

Less wear and tear

2.2.3 Mix Proportions of Sprayed Concrete

Sprayed concrete consists of water, cement and aggregate, together with various
additives. Its mixture is formulated to ensure that it can be conveyed to the nozzle and
sprayed with a minimum of effort, adhere effectively to the excavated surface, support
its own weight as well as the ground loading as it develops and attain the strength and
durability requirements for its purpose in the medium to long term [11]. The goal of
mix proportioning is to reduce voids in the placed concrete by optimizing the grading
of solid particles such as aggregates, cement, and mineral additives. This must be done
while ensuring the concrete maintains the necessary rheological properties for effective
pumping and spraying [69]. In recent decades, numerous institutions have established
standards and guidelines for sprayed concrete, detailing procedures for proportioning,
requirements, and recommendations. Refer to Table 2.6 for the standards and Table 2.7

for the technical guidelines. Compared to traditional cast concrete, the mix contains
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more sand, a higher amount of cement, smaller aggregate particles size, and additional

additives [70].

Table 2.9: Common standards related to sprayed concrete mix design.

Number Title

EN 14487-1:2022 Sprayed concrete — Part 1: Definitions, specifications, and
conformity

ACI 506R-16 Guide to shotcrete (Reported by ACI Committee 506)

SAS JGJ/T 372:2016 Technical specification for the application of sprayed con-
crete

ABNT NBR 14026:2023 Shotcrete — Specification

Table 2.11: Common technical guidelines related to sprayed concrete mix design.

Number Title

EFNARC: 1996 European Specification for sprayed concrete

DIN 18, 551 Sprayed concrete - National application rules for series DIN
EN 14,487 and rules for the design of sprayed concrete con-
structions.

OBV: 2013 Austrian Society for Construction Technology (OBV): OBV
Guideline Sprayed Concrete

AFTES: 2000 AFTES recommendations for the design of sprayed concrete
for underground support

NB: 2011 Sprayed Concrete for Rock Support

JSCE: 2007 (Chapter 8) Standard specification for concrete structures

2.2.3.1 Aggregates

Most of the regulations and standards recommend maximum aggregate sizes to comply
with the restraints imposed by the spraying equipment, layer thickness, and minimize

the rebound. They suggest that the maximum particle size should be 1/3 to 1/5 of
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the internal diameter of the spray hose and nozzle, with proposed maximum aggregate
size between 8mm and 20mm [69]. In his book on sprayed concrete lined tunnels, Alun
Thoma [11] recommends a maximum aggregate size of 10mm for sparyed concrete

tunnel lining.

2.2.3.2 Binder

The binder type and content should be selected to meet the specified requirements for
concrete pumpability, strength at early ages, durability, and proper compatibility with
admixtures [69]. Commonly, sprayed concrete is produced with CEM I and CEM II
Portland cement or equivalent classifications used in different regions. CEM I 52.5 R
might be preferably adopted for applications where high strength at early ages is re-
quired. Although CEM I 52.5R SR a C3A content below 5%, is typically recommended
for tunnel lining applications, spraying concretes with low C3A contents may present

challenges in building up layers in overhead areas, particularly in cold climates [69)].

Standards and guidelines set minimum requirements for cement (binder) content
and sometimes recommended appropriate ranges depending on the spraying process
(dry or wet), material type (mortar or concrete), target compressive strength and par-
ticular environmental exposure classification. Typically, the industry uses in spraying
concrete in range between 300 kg/m? and 500 kg/m?. European sprayed concrete
standard EN 14487-1 [19] recommended on a minimum cement content in a basic mix
shall be 300 kg/m?>. The ACI 506R-16 [62] guidelines suggest a cement content between
385 and 415 kg/m? for most wet applications, while early EFNARC [60] guidelines re-
commend a range of 400 to 500 kg/m3 for wet spraying process. No direct correlation
between cement content and f.; must be assumed since the spraying process signific-

antly influences the mechanical properties of the matrix [69].

Minerals are added in cement, the most commonly used mineral additions are fly
ash, silica fume, and limestone filler. Additions of minerals effectively reduce permeab-
ility and rebound and improve the consistency and workability of fresh concrete [71-73].

The incorporation of these mineral additions is becoming more common, particularly
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in tunnel lining applications. A typical mix might include 290 kg/m? of cement, 80
kg/m3 of fly ash (20%) and 30 kg/m? of silica fume (7.5 %), totalling 400 kg/m? [69].
Standards and guidelines recommend limiting silica fume content between 12 and 15%
of cement weight, with under 10% preferred for permanent structure. For fly ash, the

maximum dosage range between 15% and 20% by cement weight.

The link between the target strength of the sprayed concrete and the cement con-
tent is not well established; this might be because the spraying process significantly
influences the mechanical properties of the matrix. However, in some guidelines [74]
proposes indicative cement content ranges based on the strengths required: 380-425
kg/m? for a target strength (f.) of 25-30 MPa, 400-450 kg/m? for 30-35 MPa, 425-475
kg/m? for 35-40 MPa, and over 450 kg/m? for f.. exceeding 40 MPa.

2.2.3.3 Water

Ordinary water is used for sprayed concrete, and, in the same was as conventional
concrete, the water—-cement ratio has a large influence on the strength of the con-
crete. When determining the water demand of the sprayed concrete mix, the moisture
content of the aggregates and water contained in admixtures should be considered.
Furthermore, the water/cement or water/ binder ratio of the base mix must meet the
requirements associated with the exposure classification. For the wet spraying method,
w/c values reported are generally in the range between 0.35 and 0.60 [11, 69]. The
lower values are usually adopted underground applications, tunnel lining applications

(0.35-0.45) [11].

2.2.3.4 Accelerators

Accelerators are added to wet-mix sprayed concrete to promote rapid strength gian,
enhance the maximum layer thickness and decrease the likelihood of early material
fallouts. Currently, the most commonly used types of chemical accelerators are those

based on alkaline aluminates and almunium sulfate or alkali-free. Alkali-free accel-
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erators are the most widely used globally. In contrast, alkaline accelerators tend to
significantly reduce long-term strength and pose health risks for workers [75-78]. The
only drawback of the alkali-free accelerators is their slower setting time compared to
the alkali one: initial set takes under 300 seconds and final set under 600 seconds,
compared to alkaline accelerators, which set in under 60 seconds and 240 seconds, re-
spectively [11]. The ideal dosage varies with spraying method, concrete mix, type and
content of cement, spraying position, type of backing material, and presence of water
in the substrate. Between 4 and 10% by weight of cement for alkali-free accelerators is

recommended for tunnel lining application [11].

Studies have shown that sprayed concrete contains more embodied carbon per cubic
meter compared to cast concrete because of its higher cement content. However, the
overall carbon footprint of a project can be reduced when using sprayed concrete for
tunnels, as it requires less material [79]. Unlike conventional concrete, there is no
widely recognized procedure for selecting admixtures and determining mix proportions
for sprayed concrete. In this PhD thesis, mix proportions for sprayed concrete have been
gathered from various case studies, research studies, and experimental investigations

and summarized Table 2.13.
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Table 2.13: Summary of sprayed concrete mix proportions from case studies, research,
and experimental investigations.

Case CementSand Agg Fly Micro Acce Plast W/C W/B Max

Study ash silica Agg
Size
[ [kg/m?®] [kg/m?] [kg/m?] [kg/m?] [kg/m?] [%] (1/m?®  [] [ [mm]
425 - - - 20 - - - - -
450 1240 413 50 50 % 2.8 - 0.38 -
513 343 1245 - 21 - - - 0.44 10
419 860 860 - 54 - 71 0.39 - -
[79]
480 1120 480 - 30 - 5.8 0.43 - 9
370 1100 520 100 30 - 4.8 - 0.43 10
443 837 844 - - - 2.66 0.44 - -
430 1080 540 107.5  30.1 6-8% 5 0.44 - -
355 1000 536 68 27 6% - 0.72 0.57 10
382 1075 576 73 29 0 - 0.53 0.42 10
o 355 997 535 67 27 5% - 0.72 0.57 10
381 1072 575 72 29 0 - 0.53 0.42 10
[80] 382 1074 576 73 29 0 - 0.53 0.42 10
[15] 480 1160 510 - - 8% 4.5 0.4 - 10
[81] 480 1160 510 - - 7% 3.5 0.4 - 10
[82] 450 1600 - - - 5.50% 2.52 0.45 - 8
450 - 1595 - - 45% 5.8 0.44 - 8
450 - 1583 - - 45% 6.1 0.44 - 8
450 - 1583 - - 45% 6.1 0.44 - 8
454 - 1571 - - 45% 6.1 0.44 - 8
3

Continued on next page
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(Continued from previous page)

Case CementSand Agg Fly Micro Acce Plast W/C W/B Max

Study ash silica Agg
Size

[ [kg/m?®] [kg/m?] [kg/m? [kg/m?] [kg/m?] [%] 1/m? [ [ [mm]
450 - 1583 - - 45% 6.1 044 - 8
420 - 1610 - 10 4.8% 5.8 0.46 - 8
420 - 1605 - 10 4.8% 5.8 0.46 - 8
420 - 1609 - 10 4.8% 5.8 0.46 - 8
[84] 400 889 840 - - 51% 084 050 - 12.5
[85] 420 1655 331 - 294 - 210 037 - 10
[86] 420 1955 - - - - 2.1 0.37 - 10
[87] 400 1320 - - 40 - 3 0.5 - 8
620 1025 620 40 40 0 - - - 10
500 1190 500 - 40 0 - - - 10

[88] 550 1075 550 - 8 0 - - . 10
550 1000 550 20 30 0 - - - 10
500 1075 500 - 40 0 - - - 10

[89] 480 - 1620 - - 0 4 045 - 8
410 930 950 0 0 - 2 - - 20
390 950 950 0 0 - 15 - - 20
350 670 980 120 40 - 1 - - 20

[90] 350 670 980 120 40 - 1 - - 20
360 690 1030 100 0 - 0 - - 20
360 690 1030 100 0 - 0 - - 20
360 690 1030 100 0 - 0 - - 20

Continued on next page
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(Continued from previous page)

Case CementSand Agg Fly Micro Acce Plast W/C W/B Max

Study ash silica Agg
Size
[ [kg/m?] [kg/m?] [kg/m®] [kg/m®] [kg/m?] [%] [1/m®]  [] [ [mm]
[91] 450 1300 550 0 0 6% 4.05 0.45 - 8
385 1092 600 - - 4% - - - 10
425 1052 600 - - 4% - - - 10
[92] 445 1030 610 - - 4% - - - 10
495 970 620 - - 4% - - - 10
[93] 292 857 1052 125 - - - 0.57 - -
[94] 410 1284 544 - - 6.5%  4.62 0.50 - 8
[95] 500 489 1141 - - - 5 0.41 - 8
[43] 426 985 868 - - 35% - 0.43 - 9.5
[96] 396 874 840 - 34 - - 0.52 - -
[97] 400 1030 690 - - 4% 3.2 0.48 - 12
[98] 430 365 1097 - 35 0 - 0.64 0.59 5
[99] 440 1281 548 - - 4% 6.5 0.45 - 8
475 110 450 60 15 4% - 0.48 0.42 9.5
[100]
650 1310 0 0 0 0% - 0.55 - 9.5

2.2.4 Mechanical Properties of Fibre-reinforced Sprayed Concrete

Compressive strength is a key performance indicator of sprayed fibre reinforced concrete,
similar to its role in conventional fibre-reinforced concrete, as discussed in Section 2.1. Ac-
cording to the specification for sprayed concrete, EN 14487-1 [19], performance requirements

include compressive strength. A persistent misunderstanding exists within both the research
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and practitioner communities regarding the effects of the spraying process which do not occur
in conventional FRC and can lead to a reduction in compressive strength. In addition, another
misconception concerns the direct application of strength-development relationships established

for conventional cast concrete when evaluating sprayed concrete.

Eurocode 2 (EN 1992.1.1:2004) [101], provides a widely used strength-development equation
(2.30) originally developed for cast concrete. The applicability of this equation to sprayed

concrete remains a subject of investigation.

fem(t) = Bee(t) fem (2.30)

Buo(t) = exp {s [1 _ (25) é] } (2.31)

fem  Mean compressive strength at 28 days.

Bec(t) Coefficient depending on the age of the concrete t.
t Age of the concrete in days.

s Coefficient depending on the type of cement.

The modulus of elasticity is one of the fundamental parameters for the mechanical properties
for sprayed fibre reinforced concrete, similar to its significance in conventional FRC, typically
measured through the test of specimens subjected to uniaxial compressive loading, as discussed
in 2.1.2. The equations available in the literature, including those in the Model Code 2020 [8]
and Eurocode 2 [9], do not account for the distinct characteristics of sprayed concrete compared
to conventional concrete. According to the experimental study [102], the predictions performed
with the Model Code 2020 [8] and Eurocode 2 [9] lead to an overestimation of the modulus of

elasticity of the sprayed concrete 24.22 % and 37.56 % respectively.

Eem i =95/ fem,; (2.32)

Eo(t) = <f;”:)>03Em (2.33)
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Eupn=E, ag- (fcm>3 (2.34)

} B (2.35)

2.2.5 Fibre Content and Fibre Rebound

The post-cracking mechanical performance of fibre-reinforced sprayed concrete is primarily
affected by the quantity, distribution, and orientation of the fibres, which are parameters that
are influenced by the specific application technique, as discussed in detail in Section 2.2 of
this thesis. Due to the relatively high impact velocity, the fibres do not fully adhere to the
target surface, resulting in a significant quantity of fibres rebound. Note that the final fibre
content of the in-place material is usually different from the initial fibre content. The rebound
behaviour of macro-synthetic and steel fibres differs. In the experimental study by [103], the
rebound of fibres of 25 to 44% was observed, the lowest rebound was found for macro-synthetic
fibres. Another experimental study on fibre-reinforced sprayed concrete [104] reported fibre
losses of 24% for steel fibres. According to the book Sprayed Concrete Lined Tunnel by Alun
Thomas [11], the typical rebound for the sprayed process with wet mixture is around 16%.
However, two additional experimental studies [15], [81] observed a fibre rebound 39-44%, which

differ significantly from the results of two studies and the reference book mentioned.

Table 2.14: Fibre rebound percentages from various studies.

Studies  Fibre rebound percentage [%)]

[103] 25-44
[104] 24
[11] 16
[15], [81] 39-44
[105] 12
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2.3 Fibre Reinforced Sprayed Concrete in Tunnelling

Fibre-reinforced sprayed concrete (FRSC) is shotcrete containing dispersed, randomly oriented
fibres. These fibres are incorporated into sprayed concrete almost for the same reasons they are
used in conventional fibre-reinforced concrete which is discussed in detail Section 2.1. The main
purpose is to offer reinforcement post cracking resistance, bridging tensile cracks, which helps
to control the width of these cracks and adds durability to the material that would otherwise
be brittle, and impact resistance. And one of the main reasons for including fibres in many
ground support applications is to provide toughness [106]. Fibre reinforced sprayed concrete
(FRSC) can be used in most situations where a sprayed concrete lining can be applied. This

covers all types of ground conditions from soft ground to hard rock.

2.3.1 Fibre Reinforced Sprayed Concrete in Soft Ground Tunnelling

Soft ground tunnels generally are defined as those in which the ground may be excavated
or dug by conventional means, as opposed to rock tunnels, soft ground tunnels require more or
less immediate support to maintain the opening, when unsupported it has a stand-up time of

less than a few hours [107].

Shotcrete is used in soft ground tunnelling primarily for two purposes, one is to provide a
structural arch inside the tunnel to support the natural arch of the substrate. The other one
is to seal the exposed ground surface immediately after excavation to protect the ground from

the elements to avoid deterioration of the structural properties due to ravelling.
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Figure 2.27: Cross-section of an SCL tunnel in soft ground [11].

2.3.2 Fibre Reinforced Sprayed Concrete in Hard Ground Tunnelling

Hard rock covers to strong, continuous rock mass with widely spaced joints, typically hav-
ing strength above 50 MPa and a stress-strength ratio below one. Though block failure and
plastic deformation can occur, the rock generally deforms elastically to tunnel excavation, with
unsupported stand-up time lasting ranges days to years [11]. In rock tunnels, sprayed concrete
often works in concert with rock bolts to support the rock. The structural behaviour of an
excavated rock mass is difficult to predict due to the many uncertainties, such as the quality
and orientation of the joints in the rock mass. The role of sprayed concrete is primarily to sup-
port isolated blocks, rather than the rock mass as a whole, the rock itself is often stronger than
the sprayed concrete. Therefore, designing a suitable rock support is a complicated task. For
these reasons, the design is often based on a combination of empirical methods and numerical
analysis, and many countries have also developed individual strategies and empirical knowledge
for the structural design of rock support [95]. Sprayed concrete is used in hard rock tunneling
primarily for two purposes, one is to bridge the gap between rock bolts by building local arches
from bolt to bolt. These arches are collecting the load locally and transferring it to the rock
bolts. The second one is to seal of the exposed rock surface after excavation to protect it from
the elements to avoid deterioration of the structural properties due to traveling of disturbed or

weathered rock.
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Note that for design options such as composite shell lining and single shell lining, which are
discussed in detail in Section 2.4.1, fibre-reinforced sprayed concrete can be used without rock

bolts or lattice girders, as the fibre sprayed concrete alone form a structural lining ring.

Rock bolts

Crown

Theoretical profile -

e

Sprayed concrete Sidewall

Invert
Figure 2.28: Cross-section of an SCL tunnel in hard rock tunneling sprayed concrete
with rock bolts [11].
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Figure 2.29: Sprayed concrete lining cross-section in hard rock tunneling [12].

2.3.3 Behaviour of Fibre Reinforced Sprayed Concrete Tunnel Linings

The behaviour of fibre-reinforced sprayed concrete (FRSC) linings is influenced by factors
such as the age of the lining, the design’s geometric characteristics, the ductility of the sprayed
fiber-concrete mix, and the interaction with the surrounding ground [106]. As described in detail
in Section 2.3.2, FRSC primarily supports hard ground by restraining its surface, stopping it
from gradually deteriorating. In soft ground, it typically functions as a supporting arch as
described in Section 2.3.1. The following sections discuss the behaviour of FRSC linings during

early and matured stages under both hard and soft ground tunneling conditions.
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2.3.3.1 Behaviour of Sprayed Fibre-Reinforced Concrete Lining at Early
Age

The effect of fibres is significant in increasing of ductility of sprayed concrete lining right after
placing, in spite of poor bond between fibres and hardening cement paste in young FRSC [108].
Bond strength development between an FRS lining and the underlying substrate progresses
slowly from a non-zero starting point to a maximum value of no more than 0.2 MPa at 24
hours [109]. The capacity of an FRS lining to stabilize the ground in the early stages in the

initial 24 hours depends on various factors, including the following.

The bond effect is crucial, as the early performance of FRSC relies on establishing a strong
bond with the ground and developing strength in the freshly applied lining. Fibres do not
influence bond strength at either early or later stages. In hard rock settings, the initial bond
between the sprayed concrete and the substrate is typically influenced by the quality of the
ground preparation. In certain types of soft ground, like sandy layers, it can be very challenging
for sprayed concrete to adhere properly, as failures within these layers can cause sections to fall

out.

The Strength effect is another important factor. The effectiveness of an early age lining
in stabilizing the ground is highly dependent on the rapid development of compressive and
shear strength within the initial hours [109]. Fibres offer minimal enhancement to the residual

strength or energy absorption of sprayed concrete in its early stages [88].

The lining thickness effect is also significant, Fibre reinforced sprayed concrete linings in soft
ground specially for permanent tunnel lining tend to be more than 200 mm thick so the sprayed
concrete lining must be built up in several passes. Each layer must gain enough strength to

support its own weight as well as any ground loading before the next layer is applied.

The ground conditions effect cannot be overlooked. Ground stresses from large-scale in-
stability or squeezing conditions, inherent ground weakness, or excessive moisture from water
ingress can make it extremely challenging for a newly sprayed lining to remain in place during

hydration.

Finally, the load transfer effect is key. The main method for load transfer between the
ground and the lining, particularly in soft ground, is the bond and ground pressure between
the sprayed concrete and the ground. In rock tunnels, the load transfer between the bolts and

the sprayed concrete lining is a crucial aspect of ground support design.
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2.3.3.2 Hardened Reinforced Sprayed Concrete Lining Behaviour

As the sprayed concrete matrix hydrates, several changes in behaviour occur. The compressive
strength increases rapidly. The shear resistance increases dramatically, thereby reducing the
likelihood of shear failure. The bond to the rock also increases, but not at a dramatic rate.
Most importantly, the fibres become more effective due to increased friction between each fibre
and the concrete matrix during pullout. This last phenomenon has the effect of increasing

post-crack performance in tension.
The impact of these changes on the behavior of an FRSC lining is evident in various aspects.

In terms of compressive capacity, the compressive strength of the sprayed concrete improves
with time as the lining matures, and this increase is largely independent of the presence of fibres.
The load resistance of the lining in compression grows significantly in the initial days after
spraying, which is beneficial in cases of significant convergence or short stand-up times, as this
enhanced support can facilitate compressive arching in the ground. In soft ground conditions,
the lining frequently depends on quickly developing compressive strength to provide support,

as the loads can increase rapidly as the tunnel progresses.

Regarding shear capacity, as FRSC ages, its shear resistance increases significantly. Load
redistribution around shearing zones is inadequate because of the limited alternative load paths,
so fibres are not an effective method for enhancing the shear resistance of a lining. Opportunely,
concrete has significant shear resistance, particularly when a compressive membrane stress is

applied, making shear failures uncommon in mature FRSC linings.

In terms of toughness, the fibres’ post-cracking load-bearing capacity aids in redistributing
load around unstable ground areas, while also restraining ground movement, thus enabling the
ground to support itself more effectively. Fibres also help prevent fragments from falling out
of a sprayed concrete lining if extensive cracking occurs. Bolts serve as the primary method of
global ground support in underground hard rock excavations, while thin-walled FRSC linings in
hard rock are designed to provide support between the bolts. Thus, most FRSC linings in hard
rock should be regarded as providing only local ground support. But recently, thick, hard rock
tunnels lined with permanently sprayed concrete, without anchor bolts, act as global ground
support around an excavation. Some permanently sprayed hard rock tunnels are referred to
in Table 2.19. In soft ground, where linings are sprayed as thick arches of suitable geometry,

sprayed concrete can be considered to act as global ground support around an excavation.
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Finally ground Interaction, the bond between the ground and the sprayed concrete and its
progressively stiffer support offers an excellent form of support to both soft ground and hard

rock.

2.3.4 Types of Fibres Used in Sprayed Concrete Lining

Fibres in sprayed concrete are generally classified by their material and size. They fall
into two size-based categories: microfibers and macrofibre’s. For structural purposes in sprayed
concrete, steel and synthetic macrofibres are the most commonly utilized. Non-structural micro-
synthetic fibres are typically used to control plastic shrinkage cracking, decrease rebound, and
lessen the risk of spalling when sprayed concrete is exposed to high-intensity hydrocarbon-fuelled

fires.

The maximum effectiveness of fibre reinforcement is constrained by several factors: the
tensile strength of individual fibres, the bond between the fibres and the concrete, the dosage

rate of fibres, the aspect ratio [67].

2.3.4.1 Steel Fibre

The mechanical properties have already been discussed in Section 2.1.1.1. This subsection
focuses only on aspects of steel fibre relevant to sprayed concrete linings. The advantages of
using steel fibres for concrete modification in tunnel lining are primarily evident in several ways:
(1) enhancing the ductility, toughness, flexural strength, and shear strength of cementitious
materials [110]; (2) absorbing energy, bridging cracks, transmitting loads, and preventing crack
propagation and integration under external loads steel fibre reinforced concrete elements ; (3)
improving fatigue, impact, and explosion resistance [111]; and (4) providing notable benefits in

tunnel linings, such as higher early strength, lower rebound rates, and easier construction [112].

Steel fibres used in sprayed concrete typically range between 18 to 36 mm length and from
0.4 to 0.8 mm in equivalent diameter [113]. EN 14489-1 [114] and ASTM A820/A820M-22 [115]
are the European and American standards, respectively, that specify the requirements for steel

fibres used in concrete.
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2.3.4.2 Macro-synthetic Fibre

Macro synthetic fibre is the standard solution for initial linings in the USA and Europe, and
have been used for permanent tunnel linings in recent tunnel construction in Europe and other
parts of the world. Macrosynthetic fibre used in shotcrete are generally between 40 to 65 mm in
length, with equivalent diameters similar to those of the steel fibres [113]. EN 14489-2 [116] and
ASTM D7508/D7508M [117], European and American standards for the Macro-synthetic fibre
confirmation used in concrete respectively. Because of their flexibility, macro synthetic fibres are
easier to handle, pump, and apply than steel fibres, as they are less likely to cause blockages and
reduce wear on slick lines [118] . The tensile strength and the young’s modulus are typically
around 300 to 700 MPa and 5 to 14 GPa, respectively [103]. The physical characteristics
of various macro synthetic fibers on the market differ widely. For tunnel applications, it is
recommended to use only advanced macro synthetic fibers that have a tensile strength exceeding

600 MPa and a Young’s modulus above 10 GPa [118].

Typical dosages for shotcrete used in primary ground support and initial tunnel linings
range from 3 to 6 kg/m2. For permanent sprayed tunnel linings, dosages generally range from

5 to 9 kg/m3, according to the case studies collected in the Table 2.19.

Figure 2.30: Vari
turer’s data sheets).
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2.3.4.3 Micro-synthetic Fibre

Microfibres are defined as fibres with an equivalent diameter less than 0.3mm for use in shotcrete
and are normally polyolefin-based [113]. To address explosive spalling during fires by melting
and creating void space, polypropylene microfibers should be used, with diameters less than
33 pm and lengths equal to or shorter than 12 mm, though they can range from 6 to 50 mm.

Additionally, micro synthetic fibers are included to reduce plastic shrinkage cracks.

Figure 2.31: Micro-synthetic fibres (images sourced from manufacturer’s data sheets).

2.4 Sprayed Fibre-Reinforced Concrete for Permanent

Tunnel Linings

There are three types of sprayed concrete systems used in tunnelling or underground construc-
tion. Type 1 is used as a protective coating, functioning similarly to cement by binding ground
particles or rock fragments together and preventing the ground from breaking apart. This type
is typically applied in very thin layers, about a few millimetres in depth, and is not designed to
bear any load [119]. Type 2 is a sprayed concrete system used as a structural layer. It functions
as a composite structure that integrates reinforced ground with a sprayed concrete layer. This
system supports the ground, maintains cohesion over a limited depth of several decimetres, and
serves as a link between support elements such as rock bolts. It primarily handles shear forces
and is reinforced with welded wire mesh or fibres [119]. Type 3 is a sprayed concrete system
used as a structural ring, engineered to withstand normal forces and bending moments. These
modes are not mutually exclusive or strictly defined. For instance, sprayed concrete intended as
a structural layer may initially serve as a protective layer, while a structural layer can also func-

tion locally as a structural ring, offering some confining pressure [119]. When sprayed concrete
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is used in either the second and the third type systems as permanent or designed to last equal
to the design life of the underground structure or tunnel, the sprayed material is considered a

permanent material.

Sprayed concrete lining tunnels are typically constructed by excavating the ground in short
advances and progressively applying sprayed concrete to support the ground both temporarily
and permanently [120], [121]. Permanent sprayed concrete lining is made of the same materials
and applied in the same way as temporary sprayed concrete lining. In contrast to temporary
sprayed concrete, permanent sprayed concrete must have the same service life as the tunnel
or underground facility to which it is applied. Several advances have made the use of Sprayed
concrete lining as a permanent structure possible: The shift in producing SCL from the dry-
mix process to a wet-mix process, The adoption of alkali-free accelerators, The use of fibre
reinforcement instead of mesh reinforcement eliminated the concern of “shadows”, shortened
construction programme and saved overall cost, The shift from hand spraying to robotic spray-
ing speeded up progress and produced less material waste, The use of real-time surveying with
total stations instead of lattice girders to ensure the correct profile of the tunnel excavation
and control the lining thickness has accelerated construction and also removed a key durability

concern [121].

Advancements in materials, equipment, testing, and quality assurance have made sprayed
concrete a cost-effective alternative that matches the durability of conventional concrete. Com-
pared to traditional lining methods, fibre-reinforced sprayed concrete can offer reduced capital

and operational expenses, as well as a lower carbon footprint [79].

Permanent sprayed concrete, in conjunction with spray-applied waterproofing membranes,
allows for the enhancement of tunnel size and shape beyond what traditional SCL methods
offer [13]. When sheet membranes are used, it is assumed that there is no bonding across
the waterproof membranes installed between the tunnel’s primary and secondary linings. Ad-
ditionally, any structural contribution of the primary lining is disregarded in the design of
the secondary lining [122]. Spray-applied membranes enable partial bonding between the two
linings, leading to a composite effect. Presumed stresses at the membrane-spraying interface
sandwiched between the spray in Figure 2.32, the primary and secondary linings are displayed.
The structural advantage of the primary lining is now recognized due to the composite action,
which allows designers to consider the primary and secondary linings as a unified composite
structure. The composite action creates the opportunity to reduce the thickness of the sec-

ondary lining, which can lead to a thinner overall lining thickness [123]. The primary factor
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influencing the lining’s performance is the long-term bond strength between the membrane and
the shotcrete layers. However, there are no standard test results available to predict the lin-
ing’s behaviour over time. All the available sprayed lining design options have been discussed

in Section 2.4.1.

argne e T ¥

rmanent sprayedse

(a)
Figure 2.32: (a) Sprayed membrane interface and potential stresses: (b) Compression,
(c) Tension and (d) Shear [13].

2.4.1 Types of Sprayed Concrete Tunnel Linings

The sprayed concrete linings can be broadly categorized into three types: Double shell

linings (DSL), Composite shell linings and Single shell linings [11], [124].

2.4.1.1 Double Shell Linings (DSL)

Initially when using sprayed concrete linings, the primary lining was regarded as temporary
due to worries about the long-term effects of some of the additives and the overall quality
of the lining such as the embedding of steel mesh and arches in the concrete. A secondary
lining was installed inside the primary lining to handle all permanent loads. However, the two
issues mentioned above have been resolved with the availability of non-alkaline materials and
advanced tunnel lining construction methods. This approach is still commonly used and is still
referred to as a ‘two-pass lining’ or a double shell lining (DSL). In this method, a sacrificial
primary lining is assumed to handle temporary loads from ground load (GL) and hydrostatic
load (WL), while the secondary lining is designed to bear long-term water load (WL) and
ground load (GL), [11, 13, 122, 124] as shown in Figure 2.33. Since the primary lining is
treated as temporary, the secondary lining is engineered to support both long-term hydrostatic
and ground loads, making it considerably thicker than other sprayed-concrete tunnel linings,

despite having a robust design.
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Figure 2.33: Typical Cross-section and loading configuration of a double shell lining.

2.4.1.2 Composite Shell Lining (CSL)

The use of sprayed waterproof membranes have given engineers an opportunity to explore the
benefits of a composite shell lining, which includes a sprayed permanent primary lining, a
sprayed waterproof membrane, and a sprayed secondary lining [11, 13, 122, 124]. Using sprayed
applied waterproofing membranes between the linings create the potential for load sharing
between the primary and secondary linings. Whether or not these benefits can be realised
depends heavily on the design approaches. Early projects assumed zero bond in both shear and
tension at the membrane such as the Crossrail project in London, UK [125]. In this setup, the
primary lining works in concert with the secondary lining, sharing some of the long-term ground
loads, as illustrated in Figure 2.34. This design methodology has resulted in some reductions

to the thickness of secondary lining when compared to conventional Double Shell Lining.
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Figure 2.34: Typical cross-section and loading configuration of a composite shell lining.

Applied Water Proofing Membrane) SAWMs to include meaningful values of bond at the in-
terface of the membrane. Given that the bond and the membrane itself has finite properties
which are lower than the concrete linings, the composite action is less than the ideal case. The
effectiveness of a full composite lining, full transfer of shear, and bond strength at the interface
of the spray-applied waterproofing membrane between the primary and secondary lining is still
not confirmed. Research and testing are in progress to demonstrate the effectiveness of a fully
composite lining, as refer in Figure 2.35. Still the meaningful bond reduce the thickness of the

lining, if the composite action and the bond work fully, it may be possible to further reduce the

|
Short term load l Long term load

| 4 Ulw VLTV .y '

100% WL l
100% GL@

By now in some studies have accepted that there is sufficient test data for some (Spray

thickness of the secondary lining.
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Figure 2.35: Typical cross-section and loading configuration of a fully composite shell
lining.

The paper [22] discusses a modified composite shell lining, specifically designed for soft
ground tunnelling. The proposal suggests that, in structural terms, the primary lining would
work in conjunction with the bonded membrane. The secondary lining, positioned inside, would
then becomes a non-structural element with a various potential function such as fire protection
for the membrane, enhancing aesthetics, and supporting small fixing loads (see Figure 2.36

) [22].
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Short and llong term loads
|
100% GL |100% WL

Figure 2.36: Typical cross-section and loading configuration of a modified composite
shell lining (secondary lining non-structural).

Table 2.15: Comparison of modified composite shell lining vs composite shell lining
(Crossrail tunnel) for a typical 10 m soft ground SCL [22]

Layers for PSCL Modified-composite Composite shell lining
shell lining (Crossrail)

Sealing layer [mm)] 50 75

Primary layer [mm] 325 325

Regulating layer [mm|] 40 40

Membrane [mm] 4 4

Secondary layer [mm|] 0 300

Fire protection layer [mm] 75 50

Total thickness [mm] 494 794
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2.4.1.3 Single Shell Lining (SSL)

In fact, the “single shell” may consist of several layers of sprayed concrete, placed at different
times. However, the underlying principle is that all the sprayed concrete carries load over the
life of the tunnel, and the different layers normally act together as a composite structure. This
approach is common in certain sectors — notably on hydroelectric power projects — and in certain
ground conditions — such as dry hard rock. A single shell lining is installed as the excavation
progresses, serving as both the initial support to stabilize the ground and as part of the final
lining structure. Consequently, the quality of the installed lining material must be superior
compared to the primary lining used in a double-shell lining system [70]. Single-shell linings
are the most effective lining design (in dry or mostly dry ground) because they can withstand
both short-term and long-term loads, and their construction takes much less time than that of
double-shell or composite linings, which require separate stages for the primary and secondary

linings [11, 122, 124].

Figure 2.37: Typical cross-section and loading configuration of a single shell lining.
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Table 2.17: Comparison of different types of lining systems [11]

Primary Lining Secondary Lining

Types of Lining WP
Type Existence Type Existence

Double shell lining SCL Temporary Sheet Cast  Permanent
Partial composite shell lining SCL Permanent Sprayed SCL  Permanent
Full composite shell lining SCL  Permanent Sprayed SCL  Permanent
Single shell lining SCL Permanent None - -

2.4.2 Case Studies on Permanent Fibre-Reinforced

Sprayed Concrete Linings

Over the last 30 years, fibre-reinforced sprayed concrete has been extensively used for tun-
nel lining applications. In this thesis, various case studies and research papers focusing on the
application of fibre-reinforced sprayed concrete in tunnelling industry have been reviewed. Rel-
evant data on materials and parameters were collected from these sources. The key materials
and parameters analysed in the case studies and literature reviews include: data on material
composition, thickness of the lining, type of fibre utilized, fibre dosage used, size and diameter
of fibres (aspect ratio), tensile strength of fibres, and concrete strength. A summary of this

information is presented in Table 2.19.
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Table 2.19: Fibre-reinforced sprayed concrete tunnel lining experiences.

Case Year Country Function  Internal Designop- Ground Lining Lining  fe Fibre Aspect  Fibre
Stud- span tion thick- type ratio Con-
ies ness (i—;) tent
-l [ [ [ [m] - -l [ [m] [MPa]  [] [ [kg/m3]
[126] 2016 Pakistan ~ Hydropower 10 DSL Rock-  SL 0.3 30 SF 64 40
soil
[127] 2008 USA Road 10 DSL Soil SL 0.35 38 SF - 40
[128] 2000 Canada Hydropower 6.7 SSL Rock PL 0.08- 40 SF 60 57
0.1
[125] 2011 UK Road 10 CSL Soil v 032 % or ] 45
SL 0.3 32 SF - 45
[129] 2009 UK Road 11.6 CSL Rock PL 0.2-0.3 32 SF - 45
[130] 2004 Slovenia ~ Road 10 DSL Rock SL 0.2 20 SF 40 32
[131] - LuxembourgRoad 4 - - TPL 0.18 - SF 47 40
[132] 2016 Chile Road - SSL Rock PL 0.15 35 SF 64 35
[132] 2016 Chile Road - SSL Rock PL 0.15 35 MSF 74 6
[133] 2012 Brazil Mining - SSL Rock TPL 0.08 48 SF 70 25
[134] 2016 California Road - - Rock TPL - 20 MSF 60 6
[135] 2016 Canada Service 5.5 - Rock PL - 35 MSF - 7

Continued on next page
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Continued from previous page

Case Year Country Function  Internal Designop- Ground Lining Lining  fe Fibre Aspect  Fibre
Stud- span tion thick- type ratio Con-
ies ness (g—;) tent
[- [ [ [ [m] - [- [ [m] [MPa]  [-] [ [kg/m3]
[136] 2003 USA Road 5 DSL Soil SL 0.3 35 SF - 40
[79] 1999 Switzerland Road 7.6 DSL Rock SL 0.1- 35 SF - 47.5
0.15
[79] 2009  Norway  Railway - CSL Soil SL 0.06 ] MSE - 0
PL 0.07- - MSF - 6
0.1
[137] 2015 Australia  Road 9 SSL Rock PL 0.25 40 MSF 60 6
[138] 2018 Chile Service 8.05- SSL Rock PL 0.1- 30 MSF - 5
8.40 0.40
[79] 2020  Australia Road 16.5-19 CSL Rock  oF 0205 40 i ] 0
PL 0.3- 40 SF - 37.5
0.35
[139] 2016 Czech Road - SSL Rock PL 0.15- 20 SF - 35
0.25
[140] 2005 Iran Road - DSL - SL 0.15 35 MSF - 6

Continued on next page
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Case Year Country Function  Internal Designop- Ground Lining Lining  fe Fibre Aspect  Fibre
Stud- span tion thick- type ratio Con-
ies ness (g—;) tent
[ [ [ [ [mn] - [ [ [mn] [MPa]  [-] [ [kg/m3]
[141] 2008  Switzerland Railway 7 CSL Rock - 0.1 ) oF ' '
PL 0.25 - SF - -
[142] 2019 China Railway 20 CSL Rock oL 0.10 10 MSE- 69 6
PL 0.15 40 MSF 69 6
[143] - Mexico Railway 11 - Rock TPL 0.2 25 SF 64 30
[144] 2001 Norway Road - - Rock TPL - 40 MSF 53 5-8
[145] 2001 China Railway - - Rock TPL - 35 SF 60 50
[146] 2003 Spain Road - - - TPL 0.05- - SF - -
0.2
[147] - France Road - - - TPL 0.2-0.3 - SF - -
[148] 2009 Ttaly Road - - - TPL 0.05 - - SF - -
0.25
[149] - China Road - - - TPL 0.2 - SF - 45
[150] - Germany  Road - - - TPL - - SF 47 40
[151] - Canada Railway - SSL - PL 0.25 - SF 60 59
[152] 2020 China Road 5 SSL Rock PL 0.25 40 SF - 50

Continued on next page
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Continued from previous page

Case Year Country Function  Internal Designop- Ground Lining Lining  fe Fibre Aspect  Fibre
Stud- span tion thick- type ratio Con-
ies ness (g—;) tent
[- [ [ [ [m] - [- [ [m] [MPa]  [-] [ [kg/m3]
[153] 2023 Australia  Road 23 CSL Rock "L 011 10 SF o1 5
SL 0.125 40 SF 64 35
[154] 2022 India Railway 8-17 DSL Rock SL 0.3- 32 SF 64 38
0.45
[155] 2024 Canada Railway 14-16 CSL Rock L 0.05 12 SF o4 )
SL 0.05 42 SF 64 -

Note: PL = Primary Lining; TPL = Temporary Primary Lining; SL. = Secondary Lining; DSL = Double Shell Lining; CSL = Composite Shell Lining;
SSL = Single Shell Lining; SF = Steel Fibre; MSF = Macro Synthetic Fibre; mSF = micro Synthetic Fibre; f.x = Characteristic compressive strength;
L; = Length of fibre; ¢y = Diameter of fibre;
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MSFRC,27%

Figure 2.38: Percentage of fibre types used in the permanent sprayed concrete tunnel
lining based on case studies from Table 2.19.
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Figure 2.39: Steel fibre volume fractions used in the permanent sprayed concrete tunnel
lining based on case studies from Table 2.19.
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Figure 2.40: Macro synthetic fibres volume fractions used in the permanent sprayed
concrete tunnel lining based on case studies from Table 2.19.
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Figure 2.41: Concrete compressive strength used in permanent sprayed concrete tunnel
lining based on case studies from Table 2.19.
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2.5 Material Characterisation and Classification

of FRC Sprayed Concrete

In all the design options mentioned in Section 2.4.1, sprayed concrete is used as a permanent
material for either the secondary lining or for both primary and secondary linings. As long as
sprayed concrete is used for permanent linings, study its mechanical properties is mandatory
to develop the design process. The mechanical characteristics of uncracked sprayed fibre rein-
forced concrete can be evaluated through compression, bending, or shear tests, and elasticity
is occasionally measured as well. Post-cracking performance is commonly assessed in terms of

residual strength or energy absorption.

The typical test methods employed for characterising FRC materials mainly consist of
beam bending tests, and more recently, there has been a growing use of panel bending tests,
particularly for sprayed FRC. These tests include three-point and four-point bending for beams
and three-point bending for panels. The main advantages of the three-point bending beam test
are that it is well-established, relatively easy to perform, supported by an extensive database for
comparative analysis, and alignment with existing tunnel design guidelines. However, this test
is specifically designed for pure concrete as stated in the relavent standards. The four-point
bending test involves the sawing beam of the panel, which introduces additional complexity
compared to the three-point bending test for the panels, which maintains the same geometry as
the energy absorption test. Furthermore, it is more appropriate to perform panels tests when
dealing with tunnel lining, as they more closely simulate the actual conditions compared to the
beam. The three-point panel test is the focus of this thesis and will be discussed in detail in

the following section.

In general, testing the structural performance of FRC is essential to characterise its post-
crack behaviour and to derive tensile strength parameters for use in design analysis [156].
Currently, numerous flexural test methods are available to assess the post-cracking performance
of fibre-reinforced concrete elements, based on beam or panel tests, as listed in Table 2.20
and discussed above. This study provides an in-depth examination of the viable flexural test
methods for characterizing and classifying sprayed fibre-reinforced concrete (FRC) materials

for use in permanent tunnel linings.

Despite advances in the tunnel construction industry, current standards and research studies

seem insufficient to fully convince the industry to adopt fibre-reinforced sprayed concrete for
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permanent linings. The fib Model Code 2010 [1] is used as a reference document in tunnel lining
design, the recommendations of the ITA Report and the fib Bulletin regarding the segmental
linings of the FRC tunnels [157], [158] and suggests the three-point bending test EN 14651 [7]
for the characterisation and classification of reinforced concrete material (FRC). This beam
geometry and test are suitable for cast-in-situ or precast FRC structural applications but not for
fibre-reinforced sprayed concrete. In fact, contrary to the fib Model Code 2010 [1], the European
sprayed concrete standard EN 14487-1 2006 [159] described various methods for specifying the
ductility of fibre-reinforced sprayed concrete in terms of residual strength according to EN
14488-3 2006 [160] and of energy absorption capacity through EN 14488-5 [18]. The energy
values provided by tests carried out according to EN 14488-5 [18] are generally considered
when designing a temporary sprayed FRC lining and are not generally used to characterise
and classify the material for the design of a permanent tunnel lining. The residual strength
four point bending test of EN 14488-3 [160] is incongruent with the MC 2010 [1] and testing
on the saw cut beams from the panels was not feasible and easy. To be convenient with the
MC 2010 [1], EFNARC produced a document [161] advising the use of three point bending
tests on panels with notch having the same geometry as EN 14488-5 [18] and recommending a
correlation between the EFNARC notched panel test and the EN 14651 [7] notched beam test.
Despite this, most research and case studies were utilized EN 14651 [7] 3-point bending beam
test for the characterization and classification of fibre-reinforced sprayed concrete. ITA Report
24 [79], published in 2020 by Working Group 12, comprehensively addressed the construction,
application, and design aspects of sprayed fibre-reinforced concrete (FRC) for permanent tunnel
lining applications. It endorsed the EN 14651 [7] three-point bending test (3PBT) for material
characterization and classification of sprayed FRC. Conversely, the European sprayed concrete
standard advocates for the use of the flexural test EN 14488-3 (four-point bending test) [160]
on beams extracted from panels, for the purpose of specifying the ductility of sprayed concrete.
The rationale behind the ITA Report 24’s [79] 2020 exclusion of the EN 14488-3 [160] four-
point bending test, despite its prescription in the European sprayed concrete standard, remains

unclear.

Subsequently, the European sprayed concrete standard EN 14487-1 2022 [19] was recently
updated to include the notched panel test. Consequently, the corresponding standard EN
14488-3 2023 [16] incorporates the test methods for the notched panel as Method B, along with
the four-point bending test as Method A.

Although the EN 14487-1 [19] standard is specified for sprayed concrete, the frequent men-
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tion of the EN 14651 [7] test methods, which are usually used to pour concrete, is not clearly
explained in the EN 14487-1 [19]standard. Furthermore, the new standard states that the re-
sidual strength values at the respective CMOD of 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm of the
EN 14651 [7] beam test are considered equal to the residual strength values obtained from the
notched panel test at the same CMODs. However, this research analytically, experimentally,

and numerically justifies that these values are not equal.

Subsequent to the incorporation of the notched panel test into the European standard for
sprayed concrete, two experimental studies [15] and [81] have been published, examining the
consistency of the Model Code 2010 classification when using both notched panel and notched
beam tests. Furthermore, a thorough investigation performed by Laval University in collab-
oration with Bekaert [14] evaluated and compared the residual strength values derived from
the results of both the panel and beam tests. The findings indicated substantial discrepancies
in the classification and post-crack strength variations of FRC-sprayed concrete in most types
of fibres. However, for specific steel fibres, the results of the notched beam and the notched
panel did not show significant differences, as depicted in Figures 2.42, 2.43, and 2.44. The
reasons for these inconsistencies were not fully explained in the studies. Earlier research [162]
found that the residual strength ratio of the FRC’s notched beam and panel tests was almost
one, but both were cast, not sprayed. This Ph.D. study investigates the relationship and cor-
relation between the performance of sprayed fibre-reinforced concrete (FRC), evaluated using
the referenced sprayed notched panel test (EN 14488-3, Method B [16]) and the notched beam
test (EN 14651 [7]), and their consistency with the constitutive models, the characterization
and classification specified in the Model Code 2020 [8] and Euro Code 2 [9], through combined

experimental and numerical analyses.
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Figure 2.42: Comparison of residual strength results for EN 14651 beam and EN 14488-
3 Method B panel tests using 4D-65/35 steel fibre in C30/37 concrete grades (a) and
in C30/37 concrete grades (b) at 30 kg/m? fibre dosage [14].
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Figure 2.43: Comparison of residual strength results for EN 14651 beam and EN 14488-
3 Method B panel tests using 4D-65/35 steel fibre in C30/37 concrete grades (a) and
in C50/60 concrete grades (b) at 50 kg/m? fibre dosage [14].
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Figure 2.44: Comparison of residual strength results for EN 14651 beam and EN 14488-
3 Method B panel tests using 4D-65/35 steel fibres at 40 kg/m? dosage [15].

Structural design of FRC elements is based on the post-cracking residual strength provided
by fibre reinforcement. Instances like early age crack-control or fire resistance, are considered
non-structural use of FRC. Fibres can enhance performance at SLS by reducing crack spacing
and width, which in turn increases durability, and they can improve performance at ULS by
partially or totally substitute conventional reinforcement [1]. The addition of fibres alters the
mechanical properties of a cementitious matrix. However, the fibres do not significantly affect

the elastic properties or compressive strength unless they are added in high percentage [§].

The characterisation and classification of the material of the FRC sprayed concrete for
the tunnel lining is mainly concerned with the post-cracking performance of the material. As
mentioned above, post-cracking performance is typically evaluated in terms of residual strength
and energy absorption. Residual strength can be used for material classification purposes and
the design of the lining, while energy absorption capacity provides insights into the behaviour
of the FRC-sprayed lining under significant deformation. The residual strength and energy

absorption, including the testing methods, are discussed in the following sections.
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Table 2.20: Common standard flexural test methods for post-cracking performance of

FRC and sprayed FRC.

Test Methods

Europe

USA Japan

Testing sprayed concrete —
Part 3:Flexural strengths of
fibre-reinforced beam speci-
mens

EN 14488-3 Method A

Testing sprayed concrete —
Part 3: Flexural strengths
of fibre-reinforced panel speci-
mens

EN 14488-3 Method B

Testing sprayed concrete —
Part 5:
energy absorption capacity
of fibre-reinforced slab speci-
mens

Determination of

EN 14488-5

Test method for metallic fibre
concrete measuring the flex-
ural tensile strength

EN 14651

- JSCE-G552

Method of tests for flexural
strength and flexural tough-
ness of steel FRC

- JSCE-G552

Standard test methods for
flexural toughness FRC (using
centrally loaded round panel)

ASTM C1550 -

Standard test method for flex-
ural performance of FRC

ASTM C1609 JSCE-G552

2.5.1 Residual Strength of FRC Sprayed Concrete

Generally, fibres do not affect the properties of concrete before it develops cracks. However,

once cracks form, fibres become essential by bridging these cracks and supporting the tensile

stresses. This capability allows fibre-reinforced concrete (FRC) to retain load-bearing capacity

even after cracking, a characteristic commonly referred to as "residual strength” or post-crack

strength.
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2.5. Material Characterisation and Classification of FRC Sprayed Concrete

The magnitude of this residual strength is influenced by several factors, including the type of
fibre used, their inherent properties, size, shape, bonding characteristics, the quantity of fibres

added and, most importantly, the combined influence of these factors on hardened concrete.

As described in the previous section, the European sprayed concrete standard EN 14487-1
[19] recommends using the four-point unnotched beam test EN 14488-3 Method A and Method B
three-point notched panel test methodologies to determine the residual strength of FRC-sprayed
concrete for the characterisation and classification of the material. The small-scale, nonstandard
indirect tensile tests discussed in Section 2.1.3.1 as conventional FRC test methodologies have
been used by some researchers [43] to study post-crack performance of sprayed FRC concrete.
However, these tests have not been validated by international standards organisations. The
following sections describe the EN 14488-3 Method B panel test and the EN 14651 notched

beam test.

2.5.1.1 EN 14488-3 Method B (Three-Point Bendig Notched Panel Test)

This test is a method of measuring the flexural tensile strength of the sprayed FRC on the panel.
The flexural strengths are determined on notched panels with dimensions of 600 mm (width)
x 600 mm (length) x 100 mm (height) in a three-point bending test (Figure 2.45 and Figure
2.46). As described in the above section, this test is included in EN 14488-3 [16] as Method B
in 2024. The test method is almost the same as the EFNARC 3PBT [161] three-point bending
test.

The test specimens shall be panels that comply with EN 14488-1 [163] with nominal dimen-
sions of 600 mm in width, 600 mm in length, and 100 mm in thickness as shown in Figure 2.46,
and shall be sprayed in compliance with the same standard. The notch depth is 10 mm and the
corresponding effective cross-section in the mid-span (hsy) is 90 mm. The distance between the
support rollers is 500 mm (Figure 2.46). Usually, the applied load and the displacement in the
crack mouth opening (Crack Mouth Opening Displacement [CMOD]) are measured. Alternat-
ively, the deflection can be measured in the mid-span and converted using the CMOD-deflection
relation according to Equation 2.36. In case of a testing machine that controls the rate of in-
crease of CMOD, the machine shall be operated so that CMOD increases at a constant rate
of 0.05 mm/min. When CMOD = 0.2 mm, the machine must be operated so that CMOD

increases at a constant rate of 0.2 mm/min.
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The test shall be terminated at a CMOD value not less than 5mm, and the tests advised
by EN 14488-3 [16] during which the crack starts outside the notch shall be rejected.

4- 5FL3 : hsp

CMODg = z

(2.36)

Where:
CMODg is the CMOD value, in mm, measured at the bottom of the notch;

O0Frrs is the deflection, in mm;

The test results which need to be expressed are the limit of proportionality (LOP) and the
residual flexural strength. The limit of proportionality fotS,LS is calculated as Equation 2.37.
The load value Fs shall be determined by drawing a line at a distance of 0.05 mm and paralled
to the load-CMOD diagram and taking as Fp the highest load value in the interval [0 mm :
0.05 mm].

AL
cts,Ls Qbhgp

(2.37)

Where:
fcfts,LS is the LOP (limit of proportionality) in Mpa; Fps is the load corresponding to the LOP,
in N;

The residual flexural tensile strength needs to be evaluated at four different displacements
CMOD = CMOD;s (j=1,2,3,4), as shown in the Table 2.22 and Equation 2.38, with the load
F; s corresponding to the displacements measured as shown in Figure 2.47. After obtaining the
residual strengths, the material can be classified according to the EN 14487-1 standard [19)] for a
further design process. To classify and characterise the material according to Model Code 2010
and Eurocode 2, since the classification is based on the EN 14651 [7] beam test methodology, the
correlation between the panel and beam test methodologies is required and have been discussed

and advised in detail in the Chapter 6 of this thesis.

3F -1
Trjs = 2002,

(2.38)

Where:
fr,js is the residual flexural tensile strength corresponding with CMOD = CMODj, or djs
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(j=1,2,3,4), in Mpa;

F} s is the load corresponding with CMOD = CMODj ordjs (j=1,2,3,4), in N;

1 is the span length, in mm;

b is the width of the specimen, in mm,;

hsp is the distance, in mm, between the tip of the notch and the top of the beam (equal as the

unnotched height);

iy ay ~

Pt
[=500mm

I
Figure 2.45: EN 14488-3 Method
arrangement of loading of test specimen [16].

B (3PB notched panel test)

Key

1. Loading roller
(capable of rotation
and of being
inclined)

2. Supporting roller
(capable of rotation
and of being
inclined)

3. Stationary
supporting roller
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A-A
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h
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T 250 &\T/} 250 WJ 300 E;1 300

600 600
l

Figure 2.46: EN 14488-3 Method B (3PB notched panel test) test set-up (dimensions
in mm) [16].

CMOD (mm)

CMOD, =0,5 CMOD; =1,5 CMOD;=2,5 CMOD, = 3,5

Figure 2.47: EN 14488-3 Method B Load — CMOD diagram [16].
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Figure 2.48: EN 14488-3 Method B Load—Deflection diagram [16].

Table 2.22: LOP (Limit of Proportionality) and residual strength of EN 14488-3 Method
B with respective to CMOD and deflection values [16].

LOP / Residual flexural strength CMOD (mm) Deflection (mm)

Flirs 0.05 0.063
FR1s 0.5 0.631
fRas 1.5 1.894
Fras 2.5 3.156
FRas 3.5 4,420

Table 2.23: Definition of class of ductility according to EN 14487-1 [19].

Class of ductility Ductility requirement Crack control requirement

Class 1 fRow! FRo > 0.5 fRow! fRis > 0.4
Class 2 Fros! fRow > 0.7 fron! fRi > 0.5
Class 3 fRsBlc/fRslk > 0.9 fRslk:/lesk > 0.6

Note: Class 1 for ductility and crack control requirements meets the requirement of the Model Code
2010
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For permanent sprayed fibre reinforced concrete linings, the minimum performance level for

the strength ratio (Ry) and ductility ratio (R,) recommended in fib Bulletin 116 [164] are:

Rg = IR 5 08 (2.39)
fstk
o fRslk
Ry =1 5 09 (2.40)
Risk

a minimum level of residual stress fg,., shall be greater than 2 MPa [164].

2.5.1.2 EN 14651 (Three-Point Bendig Notched Beam Test)

The EN 14651 3PB test was initially recommended for the characterisation and classification of
conventional (cast) FRC, all relevant methodologies and tests are discussed in the FRC Section
2.1.3.3. However, this test specified in Model Code 2020 [8] and Eurocode 2 Annex N [9] refers
to poured concrete (cast in-mould concrete), even though it is also mentioned in the European
sprayed concrete standard EN 14487-1 [19]. Consequently, in this thesis, the test is used for
the performance evaluation of both sprayed and cast-in-place FRC, as well as to establish a

relationship between them.

2.5.2 Energy Absorption Capacity

The measurement of energy absorption capacity on panel specimens constitutes a funda-
mental requirement for fibre-reinforced shotcrete, as it provides vital information regarding
performance at large deformations. Moreover, this metric is predominantly employed in the
design of temporary primary linings. In the context of sprayed concrete linings, panel tests that
quantify energy absorption prove to be a more suitable method to describe the performance and
failure mechanisms of sprayed tunnel linings. These tests exhibit static indeterminacy, similar
to the lining itself, thereby allowing for stress redistribution and the development of multiple

cracks.

The energy absorption test necessitates the application of a central load on a panel, which
may be square or circular, and is uniformly supported along all four edges or its outer boundary.
This setup replicates the typical punching effect of a rock bolt on the shotcrete lining. The

hyperstatic configuration of the test facilitates stress redistribution, enabling the formation of
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multiple cracks depending on the performance of the fibres. In contrast to beam tests and the
3pbt panel test, the energy absorption panel tests accommodate larger deformations, reaching
up to 25 mm, thus providing a better representation of the actual behaviour of shotcrete linings.
In addition, energy panel tests demonstrate significantly lower variability due to the extension
of longer cumulative crack lengths from multiple cracking, resulting in decreased coefficients of
variation. However, these tests are inadequate for the characterisation or classification of the
material properties of sprayed fibre-reinforced concrete for the design of permanent sprayed con-
crete tunnel linings, necessitating further material characterisation tests. The widely recognised

standards are ASTM C1550-20 [17] in the USA and EN 14488 5 [18] in Europe, respectively.
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2.5.2.1 ASTM C1550-20 Energy Absorption Centrally Loaded
Round Panel Test

ASTM C1550-20 [17], This test method covers the determination of the flexural toughness of
fibre-reinforced concrete expressed as energy absorption in the post-crack range using a round
panel supported on three symmetrically arranged pivots and subjected to a central point load
as shown in Figure 2.49. The performance of the samples tested by this method is quantified
in terms of the energy absorbed between the beginning of loading and the selected values of

central deflection.

Circular panels, either moulded or sprayed, undergo a central point loading while being
supported on three symmetrically positioned pivots. The load is administered via a steel piston
with a hemispherical end, advanced at a predetermined displacement rate. The resultant load
and deflection are simultaneously documented until reaching a specified central deflection. The
energy absorbed by the panel up to this point is indicative of the flexural toughness of the
fibre-reinforced concrete panel. The ASTM C1550-20 [17] standard, while acknowledged, is not
elaborated upon in this research; greater emphasis is placed on the European standard EN
14488-5 [18].

100 mm diameter

. hemispherical load peint
T5x800 mm diameter .

round panel )
Pivoted support Support points
points with steel l l on 750 mm
/" diameter

Figure 2.49: Round derminate panel test setup ASTM C1550 [17].
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2.5.2.2 EN 14488-5 Energy Absorption Panel Test

This test is the square slab flexural-punching test, which simulates very effectively the behaviour
of a tunnel lining under rock pressure around an anchor bolt. In this test, a fibre-reinforced slab
specimen is subjected to a load, under deflection control, through a rigid steel block positioned
in the centre of the slab. A square specimen shall be produced from a panel, sprayed and
cured in a mould, according to EN 14488-1 [163], with dimensions of 600 mm x 600 mm and
trimmed to a thickness of 1003‘ ® mm immediately after spraying as shown in Figure 2.50. The
prepared slab must be cured under conditions according to EN 12390-2, for a minimum of 3

days immediately before testing, and kept moist until testing.

According to EN 14488-5 [18], the specimen testing shall normally be performed at 28 days
on a machine that can test in a displacement controlled way and has a minimum stiffness of at
least 200 kN / mm (including the frame, load cell, load block, and support frame). The support
is a 20mm thick rigid square frame with inner dimensions of 500 x 500mm as shown in Figure

2.50.
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500

600

!

Figure 2.50: Arrangement of loading of test specimen for energy absorption test [18].

The test shall be displacement controlled, with a constant rate of 1 mm/min in the centre
of the slab. The load and deflection shall be continuously recorded with the XY-plotter data
logger until a deflection of at least 30 mm is obtained. From this curve, a second curve is
calculated, which gives the energy as a function of the deflection. The result that needs to be
expressed is the energy until a deflection of 25 mm is obtained, which can be calculated as the
area under the load deflection curve between the 0 and 25 mm deflection range; see Figure 2.51

and Equation 2.41.

95



2.5. Material Characterisation and Classification of FRC Sprayed Concrete

60 - - 1200
50 A - 1000
40 A - 800
= )
E ]
= S
< 30 - 600 =
=] on
) 5
=
=
20 - 400
10 A - 200
0 T T T T T 0
0 5 10 15 20 25 30

Net deflection [mm]

Figure 2.51: Load vs. Deflection and Energy vs. Deflection graph for EN 14488-5
energy absorption capacity test.

Some requirements for this test are added in the new version of the European sprayed

concrete standard [19];

1. Fo_nas is the maximum load value of the elastic part of the load-deflection curve, and

Fpost—crack s the maximum load value between Fej— 4, and the load value at 5 mm deflection;

2. Each load-deflection curve shall fulfil the criteria: F,;_,,qz shall be reached for a deflec-

tion lower than 2 mm; Fpost—crack shall be higher than 70% of Fej—raq;
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Figure 2.52: Typical Load vs. Deflection curve for EN 14488-5 energy test [19].

Key: X deflection [mm], Y load [kN]

The energy absorption capacity, E(9) is the area under load-deflection curve until a deflec-

tion & = 25 mm, and can be calculated using the expression below

25
Eos = | F(6)ds (2.41)
0

Where; F(9) is load as function of deflection;
After evaluating the energy absorption capacity of FRC sprayed concrete the classification the

material followed according to the standard EN 14487-1 [19], the energy absorption class is as
in the Table 2.24.

Table 2.24: Definitions of energy absorption classes EN 14487-1 [19].

Energy absorption class Energy absorption in J for deflection up to 25 mm

E500 500
E700 700
E1000 1000
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This chapter has presented a comprehensive review of the state of the art related to fibre-
reinforced concrete (FRC) and its application in sprayed concrete for permanent tunnel linings.
It first examined the general mechanical properties of FRC, the available testing methodologies,
and the main approaches to classifying FRC. It then reviewed key developments in sprayed
concrete technology, including spraying techniques and mix design considerations for fibre-
reinforced sprayed concrete, with particular attention to previous studies on mix proportions

and the collection of relevant data sets.

The review also analysed the behaviour of sprayed fibre-reinforced concrete in tunnel lining
applications, assessing its mechanical response and post-cracking performance. Available design
approaches for sprayed concrete tunnel linings were discussed, together with over 40 case studies
on the use of Sprayed FRC in permanent tunnel linings illustrating practical experiences with

permanent fibre-reinforced sprayed concrete linings.

From this critical review, several principal research gaps were identified: the lack of a well-
accepted procedure to classify sprayed FRC for use in permanent tunnel linings; the absence of
comprehensive design guidelines for such applications; and limited confidence in current meth-
odologies for the post-cracking mechanical characterization of sprayed FRC. More generally,
there remains insufficient understanding and a lack of standardized procedures for evaluat-
ing the mechanical properties of sprayed FRC in permanent tunnel lining applications. These
identified gaps form the basis for the experimental, numerical, and analytical investigations

presented in the subsequent chapters.
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Research Significance

This PhD research addresses a critical gap in the existing literature regarding standards related
to the use of fibre-reinforced sprayed concrete for permanent tunnel lining applications. The
study combines an extensive experimental campaign with complementary numerical analysis
to provide comprehensive insights into the mechanical behaviour, post-cracking properties and
mechanical characterisation of fibre-reinforced sprayed concrete. This research contributes to
advancing the understanding and application of sprayed fibre-reinforced concrete (Steel Fibre

Reinforced Concrete) in permanent tunnel linings.

There is considerable gap in existing standards and design practices regarding the post-
cracking tensile properties and corresponding design procedures for sprayed concrete. Current
design guidelines do not clearly include specific procedures applicable to sprayed FRC, and as
a result, researchers and practitioners in the tunnelling industry often rely on design method-
ologies typically developed for conventional cast FRC and, as a consequence, to corresponding
conventional test methods. However, the mechanical properties of sprayed FRC differ signific-
antly from those of cast FRC, meaning that the direct adoption of existing test methodology
mainly conceived for traditionally cast FRC for determining the residual strengths of sprayed

FRC may not accurately represent the material’s true behaviour.

Existing classification and characterisation frameworks, such as those outlined in the fib
Model Code 2020 and Eurocode 2 Annex L, were primarily developed for conventional cast
FRC. Their effectiveness in accurately describing the unique mechanical response of sprayed
FRC remains uncertain. This research therefore evaluates the applicability of FRC classification

proposed by these guidelines to sprayed FRC.

This research establishes a clear distinction between the test methodologies appropriate for
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permanent sprayed linings and those suited to temporary support applications. In addition,
the study investigates the relationships between mechanical post-cracking performance obtained

from sprayed and cast-in-mould FRC test methodologies.

Through experimental and numerical evaluation of the post-cracking properties of sprayed
FRC, the study demonstrates that sprayed FRC can meet the performance requirements for
permanent tunnel linings. The findings confirm its potential as a reliable, efficient, and sustain-
able material for tunnel infrastructures, especially short and irregular tunnels. This research
therefore contributes both to scientific understanding and to improved engineering practice,
promoting the wider acceptance and standardisation of sprayed FRC for permanent tunnel

lining applications in the construction industry.
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3.1 Thesis Outline

1. Introduction

2. State of the Art

3. Research
Significance

Material Characterisation and Classification of Sprayed FRC for Permanent
Tunnel Lining Application

\ 4

v

4. Experimental Investigation

5. Numerical Modelling

6. Correlation of Main Displacement Parameters of 3PBTs

v

7. Conclusions

Figure 3.1: Structure of the thesis.
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3.1. Thesis Outline

To assess sprayed fibre-reinforced concrete as an effective solution for

1 ra S
permanent tunnel lining applications.
2 To develop aframework that enables the performance evaluation and classification
of sprayed FRC in permanent tunnel lining applications.
3 To differentiate test methodologies for FRC sprayed and cast-in-mould specimens,
ensuring accurate rep! ation of their hanical perfc
2 To reasses and enhance the conventional ices in lling and ifi
community that may not adequately consider the unique characteristics of sprayed FRC.
5 To enhance the overall understanding of sprayed FRC for permanent tunnel lining

applications

Sprayed fibre-reinforced concrete (SFRC) is increasingly considered for final tunnel
linings, but its effectiveness and feasiablity as permanent lining application, relative to
conventional FRC or cast-in-situ RC, remain uncertain

Current design guidelines and standards for FRC were developed primarily for cast-in-
mould concrete specimens, leaving uncertainty regarding their suitability for accurately
characterising sprayed FRC

The mechanical performance of fibre-sprayed concrete is difficult to assess due to
variability in application methods and challenges in obtaining uniform sprayed
specimens. It remains unclear whether cast-in-mould specimens can reliably represent
sprayed concrete, highlighting the need for a correlation between the two

The influence of fibre properties on the post-cracking performance of sprayed FRC is not
well established, and it is not well known whether these relationships are the same as
those in conventionally cast-in-mould FRC

Post-cracking residual strength and energy absorption capacity are mechanical
properties governing the performance of sprayed fibre-reinforced concrete (FRC)

in tunnel linings. However, it is not yet known whether a reliable relationship can be
established between these parameters

EN 14488-Method B

EN 14651

Figure 3.2: Summary of the research flow path.
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Chapter 4

Experimental Investigation

This chapter covers the experimental investigation conducted as part of the thesis. Describes
the experimental programmes, test methods, and laboratory setups employed in the study. All
test methodologies for both sprayed and cast samples previously introduced in the state-of-the-
art chapter are described here in detail, together with the experimental setup and procedures

followed in the laboratory.

The sample preparation process for all test methodologies, covering both spray and casting
techniques, is explained in detail. The fibre materials used in the research are described, includ-
ing details of the concrete mix design. The results for each series of materials are presented,

and their mechanical performance and residual strength are compared.

Detailed material characterisation and classification have been carried out and are discussed
in this chapter. Comparative analyses are provided between the different material series and
test methodologies. The classification of fibre-reinforced concrete (FRC) is also included based
on the Model Code 2020 [8], the Eurocode 2 Annex L [9] and EN 14487-1 [19]. Furthermore,
a comparative analysis of the mechanical characterisation and classification between sprayed

FRC and conventional FRC is presented.

4.1 Experimental Programme

The main experimental tests carried out in this Ph.D. thesis are summarized in Table 4.1,
together with the corresponding number of tests for each testing method and specimen type

(sprayed and cast).
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Table 4.1: Experimental program.

Test Methods Casting Number of tests Number of tests

Number of tests

at 1,3,7,10,14 at 28 days at 90 days
3,3,3,3,3 SFRC25 3 SFRC25 3 SFRC25
Cast 3,3,3,3,3 SFRC40 3 SFRC40 3 SFRC40
3,3,3,3,3 MSFRC7 3 MSFRC7 3 MSFRC7
3,3,3,3,3 SFRC25 3 SFRC25 3 SFRC25
Compressive strength  §praved 33333 SFRC40 3 SFRC40 3 SFRC40
3,3,3,3,3 SFRC25 3 SFRC25 3 SFRC25
Cast 3,3,3,3,3 SFRC40 3 SFRC40 3 SFRC40
3,3,3,3,3 MSFRC7 3 MSFRCT7 3 MSFRC7
Shrinkage Sprayed i i i
- 3 SFRC25 -
Cast - 7 SFRC40 -
- 9 MSFRC7 6 MSFRC7
- 9 SFRC25 6 SFRC25
EN 14488-3 Method B gppayeq ; 9 SFRC40 6 SFRC40
- 12 SFRC25 -
Cast - 12 SFRC40 6 SFRC40
- 12 MSFRC7 6 MSFRC7
- 13 SFRC25 13 SFRC25
EN 14651 Sprayed - 13 SFRC40 13 SFRC25
- 3 SFRC25 -
Cast - 3 SFRC40 -
- 9 MSFRC7 3 MSFRC7
- 6 SFRC25 -
EN 14488-5 Sprayed - 6 SFRC40 -
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s s
EN 14488-3 F25kg/m3 . F 25 kg/m3 EN 14488-3
Method B SF 40 kg/m3 SF 40 kg/m3 Method B
etho MSF 7kg/m3 o
SF 25 kg/m3
SF 25 kg/m3
EN 14651 0 kg;(m . SF 40 kg/m3 | | en14651
Beam - 8 MSF 7 kg/m3 Beam
SF 25 kg/m3 ‘:E ig :g;mg
EN 144885 | | SF 40 kg/m3 5 8/m EN 14488-5

MSF 7 kg/m3

Compressive
strength

Com pressive
strength

Comparison »

Figure 4.1: Overview of the experimental program comparing sprayed and cast fibre-
reinforced concrete using EN 14488-3 Method B [16], EN 14651 [7], and EN 14488-5 [18]
test methodologies, including compressive strength evaluation.
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4.2 Materials and Mixture Proportion

In the experimental campaign presented herein a commercially produced concrete was used
with all mixtures prepared from the same pre-bagged base mix of sand, aggregate, cement and
superplasticizer. The concrete mix proportions are given in Table 4.2 and a target a strength

class of C35, in according with fib Model 2010 [1], was adopted.

The maximum aggregate size used in this study was 6 mm, due to specific choices within
mix proportions made by the concrete supplier, even though it is smaller than that reported
in the case studies summarized in Table 2.13, "Mix Proportion of Sprayed Concrete,” and in
typical practices for sprayed fibre-reinforced concrete. Generally, an aggregate size of 8-10 mm is
recommended for sprayed fibre-reinforced concrete tunnel linings. Furthermore, the maximum
size was limited to 6 mm because the pumping hose of the spraying equipment was made of
flexible plastic rather than the steel hoses typically used in robotic spraying systems. The

flexible hose would not operate effectively if the aggregate size exceeded 6 mm.

Accelerators were injected into the nozzle during concrete spraying. Thus, the exact amount
injected during the spraying process is unknown as it depends on the nozzle-man. Based
on technical sheet, the accelerator adopted can be used within a typical range suggested for
spraying process with respect to cement content (4 to 6%). Alkali accelerators were used, even
though non-alkali accelerators are more effective and now more commonly adopted as discussed
in detail in Section 2.2.3.4 of this PhD thesis. Nevertheless, the available nozzle operators are
not yet familiar with their use. Therefore, alkali accelerators were used for this investigation,

and their effects were duly considered in the study.

A superplasticiser was also used to regulate the rheology and improve the workability of
the concrete, facilitating the spraying of high-fibre-content mixes. It is a water solution with
modified acrylic polymers. The dosage adopted is about 1% with respect to cement content,
leading to 5.5 1/m3. The concrete was designed to get a concrete consistency class S5, according

to EN 206 [165].

The water-to-cement ratio used was 0.37, which falls within the range of values found in
the collected case studies, as shown in Table 2.13 and is expected to fit the proposed concrete

class.

After establishing the base concrete mix composition, the selection of fibre type and dosage

was made considering practical experience from permanent tunnel lining applications, as sum-
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marised in the case studies presented in Table 2.19. The fibres were manually weighed and

added directly into the mixing drum at the concrete batching plant.

The steel fibres used were a commercially supplied type, featuring a hooked-end geometry,
a length of 30 mm, a diameter of 0.38 mm, an aspect ratio of approximately 80, a declared
filament tensile strength of 3070 MPa, and a declared elastic modulus of 210 GPa. These fibres
were at dosages of 25 kg/m? and 40 kg/m? , corresponding to a fibre volume content of 0.32%

and 0.51%.

The macro-synthetic fibres were commercially available virgin polypropylene fibres with a
length of 48 mm, a continuous embossing surface texture providing mechanical anchorage, a
declared filament tensile strength of 640 MPa, and a declared Young’s modulus of 12 GPa.
These fibres were used at a dosage of 7 kg/m?, corresponding to a fibre volume content of

0.78%.

Based on the fibre type and dosage, the fibre-reinforced concretes are designated as SFRC-
25 and SFRC-40 for the steel fibre-reinforced concretes with 25 kg/m? and 40 kg/m? dosages,
respectively, and MSFRC-7 for the macro-synthetic fibre-reinforced concrete with 7 kg/m?, as
detailed in Table 4.1.

The details of concrete mix design and the fibres properties are presented in Table 4.2 and

Table 4.3, respectively.

Table 4.2: Mix Proportions of concrete.

Igredient Mix
Aggregate (sand,gravel) [kg/m?] 1494

Sand 0/2 [kg/m?] 1089
Aggregate 2/6 [kg/m?] 405
Maximum aggregate size [mm)] 6

Cement type CEM II/A-LL 42.5
Cement content [kg/m3] 550
Water—cement ratio [-] 0.37
Superplasticizer [I/m?] 5.5
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Table 4.3: Fibre properties.

Fibre Material Length Dia Aspect Fibre Elastic Filament

name (Ly) (@) ratio dosage Mod- tensile
(Ly/®y) ulus strength

(Em)  (Ty)
mm]  [mm]  [] [kg/m®] [GPa]  [MPal

S-0.38-80 Steel 30 0.38 80 25 210 3070

S-0.38-80 Steel 30 0.38 80 40 210 3070

MS 48 MS 48 - - 7 12 640

4.3 Preparation of Specimens

The specimens were prepared at the Structural Laboratory of the University of Brescia. All
specimens were produced over three production cycles. A single type of concrete mix, as
discussed in Section 4.2 and detailed in Table 4.2 was used across all cycles, with different
types of fibre and dosages of fibre. In the first cycle, a macro-synthetic fibre dosage of 7
kg/m3 (MSFRC-7) was used. In the second cycle, 25 kg /m? of steel fibres (SFRC-25) were
incorporated, and in the third cycle, the steel fibre dosage was increased to 40 kg /m? (SFRC-
40).

Panels for the 3PB test on notched panels (EN 14488-3, Method B [16]) and for the energy
absorption test in accordance with EN 14488-5 [18], as well as beams for the three-point bending
test (3PBT) in accordance with EN 14651 [7], were prepared using the wet-mix spraying process

and conventional casting in moulds.

4.3.1 Preparation of Moulds

The spraying and casting processes was carried out according to EN 14488-1 [163]

4.3.1.1 Sprayed and Cast Square Panels

Nine Large moulds with dimensions of (100 mm x 640 mm x 1880 mm) were prepared for panel
spraying and casting. Each mould was configured to produce three square panels measuring

(100 x 600 mm x 600 mm), separated by a 40 mm thick wooden divider, as shown in Figure
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4.2. In total, these moulds yielded 27 panels.

The panels were grouped according to their intended use. A set of 15 square panels was
designated to spray according to EN 14488-1 [163] to perform the 3PBT EN 14488-3 Method
B test [16], while three square panels were used to cast to perform the same test. Another
6 panels were also sprayed according to EN 14488-1 [163] to perform energy absorption tests
according to EN 14488-5 [18], along with three square panels (100 x 600 mm x 600 mm) cast for

the same test. All the panels were used over three cycles of the spraying and casting process.

600 . 600 L 600 .
wood 27x100
| 600x600x100 E 600x600x100 Z  600x600x100 gl <
2 < Panel 1 < Panel 2 = Panel 3 < 2
E E E E
wood 27x100
2000

4
+

Figure 4.2: Square panels (600 mm x 600 mm x 100 mm) and wood moulds for sprayed
and cast panels, dimensions in [mm].

4.3.1.2 Large Panels for Beam Saw Cutting

A large mould with a dimension of (150 mm x 2000 mm x 800 mm) was prepared for the spraying
of the panels. From each sprayed in this mould, eight beams measuring (150 mm x 150 mm
x 600 mm) were cut along the longer dimension, and five beams were cut along its shorter
dimension (see Figure 4.3) for the subsequent test in accordance with EN 14651 [7]. As it will
discussed in Section 4.5.3, the main goal was to test samples according to the experimental set-
up provided by EN 14651 but with a fibre orientation and distribution well representative of a
permanent sprayed concrete lining (PSCL). Furthermore, beams were saw-cut in two directions,

make possible to investigate the post-cracking performance exhibited by sprayed FRCs related
two positions of possible crack planes in the PSCL.
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Figure 4.3: Large sprayed panel (2000 mm x 800 mm x 150 mm) for beam EN 14651
saw cut, dimensions in [mm].

4.3.2 Preparation of Sprayed Samples and Spraying Procedure

The plywood formworks panels, which prepared with the required dimensions shown in the
Figure 4.2 and Figure 4.3 were positioned at approximately 20 degree with the vertical plane,

as recommended in EN 14488-1 [163].

The spraying was carried out using the wet-mix process, in which ready-mixed concrete
is conveyed hydraulically through pumping to the nozzle, where compressed air is added to
ensure high velocity and a liquid accelerator was added at the nozzle to promote rapid setting
and adhesion on the target surface. The concrete was then sprayed at high velocity onto the

inclined panels.

All spraying processes were carried out outdoors. The wet-mix shotcrete mixtures was
produced with shotcrete pump (Figure 4.6) connected to a long rubber delivery hose having a
50 mm internal diameter. For the spraying operation, the hose outlet was fitted with a nozzle
(Figure 4.6b), through which compressed air is introduced via air ring. The diameter of the
nozzle was 36 mm. During application, the distance between the nozzle and the panels was
approximately 1.5 m. The accelerator was opportunely adjusted by the nozzle-man, with the
amount reduced for the last layer of the panel to slow the concrete setting, making it easier to
screed and achieve a uniform thickness and smooth surface. Both aspects are fundamentals for

getting consistency results from experimental tests.
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The freshly sprayed panels were covered with a plastic sheeting for a period of 24 hours to
prevent moisture loss. Then, the samples were transferred to the laboratory and demoulded.
After demolding the specimen were cured under moisture condition for 3 days. After the week
the large panels intended for saw-cut beam specimens were cut to the required dimensions. In
the following days, the beams prepared for the EN 14651 flexural test and the panels for EN
14488-3 Method B were notched using a water-cooled diamond circular table saw (Figure 4.15).
The specimens were kept at room temperature for the remaining 7 days before testing. This
curing sequence was done due to the large number of specimens involved in the experimental

program.

(a) (b)
Figure 4.4: Outdoor panel layout prior to spraying: (a) Overall 20°-inclined layout of
panels; (b) Detail view showing the 20° inclination of the plywood formwork.
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Figure 4.6: Spraying process equipment: (a) Wet-mix process shotcrete pump; (b)
Nozzle and hose detail.
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)
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Figure 4.7: Sprayed panels prepared for the EN 14488-3 Method B 3PBT notched panel
test [16], along with the large panels intended for sawn-cut beams for the EN 14651
3PBT notched beam test [7].

4.3.3 Casting Sample Preparation (Panels and Beams)

In each cycle of the casting process, three panels were prepared for each of EN 14488-3
Method B [160] and the energy absorption test [18] see Figure 4.27. No mechanical vibration was
applied during casting. Compaction was achieved by manual external hammering of the moulds
along all sides taking advantage from the good workability of concrete (consistency class, S5).
The panels were cast from the centre by means of a concrete bucket with side opening system
which probably induced a preferable casting flow direction due to the rather good concrete
flowability. Note that it was decided to initially plan the notch direction perpendicular to
this preferable direction, the casting direction was opposite to the planned notch direction to
consider the effect of fibre orientation with fibres likely aligning preferentially in the direction
of flow. For the cast panel belonging to series SFRC40, the notch direction and the casting

process were more investigated with respect to SFRC25, as described in Section 4.5.6.2.

A set of 12 beams (150 mm x 150 mm x 600 mm) was prepared in steel formwork. The
procedure of filling the mould was as per section 7.2 of EN 14651 [7]. The central increment
had twice the volume of the increments placed on the left and right. The moulds were filled to

approximately 90% of the specimen height prior to compaction. External mechanical vibration
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was then applied using a vibrating table, as shown in Figure 4.9a.

Figure 4.8: Panel casting procedure for the EN 14488-3 Method B [16] test methodo-
logy: (a) Moulds used for casting the panels; (b) Cast panel specimen.

. o)

Figure 4.9: Casting procedure for EN 14651 [7] three-point bending test (3PBT) beams:
(a) Beam casting using an external vibrating table; (b) Cast beam specimens.

4.3.3.1 Specimen Preparation for Compressive-Strength and Elastic-Modulus

Tests

Cubes for compressive strength testing and cylinders for elastic modulus evaluation were cast
in accordance with their respective standards. A total of 24 cubes for each cycle were prepared
and tested at 1, 3, 7, 10, 14, 28, 56, and 90 days. Additionally, six cylinders were also cast to

determine concrete’s elastic modulus (Figure 4.10).

The compressive strength of sprayed concrete was also evaluated on sprayed elements, in
accordance with the recommendations of EN 14487-1 [19]. Accordingly, cores samples were

extracted from the sprayed concrete panels and tested for compressive strength at the same
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interval as the cast specimens. These cylinders were obtained using a coring extraction machine

equipped with a 100 mm diameter drill bit, as shown in the Figure 4.11.

Figure 4.10: Specimen preparation for compressive strength and elastic modulus tests:
(a) Steel moulds for casting concrete cubes and cylinders; (b) Cast cube and cylinder
specimens.

Figure 4.11: Compressive strength testing of cored cylinders extracted from sprayed
panels: (a) Cored cylinders obtained from the sprayed panels ; (b) Compressive strength
test set-up for the cored cylinders.
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4.3.4 Preparation of Test Specimens

The beams and panels, after notching and final preparation, were stored in a climate cham-
ber set at a temperature of 25°C and a relative humidity of 80-90%. Prior to testing, the
specimen were cleaned, surface dried, and measured. The specimens were tested at an age
between 26 and 32 days. Although the plan was to test them exactly at 28 days according to
the standard, logistical constraints prevented strict adherence to this schedule. The sprayed
panels and beams were tested according to EN 14488-3 Method B [16] and EN 14651 [7],

respectively, at 90 days, as specified in the experimental programme (Table 4.1).

4.3.4.1 Preparation of Saw-Cut Beams from sprayed panels for EN 14651
Testing

Two large panels, shown in Figure 4.3, were sprayed in each cycle of casting process. From
each panel, 13 Beams were saw-cut (Figure 4.12), yielding a total of 26 beams per cycle. These
beams were then used carry out the EN 14651 [7] three-point bending test (3PBT) at 28 and
90 days.

After saw-cutting, the beams were notched to a depth of 25 mm as per the standard
requirements. The notching layout is shown in the Figure 4.13. Care was taken to ensure
that the notches were not cut at the same longitudinal position on adjacent beams to better
investigate the fibre orientation and distribution. In fact, two adjacent standard beams with
notch cut in the same longitudinal position are expecting to have the same fibres distribution and
orientation on the bending side in tension, resulting in similar post-cracking residual strengths.
A minimum spacing of 150 mm was maintained between notch locations, as illustrated in Figure

4.13.
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(a) (b)

Figure 4.12: Saw-cut layout and resulting beams for the EN 14651 [7] 3PBT: (a) Saw-
cut layout of the large sprayed panel; (b) Saw-cut beam specimens.
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Figure 4.13: Saw cut and notched layout of sprayed beams for EN 14651 [7] 3PBT.

The geometry illustrated in Figure 4.14 was adopted for all beam tests in accordance with
EN 14651 [7]. however all saw-cut beams specimens were individually measured prior to testing,

and the actual dimensions were used in subsequent data analysis.
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Figure 4.14: Specimen geometry for EN 14651 [7] test methodology: (a) Front view of
the beam specimen; (b) Cross section of beam specimen (dimensions in mm).
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4.3.4.2 Preparation of Test Specimens for EN 14488-3 Method B Testing

The spraying processes was carried out according to EN 14488-1 [163] and as described in
Section 4.3. The geometry of the specimen for all panels is as depicted in Figure 4.16. As
mentioned above EN 14488-3 Method B [16] test methodology performed on both the sprayed
and cast panels. As per the standard EN 14488-3 Method B [16] a 10 mm notch was provided
at the mid-span on the bottom face of the panel as shown in the Figure 4.16 using concrete
blade as shown in the Figure 4.15. For the sprayed panels, the notch oriented perpendicular
to the gravitational direction or to the horizontal of the spraying plane. For the cast panels,
the notch was provided perpendicular to the probable preferable induced casting direction
(flow direction). Specifically for the SFRC40 cast series, the prepared samples were notched
parallel to the expected concrete flow direction and also some samples perpendicular to the
expected concrete flow direction, in order to examine the relationship between the residual

flexural strength of the FRC panel and the probable concrete flow direction 4.5.6.2.

) | s 0 - {

R |

Figure 4.15: Test panel preparation for EN 14488-3 Method B Panel: (a) Notching
panel; (b) Prepared notched panel.
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Figure 4.16: Specimen geometry for the EN 14488-3 [16] test methodology: (a) Front
view of the panel specimen; (b) Panel cross section of the specimen (dimensions in
mm).

4.4 Experimental Test Set-up

4.4.1 Three-point Bending Notched Panel Test (EN 14488-3)

The specimen geometries and test configurations followed the guidelines specified in the
relevant standards EN 14488-3 [16] and EN 14487-1 [19], as detailed in Section 2.5.1.1. Figure
4.17 and 4.18a show the test set-up adopted for all panel specimens, while Figure 4.18b presents
the instrumentation details. All tests were conducted using an INSTRON 1274 closed-loop
servo-hydraulic testing machine with a load capacity of 500 kN, as shown in Figure 4.17. The
experiments were carried out under displacement (CMOD) control, as described in Section

2.5.1.1.

The Crack Mouth Opening Displacement (CMOD) was measured using a clip gauge (Figure
4.18b) in strict compliance with the standard. In addition to the standard requirements, further
measurements were carried out to obtain a more comprehensive understanding of crack devel-
opment, structural response at larger deformations, and the correlation between the response
parameters. Specifically, the Load Point Displacement (LPD) was measured using two LVDTs
positioned at mid-span on the front and rear faces of the specimen, and the recorded values
were averaged to obtain the representative LPD. Similarly, the Crack Tip Opening Displace-
ment (CTOD) at the notch tip was measured on both faces using a pair of LVDTSs, with the
averaged values taken as the representative CTOD (Figure 4.18). Linear Variable Differential
Transducers (LVDTs) with a measuring range of 10 mm were used to record the CTOD and

LPD measurements.
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The experiments were conducted with CMOD as the controlling parameter, reaching up to
5.0 mm. Two displacement rates were used: 0.05 mm/min up to a CMOD of 0.2 mm, followed
by 0.2 mm/min up to a CMOD of 5.0 mm. After this point, the loading mode was changed
to LPD control and the tests were continued until the load decreased to approximately 1% of
the peak load or the mean CTOD (obtained by averaging the front and rear measurements)
reached approximately 8.5 mm. Data acquisition was performed at a rate of 5 Hz for the first

two minutes and then reduced to 2 Hz for the remainder of the test.

(b)

Figure 4.17: Set-up for EN 14488-3 test methodology [16]: (a) INSTRON 1274 closed-
loop servo-hydraulic machine (b) Arrangement of load application on the test specimen.
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(b)

Figure 4.18: Square panels with notch tested according to EN 14488-3 [16]: (a) Test
set-up; (b) Instrumentation details (dimensions in mm).

Figure 4.19: EN 14488-3 Method B notched sprayed panel after testing, showing crack
formation and panel deformation [16].

4.4.2 Three-Point Bending Notched Beam Test (EN 14651)

The specimen geometries and the test setup were followed in accordance with the require-
ments of the relevant standard EN 14651 [7], as thoroughly detailed in Section 2.1.3.3. The
geometry illustrated in Figure 4.21 was used consistently for all beam tests; however, the cross
section of each individual beam was measured prior to testing, and the measured dimensions

were used in the analysis in accordance with EN 14651 [7].

The testing procedure for the beams followed the same principles applied to the panel tests,
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ensuring consistency in instrumentation and control methodology. Figure 4.22a presents the
test setup adopted for all beam specimens, while Figure 4.22b illustrates the instrumentation
detail. All experiments were conducted using an INSTRON 1274 closed-loop servo-hydraulic
testing machine with a loading capacity of 500 kN, as shown in Figure 4.22a. The tests were

carried out under CMOD control as described in Section 2.1.3.3.

Linear Variable Differential Transducers (LVDTs) were used to measure the load point
displacement (LPD) and the crack tip opening displacement (CTOD) on both the front and
rear faces of the beam, with the averaged readings used as the representative LPD and CTOD.
The Crack Mouth Opening Displacement (CMOD) was measured using a clip gauge in strict
compliance with the requirements of the relevant standard (Figure 4.22). The experiments
were performed under CMOD as the controlling parameter up to a value of 5.0 mm. Two
displacement rates were used: 0.05 mm/min up to a CMOD of 0.1 mm, followed by 0.2 mm/min

until reaching a CMOD of 5.0 mm.

After reaching the target CMOD, the control mode was switched to LPD control, and the
tests were continued until the load decreased to approximately 1% of the peak value or until the
mean CTOD (obtained by averaging the front and rear measurements) reached approximately
8.50 mm. Data acquisition was performed at a rate of 5 Hz during the first two minutes of

testing and then reduced to 2 Hz for the remainder of the experiment.
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Figure 4.20: Set-up for EN 14651 [7] with INSTRON 1274 closed-loop servo-hydraulic
testing machine.
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Figure 4.21: EN 14651 [7] test methodology: (a) Front view of the beam specimen; (b)
Cross section of beam specimen (dimensions in mm).

(b)

Figure 4.22: Three-point bending notched beam test according to EN 14651 [7]: (a)
Test set-up; (b) Instrumentation details (dimensions in mm).
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Figure 4.23: EN 14651 saw-cut notched beam specimen after testing, showing crack
formation and beam deformation.

4.4.3 Energy Absorption Capacity Test (EN 14488-5)

The energy absorption capacity test is a deflection-controlled test conducted on a square
panel measuring 600 x 600 x 100 mm, in accordance with the standards EN 14487-1 [19] and
EN 14488-5 [18], as detailed in Section 2.5.2.2. The specimen geometry follows the respective
standards and is further described in Section 2.5.2. All the panels tested the experiment cam-
paign adopted the geometry depicted in Figure 4.25. The spraying and casting processes were
carried out according to EN 14488-1 [163] and the procedures described in Section 4.3 of this

thesis.

The specimen was placed on a square steel frame with a width of 20 mm and internal
dimensions of 500 x 500 mm, as shown in the Figures 4.24 and 4.25. A steel plate measuring
100 x 100 mm with a thickness of 20 mm was positioned between the upper surface of the panel
and the loading cell to ensure a uniform distribution of the load across the panel, as illustrated

in Figure 4.25.

The load application system consisted of an electromechanical screw jack with a maximum
capacity of 500 kN, used to apply the load under displacement-control conditions. Load meas-
urement was obtained using A 200 kN load cell connected to a data acquisition system (Figure

4.24).
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The central deflection at the midpoint of the specimen was measured using a Linear Dis-
placement Transducer (LDT) with a measuring range of 50 mm, positioned on the underside
of the specimen, as schematically illustrated in Figure 4.24 and Figure 4.25. Additionally, four
LDTs with a measuring range of 20 mm were installed on the upper surface of the panel, one

on each side, to record the displacements at the supports (Figures 4.24 and 4.25).

These measurements were used to generate the load-net deflection curve and energy-net
deflection curve, as described in detail in Section 2.5.2.2. The energy absorption capacity was
determined as the area under the load—deflection curve up to a net deflection of 25 mm, in

accordance with the requirements of EN 14488-5 [18].

Figure 4.24: Energy absorption test according to EN 14488-5 :(a) Electromechanical
screw jack and rigid foundation support set-up; (b) Detail test setup.
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Figure 4.25: Instrumentation and specimen detail for the energy absorption capacity
test (EN 14488-5) methodology.

(b)

Figure 4.26: Energy absorption test (EN 14488-5) after testing :(a) Test set-up and
panel specimen ; (b) Crack pattern observed on the bottom surface of the panel.
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4.5 Experimental Results and Discussions

4.5.1 Compressive Strength and Elastic Modulus

According to the specification for sprayed concrete, EN 14487-1 [19], the performance re-
quirements include compressive strength. The compressive strength of the sprayed concrete
was expressed and defined in accordance with EN 206 [165], while its sampling and testing
were conducted following the procedure specified in EN 12504-1 [166]. The letter refers to
EN 12390-3 [167] for testing in compression drilled core concrete samples. Hence, cylindrical
samples having a diameter of ~ 100 mm and a height of ~ 100 mm samples were drilled from a
panel (1050 x 750 x 250 mm) specifically sprayed for this purpose. Conventional concrete cubic
samples (150 x 150 mm), cast-in-moulds, were also prepared for testing in accordance with EN
12390-3 [167]. Compressive strength tests were performed at the interval specified in Table 4.1
for both sprayed and cast specimens.

www.lacoro.it

(b)

Figure 4.27: Experimental setup: (a) Compressive strength test using a 3000 kN hy-
draulic press; (b) Elastic modulus test with displacement transducers.

It is worth noting that the compressive strength obtained from drilled-core samples taken

from the large sprayed panels is hereafter referred to as the cubic compressive strength of
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sprayed concrete, since the diameter and height of the cylindrical samples were in a 1:1 ratio as
stated by EN 13791 [168], which clearly stated testing a core with equal length and a nominal
diameter of 100 mm gives a strength value equivalent to the strength value of a 150 mm cube

manufactured and cured under the same conditions.

The target compressive strength class C35 as defined in the Model Code 2010 [1] was
achieved for both SFRC-25 and SFRC-40 with a mean cubic compressive strength values
(fem,cubic) of 49.4 MPa and 52.1 MPa, respectively,determined on cast specimens. The evol-
ution of concrete compressive strength over time is illustrated in Figure 4.28. At 7 days the
mean compressive strength (fem, 7), were 43.9 MPa and 47.5 MPa for SFRC-25 and SFRC-40,
respectively, corresponding to approximately 87-91% of the 28-day strength. Beyond 28 days,
the strength development tends to stabilize, with only a marginal increase observed at 90 days,
where the mean values f;, 90 reached 51.23 MPa and 54.48 MPa for SFRC-25 and SFRC-40,

respectively.

In comparison the mean cubic compressive strength (fem cubic) values for the sprayed spe-
cimens were 42.9 MPa and 43.5 for SFRC-25 and SFRC-40, respectively. At 7 days, the mean
compressive strength (fem 7, were 32.60 MPa and 35.30 MPa for SFRC-25 and SFRC-40, re-
spectively, corresponding to approximately 76-80% of the 28-day strength. Beyond 28 days,
the strength development of the sprayed concrete also tends to stabilize, with only a marginal
increase observed at 90 days, where the mean compressive strength f.,, 9o reached 45.4 MPa

for SFRC-25 series.
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Figure 4.28: Compressive strength results with respect to concrete ageing: (a) Cast
specimens; (b) Sprayed specimens.
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In the investigation, as shown in Figure 4.28 and Table 4.4, a clear difference observed in
the compressive strength between the cast and sprayed specimens (drilled core from a sprayed
panel). The compressive strength was tested at different ages ranging from 3 to 90 days. At
approximately 28 days, the cubic compressive strength of the sprayed concrete (fem sprayed) is
about 0.87 times that of cast ones for SFRC-25 and 0.83 times for SFRC-40, thus on average

fem,sprayea Teached about 85% of the corresponding cast concrete strength (Equation 4.1).

The lower compressive strength of the sprayed concrete might be attributed to several
factors. Unlike cast-in-mould cubes, sprayed concrete is not subjected to vibration, which may
result in less uniform compaction and a more porous internal structure. By considering all
samples utilized for determining the compressive strengths, the density of sprayed specimens
resulted -5.2% lower relative to the density of cast cube samples for SFRC-25; however, this

difference was not observed in the SFRC-40 series, where a difference of -0.9% was obtained.

In addition, since the sprayed samples were cored from sprayed panels, part of the strength
reduction may be attributed to micro-defects and microcracking induced by the drilling process.
In this regard, a unique damage factor 1.06 has been suggested in ACI PRC-214.4-21 [169] and
proposed by [170]. A damage factor is also suggested by Italian Explanatory Circular update of
the Technical Standard for Construction, NTC 2018 [171], ranging from 1.10 to 1.00 depending

on the concrete strength class.

In general, it seems that the dominant contribution is associated with the spraying process
itself. The observed reduction in bulk density indicates an increase in void content due to the
spraying mechanism. Additionally, the process alters the pore structure, induces microcracking,
and modifies the characteristics of the interfacial transition zone (ITZ), the interface between
coarse aggregate and cement paste, thereby influencing the overall microstructural integrity of

the hardened concrete.

fcm,Sprayed =0.85 fcm,Cast (41)

The modulus of elasticity is one of the fundamental mechanical properties of fibre-reinforced
concrete. The parameter is typically determined through tests performed on specimens subjec-
ted to uniaxial compressive loading. In this thesis, the secant elastic modulus was evaluated for
each series according with EN 12390-13 [172] (Figure 4.27b). Comparable results were obtained
within each series, as presented in the mechanical properties of cast and sprayed concrete in

Table 4.5.
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Table 4.4: Summary of measured compressive strength and spray/cast ratio for all

SFRC mixes.

Mix ID Age (days) Cast (MPa) Spray (MPa) k= fspray/fcast

k(28) Relationship at 28 days

SFRC-25 7
14
28
56
91

SFRC-40 5
7
12
14
28
56

43.93
46.58
49.35
50.51
51.23

45.46
47.51
48.75
48.75
52.11
52.33

32.60
37.86
42.97
42.13
45.42

33.32
35.30
41.52
41.42
43.49
41.26

0.74
0.81
0.87
0.83
0.89

0.73
0.74
0.85
0.85
0.83
0.79

0.87  fopray(28) = 0.87 feast(28)

0.83  fopray(28) = 0.83 feast(28)

The elastic modulus results obtained from cast-in-mould samples were lower than those of

ordinary concrete of the same concrete class, as currently estimated by the typical relationships

proposed in Eurocode 2 [9] and fib Model Code 2010 [8]. This can be due to the lower maximum

aggregate size used in the concrete and the cementitious property of the concrete. The elastic

modulus of sprayed SFRC-25 is about 3.6% lower than that of cast specimens (assumed as the

reference), while in case of SFRC-40 this percentage reduction is 8.5%.

Table 4.5: Mechanical properties of cast and sprayed concrete.

Parameters

fcm,cube (MPa)

fem (MPa)
E. (MPa)

49.4
(0.03)
41.0
24100
(0.01)

Cast Sprayed
SFRC-25 SFRC-40 MSFRC-7 SFRC-25 SFRC-40
52.1 40.0 43.0 43.5
(0.04) (0.02) (0.11) (0.01)
43.3 33.2 35.7 36.1
26300 21400 23200 24000
(0.03) (0.02) (0.06) (0.07)
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4.5.2 Shrinkage Test

The test setup and the procedure followed according to the standard EN 12390-16 [173].
Prismatic specimens with nominal dimensions of 75 x 75 x 285 mm were used for the shrinkage
test. Steel gauge studs were embedded at both ends along the longitudinal axis to allow precise
length-change measurements using a mechanical comparator. For each specimen tested as
per the schedule in Table 4.1, the total shrinkage strain, expressed as 1076 (micro-strain), is

calculated at time t from:

I(to) — les(t)

5cs(t7t0) = LO

(4.2)

where Lg is the gauge length (specimen length), in mm; I(¢g) is the initial length at time to,
in mm; [.s(t) is the length at time ¢, in mm; and e.4(¢,to) is the total shrinkage strain of the

specimen at time t.

Figure 4.29: Shrinkage results for SFRC-25, SFRC-40, and MSFRC7 up to 100 days.

Figure 4.29 outlines the shrinkage development of SFRC-25, SFRC-40, and MSFRC-7 series
over more than 90 days. All series show a rapid increase in shrinkage within the first 28 days,
followed by a gradual stabilization thereafter. Increasing fibre dosage from 25 to 40 provides
only a marginal additional reduction in shrinkage. At 28 days, the shrinkage strains were 1011
nm/m, 964 pm/m, and 1259 pm/m for SFRC-25, SFRC-40, and MSFRC-7, respectively. The

relatively high shrinkage may be attributed to the cementitious matrix and the 6 mm maximum
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aggregate size, which implies a less stiff aggregates’ skeleton to counteract the shrinkage of
cement paste. It is worth noticing that free shrinkage vs. time curves as plotted in Figure 4.29
provide important information for modelling the interaction between permanent sprayed linings

in case of Composite Shell Lining (CSL) and Double Shell Lining (DSL) solutions 2.4.1.

4.5.3 Fibre Distribution and Orientation

The fibre distribution and orientation of FRC in general are discussed in detail in the state-
of-the-art section of this thesis (Section 2.1.7). By using the simple approach briefly described
in Section 2.1.7, differences in fibre distribution and orientation are observed between sprayed
and cast beams, sprayed and cast panels, sprayed panels and beams, and cast beams and panels,

due to their respective underlying factors influencing each element.

Generally speaking, it is of paramount importance to evaluate the possible effects of spray-
ing process (sprayed panels and saw-cut beams from sprayed panels) on fibre orientation and
distribution. The latter can be also strongly influenced by the casting process, as in the case

of cast panels (see Section 4.5.6.2 about different possible directions considered).

Table 4.6: Measured fibre density (fibres/cm?) and fibre orientation factor from the
cracked cross-sectional plane of beams and panels after testing according to EN 14651
and EN 14488-3 standards, respectively.

Series Mean [fibres/cm?] «¢ Mean orientation factor
SFRC-25 SB 1.01 0.36
SFRC-25 CB 1.41 0.50
SFRC-40 SB 1.60 0.36
SFRC-40 CB 2.48 0.55
SFRC-25 SP 1.01 0.36
SFRC-25 CP 1.10 0.39
SFRC-40 SP 1.50 0.33
SFRC-40 CP_L 1.95 0.43
SFRC-40 CP+ 1.69 0.38
SFRC-40 CP|| 1.19 0.26
MSFRC-7 CB 1.00 0.74
MSFRC-7 CP 0.75 0.55

After completing the flexural tests, the number of fibres bridging the notch or crossing the

crack plane was manually counted for each panel, as illustrated in the cross-section layout in
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(a) (b)

Figure 4.30: Fibre density measurement layout after the EN 14488-3 Method B notched
panel test: (a) Schematic layout and (b) Cross-section photo showing fibre-density
regions.

Figure 4.30. The same cross-sectional layout was adopted for the beams. In total, the manual
counting was performed on 63 x 2 beam crack faces and 38 x 2 panel crack faces. In the case
of steel fibres, a complete debonding mechanism was evidenced by examining both faces of
the crack in a given specimen. The fibre densities observed in the three stripes (top, middle,
bottom) indicated in the layout shown in Figure 4.30 were rather similar. Thus, the results are

presented in terms of average fibre density globally evidenced along the crack-surface.

Moreover, these data constitute the input required for evaluating the fibre orientation factor
(Section 2.1.7). The fibre orientation factors determined for SFRC-CB 25 and SFRC-CB 40
cast beam series were 0.50 and 0.55, respectively, which are rather consistent with the value
(0.58) reported in the fib Model Code 2020 [8] for elements cast and tested according to EN
14651.

The number of fibres per square centimetre (Ns/cm?, average values) in the SFRC-40 cast
beams was higher than in SFRC-25 cast beams. As expected, all series showed that a higher
fibre volume fraction resulted in a higher Ny/cm?. The number of fibres per square centimetre
(N /cm?) and orientation factors obtained from both the sprayed and cast series are presented

in the Table 4.6.

The results indicate that the sprayed series exhibited lower fibres per square centimetre
and consequently lower fibre orientation factors compared with the cast beams. This confirms
that fibre orientation and distribution are probably major contributors to the differences in
residual strength observed between the cast and sprayed series. Furthermore, based on the
established relationship between the residual strength of the standard sprayed panels and that
of the standard cast beams, the results presented in Table 4.6 can be used to interpret and

compare their mechanical behaviour.

Since the thesis focuses on the relationship of those parameters which discussed and referred

on fib Model Code [8] and Eurocode 2 [9] for conventional cast-in-mould FRC elements related
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with sprayed FRC ones, the results obtained for the standard cast beams align well with the
reference values reported in these documents. Although further data would be required to fully
validate these findings, the ratios presented in Table 4.6 can be a reference for the design process
of sprayed fibre reinforced concrete linings. The relationship between the number of fibres per

square centimetre (Ny) and the residual strength for each series is presented in Figures 4.31

and 4.32.
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Figure 4.31: Relationship between the number of fibres (Ny/cm?) and residual strength
for SFRC-25 CB (a), SFRC-40 CB (b), SFRC-25 SP (c) and SFRC-40 SP (d).

In addition to the global effect of fibre orientation, this thesis includes an analysis of fibre
orientation and distribution specifically within sprayed saw-cut beams. Flexural testing ac-
cording to EN 14651 (3-point bending test) was performed on notched sprayed beams, as
described in Section 4.3.4.1. A total of 52 beams were tested—13 beams per series at 28 and 90
days—comprising 20 vertical beams (with saw-cuts aligned with the direction of gravity) and
32 horizontal beams (with saw cuts oriented perpendicular to gravity). By considering these
set of samples, it is possible to investigate the effect of fiber orientation according different

directions of investigation and thus, different crack planes possibly occurring in the permanent
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sprayed linings. In this regard, in the study by Hung et al. [174], the average number of fibres
in the gravity direction was 1.4 and 5.6 times higher than in the lateral and spray directions,
respectively, indicating a planar fibre orientation. In the study by A. Blanco et al. [175], the
fibres oriented equally for the two directions perpendicular to the spraying direction on the

spraying plane.

For the sprayed saw-cut beams tested in this study, the number of fibres per square centi-
metre (Ny) for the SFRC-25 series was 0.95 in the horizontal beams and 1.10 for the vertical
beams. For the SFRC-40 series, the number of fibres per square centimetre (Ny) was 1.61 and
1.60 in the horizontal and vertical orientation, respectively. The corresponding residual strength
results are summarised as follows. For SFRC-25 at 28 days, the average flexural strength of
the horizontal beams was approximately 9% lower than that of the vertical beams. However,
at 90 days, the horizontal beams exhibited a strength of about 15%. For SFRC40 at 28 days,
the horizontal (lateral) beams demonstrated approximately 15% higher strength compared to
the vertical beams, which is consistent with the 90-day results observed for SFRC-25. At 90
days, the SFRC-40 beams showed only a 3-4% difference in strength between the orientations.

Overall, the horizontal beams generally demonstrated slightly higher residual strengths.
This trend was consistent across three of the four large panels, corresponding to 39 of the 52
beams tested. However, the differences between horizontal and vertical orientations of fibres
remained relatively small. Therefore, based on both the residual strength results and the
fibre-orientation analysis, this study did not observe the pronounced orientation-related effects
reported in [174], demonstrating that tendencies about this topic strongly depends on the type
of fibres, fibre content and concrete matrix in terms of class of consistency, amount of cement
for a given w/c ratio and maximum diameter of aggregates. Since the study presented herein
regards two steel fiber content of a typical fiber length used for sprayed concrete adopted in
a concrete with a typical target compressive strength for use in sprayed permanent lining, the

tendencies stemming out seems useful for the scientific community and among practitioners.
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Figure 4.32: Relationship between the number of fibres (Nf/cm?) and residual strength
for SFRC-25 SB (a), SFRC-40 SB (b), MSFRC-7 CB (c¢) and MSFRC-7 CP (d).

4.5.4 Fibre Rebound

Section 2.2.5 of the state-of-the-art chapter presents a detailed discussion on fibre rebound,
and the fibre rebound percentages reported in previous experimental studies are summarised
in Table 2.14. The fibre rebound results obtained in the present study are discussed in this

section.

In this Ph.D. study, the fibre content of the sprayed concrete was determined from hardened
concrete samples in accordance with EN 14488-7 [159] Method A, for the FRC-25 and SFRC-40

series.

Cylinder cores with dimensions of 95 mm in diameter and 100 mm in height were extracted
from the test panels after completion of the 3PBT. One core was taken from each panel at
alternating locations among panels demoulded from the same mould to ensure representative
sampling of a larger area, as illustrated in the figure below (Figure 4.33). To determine the

fibre content in the beams, half of each test beam (150 x 150 x 270 mm ) was cut and crushed
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following the 3PBT, and the fibre content was subsequently quantified. For this purpose, three
beams from the cast series and four beams from the sprayed saw-cut beams (two vertical and
two horizontal) were examined for each of the SFRC-25 and SFRC-40 series. Totally, 14 half
beam portions and 28 drilled core samples were crushed to investigate fibre-rebound effects due

to spraying process.

600 N 600 N 600
T 1
=094 x 100mm
>
=
L2l =
&
SP1 SP2 SP3 =
=094 x 100mm =
2
s < N
b =094 x 100mm
-+
T

600 600 600
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Figure 4.33: Layout of fibre coring for fibre content evaluation.

The percentage of fibre rebound was determined by comparing the fibres added in the fresh

state with the actual fibres present in the prepared sprayed samples and was quantified as:

my /1000

Cy = 7

(4.3)
Where:

C/ is the actual fibre content in kg/m3
my is the mass of fibres extracted from the sample in g

V, is the volume of the sample in m3

The actual fibre content determined from the core cylinders (Table 4.7) shows that the
mean measured fibre content is nearly identical to the design fibre dosage introduced during
mixing, indicating that the average fibre rebound is negligible for both SFRC-25 and SFRC-40
series. In contrast, the fibre content determined from the cut beams (150 mm x 150 mm x
270 mm), also presented in Table 4.7, indicates a difference between the design fibre dosage
and the measured fibre content. The actual fibre content in the sprayed, saw-cut beams was

approximately 6% and 16% lower than the design fibre dosage for the SFRC-25 and SFRC-40
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series, respectively, leading to an average rebound values of 11% in case of beam saw-cut from
a sprayed panel having a thickness of 150mm. To the contrary, in case of sprayed panels 600
x 600 mm having a thickness of 100 mm, the fibre-rebound is almost negligible. Globally, it
seems that fibre-rebound values retrieved are lower than those reported in the literature (Table

2.14).

In summary, on average, no significant percentage of fibre rebound was observed in the
study that would adversely affect the post cracking performance of sprayed fibre reinforced
specimens compared to the cast-in-mould specimens. This fibre-rebound tendency observed

can be related to the type of steel fibres adopted together the cement concrete matrix used.

Table 4.7: Actual average fibre content (from crushed samples) and fibre rebound
percentage of sprayed fibre-reinforced concrete.

FRC sprayed series Specimen Design Mean Fibre
type fibre measured rebound
dosage fibre (%)
(kg/m?) content
(kg/m?)
SFRC-25 SP Drilled core 25 25.39 -
SFRC-40 SP Drilled core 40 40.68 -
SFRC-25 SB Saw-cut 25 23.45 6
beam
SFRC-40 SB Saw-cut 40 33.58 16
beam

4.5.5 Flexural Tensile Strength

The mechanical properties of the concrete are summarised in Table 4.5. This section
presents and discusses the results obtained from the flexural tensile test EN 14651 [7]. For
each series, for both cast and sprayed saw-cut beams were tested as detailed in Section 4.1, the
nominal stress-CMOD response along with the corresponding residual flexural tensile strength
values (fgr;) were analysed. The nominal stress-CMOD response and the nominal stress-CTOD
response for the SFRC-25 and SFRC-40 series for both cast and sprayed saw-cut beams are
presented in Figures 4.34, 4.35, 4.39. As detailed in Section 4.5.5 Crack Mouth Opening Dis-
placement (CMOD), Crack Tip Opening Displacement (CTOD) and Load Point Displacement
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(LPD) were measured during the experiments to capture the flexural tensile response over a
wider crack range since the CMOD measurement was limited to approximatly 5mm. In addition
to that recording all three parameters was essential to experimentally establish the relationships

among them.

The limit of proportionality (f1,) and the residual flexural tensile strengths (fr1, fr2, fr3,
and frq) corresponding to CMOD values of 0.5, 1.5, 2.5, and 3.5 mm, respectively, were cal-
culated from the experimental load—CMOD data and the measured cross-sectional dimensions
of each beam, according to Equation 2.4 and Equation 2.5 presented in the State of Art of the

thesis.

Referring to Figures 4.34 and 4.35, The cast beam results show that most specimens exhib-
ited flexural hardening behaviour, with post-cracking residual strengths (fr;) higher than the
limit of proportionality (fr) after the initial peak. Except for a slight initial softening observed
after the first peak in the SFRC-25 CB series, the SFRC-40 CB specimens continued to exhibit
hardening from the first peak.

Considering the mean curve, it can be observed that at large cracks (around 8 mm) the
post-cracking strength remains relatively high approximately 44% and 33% of the mean max-
imum residual strength for the SFRC-25 and SFRC-40 cast beams respectively. Similarly, the
retained strengths were approximately 48% and 42% for the SFRC-25 and SFRC-40 sprayed

beams,respectively.
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The high fibre content and high aspect ratio allowed effective control of crack propagation
at the initial stage, resulting in better ductility even at large crack width. Overall, cast beams

exhibited higher residual strength and greater ductility compared to sprayed beams.

The difference in the limit of proportionality (f1,) between the SFRC-25 and SFRC-40
series was approximately 15% for both sprayed and cast beams. This relatively small variation
indicates that the (f1) is primarily governed by the concrete matrix strength rather than the

fibre content difference between the two series.

For the series of cast beams, the residual flexural tensile strengths (fr1, fr2, frs and fra)
increased by 76%, 49%, 36% and 30%, respectively, when comparing SFRC-40 to SFRC-25.
In the case of sprayed beams, the corresponding increases were approximately 56%, 55%, 50%
and 44%, respectively. The relative difference in residual strength between the two series was
observed to decrease as the crack width increased. In Tables 4.9 and 4.10 the mean flexural

tensile strength and the coefficient of variation (COV) are summarised for each series.
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Figure 4.34: Experimental flexural tensile strength results of SFRC-25 Cast Beams
(CB) (EN 14651 [7] with mean curves: nominal stress oy vs. CMOD (a) and nominal
stress o vs. CTOD,, (b).
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(a) (b)

Figure 4.35: Experimental flexural tensile strength results of SFRC-40 Cast Beams
(CB) (EN 14651 [7] with mean curves: Nominal stress oy vs. CMOD (a) and Nominal

stress o vs. CTOD,, (b).

Table 4.9: Mean flexural tensile strength of cast beam based on the EN 14651 notched

beam test [7].

Parameter fr(MPa) fri(MPa) fra(MPa) frs(MPa) frs(MPa)

SFRC25 3.98 5.01 6.24 6.06 5.40
(0.08) (0.08) (0.07) (0.06) (0.06)
SFRC40 455 8.83 9.28 8.23 7.03
(0.07) (0.10) (0.11) (0.10) (0.10)
MSFCR7 2.87 2.44 3.29 3.60 3.57
(0.10) (0.18) (0.18) (0.17) (0.16)
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Figure 4.36: Experimental flexural tensile strength (EN 14651 [7]) results of SFRC-
25 Sprayed Beams with mean curves: Nominal stress o vs. CMOD (HSB) (a) and
Nominal stress oy vs. CTOD,, (HSB) (b), Nominal stress on vs. CMOD (VSB) (c)

and Nominal stress (VSB) oy vs. CTOD,, (d).
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Figure 4.37: Experimental flexural tensile strength (EN 14651 [7]) results of SFRC-25
sprayed beams (SB) with mean curves: Nominal stress oy vs. CMOD (a) and Nominal
stress oy vs. CTOD,, (b).
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Figure 4.38: Experimental flexural tensile strength (EN 14651 [7]) results (90 days) of
SFRC-25 sprayed beams (SB) with mean curves: Nominal stress oy vs. CMOD (a)
and Nominal stress oy vs. CTOD,, (b).
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Figure 4.39: Experimental flexural tensile strength (EN 14651 [7]) results of SFRC-25
Sprayed Beams (SB) with mean curves: Nominal stress oy vs. CMOD (a) and Nominal

stress oy vs. CTOD,, (b).
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Figure 4.40: Experimental flexural tensile strength (EN 14651 [7]) results of SFRC-40
Sprayed Beams (SB) with mean curves: Nominal stress o vs. CMOD (HSB) (a) and
Nominal stress oy vs. CTOD,, (HSB) (b), Nominal stress on vs. CMOD (VSB) (c)

and Nominal stress (VSB) on vs. CTOD,,, (d).
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Figure 4.41: Experimental flexural tensile strength results of SFRC-40 sprayed beams
(EN 14651 [7]) with mean curves: Nominal stress oy vs. CMOD (a) and Nominal

stress o vs. CTOD,, (b).
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Figure 4.42: Experimental flexural tensile strength results (90 days) of SFRC-40
sprayed beams (EN 14651 [7]) with mean curves: Nominal stress oy vs. CMOD (a)

and Nominal stress oy vs. CTOD,, (b).

147



4.5. Experimental Results and Discussions

*
=

3PBT on notched Sprayed Beam - EN14651
40 kg/m’ - V; = 0.51%

*
o

3PBT on notched Sprayed Beam - EN14651
40 kg/m® - V; =0.51%

g

=y
2
=

n
=

Nominal stress, 6y [MPa]
a*
=)
Nominal stress, o, [MPa]
a
=

5.0 5
4.0 4.0
3.0 1 LY e e
2.0 1 aodo T
1.0 4 Experimental scatter SFRC-40 SB 1.0 1 Experimental scatter SFRC-40 SB
P I S e Mean exp.curve SFRC-408B (¢ | Mean exp.curve SFRC-40 SB
. T T T T T T T T 0.0 T T T T T T T
00 05 1.0 1.5 20 25 3.0 35 40 45 50 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
CMOD [mm] CTOD,, [mm]

(a) (b)

Figure 4.43: Experimental flexural tensile strength results of SFRC-40 Sprayed Beams
(CB) (EN 14651 [7] with mean curves: Nominal stress on vs. CMOD (a) and Nominal
stress o vs. CTOD,, (b).

4.5.5.1 Flexural Tensile Strength (Beams Sawn-cut from Sprayed Panels)

As described in the sample preparation and experimental setup subsection, the EN 14651 three-
point bending (3PB) test was performed on sprayed beams. The saw-cut beams were section
in two directions (Figures 4.12 and 4.13): (i)beams cut on the spraying plane in the vertical
direction (parallel to gravity), referred to in this thesis as vertical sprayed saw-cut beams; and
(ii) beams cut on the spraying plane in the horizontal direction (perpendicular to gravity)
referred to in this thesis as horizontal sprayed saw-cut beams. This was done to determine
whether differences in fibre orientation between the two cutting directions result in variations

in residual strength.

In the Figures 4.37,4.41,4.38 and 4.42 show the experimental scatter curves for each sample,
including the mean curves for both horizontal and vertical sprayed beams. Figure 4.44 presents
the mean residual strength values of horizontal and sprayed beams for the SFRC-25 and SFRC-
40 series at 28 and 90 days.

Out of the 52 beams tested (8 horizontal and 5 vertical for each of the SFRC-25 and SFRC-
40 series at both 28 and 90 days), only one case, SFRC-25 at 28 shows higher results for vertical
beams. In all other cases, the horizontal beams exhibit higher residual strengths, as indicated

by the percentage differences shown in the graphs (Figure 4.44).
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Figure 4.44: Residual strength difference between horizontal and vertical sprayed beam:
(a) SFRC-25 HSB SFRC-25 VSB, (b) SFRC-40 HSB SFRC-40 VSB, (¢) SFRC-25

HSB (90 days) SFRC-25 VSB (90 days), and (d) SFRC-40 HSB (90 days) SFRC-40
VSB (90 days).

Table 4.10: Mean flexural tensile strength of sprayed beam based on the EN 14651
notched beam test [7].

Parameter [ (MPa) fri(MPa) fra(MPa) fr3(MPa) fra(MPa)

SFRC25 2.92 2.90 3.55 3.56 3.32
(0.10) (0.09) (0.10) (0.10) (0.11)
SFRC40 3.38 4.54 5.50 5.35 4.80
(0.06) (0.09) (0.08) (0.08) (0.07)

The box plots in Figures 4.45 and 4.46 show the interquartile range (IQR) with the median
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(horizontal line), mean (red diamond), and individual results (black points). As shown in the
box plots and Tables 4.9 and 4.10 highlight consistent trends between cast and sprayed samples,
with cast beams showing higher mean residual strengths, sprayed beams results lower results

and narrower statistical dispersion, showing slightly lower variability COV < 0.10.

No outlier values were identified within the SFRC-40 series, while a few were detected in
SFRC-25 series. When comparing the two series, the SFRC-40 series is statistically better,
however, both cast and sprayed samples of SFRC-25 and SFRC-40 show statistically reliable

results, as all coefficients of variation (COV) remain below 10%.
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Figure 4.45: Box plots of residual strength values (fr, fr1 - fra) for:(a) SFRC25 CB
(Cast Beam) and SFRC25 SB (Sprayed Beam) (b).
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4.5.6 Flexural Tensile Strength (EN 14488-3 Method B)

This section presents and discusses the results obtained from the flexural tensile test of
the sprayed and cast panels according to EN 14487 -1 [19] and EN 14488-3 [16]. For each
series, both cast and sprayed panels were tested as detailed in Section 4.1, the nominal stress-
CMOD response along with the corresponding residual flexural tensile strength values (fr)
were analysed. The nominal stress-CMOD response and the nominal stress-CTOD response
for the SFRC-25 and SFRC-40 sprayed panel series are presented in Figures 4.47 and 4.48. As
detailed in the Section 4.4 CMOD, CTOD and LPD were measured during the experiment for

the notched panel test in the same manner as in the notched beam test.

(a) (b)

Figure 4.47: Experimental flexural tensile strength results of SFRC-25 Sprayed Panels
(SP) (EN 14488-3 Method B [16] with mean curves: Nominal stress o vs. CMOD (a)
and Nominal stress oy vs. CTOD,, (b).
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(a) (b)

Figure 4.48: Experimental flexural tensile strength results of SFRC-40 Sprayed Panels
(SP) (EN 14488-3 Method B [16] with mean curves: Nominal stress oy vs. CMOD (a)

and Nominal stress oy vs. CTOD,, (b).

Table 4.11: Mean flexural tensile strength of sprayed panel based on the EN 14488-3

Method B [16].

Parameter fi(MPa) fri(MPa) fro(MPa) fr3(MPa) fr4(MPa)

SFRC25 3.25 3.42 4.11 4.00 3.62
(0.05) (0.21) (0.20) (0.19) (0.18)

SFRC40 3.72 5.77 6.62 6.24 5.47
(0.06) (0.10) (0.08) (0.08) (0.08)

Table 4.12: Mean flexural tensile strength of cast panels based on the EN 14488-3

Method B [16].

Parameter fi(MPa) fri(MPa) fro(MPa) fr3(MPa) fr4(MPa)

SFRC25 3.52 4.39 5.50 5.27 4.76
(0.05) (0.06) (0.06) (0.05) (0.05)

SFRC40 5.38 9.66 9.50 8.28 7.13
(0.03) (0.02) (0.05) (0.02) (0.03)

MSFCR7 2.76 1.79 2.49 2.72 2.65
(0.05) (0.18) (0.20) (0.21) (0.21)
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In Tables 4.11 and 4.12 the mean flexural tensile strength is summarised for the sprayed and
cast series. The limit of proportionality (f1,) and the residual flexural tensile strengths (fr1,
fr2, fr3, and frq) corresponding to CMOD values of 0.5, 1.5, 2.5, and 3.5 mm, respectively,
were calculated from the experimental load—-CMOD data and the measured cross-sectional di-
mensions of each panel, according to Equation 2.37 and Equation 2.38 presented in the State of
Art of the thesis. The sprayed panels exhibit slightly lower strengths but higher variability as
shown the results in Tables 4.11 and 4.12 and the nominal stress vs.CMOD/CTOD responses
in the Figures 4.47 and 4.48.

Based on the mean response curve, it can be observed that at large crack openings (ap-
proximately 8 mm), the post-cracking strength remains relatively high approximately 45% and
40% of the mean maximum residual strength for the SFRC-25 and SFRC-40 sprayed panels,
respectively. Similarly, the retained strengths for the cast panels were approximately 47% and
34% for the cast panels SFRC-25 and SFRC-40, respectively. For the MSFRC-7 cast panels,
the retained strength at CTOD of 8 mm was round 68%. It should be noted that, however,
that the maximum residual strength of the MSFRC-7 was lower compared to that of the SFRC

series.

The difference in the limit of proportionality (f1,) between the SFRC-25 and SFRC-40 series
was approximately 14% and 50% for sprayed and cast panles respectively. This relatively small
variation indicates that (f1,) is primarily governed by the strength of the concrete matrix rather
than the difference in fibre content between the two series compared to other residual strength

values.

For the series of sprayed panels, the residual flexural tensile strengths (fr1, fre, frs and
fra) increased by 69%, 61%, 56% and 51%, respectively, when comparing SFRC-40 to SFRC-
25. In the case of cast panels, the corresponding increases were approximately 120%, 73%, 57%
and 50%, respectively. The relative difference in residual strength between the two series was

observed to decrease as the crack width increased.
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Figure 4.49: Box plots of residual strength values (fr, fr1 - fra) for:(a) SFRC25 SP
(Sprayed Panel) and SFRC40 SP (Sprayed Panel) (b).
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The box plots in Figures 4.49 summarize the statistical distribution of the residual strength
for SFRC 25 and SFRC 40 (fL, fr1, fr2, fr3, fra). Noted that the boxes are smaller in SFRC-
40 which indicate less variability, however, few outliers observed. In SFRC-25 SP, the mean
and median are fairly close for most residual strength results, indicating reasonably symmetric
distribution. As shown also in the Tables 4.11 and 4.12, when comparing sprayed and cast
panels cast panel result are less variable with 10% COV for SFRC-25 and SFRC-40 and 20%
for MSFRC-7.

4.5.6.1 Overall Comparison of Flexural Tensile Strength Results

The flexural tensile strength results, obtained in accordance with EN 14651 [7] and EN 14488-3
Method B [16] test methodologies, in terms of the nominal stress versus CMOD (Crack Mouth
Opening Displacement) and the mean residual strength (fg; values) are presented in the Figure

4.50 for the SFRC-25 series.
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Figure 4.50: Mean experimental flexural tensile strength results (EN 14488-3 [16] and
EN 14651 [7]) for SFRC-25 (SP,CP,CB, and SB): (a) Mean nominal stress (oy ) vs.
CMOD and (b) Mean residual strength values (histogram).

The mean curves for both the beam and panel specimens, and for both cast and sprayed
samples, are shown in Figure 4.50. The results indicate that magnitudes follow the order:
SFRC-25 cast-in-mould beam > SFRC-25 cast-in-mould panel > SFRC-25 sprayed panel
> SFRC-25 sprayed beam. It can be observed that the cast elements exhibit a higher flexural

tensile strength compared to the sprayed elements.

In the case of the SFRC-40 series, the results indicate that the magnitudes follow the or-
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der: SFRC-40 cast-in-mould panel > SFRC-40 cast-in-mould beam > SFRC-40 sprayed
panel > SFRC-40 “sprayed beam”. From the graphs in Figure 4.51, it can be observed
that the cast elements exhibit a higher flexural tensile strength compared to the sprayed
elements, the same as the trend observed in the series SFRC-25. However, the order of
SFRC-40 cast-in-mould panel > SFRC-40 cast-in-mould beam differs from that of the SFRC-
25 series, where SFRC-25 cast-in-mould beam > SFRC-25 cast-in-mould panel. This variation
may be attributed to the lower fibre content in SFRC-25, which increases the influence of vi-
bration on the orientation of the fibre. As a result, improved fibre alignment in the SFRC-25

cast-in-mould beam could explain the higher results of the cast beam.

EN 14651 (CB/SB) & EN 14488-3 Method B (CP/SP) Residual strength SFRC40 CB/CP/SP/SB

GSFRC40 CB

BSFRC40 CP

mSFRC40 SP

DSFRCA0 SB
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¢ SFRC40_CP.
¢ SFRC40_SB
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Figure 4.51: Mean experimental flexural tensile strength results (EN 14488-3 [16] and
EN 14651 [7]) for SFRC-40 (SP,CP,CB, and SB): (a) Mean nominal stress (on ) vs.
CMOD and (b) Mean residual strength values (histogram).

Regarding the effect of fibre content, for the series of cast-in-mould beams, the residual flex-
ural tensile strengths (fr1, fr2, fR3 and fra4) increased by 76%, 49%, 36% and 30%, respectively,
when comparing SFRC-40 to SFRC-25. In the case of “sprayed beams”, the corresponding in-
creases were approximately 56%, 55%, 50% and 44%, respectively. For the sprayed panels, the
residual flexural tensile strengths (fr1, fr2, fR3 and fra) increased by 69%, 61%, 56% and 51%,
respectively, when comparing SFRC-40 to SFRC-25. In the case of cast-in-mould panels, the
corresponding increases were approximately 120%, 73%, 57% and 50%, respectively. In both
sprayed and cast-in mould specimens, an increase in an fibre content resulted in an increase
the residual strength as discussed. However as shown in the Figure (4.52, the residual strength
fra is greater than fr; in both sprayed panel and sprayed saw-cut beam. In contrast, for

cast-in-mould specimens, the residual strength frs is lower than fr; in both the cast-in-mould
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beam and the cast-in-mould panel.

Table 4.13: Pairwise one-way ANOVA results between SFRC-40 Series (SP = Sprayed
Panel, SB = Sprayed Beam, CP = Cast Panel, CB = Cast Beam).

Comparison fr fm TR2 Ir3 fra

Sprayed Panel vs Sprayed Beam 0.0006 (S)  0.0000 (S)  0.0000 (S) 0.0002 (S) 0.0008 (S)
Cast Panel vs Cast Beam 0.0036 (S) 0.2027 (NS) 0.7792 (NS) 0.9382 (NS) 0.8588 (NS)
Sprayed Panel vs Cast Panel 0.0000 (S)  0.0000 (S)  0.0000 (S)  0.0005 (S)  0.0010 (S)
Sprayed Beam vs Cast Beam 0.0000 (S)  0.0000 (S)  0.0000 (S) 0.0000 (S) 0.0000 (S)
Sprayed Panel vs Cast Beam 0.0000 (S)  0.0000 (S)  0.0000 (S) 0.0000 (S) 0.0000 (S)
Cast Panel vs Sprayed Beam 0.0000 (S)  0.0000 (S)  0.0000 (S) 0.0000 (S) 0.0000 (S)

(S) = Significant at p < 0.05, (NS) =

Not significant

Table 4.14: Pairwise one-way ANOVA results between SFRC-25 series (SP = Sprayed
Panel, SB = Sprayed Beam, CP = Cast Panel, CB = Cast Beam).

Comparison fr fr [r2 [Rr3 fra

Sprayed Panel vs Sprayed Beam  0.0050 (S) 0.0241 (S) 0.0380 (S) 0.0499 (S) 0.1885 (NS)
Cast Panel vs Cast Beam 0.0339 (S) 0.0292 (S) 0.0236 (S) 0.0064 (S) 0.0136 (S)
Sprayed Panel vs Cast Panel 0.0378 (S) 0.0476 (S) 0.0201 (S) 0.0195 (S) 0.0173 (S)
Sprayed Beam vs Cast Beam 0.0000 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S)
Sprayed Panel vs Cast Beam 0.0000 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S)
Cast Panel vs Sprayed Beam 0.0037 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S) 0.0000 (S)

(S) = Significant at p < 0.05, (NS) =

Not significant

However, the differences within the SFRC-25 and SFRC-40 series arise from the casting

methods and the test methodologies discussed and analysed above.

In addition, a one-way

ANOVA was performed for both the SFRC-25 and SFRC-40 series, and a statistically significant

difference was observed between the groups for the fg; values (Figure 4.13 and 4.14).

This

indicates that the variability between the groups is substantially greater than the variability

within each group.
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Figure 4.52: Influence of fibre content: (a) SFRC -25 SFRC-40 (EN 14488-3 Notched
Sprayed Panel), (b) SFRC -25 SFRC-40 (EN 14488-3 Notched Cast Panel), (c¢) SFRC
-25 SFRC-40 (EN 14651 Notched Cast Beam), and (d) SFRC -25 SFRC-40 (EN 14651
Notched Sprayed Beam).

In tunnelling practice, and among some researchers within scientific community is often
performed EN 14651 [7] on cast beams to represent the residual strength for PSCL (Permanent
Sprayed Concrete lining). However, as discussed earlier, the residual strength values obtained
from the EN 14651 differ from those derived from sprayed panel results (EN 14488-3), as well
as from EN 14651 tests conducted on sprayed beams. The ratios between these results almost

consistent for SFRC-25 and SFRC-40 series, as shown in the Figure 4.53.
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Figure 4.53: Residual strength ratios between series: (a) SFRC-25 and SFRC-40
(SP/CB), (b) SFRC-25 and SFRC-40 (SP/CP), (c) SFRC-25 and SFRC-40 (SP/SB),
and (d) SFRC-25 and SFRC-40 (SB/CB).

Considering the effect of concrete strength, the residual strength of both sprayed and cast

series were normalized by by the square root of their corresponding compressive strengths

( \/];L> As shown in the Figure 4.54, this normalization did not significantly alter the ratios,

indicating that while concrete strength contributes to the difference in residual strength between

sprayed and cast specimens, it is not the governing factor.
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Figure 4.54: Residual strength ratios between series (normalised by compressive
strength): (a) SFRC-25 and SFRC-40 (SP/CB), (b) SFRC-25 and SFRC-40 (SP/CP),
(c) SFRC-25 and SFRC-40 (SP/SB), and (d) SFRC-25 and SFRC-40 (SB/CB).

4.5.6.2 Influence of possible induced Concrete Flow Direction on Residual

Strength

For SFRC 40 series, to see the effect of possible induced concrete flow direction during the
casting process of panels on the fibre orientation as a result also on the effect on the flexural
tensile results, the panels were notched in two ways, as shown in the Figure 4.55 to perform
the test EN 14488-3 [16], so the notch was provided in two orientations one is parallel to the
possible induced concrete flow and one perpendicular. In addition a third scenario was also
considered for SFRC40 cast-in-mould panels by forcing with an opportune concrete bucket the

casting process exactly from the centre in approximately all direction. The orientation factor
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was measured after the flexural tests from the cracked plane of the Panels and was found 0.43,
0.38 and 0.26, for the perpendicular, outward from the centre in all directions, and Parallel

scenarios, respectively.

In expectation of a larger number of fibres aligning in the concrete flow direction, allowing
more fibres to contribute to the fibre bridging effect in the perpendicular direction of the concrete
flow, and thus increasing the residual strength of the FRC series in this case, the notch was

provided perpendicular to the concrete flow direction (Figure 4.55a).

In the other case, the notch was provided parallel to the concrete flow direction (4.55b),
expecting less fibres aligned perpendicular to the concrete flow direction resulting in fewer
fibres working in the bridging effect, as fewer fibres were oriented perpendicular to the notch.
consequently, lower residual strength. As shown in the Figure 4.56 the mean flexural tensile

strength results for the two orientation, the effect is very significance almost double.

Regarding the casting configuration in which the concrete flow from the centre in all dir-
ection (4.55¢), the mean flexural stress vs CMOD response curve lies between the two cases
discussed above. As shown in the Figure 4.56, the difference compared to the first scenario is,

on average, approximately 40%.

163



4.5. Experimental Results and Discussions

600 i 600 '
e wood 27x100 i wood 27x100
Panel 1 B Panel 1
2
g
E
% — § % Expected Concrete %
% | Expected Concrete % ® flow direction %
= S " . S = S S
S < | flow direction —) A S i 10 mm notch |2
o =] =] o
o o <] [
z B z B
wood 27x100 s wood 27x100
(a) (b)
‘ 600
i wood Z'le 00
‘ =
Panel 1 g
S
I 2
I g
E
S|Expected Concrete ] = =
%|flow direction %
g| | g
NS S b=l
o) o)
<) o)
z B
[
[
[
[
wood 27x100
(c)

Figure 4.55: Concrete flow direction and notching direction: Expected concrete flow
direction perpendicular to the notch direction (a), Expected concrete flow parallel to
the notch (b), and Expected concrete flow from the centre to all directions(c).
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Figure 4.56: Flexural tensile strength results: Nominal stress (ox) vs. CMOD (a) and

Residual strength (b) for SFRC40 CP notched perpendicular and parallel to the casting
direction, cast from the centre.

4.5.6.3 Comparison of Flexural Tensile Strength of Sprayed FRC at 28 and
90 Days

The flexural test on the sprayed panels and beams were also conducted at 90 days to evaluate
the effect on age on the post cracking strength, and to compare the results with those obtained

at 28 days, with a methodologies EN 14488-3 Method B [16] and [7], respectively.
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Table 4.15: Mean flexural tensile strength results (EN 14488-3 Method B and EN 14651
notched beam) at 90 Days.

Parameter f, MPa) frim (MPa) from (MPa) frgm (MPa) fram (MPa)
SFRC-25 SP 4.03 3.33 4.06 4.06 3.66
(0.13) (0.14) (0.15) (0.15) (0.15)
SFRC-40 SP 4.40 5.93 6.73 6.26 5.43
(0.09) (0.10) (0.11) (0.10) (0.10)
SFRC-25 SB 3.28 2.59 3.07 3.10 2.88
(0.09) (0.13) (0.14) (0.16) (0.17)
SFRC-40 SB 4.90 9.37 6.36 6.15 5.45
(0.17) (0.11) (0.11) (0.10) (0.09)
SFRC-40 CB 5.52 7.62 9.34 8.70 7.77
(0.03) (0.14) (0.13) (0.14) (0.14)
MSFRC-7 CB 4.29 2.40 3.29 3.63 3.65
(0.02) (0.05) (0.08) (0.09) (0.11)
MSFRC-7 CP 4.29 2.34 3.43 3.73 3.58
(0.09) (0.11) (0.10) (0.10) (0.09)
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Figure 4.57: Experimental flexural tensile strength (EN 14651 [7]) results (90 days) of
SFRC-25 Sprayed Beams (SB) with mean curves: Nominal stress oy vs CMOD (a)
and Nominal stress oy vs CTOD,, (b).
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Figure 4.58: Experimental flexural tensile strength (EN 14651 [7]) results (90 days) of
SFRC-40 Sprayed Beams (SB) with mean curves: Nominal stress oy vs CMOD (a)
and Nominal stress oy vs CTOD,, (b).

Across all series, the limit of proportionality (fr) values increased considerably by approx-
imately 33%, which can be attributed to the strong influence of compressive strength of the
concrete on fr, compared to the residual strength parameters (fr1, fr2, frs and fra) see Figure

4.59 and 4.60 .

For the other residual strength parameters (fr values), the increase was less pronounced

than that of fr,, however, but an upward trend was still observed (Figure 4.59 and 4.60).

In detail, for the SFRC-40 series, the residual strength values of the sprayed beam increased
approximately 16%, while the sprayed panels showed a more moderate increase of 4%. For the
sprayed panel SFRC-25 with a difference of 1-3%. In contrast for the SFRC-25 series sprayed
beam, the residual strength values of the sprayed beams at 90 days were on average 14% lower

than those at 28 days.
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Figure 4.59: Comparison of residual strength results of FRC sprayed concrete at 28
and 90 days (a) SFRC25 SP, (b) SFRC25 SB, (¢) SFRC40 SP, and (d) SFRC40 SB.
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Regarding the series of cast elements (Figure 4.60, the SFRC-40 cast beams (SFRC-40
CB) showed a 8% increase in the values of frs and frs. The MSFRCT7 cast beams showed
a minimal variation, with 1% and 2% differences in fgrs and fg4, respectively, indicating a
negligible change over time. However, MSFRC7 cast panels exhibited a significant increase of

approximately 35%.

From the above discussion,it can be summarised that, considering the consistent results
observed in the SFRC-40 sprayed series, there was an overall 4- 16% increase in residual strength
at 90 days compared to the results at 28 days.

Residual strength SFRC40 CB 28/90 days Residual strength MSFRC CB 28/90 days

*SFRCA0CB 10 o
BISFRCA0 CB 90 days ®MSFRC7 CB

9278 9339

MSFRC7 CB 90 days

3295

Residual Strength [MPa]
n
Residual Strength [MPa]
n

(a) (b)

Figure 4.60: Comparison of residual strengths for FRC cast seriesat 28 and 90 days:
(a) SFRC40 CB, (b) MSFRC7 CB.

4.5.7 Energy Absorption Capacity (EN 14488-5)

As mentioned in Section 2.5.2, the European sprayed standard EN 14488-7 [19] it is advised
to specify the ductility of fibre reinforced sprayed concrete, EN 14488-5 [18] energy absorption
test should be performed in addition to the residual strength test EN 14488-3 [18]. The tests
were carried out on sprayed specimens of SFRC-25 and SFRC-40; additionally, the test also
performed on cast specimens of SFRC-25, SFRC-40 and MSFRC-7.

In the Figure 4.61a, the load—net deflection response up to 30 mm net deflection from the
energy absorption capacity test is presented. The cumulative energy corresponding to each
net deflection is plotted separately in the energy graph shown in Figure 4.61b. The cumulative
energy at 25 mm referred to as the energy absorption capacity class Fos of the series, is indicated

on the graph by a dot. The same type of response is presented in Figures 4.62 and 4.63 for SFRC-
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40 SP and MSFRC-7 CP series, respectively. In both the (a )and (b) graphs, the experimental
scatter is shown in grey, while the mean responses are highlighted in bold red, black, and blue
for SFRC-25, SFRC-40, and MSFRC-7, respectively. All series are above the minimum class
according to EN 14487-1 [19] sprayed concrete standard (4.16. The summary results for each

series and the energy class are shown in Table 2.24.
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(a) (b)

Figure 4.61: Energy absorption capacity results SFRC-25 SP series: Load vs. Net
deflection (a) and Energy vs. Net deflection (b).

(a) (b)

Figure 4.62: Energy absorption capacity results of SFRC-40 SP series: Load vs. Net
deflection (a) and Energy vs. Net deflection (b).
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(a) (b)

Figure 4.63: Energy absorption capacity results of MSFRC-7 CP series: Load vs. Net
deflection (a) and Energy vs. Net deflection (b).

The energy absorption capacity or toughness of the sprayed FRC lining increases with
increasing fibre dosage. In this research, when the fibre content increase by 60%, 25 kg/ m® to
40 kg/ mg, the energy absorption capacity increased by 28% and 21% for the sprayed and cast
series, respectively. Compared to the variation in residual strength, this increase is relatively
moderate. Regarding the difference between the sprayed and cast series, with the 25 kg/ m®
fibre dosage the difference is 5.90%, while at 40 kg/m3 fibre dosage, the energy absorption

capacity of the cast and sprayed series is nearly identical.

Therefore, in terms of toughens, the use of cast specimens to represent the sprayed linings

less sensitive than when evaluating residual flexural strength (Table 2.24 and Figure 4.65).
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Figure 4.64: Fibre content effect on energy absorption capacity (E_25).

Table 4.16: Definitions of energy absorption classes based on EN 14487-1 [19].

Energy absorption class Energy absorption in J for deflection up to 25

mm
E500 500
E700 700
E1000 1000

Table 4.18: Energy absorption class based on EN 14488-5 [18] test methodology and
sprayed concrete standard EN 14487-1 [19].

Parameter Mean energy absorption capacity Energy absorption class
(E25 ) (Joule)

SFRC25.SP 947 (0.07) E700
SFRC25_.CP 1003 E1000
SFRC40.SP 1216 (0.13) E1000
SFRC40.CP 1212 E1000
MSFRC7_.CP 818 (0.17) E700
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Figure 4.65: Energy absorption capacity (E_25) for all series.

As clearly stated in the relevant standard [19] and detailed in Section 2.5 of this thesis,
the residual flexural strength and toughness are not directly comparable, as they are derived
from different experimental setups, distinct loading configurations, and are designed to assess

different material responses.
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4.6 Material Characterisation and Classification

Material characterisation and classification for sprayed FRC and conventional FRC have been

discussed in the state-of-the-art of this thesis, specifically in Sections 2.5 and 2.1.5, respectively.

The classification of the beam series follows the guidelines of Model Code 2020 [8] and
Eurocode 2 Annex L [9], as detailed in Section 2.1.5. Both standards classify the performance
of FRC solely on the basis of the residual flexural strength values. The strength class (SC)
is determined by the characteristic value fr1j, while the ductility class is defined by the ratio
fr3k/ frik according to Model Code 2020 [8]. In Eurocode 2 Annex L [9], ductility is instead
defined by the ratio frsx/SC (Strength Class).

The characteristic values were quantified using normal distribution and log-normal distri-
bution, in accordance with the recommendations of the Model Code 2020 [8] and Eurocode 2
Annex L [9], respectively. The k,, values were selected based on the number of samples, as
shown in Table 4.20, and as noted in the reference, these values apply to normal distribution.
In addition, characteristic values computed using k,, with a quantile factor 5% for the normal

distribution were also determined and classified accordingly.

The procedure adopted for calculating the standard deviation follows the method suggested
in EN 1990:2023 [176].

n—1

. ¢z<m> w

where:

s = standard deviation,

Z,, = mean value of the test results,
x; = individual test result,

n = number of tests.

Ty = Ty — kn Sa (4.5)

where k, is a parameter depending on the number of tests as per Table 4.20.
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Table 4.20: Parameters for determining the characteristic strength (Model Code 2020

[8])-

Parameter 3 4 5 6 8 10 12 20 30 40
kn, (knovvn) 1.89 183 1.80 1.77 1.74 1.72 1.71 168 1.67 1.64
kn (unknown) 3.37 2.63 233 218 2.00 1.92 187 1.76 1.73 1.64

Table 4.21: Classification at 28 days based on characteristic values computed using
the normal distribution approach, employing the k,, factors proposed in Model Code
2020 [8], as provided in Table 4.20.

Parameter ka (MPa) lek (MPa) ‘wa:jk (MPa) fde/fR,lk lek/ka Class (MCZO20)

SFRC25_CB 3.38 4.25 5.34 1.26 1.26 4d
SFRC25_SB 2.39 2.43 2.88 1.19 1.02 2d
SFRC40_CB 3.97 7.25 6.72 0.93 1.83 Tc
SFRC40_SB 3.02 3.79 4.59 1.21 1.26 3.5d
MSFCR7_CB 2.31 1.61 2.44 1.52 0.70 1.5e

Table 4.22: Classification at 28 days based on characteristic values computed using the
normal distribution approach, employing the k,, factor (with k,, = 1.645, corresponding
to the 5% lower quantile).

Parameter ka (I\/IP&) fR,lk (I\/IPE),) fR,3k (MPa) fR,3k/fR,1k fR,lk/ka Class (M02020)

SFRC25_CB 3.46 4.36 5.46 1.25 1.26 4d
SFRC25_SB 2.45 2.48 2.96 1.19 1.01 2d
SFRC40_CB 4.04 7.44 6.90 0.93 1.84 Tc
SFRC40_SB 3.06 3.88 4.68 1.21 1.27 3.5d
MSFCR7_-CB 2.38 1.71 2.58 1.51 0.72 1.5e

Table 4.23: Classification based on characteristic values computed using the normal
distribution approach, employing the k, factor (with k,, = 1.645, corresponding to the
5% lower quantile) at 90 days.

Parameter ka (l\lPd) fR,lk (MPa) fR,3k (NIPd) fR,3k/fR,1k fR,lk/ka Class (MC2020)

SFRC25_SB 2.80 2.02 2.29 1.14 0.72 2d
SFRC40_SB 3.55 4.39 5.11 1.16 1.24 4d
MSFRC7_CB 4.15 2.18 3.07 1.40 0.53 5d
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Determination of characteristic values using log-normal distribution considering 5% lower
quantile and a 75% confidence level, as advised by EN 1990:2023 [176] and Eurocode 2 Annex
L [9].

1 n
my = Eln Zi, (4.6)
1 O )
Sy =47 Z(lnxi —my)?, (4.7
i=1
X =exp(my — ky sy) (4.8)

where:

m, = mean of the natural logarithm of the experimental values (Inz;);

sy = standard deviation of the natural logarithm of the experimental values;

n = total number of samples;

x; = individual experimental value;

X} = characteristic value corresponding to the 5% quantile of the log-normal distribution;

k. = statistical factor corresponding to the 5% lower fractile (95% probability of exceedance),

equal to 1.645.

As representative log-normal probability density functions (PDFs) of residual flexural tensile
strengths for SFRC-40 CB (Figure 4.66), showing the 5% lower quantile (characteristic value)
and the 75% confidence level (CL). The figure illustrates the log-normal distribution fitted to
the experimental data, with individual test results indicated by orange markers. For the SFRC-
40 CB series, all data points lie above the 5% lower quantile, confirming the consistency and

reliability of the experimental measurements.
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Figure 4.66: Log-normal probability density functions (PDF's) of residual flexural tensile
strengths for SFRC-40 CB series.

Table 4.24: Classification at 28 days based on characteristic values computed using the
log-normal distribution approach.

Parameter ka (NIPcL) fR,lk (I\IPd) fR,Sk (NIP&) fR,Sk/fR,lk fR,lk/ka Class (Eurocode 2 Annex L)

SFRC25_CB 3.49 4.38 5.46 1.25 1.25 de
SFRC25_SB 2.47 2.52 3.01 1.20 1.02 2.5d
SFRC40_CB 4.06 7.54 6.93 0.92 1.86 7d
SFRC40_SB 3.07 3.89 4.70 1.21 1.27 3.5e
MSFCR7_CB 2.41 1.78 2.69 1.51 0.74 1.5e

Table 4.25: Classification based on characteristic values computed using the log-normal
distribution approach at 90 days.

Parameter ka (NIP&) fR,lk (NIP?L) fR,3k (NIPPL) fR,3k/fR,1k fR,lk/ka Class (Eurocode 2 Annex L)

SFRC25_SB 2.84 2.08 2.38 1.15 0.73 2d
SFRC40_SB 3.70 4.44 5.16 1.16 1.20 4d
MSFRC7_CB 4.15 2.19 3.11 1.42 0.53 2e

The characteristic values obtained from the normal and log-normal statistical models show

slight differences.

The performance differences between 28 days and 90 days, as discussed in Section 4.5
are consistent with the expected changes in the characteristic residual strength values. The
variation in ductility class with ageing between 28 and 90 days is minimal; the only observed

change is a slight shift in the SFRC-40 series from Class 3.5d to Class 4d.
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For the sprayed FRC Panels, the classification is not explicitly defined in the Model Code [8]
or EN 1992 Annex L, as both documents address conventional or cast FRC. Moreover, neither
the Model Code [8] nor Eurocode 2 Annex L clarified whether this classification is intended to
apply to sprayed FRC. However, the European standard for sprayed concrete [19] introduces a
ductility classification (Table 4.26).

Table 4.26: Definition of class of ductility EN 14487-1 [19].

Class of Ductility Ductility Requirement Crack Control Requirement

Class 1 fr3w/frix > 0.5 Jrik/ fusk > 04
Class 2 frar/ frix > 0.7 Jrik/ fusk > 0.5
Class 3 fR3k/fR1k > 0.9 lek/fLsk > 0.6

Table 4.27: EN 14487-1 classification [19] at 28 days based on characteristic values
computed using the normal distribution approach, employing the k,, factors proposed
in Model Code 2020 [8], as provided in Table 4.20.

Parameter ka (I\/IPd) fR.lk (RIPd) fR,.’ik (I\’IPd) fR,3k/fR,lk fR,‘lk/ka Classification (EN 14487-1)

SFRC25_SP 2.92 2.03 2.52 1.25 0.69 Class 3
SFRC40_SP 3.19 4.70 4.98 1.06 1.47 Class 3
SFRC25_SB 2.39 2.43 2.88 1.19 1.02 Class 3
SFRC40_SB 3.02 3.79 4.59 1.21 1.26 Class 3

Table 4.28: EN 14487-1 classification at 28 days based on characteristic values computed
using the normal distribution approach, employing the k, factor (with k, = 1.645,
corresponding to the 5% lower quantile).

Parameter frx (MPa) fgix (MPa) fgrgk (MPa) frsk/fr,1k fr,x/fuce Classification (EN 14487-1)

SFRC25_SP 2.98 2.25 2.76 1.23 0.76 Class 3
SFRC40_SP 3.37 4.85 5.39 1.11 1.44 Class 3
SFRC25_SB 2.45 2.48 2.96 119 1.01 Class 3
SFRC40_-SB 3.06 3.88 4.68 1.21 1.27 Class 3

Table 4.29: EN 14487-1 classification [19] at 28 days based on characteristic values
computed using the log-normal distribution approach.

Parameter frix (MPa) fgix (MPa) frak (MPa) frak/frix frik/fux  Classification (EN 14487-1)

SFRC25_SP 2.99 2.42 2.92 1.21 0.81 Class 3
SFRC40_SP 3.38 4.93 5.43 1.10 1.46 Class 3
SFRC25_SB 2.47 2.52 3.01 1.20 1.02 Class 3
SFRC40_SB 3.07 3.89 4.70 1.21 1.27 Class 3
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Table 4.30: EN 14487-1 classification [19] based on characteristic values computed
using the normal distribution approach, employing the k, factor (with k, = 1.645,
corresponding to the 5% lower quantile) at 90 days.

Parameter frix (MPa) fg ik (MPa) frsk (MPa) frak/frix frik/fuk  Classification (EN 14487-1)

SFRC25_SP 3.17 2.55 3.03 1.19 0.80 Class 3
SFRC40_SP 3.73 4.91 5.18 1.05 1.32 Class 3
SFRC25_SB 2.80 2.02 2.29 1.14 0.72 Class 3
SFRC40_SB 3.55 4.39 5.11 1.16 1.24 Class 3

Table 4.31: EN 14487-1 classification based on characteristic values computed using
the log-normal distribution approach, employing the k,, factor (with k, = 1.645, cor-
responding to the 5% lower quantile) at 90 days.

Parameter ka (MPa) fR‘lk (MPa) fRygk (NIP&) fR,3k/fR,1k fR,lk/ka Classification (EN 14487-1)

SFRC25_SP 2.99 2.42 2.92 1.21 0.81 Class 3
SFRC40_SP 3.38 4.93 5.43 1.10 1.46 Class 3
SFRC25_.SB 2.47 2.52 3.01 1.20 1.02 Class 3
SFRC40_SB 3.07 3.89 4.70 1.21 1.27 Class 3

According to the definitions of ductility classes in EN 14487-1 [19] both SFRC-25 and SFRC-
40 sprayed panels fall within Ductility Class 3,which the ductility requirement is fr1x/fr3r >
0.9 and the crack control requirement is frix/fLr > 0.6. The classification was also performed
at 90 days. Although a slight increase in the characteristic residual strength values was observed,

no change in ductility class occurred between 28 and 90 days.

Since the Model Code 2020 [8] and Eurocode 2 Annex L [176] classify FRC based on the char-
acteristic residual strengths fg r; corresponding to CMOD values of 0.5, 1.5, 2.5, and 3.5 mm
obtained from cast-in-mould beam tests (EN 14651), the post-cracking residual strengths fr
retrieved from tests carried out according to EN 14488-3-Method B on notched-panels were
used to determine the sprayed-panel classification. By using normal distribution approach,
the classification at 28 days of notched sprayed panels result 2d and 4.5d for SFRC-25 and
SFRC-40, respectively. Referring to the same PDF, experimental results at 90 days lead to a
classification equal to 2.5d and 4.5d. In the case of log-normal distribution approach the same

classifications are retrieved.

Based on the mean values, the performance of the sprayed FRC and cast FRC was com-
pared, and the corresponding strength ratios were established in Section 4.5.6.1. This section
discusses the strength class and ductility class for each series. The results demonstrate clear
differences in class between the sprayed and cast series. Considering the post-cracking proper-

ties at 28 days, for the SFRC25 series, the sprayed panels (SFRC25-SP) correspond to Class
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2d, whereas the cast beams (SFRC25-CB) correspond to Class 4d. Similarly, for the SFRC40
series, the sprayed panels (SFRC40-SP) fall into Class 4.5d, while the cast beams (SFRC40-CB)
fall into Class 7c. A comparable trend is observed in beam tests: the sprayed beam SFRC25-
SB corresponds to Class 2d compared with SFRC25-CB at Class 4d, and the sprayed beam
SFRC40-SB corresponds to Class 3.5d compared with SFRC40-CB at Class 7c.
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Chapter 5

Numerical Modelling

5.1 Introduction

The post-cracking behaviour or properties of concrete materials, whether plain or fibre-reinforced,
can be predicted using a stress versus crack-opening displacement (o-w) relationship. As dis-
cussed in detail in the state of the art of this thesis (Section 2.1.2), the o-w diagram is considered
the characteristic material property of FRC materials. For plain concrete, this behaviour is typ-
ically characterised by its tensile strength and fracture energy, as the shape of the o-w curve

doesn’t vary for plain concrete.

A bilinear o-w relationship generally provides a reliable estimation of the post-cracking
performance of plain concrete [20]; see Figure 5.1 and corresponding Equations 5.1,5.2 and 5.3.
In contrast, for fibre-reinforced composites, the shape of the o-w curve varies significantly based
on the type of fibre, its content and properties, and the type of concrete matrix and its quality.
As a result, for each specific FRC composition, it is essential to establish the o-w relationship

that most accurately reflects the tensile behaviour of the composite.

Ideally, a direct tension test should be performed to establish the o-w relationship. How-
ever, this test is complicated, as described in detail in Section 2.1.3. An alternative approach,
currently under extensive investigation, involves using the load-displacement response from the
3PB tests to drive the o-w curve of the material through inverse analysis. Most researchers
have focused on the behaviour of notched beams under three-point bending loads, while inverse
analysis using 3PBT notched panel tests, which is the test methodology for characterising FRC

sprayed concrete, has been scarcely addressed in the literature.

Consequently, this thesis aims to propose the inverse analysis procedure to drive uniaxial
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post-cracking laws from the EN 14488-3 Method B [16] sprayed panel test. In addition inverse
analysis are performed on notched cast beams and saw-cut sprayed beams to determine the o-w
relationships for steel fibre content of 25 and 40 kg/m? ,up to distinct ultimate crack widths,

and to investigate the post-cracking behaviour of sprayed fibre-reinforced concrete.

Through this numerical method approach, the characteristic material properties of sprayed
fibre-reinforced concrete are investigated, based on the experimental results in Chapter 4. A
comparison of main displacement parameters of 3PBTs, analysed experimentally in Chapters
4 and analytically in Chapter 6, is provided. In Addition, uniaxial post-cracking constitutive

laws are developed for different fibre contents and casting methods.

o o
. 4 ) A
T T
g fctm """"""" . o fclm &
@ 0.9-f, {-------- : @
_.GL_J, ctm : 8
7 ' k7]
o : @ G = area under
2 : 2 the stress-crack
L ; 2 opening relation
2 : 3
[1b) ' @
E i 5 0.2-f;m
1 c
o i
3 > 8 .
0.15 wy =Ge/fy, w,=5-Ge /Ty,
concrete strain g [%o] crack opening w

Figure 5.1: Stress-strain and stress-crack opening diagram of plain concrete for uniaxial
tension [20].
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5.2 Description of the Finite Element Model (FEM)

The numerical model was created using a commercially available finite element program [177].
A two-dimensional finite element model (FEM) of EN 14488-3 [16] test methodology and EN
14651 [7] test methodology has been developed for FRC panels and FRC beams, respectively,

with different fibre contents and casting methods.

A 2D plane stress element was utilized for the numerical modelling of the EN 14488-3
method B [16] 3-point bending panel test methodology; although a preliminary evaluation
of mesh reliability was necessary. In fact, the geometrical dimensions of the notched panels
do not strictly correspond to those of a 2D plane stress condition and are probably closer
to those of a thin-slab condition. Nevertheless, during tests, a simple support condition is
adopted, corresponding to a statically determinate scenario in terms of boundary conditions.
Furthermore, when carrying out tests, it was clear that the notch depth in the cracking stage
determined a flexural behaviour dominated by bending behaviour in the direction governed
by the position of line supports. This tendency is clearly confirmed in terms of kinematic
behaviour through the correlation between CMOD and CTOD experimental measurements

and those obtained from the 2D plane stress models, as will be described later in detail.

To evaluate the impact of these aspects, a 3D solid element mesh (shown in Figure 5.2)
was implemented, and a finite element model was developed for one series of the panels. The
mesh is characterised by 3D solid elements and interface elements (adequate for considering the
post-cracking non linear behaviour, discrete crack approach) along the central expected crack
plane over the central notch. In this regard, a mesh division of 44 elements was adopted along
the 90 mm of height above the notch (element size of approximately 2 mm), while along the

600 panel width, 60 elements were used, leading to an element size of 10 mm in this direction.

It is worth noting that only half of the panel was modelled, taking advantage of the sym-
metry of the loads and boundary conditions along the 600 mm width direction. It was not
possible to model one quarter of the panel due to numerical instability (difficulties in conver-
gence) when applying symmetric constraints to the interface elements. For the same reason,
the 2D plane stress element mesh of the notched panel does not take advantage of the only
possible exploitable symmetry of loads and supports. In the case of 3D solid elements mesh, an
imposed displacement is applied along the line corresponding to the central roller used in test
to apply the load. A constitutive uni-axial tensile post-cracking law representative of concrete

reinforced by macro-synthetic fibre was used.
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The results from the 3D and 2D models are compared in terms of residual strengths versus
CMOD in Figure 5.3. It can be noted that, a very good agreement can be observed, proving
the reliability and consistency of the 2D model. The 2D model runs on a standard computer
in about 6 minutes, whereas the 3D model requires about 12 hours, making the 2D model the

best choice for the inverse analysis procedure.

Figure 5.2: EN 14488-3 Method B [16] 3PBT finite element modelling (3D geometry
with half symmetry).

Thus, the 2D mesh model was adopted for the thesis. This approach was used for the
numerical modelling of both the EN 14488-3 method B [16] 3-point bending panel test and
the EN 14651 [16] 3-point bending beam test. It is worth noting that also in the case of the
geometrical configuration of standard beam (150 x 150 x 550 mm) according to EN 14651 [7],
the beam width (150 mm) is not negligible, strictly speaking, with respect to the other two
dimensions, leading to a perfectly ideal 2D plane stress condition. Nevertheless, the boundary
conditions together with the governing crack phenomenon at midspan described by interface
elements (adequate for considering the post-cracking non-linear behaviour, discrete crack ap-
proach), make the adoption of the 2D model adequate as proven by a broad literature in this

regard.
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Figure 5.3: Comparison of inverse analysis results using 2D plane-stress element mesh
and 3 D solid element mesh for the EN 14488-3 Method B notched panel test.

As discussed above, the numerical modelling involved the EN 14488-3 Method B [16] 3-point
bending panel test methodology and EN 14561 [16] 3-point bending beam test methodology. A
notched panel was supported by a roller at one end and a pin at the other, with a loading roller
at the top. Similar boundary conditions were applied to the FEM model, with roller support
at one end and pin support at the other opposite side, as shown in Figure 5.4. A coarse mesh
was selected for the left and right sides, while a finer mesh was applied in the middle to achieve
greater accuracy in the results. To capture non-linear post-cracking phenomena, proper mesh

refinement was implemented at mid-span, as shown in the Figure 5.5.

In this regard, 46 interface elements (which entirely describe the non-linear post-cracking
behaviour) are used for the 2D mesh depicted in Figure 5.4 (3PBT on notched panels), while 36
are used for the numerical model illustrated in Figure 5.6 and 5.6 (3PBT on notched beams).
The latter meshing division were calibrated in previous research works [178, 179]. In particular,
within the discrete approach, it was demonstrated that moving from 36 divisions to 64 divisions
the average absolute percentage difference between the numerical curves was about 0.7% to 0.8%

within a CMOD range of 0.05-5 mm.
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The verification was carried out with 2D triangular elements as well as with quadrilateral
elements. The coarse mesh on the other sides was chosen because of the linear elastic behaviour
of these parts of the mesh and the tendency of the standard notched beam to behave as two
rigid blocks with a crack at the centre, as proven by kinematic relationships between CTOD

and CMOD reported in Section 6.

I
Figure 5.4: A two-dimensional numerical modelling of EN 14488-3 Method B [16] 3PBT
test methodology (2D geometry model).

£ VAVAVAVAVAVAN Q VAVAVA .

Figure 5.5: Plain stress-mesh configuration of the panel and interface elements used to
represent the discrete mid-span crack (EN 14488-3 Method B Panel).

Figure 5.6: Plain stress-mesh configuration of the beam and interface elements used to
represent the discrete mid-span crack (EN 14651 Beam).

The FRC panels and beams were modelled with a regular plane stress element type. Spe-
cifically, a 2D plane stress, denoted as T6MEM, was utilized. T6MEM (Figure 5.7a) is a

triangular isoparametric plane stress element with three nodes [177], based on linear interpol-
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ation and area integration. The the displacement field, defined by the components p, and p,

is expressed in Equation 5.4.

The crack propagation was modelled as a discrete crack using interface elements, and the
fictitious crack model (FCM) is applied to describe the softening behaviour within the fracture
process zone. The interface line element L8IF was employed, with 46 interface elements used
along hs, for the EN 14488-3 Method B notched panel, highlighted in red in Figure 5.5 and
36 interface elements used for the EN 14651 notched beam, also highlighted in red in Figure
5.6. These elements were introduced to represent the discrete mid-span crack above the notch.
The L8IF element is an interface element between two lines in a two-dimensional configuration
(Figure 5.7b [177]. It consists of four nodes Node 1 to Node 4 in sequence, as shown in Figure
5.7b. Nodes 1 and 3 may overlap as may nodes 2 and 4. The local xy axes for the displacements
are evaluated in the first node with x from Node 1 to Node 2. The kinematic variables of two-
dimensional structural line interface are oriented in the local xy axes (Equation 5.5). The

element is based on linear interpolation.

4 U,
3 e o T}':f)x—g':>
. . = =
21 . 2
z
(a) topology (b) displacements

(b)

Figure 5.7: (a) Element type, TEMEM, 2D plane stress, 6-noded triangular isopara-
metric elements and (b) L8IF structural interface elements, interface line elements.

wi(§,m) = ap + a1& + aan + asén (5.4)

The normal traction ¢, is perpendicular to the interface; the shear traction ¢, is tangential

to the interface (Figure 5.8).

Mz A/isz tox
e = , Ap= , t= (5.5)

As stated above and as illustrated in Figures 5.6 and 5.5, cracking is modelled using a
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_____________________

(a) displacements (b) relative displacements (c) tractions

Figure 5.8: Variables of two-dimensional line interfaces.

discrete crack approach and the Fictitious Crack Model (FCM) [180], [181], [182] is applied
to describe the softening behaviour within the fracture process zone. In the fictitious crack
model, the material response is governed by or the main parameters are the tensile strength,
the modulus of elasticity, the fracture energy G¢, and the shape of the stress-crack opening
(0—w) relationship. The tensile fracture behaviour of a concrete is therefore characterized by
the relationship between tensile stress and crack opening, which forms the basis of fictitious

crack model proposed by Hillerborg and others [180] and [183].

The fracture energy can be experimentally obtained from uni-axial tension tests or flexural
tests, as described in Section 2.1.3, which provide the full o—w curve. In cases where exper-
imental data are not available, the fib Bulletin 42 [20] and fib Model Code 2020 [8] provides
recommended expressions for fracture energy of plain concrete, as given in Equation 2.15. In
this section, the fracture energy derived from the uniaxial tensile laws obtained through inverse

analysis are discussed.

Thus, a discrete crack approach models a crack as a geometrical discontinuity [184] to
simulate failure in 3PBT of FRC notched sprayed panels, cast-in-mould notched panels and
notched sprayed saw-cut beams as well as notched cast-in-mould beams. Using a concept of
predefined locations of potential cracking, since there is already a notch at the bottom of beams
and panels. For this purpose, interface elements are embedded within the original mesh along
the expected crack path. These elements are first given a high stiffness value to represent the
uncracked condition with a rigid connection between overlapping nodes. When a condition
for crack initiation is breached, such as exceeding maximum stress levels, the stiffness of the
elements is altered, and a constitutive model for discrete cracks is activated. This model relates
the traction vector t°" acting along the crack interface to the relative displacement vector u"
over the crack through C°" a traction-separation relationship, which illustrates phenomena such

as tension-softening and aggregate interlock [184].
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AT = CTApCT (5.6)

Prior to cracking, concrete is assumed to behave as an isotropic, linear-elastic material,
characterized by Young’s modulus E and Poisson’s ratio v. Up on crack initiation, the total
strain increment (Ae) decomposed according to Equation 5.7, into a contribution associated
with the crack ((Ae°")) and a contribution of the bulk concrete ((Ae®?)). The bulk concrete
continues to be modelled using linear elasticity, while Equation 5.6 is inserted for the crack

behaviour.

Ae = Ae” 4+ Ae® (5.7)

In the FCM a material point on the crack extension path is assumed to be in one of three
possible states: an undisturbed elastic state (no fracture, no lack of compatibility), a fracture
state in which the material is softened by microcracking (the fictitious crack), and a state of a
fully cracked state, in which no stress transmission across the crack and the point lies on a free

surface [181], as illustrated in Figure 5.9.

For all material points outside the fracture process zone, the mechanical response is de-
scribed by the linear theory of elasticity, corresponding to the pre-cracked state (Equation
5.8). The separation of points in the fracture zone is governed by traction-separation relation-
ship, defined by a multilinear tension-softening criterion expressed in terms of the stress-crack

opening displacement relationship (c—w relation) given by the Equation 5.8.

Figure 5.9: Fictitious crack modelling for the discrete crack approach, considered with
crack, fracture zone and elastic zone of a given length.

ek, pre-crack state

ow(w), cracked state
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5.3 Inverse Analysis

Figure 5.12 shows a schematic representation of the inverse analysis procedure, based on the
methodology proposed in [185], [186] for the EN 14651 3PB notched beam test and adopted in
this thesis for EN 14488-3 Method B sprayed notched panel test. This process is subdivided

into four steps.

The first step is the input stage, where the specimen geometries and boundary conditions
are defined, and initial assumptions are made regarding the uniaxial tensile behaviour of the the
fibre reinforced concrete. The concrete pre-cracking behaviour is linear elastic and defined by
concrete elastic modulus and mean tensile strength (fe), as generally adopted by numerous
authors [186, 187]. The experimental values of concrete elastic modulus reported in Table 4.5
(Section 4.5.1) were adopted. As mentioned in Section 4.5.1, the experimentally measured values
of elastic modulus result lower than those of ordinary concrete with the same class of strength
as can be estimated according to current Eurocode 2 [9] and fib Model Code 2010 [1]. Therefore,
it would have been reasonable to expect a lower concrete mean tensile strength value (fetm)
than that exhibited by ordinary concrete, but it was not possible to develop experimental direct
tensile tests. Accordingly, the f.i,, was evaluated by initially applying the relationship based
on compressive strength proposed by fib Model Code 2010 [1] and by apply to the such fetm
an opportune reduction factor for getting a good matching between the numerical curves and
experimental ones exhibited in 3PBTs. In this regard, for cast-in-mould concrete a reduction

20% was adopted, while for sprayed concrete 30%.

The second stage is the numerical analysis stage, in which multilinear tension softening
laws (see Figure 5.11) are implemented in the model, and the fracture response is analysed.
The Non-linear Finite Element Analyses (NLFEA) are performed under displacement-controlled
loading by prescribing a total vertical displacement 1 mm at the loading node in the negative Y-
direction. The prescribed displacement is applied incrementally using a user-defined load-step

scheme.

The third stage involves verifying the accuracy of the numerical stress-crack mouth opening
displacement (CMOD) response. At this stage, the deviation between the numerical nominal
stress-CMOD curve and the corresponding experimental nominal stress-CMOD results is eval-
uated. Based on this deviation and the prescribed allowable error, the analysis is repeated
using a modified tension-softening diagram until the error falls below the predefined accuracy

threshold, as defined in Equation 5.9.
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Figure 5.10: Numerical modelling and inverse analysis framework for the EN 14488-3
Method B 3PB sprayed notched panel test.
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Finally, the fourth stage is the output stage, in which the final uniaxial post-cracking con-
stitutive laws are identified for each series. Once the numerical response satisfies the predefined
accuracy criteria, the corresponding tension-softening o—w relationships are extracted and ad-
opted as the representative series laws. These laws characterize the post-cracking behaviour
and are subsequently used to compare different fibre contents and evaluate the post-cracking
performance for the sprayed notched panels and cast-in-mould beams. Moreover, the identified
uniaxial post-cracking laws for fibre reinforced sprayed concrete are intended for use in the

numerical modelling of permanent sprayed concrete lining (PSCL).

The inverse analyses are performed for each test series, considering different fibre types and
fibre contents for sprayed panels and cast-in-mould panels, as well as for cast-in-mould beams

and sprayed saw-cut beams.

-
o=

Ly
Au
n
Figure 5.11: Multilinear diagram.
CMOD;
/ ONumerical — UExperimental| dCMOD < 1% (59)
0

where:

ONumerical = numerical nominal stress obtained from the FEA,
OExperimental = €xperimental nominal stress,

CMOD = crack mouth opening displacement,

CMOD; = maximum CMOD value considered in the comparison,

1 = prescribed allowable error.
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Figure 5.12: Inverse analysis procedure.
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5.4 Post-Cracking Uniaxial Constitutive Laws

The stress-crack width (o—w) uniaxial constitutive laws of the SFRC-25 and SFRC-40 series,
including both sprayed and cast panels (EN 14488-3 Method B [16]) as well as sprayed saw-cut
beams and cast beams (EN 14651 [7]), were retrieved through an inverse analysis procedure
(Section 5.3), based on a Finite Element Modelling (FEM) framework described in detail in
Section 5.2.

To identify the uniaxial stress-crack width (o—w) constitutive laws by means of inverse
analysis, the numerical response in terms of nominal stress oy versus CMOD was fitted to the
corresponding mean experimental curve by minimizing the fitting error, as described in Section
5.3. The representative best-fitting numerical curve, compared with the corresponding mean
experimental responses, are reported in Figures 5.13, 5.14 and 5.15 for the sprayed panel, cast
beam and saw-cut beam series, respectively, showing a consistent level of agreement. A very
good correlation between trend lines is observed; with the mean absolute percentage difference
is below 2% for CMOD values ranging from 0.5 mm to 5 mm, thereby confirming the accuracy

and reliability of the adopted finite element model.

Elz'o 1 3PBT on square panel with notch EN 14488-3 —12.0 1 .
=110 4 Method B £ 3PBT on beam with notch EN 14651
=t 01 3o V= 2
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(a) (b)
Figure 5.13: Mean experimental and numerical nominal stress-CMOD curves

(cn—CMOD) obtained through inverse analysis for SFRC-25 SP (EN 14488-3 Method
B 3PB notched panel test) (a) and SFRC-25 CB (EN 14651 3PB notched beam test)

(b).
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Figure 5.14: Mean experimental and numerical nominal stress-CMOD curves
(cn—CMOD) obtained through inverse analysis for SFRC-40 SP (EN 14488-3 Method
B 3PB notched panel test) (a) and SFRC-40 CB (EN 14651 3PB notched beam test)
(b).
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Figure 5.15: Mean experimental and numerical nominal stress-CMOD curves
(cn—-CMOD) obtained through inverse analysis for SFRC-25 SB (EN 14651 3PB
notched beam test) (a) and SFRC-40 SB (EN 14651 3PB notched beam test) (b).

To further validate the reliability of the numerical model adopted, the experimental results
from all tested notched panels and beams were used to drive the corresponding CMOD-CTOD,
CMOD-DEF and CTOD-DEF correlation curves (Figure 5.16 and Figure 5.17). Based on

these experimental relationships, experimental trend lines were obtained and are shown as solid
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red line in Figures 5.16 and 5.17. The corresponding numerical trend lines, derived from the
FEM simulations, are also reported in the same figures as red dashed lines. A good agreement
between the experimental and numerical trend lines is observed, confirming the reliability of

the numerical model.
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Figure 5.16: Comparison between experimental and numerical correlations (EN 14488-
3 Method B): (a) CMOD vs. CTOD, (b) CMOD vs. DEF, and (c) CTOD vs. DEF,
showing the agreement between experimental and numerical trend lines.
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Figure 5.17: Comparison between experimental and numerical correlations (EN 14651):
(a) CMOD vs. CTOD, (b) CMOD vs. DEF, and (c) CTOD vs. DEF, showing the

agreement between experimental and numerical trend lines.

It is worth noting that, together with the robust numerical model adopted, a proper shape

of uniaxial constitutive law was selected to start the numerical analysis (Section 5.3). In this

context, a four-branch linear post-cracking law was used to capture the typical behaviour ex-

hibited by steel fibre-reinforced concrete. Subsequently, through the inverse analysis procedure,

the uniaxial post-cracking laws for each series were determined.
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5.4. Post-Cracking Uniaxial Constitutive Laws

The SFRC post-cracking uniaxial laws of all series investigated are shown in Figure 5.18,
and their main parameters are summarised in Table 5.1 and Table 5.2. It can be noticed that
for all uniaxial laws the ultimate crack width (wc) is close to typical values cited in literature

in case of complete steel fibre debonding [186, 188].
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g 4.0 o -~ SFRC-25 SB
-] ‘ -3 -SFRC-25 CP g 4.0
935 s A -A-SFRC-25 CB
‘ -m-SFRC-40 SP 35 1%
30 N A~ SFRC-40 SB
. 3.0 4/ N
‘ 3 -SFRC-40 CP ; .. —A-SFRC-40 CB
25 \ :
2.0
15
1.0
0.5
0.0 + T T T - T i . . . —_ h i Y
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 0.0 10 20 30 40 50 60 70 80
Crack width, w [mm] Crack width, w [mm]
(a) (b)

Figure 5.18: Post-cracking uniaxial constitutive laws: SFRC-25 SP/CP, SFRC-40
SP/CP (EN 14488-3 Method B) (a) SFRC-25 CB/SB, SFRC-40 CB/SB (EN 14651)
(b).

Table 5.1: Main parameters of the o—w laws obtained from inverse analysis of EN
14488-3 Method B 3PB notched panel tests.

Series fetm o1 w1 2P w2 o3 W3 WC Gros Gyos G tot
[MPa] [MPa] [mm] [MPa] [mm] [MPa] [mm] [mm] [N/mm] [N/mm] [N/mm]
SFRC-25 SP  1.921 0.95  0.0457  1.20 0.30 1.5025 1.00  7.00 0.588 3.257 5.792
SFRC-25 CP  2.467 1.10  0.0400  1.95 0.60 1.90 1.05 775 0.738 4.248 8.157
SFRC-40 SP  1.941 1.40  0.0250  2.30 0.50 2.15 120  7.00 0.921 4.960 8.713
SFRC-40 CP  2.580 221 0.0100  3.75 0.30 3.10 1.00  5.75 1.620 7.201 10.648

Table 5.2: Main parameters of the o—w laws obtained from inverse analysis of EN 14651
3PB notched beam tests.

Series Jetm o1 Wi P W2 o3 w3 WC Gyos Gyroas Gy tot
[MPa] [MPa] [mm] [MPa] [mm] [MPa] [mm] [mm] [N/mm] [N/mm] [N/mm]
SFRC-25 CB  2.467 1.32 0.0335 1.73 0.25 2.25 0.65 7.50 0.867 4.790 8.896
SFRC-25 SB 1.921 0.75 0.0551 1.17 0.45 1.22 1.50 8.00 0.511 2.834 5.672
SFRC-40 CB  2.580 2.50 0.00216 3.70 0.45 3.30 0.55 5.50 1.574 6.911 9.911
SFRC-40 SB 1.941 1.17 0.0356 1.80 0.40 1.90 1.20 6.50 0.777 4.244 7.112
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Chapter 5. Numerical Modelling

To ensure appropriate assessment of the post-cracking performance, the fracture energy
Gy (w) derived from the uniaxial constitutive law was also considered. These parameter rep-
resents the area under the multi-linear curve up to the given crack width (w). The evolution
of Gy(w) is plotted in Figure 5.19 for the sprayed and cast panels series (EN 14488-3 Method
B) and in Figure 5.20 for saw-cut sprayed and cast beam series (EN 14651). The fracture
energies corresponding to fundamental levels of crack widths of 0.5 mm, 1.5 mm, 2.5 mm and
3.5 mm (i.e.,, Gros, Gri.s, Gras and Gys5) were also computed, while the total fracture
energy (G totar) Was evaluated at the ultimate crack opening (w.). The corresponding values

are reported in Table 5.3.

Fracture Energy from Uniaxial Post-Cracking Laws - EN 14488-3 Method B
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Figure 5.19: Fracture energy from uniaxial constitutive laws: SFRC-25 SP/CP, SFRC-
40 SP/CP (EN 14488-3 Method B).
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5.4. Post-Cracking Uniaxial Constitutive Laws

Fracture Energy from Uniaxial Post-Cracking Laws - EN 14651
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Figure 5.20: Fracture energy from uniaxial constitutive laws: SFRC-25 CB/SB, SFRC-
40 CB/SB (EN 14651).

Table 5.3: Computed fracture energy Gy from uniaxial post-cracking laws for each
investigated series.

Series G; @0.5 mm [N/mm] G; @1.5mm [N/mm] G; @25 mm [N/mm] G;@3.5mm [N/mm] G, Total [N/mm]
SFRC40 CP 1.62 4.75 7.20 9.00 10.65
SFRC40 SP 0.92 3.11 4.96 6.44 8.71
SFRC25 CP 0.74 2.62 4.25 5.59 8.16
SFRC25 SP 0.59 2.01 3.26 4.26 5.79
SFRC25 CB 0.87 2.98 4.79 6.27 8.90
SFRC25 SB 0.51 1.71 2.83 3.77 5.67
SFRC40 CB 1.57 4.58 6.91 8.58 9.91
SFRC40 SB 0.78 2.63 4.23 5.45 7.11

Similar tendencies to those observed in the flexural response discussed in Section 4.5.6 and
4.5.5 can be identified from the uniaxial post-cracking laws obtained through the inverse analysis
procedure. The corresponding uniaxial post-cracking laws for each series are illustrated (Figure
5.18) while the associated fracture energy distributions are presented in (Figure 5.19 and 5.20).
In all cases, consistent with the flexural response, the uniaxial post-cracking response of the
sprayed elements derived from the numerical modelling exhibited lower values compared to the

cast elements Figure 5.21.
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Figure 5.22: Comparison of Sprayed Panel (SFRC-25 SP) and Cast Beam (SFRC-25
CB) in terms of uniaxial post-cracking law and computed fracture energy (Gy).
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Uniaxial Post-Cracking Laws and Fracture Energy - SFRC40_CB vs SFRC40_SP
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Figure 5.23: Comparison of Sprayed Panel (SFRC-40 SP) and Cast Beam (SFCR-40
CB) in terms of uniaxial post-cracking law and computed fracture energy (Gy).

The ratio of fracture energy between the series which shown in Figure 5.24 is consistent
with the ratio of flexural residual strengths presented in Figure 4.53. When considering the
parameters Gyos, G5, Gras and G35, the difference between SFRC-25 and SFRC-40
(Figure 5.21) is closely aligned with the corresponding differences in fri, fr2, fr3 and fra
obtained from the flexural response. Furthermore, the fracture energy ratio (Figure 5.24)
between sprayed panel and cast beam, sprayed panel and cast panel, sprayed panel and sprayed
beam, and sprayed beam and bast beam are also consistent with the flexural strength ratios

described previously (Figure 4.53).
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Figure 5.24: Fracture energy ratios between series: (a) SFRC-25 and SFRC-40
(SP/CB), (b) SFRC-25 and SFRC-40 (SP/CP), (c) SFRC-25 and SFRC-40 (SP/SB),
and (d) SFRC-25 and SFRC-40 (SB/CB).
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Chapter 6

Correlation of Main Displacement

Parameters of 3PBT's

According to Eropean sprayed concrete standards, which are frequently mentioned in this thesis,
EN 148488-3 [16] and EN 14487-1 [19], when calculating the residual strength of sprayed FRC
materials, the crack mouth opening displacement (CMOD) of the beam EN 14651 [7] and
the panel CMOD (as per EN 14488-3 [16]) are considered equivalent. However, the geomet-
rical differences between the beam and panel, the application of the load on each, and the
notches provided in both, the CMOD measurements from these two test methods cannot be
considered truly and exactly equivalent. The relationship has been analysed, verified and es-
tablished relationship through analytical, experimental, and numerical methods. Justify how

the measurement of CMOD values differs based on these methodologies.

6.1 Analytical Correlation

The qualitative deformation configuration for the three-point bending test on the EN 14651
beam and the EN 14488-3 method B panel is shown in Figure 6.1. The geometrical relationships
for a simple supported beam deformation under load, the corresponding approximate deflected
configuration based on the initial assumption of small rotation equals the deflection rate over
the length of the beam, and the relationships between geometric and kinematic parameters are

illustrated in detail in Figure 6.2 and Figure 6.3.

From these figures, h represents the depth of the beam and ¢ denotes the mid-span deflec-

tion. Consequently, the width of the crack is approximated as Equation 6.1.
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6.1. Analytical Correlation

Figure 6.1: EN 14651 3PBT beam test (a) and EN 14488-3 Method B 3PBT panel test
(b) - definition of CMOD and CTOD.

(a) (b)

Figure 6.2: For a small segment of the beam small-angle approximation to simplify the
deformation of a simply supported beam.
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Chapter 6. Correlation of Main Displacement Parameters of 3PBTs

Figure 6.3: Relationship between crack width, vertical displacement, and small angle
approximation for simplifying the deformation of a simple supported beam.

4xdxh
WQ%

(6.1)
When applying the above description to the notch beam and the notch panel below, in
accordance with EN 14651 [7] and EN 14488-3 Metho B [16], respectively, the following as-

sumptions are made:

e hg, as the distance between the tip of the notch and the top of the test specimen in the
mid-span section.

e The position of the neutral axis is at 0.1hp.

® dicutral = 0.1hp.

e dotcn = notch depth.

The CMOD (Crack Mouth Opening Displacement) and CTOD (Crack Tip Opening Dis-
placement) are expressed in the Figure 6.4 and Figure 6.5 and equations Equation 6.4 and

Equation 6.5.
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6.1. Analytical Correlation

Figure 6.4: Definition of CMOD and CTOD for the three-point bending EN 14651 test
methodology

Figure 6.5: Definition of CMOD and CTOD for the three-point bending EN 14488-3
Method B test methodology.

Distance from the NA to the tip of CMOD = hgp, — dneutral + dnotch
= hsp - O~1hsp + dnotch (62)

= 0.9hsp + dhotch

Distance from the NA to the tip of CTOD = hg, — dneutral
=hep — 0.1 X hyp (6.3)

= 0.9hg,
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Chapter 6. Correlation of Main Displacement Parameters of 3PBTs

4 % 6 x (0.9hgp + dnoten)
l

Wenmop = CMOD = (6.4)

4 x 9§ x 0.9hg,

Werop = CTOD = z

(6.5)

6.6 and 6.8 shows the dimensions of the beam and panel, respectively, according to the

relevant standards.

Figure 6.6: Definition of CMOD and CTOD with standard given geometrical dimen-
sions for the EN 14651 test methodology (dimensions in mm).

4 X 6(EN 14651) X (09 x 125 + 25)

CMOD (gN 14651) ~ 500

= 1.1 x §(BN 14651)

CMOD gx 14651
5(EN 14651) ~ 1( 1 ) (6.6)

4 X 5(EN 14651) X 0.9 x 125
500

0.9 x CMOD g 14651)
1.1

CTOD eN 14651) = = 0.9 X (EN 14651)

CTOD(gN 14651) ~

CTODEN 14651) ~ 0.81 x CMOD (g 14651) (6.7)

In the Equation 6.7, the neutral axis (NA) position is assumed at 0.1 x hg,. However, with

the assumed NA position varies from 0.25 x hgp, to 0.01 x hgy,, the relationship also changes,
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6.1. Analytical Correlation

Table 6.1: Relationship between CMOD and CTOD in the EN 14651 test methodology,
assuming the neutral axis position at 0.1xhsp.

CMOD EN 14651 [mm] CTOD EN 14651 [mm)]

0.5 0.4091
1.5 1.2273
2.5 2.0455
3.5 2.8636

causing ¢ to increase from 0.7895 to 0.8319, as shown in Equation 6.1 and Figure 6.7.

CTODEN 14651 = ¢ X CMODEN 14651 (6.8)

where ¢ is 0.7895 — 0.8319

0.83

0.82

Ratio (o)

0.80

0.79

Min (0.789!

0.00 0.05 0.10 0.15 0.20 0.25
NA_alpha * hsp

Figure 6.7: Relationship between CTOD and CMOD for EN 14651 test methodology
with a varying the neutral axis position assumption from 0.25xh, to 0.01xhgy,.

Similarly to the correlation established between CMOD and CTOD for the EN 14651 beam,
a corresponding correlation is illustrated and established for the EN 14488-3 test methodology,

as presented below.
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Table 6.2: Relationship between CMOD and CTOD in EN 14651 test methodology,

assuming the neutral axis position varies from 0.25xhg, to 0.01xhg),.

CMOD EN 14651 [mm] CTOD EN 14651 [mm]

0.5 0.3947 - 0.4160
1.5 1.1842 - 1.2479
2.5 1.9737 - 2.0798
3.5 2.7632 - 2.9118

Figure 6.8: Definition of CMOD and CTOD with standard given geometrical dimen-
sions for EN 14488-3 Method B test methodology (dimensions in mm).

4 X OEN 14488-3 X (09 x 90 + 10)

CMODEN 14488-3 = 200

~ 0.728 x 5EN 14488-3

1
) 3~ ——CMOD . 6.9
EN 14488-3 ¥ (o0 EN 14488-3 (6.9)

4 x 5EN 14488-3 X 0.9 x 90

CTODEN 144883 = =00

~ 0.648 X 0gN 144883

CTODEN 14488-3 ~ 0.648 x

1
0798 > CMODgN 14488-3

CTODEN 14488-3 ~ 0.89 x CMODEN 14488-3 (610)

In Equation 6.10 assumes that the neutral axis (NA) is positioned at 0.1xhsp. However, as
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6.1. Analytical Correlation

Table 6.3: Relationship between CMOD and CTOD in the EN 14488-3 Method B test

methodology, assuming the neutral axis position at 0.1xhg,.

CMOD EN 14488-3 1 [mm] CTOD EN 14488-3 [mm]

0.5 0.4451
1.5 1.3352
2.5 2.2253
3.5 3.1154

the assumed NA position shifts from 0.25xh, to 0.01xhs), this relationship changes similarly to
the EN 14651 test methodology above, causing ¢ to increase from 0.8710 to 0.0.8953 as detailed

in Equation 6.11 and illustrated Figure 6.9. The upward shift of the neutral axis results in an

increase .
CTODEN 14488-3 = ¢ X CMODEN 14488-3 (6.11)
where ¢ is 0.8710 to 0.8991

0.900

0.895

0.890
C

_g 0.885
&

0.880

0.875

Min (0.871
0.870
0.00 0.05 0.10 0.15 0.20 0.25

NA_alpha * hsp

Figure 6.9: The relationship between CTOD and CMOD in the EN 14488-3 Method B
test methodology with a varying the NA position assumption from 0.25 to 0.01 hgy.

With the same crack width of CTOD, the test methodologies of EN 14651 and EN 14488-
3 method B result in the relationship for CMOD, as shown in Equation 6.21 and Equation
6.22. The CMOD measurements, used to calculate the residual strength of the FRC according
to Model 2020 [8] are 0.5mm, 1.5mm, 2.5mm and 3.5mm in EN 14651. The corresponding
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Table 6.4: Relationship between CMOD and CTOD in EN 14488-3 method B test

methodology, assuming the neutral axis position varies from 0.25xhg, to 0.01xhg),.

CMOD EN 14488-3 [mm] CTOD EN 14488-3 [mm]

0.5 0.4355 — 0.4495
1.5 1.3065 — 1.3486
2.5 2.1774 — 2.2477
3.5 3.0484 — 3.1468

CMOD values for the EN 14488-3 test methodology, at equal CTOD for the beam and panel
as Equation 6.7 and Equation 6.10, can be derived below and presented in Table 6.5.

CTODEgN 14651 = CTODEN 14488-3
0.81 x CMODEN 14651 = 0.89 x CMODEN 14488-3
CMODEN 14651 — 1.099 x CMODEN 14488-3 (6.12)

CMODEN 14488-3 = 0.910 X CMODEN 14651 (613)

Equation 6.22 relationship assumes that the neutral axis (NA) is 0.1xhsp. However, it
has also been computed by varying the assumption of NA position from 0.25xhg, to 0.05xhgy,.
The graph below shows the maximum and the minimum corresponding CMOD values from
EN 14488-3 for CMODs (0.5, 1.5, 2.5, 3.5) according to EN 14651. As the assumption of the
neutral axis position shifts to the top, the CMOD values vary.

Table 6.5: Relationship between CMOD from EN 14651 and EN 14488-3 Method B
test methodologies, assuming the neutral axis at 0.1xhg,.

CMOD EN 14651 [mm] CMOD EN 14488-3 Method B [mm]

0.5 0.46
1.5 1.37
2.5 2.28
3.5 3.19
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Figure 6.10: The relationship between CMOD from EN 14488-3 Method B and EN
14651 with varying the assumption of the Neutral Axis (NA) position from 0.25xhg, to
0.01xhgp.

Equation 6.22 assumes that the neutral axis (NA) is positioned at 0.1xhsp. However, as the
location assumption of the NA changes 0.25xh;, to 0.01xhs), this relationship changes, causing
© to increase from 0.906 to 0.0.923 as detailed in Equation 6.1 and illustrated in Figure 6.10.
The shift of the neutral axis to the top causes ¢ to increase. And move the assumption of
the neutral axis to the top decrease the difference between CMOD values of EN 14651 and EN
14488-3 Method B.

CMODgN 14488-3 = @ X CMODEN 14651 (6.14)

where ¢ is 0.906 to 0.923

Table 6.6: Relationship between CMOD of EN 14651 and EN 14488-3 Method B ana-
lytically assuming the neutral axis from 0.25xhg, - 0.01xhg),.

CMOD EN 14651 [mm] CMOD EN 14488-3 Method B [mm]

0.5 0.45 — 0.46
1.5 1.36 — 1.38
2.5 2.27 - 231
3.5 3.17 - 3.23
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6.2 Experimental Correlation

Similar to the analytical approach presented in the previous subsection, the experimental rela-
tionship between the two test methodologies was established by using the same CTOD values
for both tests. The trendline established using the two test methodlogies between the CMOD,
CTOD and DEF (Figure 6.11 and 6.12), a relationship between the CMOD of EN 14651 and
that of EN 14488-3 Method B was determined experimentally by equating the correspond-
ing trendlines. The analysis considered all experimental results included in this Ph.D. work,
comprising 62 EN 14488-3 Method B notched panel tests and 125 EN 14651 notched beam

tests.

CMOD vs CTOD (EN 14651) E5 CMOD vs DEF (EN 14651) B CTOD vs DEF (EN 14651)
y = 0.836x + -0.070 y=0.819x + 0.049 y=0.973x + 0.131
5.01|R? = 0.998 5.01|R? = 0.997 5.01|R? = 0.996 /
45 451 45 y/
/ & A
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CMOD [mm] CMOD [mm] CTOD [mm]

Figure 6.11: Experimental relationships between CMOD, CTOD, and DEF according
to EN 14651 [7]. (a) CMOD vs CTOD (b) CMOD vs DEF (¢) CTOD vs DEF.

CTODEN 14651 = 0.83 CMODEN 14651 £ 0.070 (6.15)
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i CMOD vs CTOD (EN 14488-3) g5 CMOD vs DEF (EN 14488-3) B CTOD vs DEF (EN 14488-3)
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Figure 6.12: Experimental relationships between CMOD, CTOD, and DEF according
to EN 14488-3 Method B [16]. (a) CMOD vs CTOD (b) CMOD vs DEF (c) CTOD vs
DEF.

CTODgN 14488-3 = 0.907 CMODgN 14488-3 £ 0.069 (6.16)

CTODgN 14651 = CTODgN 14488-3
0.83 CMOD&gN 14651 £ 0.070 = 0.907 CMODgN 14488-3 &= 0.069
CMODEN 14651 = 1.093 x CMODEN 14488-3 (617)

CMODEN 14488-3 = 0.915 x CMODEN 14651 (618)

Table 6.7: Relationship between CMOD of EN 14651 and EN 14488-3 Method B based
on experimental results.

CMOD EN 14651 [mm| CMOD EN 14488-3 Method B [mm)]

0.5 0.46
1.5 1.37
2.5 2.29
3.5 3.20
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6.3 Numerical Correlation

Using the same CTOD values for both test methodologies, as in the analytically and experi-
mentally established relationships between the CMODs of the two, the numerical correlation
was developed based on the trendlines obtained from the CMOD-CTOD CMOD-DEF and
CTOD-DEF relationships (Figures 6.13 and 6.14). Accordingly, a relationship between the
CMOD of EN 14651 [7] and that of EN 14488-3 Method B [16] was determined numerically by
equating the corresponding trendlines. The numerical correlation was derived using the inverse
analysis results from the cast and sprayed beam tests for EN 14651 and the cast and sprayed
panel series for EN 14488-3 Method B.

EN 14651: Numerical vs. Experimental Trend Lines

Experimental trend: y = 0.973x + 0,131
5.0 R2-0.996
/
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Figure 6.13: Experimental and numerical relationships between CMOD, CTOD, and
DEF according to EN 14651 [7]. (a) CMOD vs CTOD (b) CMOD vs DEF (c¢) CTOD
vs DEF.

CTODEN 14651 — 0843 CMODEN 14651 :l: 0014 (619)
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EN 14488-3 Method B: Numerical vs. Experimental Trend Lines
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Figure 6.14: Experimental and numerical relationships between CMOD, CTOD, and
DEF according to EN 14488-3 Method B [16]. (a) CMOD vs CTOD (b) CMOD vs
DEF (c¢) CTOD vs DEF.

CTODgN 14488-3 = 0.900 CMODxgN 14488-3 £ 0.006 (6.20)

CTODgN 14651 = CTODgN 14488-3
0.843 CMODgN 14651 = 0.014 = 0.900 CMODEN 14488-3 == 0.006
CMODEN 14651 = 1.067 x CMODEN 14488-3 — 0.008 (621)

CMODEN 14488-3 = 0.937 x CMODEN 14651 — 0.008 (622)

Table 6.8: Relationship between CMOD of EN 14651 and EN 14488-3 Method B based
on numerical results.

CMOD EN 14651 [mm| CMOD EN 14488-3 Method B [mm)]

0.5 0.461
1.5 1.398
2.5 2.335
3.5 3.272
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Table 6.9: Relationship between CMOD of EN 14651 and EN 14488-3 Method B—

sumiary.

Method Relationship
Analytical CMOD&gN 14488-3 = 0.910 x CMODEN 14651
Experimental CMODgN 14488-3 = 0.915 x CMODEgN 14651

Numerical CMODEgN 14488-3 = 0.937 x CMOD=gN 14651 — 0.008

Table 6.10: Relationship between CMOD of EN 14651 and CMOD of EN 14488-3
Method B (analytical, experimental, numerical).

CMOD EN 14488-3 Method B
CMOD EN 14651 [mm] ethod B [mm]

Analytical Experimental Numerical

0.5 0.46 0.46 0.461
1.5 1.37 1.37 1.398
2.5 2.28 2.29 2.335
3.5 3.19 3.20 3.272

Based on the analytical, experimental, and numerical correlations, the relationship between
the CMOD values of EN 14488-3 Method B and EN 14651 was established and is summarized in
the Table 6.9. Subsequently, the 6.10 presents the corresponding CMOD values of EN 14488-3
Method B [16] for the reference CMODs of EN 14651 [7] (0.5 mm, 1.5 mm, 2.5 mm, and 3.5
mm). As discussed in the introductory section of this chapter, the CMODs obtained from EN
14651 [7] and EN 14488-3 Method B [16] are not identical.
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Chapter 7

Conclusions

This doctoral research focuses on an in-depth investigation of the properties and performance
of fibre-reinforced sprayed concrete for use in permanent tunnel linings. The study employs
experimental, numerical and analytical approaches, based on a comprehensive review of the
literature used for establishing the background and objectives of the work. The research aims
to determine whether sprayed fibre-reinforced concrete (FRC) represents an effective solution
for final tunnel linings based on its mechanical performance, post-cracking behaviour, and com-
pliance with existing standards. The main objectives are to clarify the performance differences
of sprayed fibre reinforced concrete assessed using testing methodologies specifically developed
for sprayed FRC and those mainly originally conceived for cast FRC, and to establish potential
relationships among these performance outcomes. As part of the numerical approach, the study
also aims to develop accurate uniaxial post-cracking constitutive laws suitable for use in the

design of Permanent Sprayed Concrete Linings (PSCL).

Chapter 2 provided an overview of the current state of the art on fibre-reinforced and
sprayed concrete materials, with particular emphasis on sprayed fibre-reinforced concrete for
use in permanent tunnel linings. This review established the technical foundation and context

for the subsequent experimental, numerical, and analytical investigations.

Chapter 3 highlighted the significance of the research and outlined the logical framework
and methodology adopted to achieve the study’s objectives.

The main part of the thesis, presented in Chapter 4, involved an extensive experimental

investigation aimed at evaluating the mechanical properties of sprayed fibre-reinforced concrete.

The study used standard testing procedures conceived to assess post-cracking properties of

the sprayed FRC. In addition, cast-in-moulds samples were produced from the same concrete
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batch adopted for the spraying process. The residual strength test was conducted in accordance
with EN 14488-3 Method B:2023 (three-point bending notched panel test) and the energy
absorption capacity test was conducted according to EN 14488-5, Both tests are recommended
by EN 14487-1:2023, the recently updated standard commonly used for sprayed concrete tunnel
linings. In addition, the three-point bending notched beam test according to EN 14651 was
used. The latter is recommended by Eurocode 2 Annex L and the fib Model Code 2020 for
classification and characterisation of FRC even though the cast-in-mould beams are traditionally
used for conventionally cast-FRC structures. Furthermore, the EN 14651 three-point bending
notched beam test was also conducted on saw-cut sprayed beams obtained from large sprayed

panels (15 x 80 x 200 cm).

The experimental campaigns covered sprayed FRC specimens, including cast-in-mould FRC
samples. The mixes incorporated a steel fibre SFRC-25 and SFRC-40, with a dosage of 25 kg/m?
(Vy = 0.32%) and 40 kg/m? (V; = 51%) respectively and a macro-synthetic fibre MSFRC-7
with a dosage of 7 kg/m? (V; = 0.77%). The concrete were produced from the same batch
with a target strength class of C-35. Flexural tests were carried out at 28 and 90 days, while
compressive strength and shrinkage tests were conducted at 1, 3, 7,10,14,28,56 and 90 days.

Based on this comprehensive experimental campaign, the following conclusions were drawn:

e The compressive strength of sprayed FRC (measured from samples drilled from a sprayed
panel) was lower than that of cast FRC (measured on conventionally cast-in-moulds cubic
specimens) at all ages. The cubic compressive strength of sprayed fibre reinforced con-
crete fem sprayed reached approximately 85% of the cubic cast concrete strength fem cast
at 28 days. The lower compressive strength of the sprayed concrete might be attrib-
uted to several factors. Unlike cast-in-mould cubes, sprayed concrete is not subjected to
vibration, which may result in less uniform compaction and a more porous internal struc-
ture. This resulted in percentage difference of 5.15% relative to the density of cast-cube
samples for SFRC-25; however, this density difference was not observed in the SFRC-40
series, where a difference of 0.87% was obtained.

In addition, since the sprayed samples were cored from sprayed panels, part of the strength
reduction may be attributed to micro-defects and microcracking induced by the drilling
process. A unique damage factor 1.06 has been suggested in ACI PRC-214.4-21. A
damage factor is also suggested by Italian Explanatory Circular, ranging from 1.10 to

1.00 depending on the concrete strength class.

In general, the dominant contribution is associated with the spraying process itself. The
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observed reduction in bulk density indicates an increase in void content due to the spray-
ing mechanism. Additionally, the process alters the pore structure, induces microcrack-
ing, and modifies the characteristics of the interfacial transition zone (ITZ), the interface
between coarse aggregate and cement paste, thereby influencing the overall microstruc-
tural integrity of the hardened concrete. The results confirm that, in order for sprayed
FRC to achieve adequate strength for final tunnel lining applications, optimisation of
the spraying process and consideration of the strength difference relative to traditionally
cast-in-mould elements are essential to enhance compressive performance and improve

understanding of its behaviour in permanent tunnel linings.

The energy absorption capacity or toughness of the sprayed FRC increased with increas-
ing fibre dosage. when the fibre content was raised by 60%, 25 kg/m? to 40 kg/m?, the
energy absorption capacity increased by 28% and 21% for the sprayed and cast series, re-
spectively. Compared with the variation observed for the same fibre contents in residual
strengths (fg;) exhibited by notched samples (both notched panels and beams) used for
the mechanical characterisation, this increase was relatively moderate. Regarding the dif-
ference between the sprayed and cast series, with the 25 kg/m? fibre dosage, the sprayed
specimen exhibited approximately 5.90% lower energy absorption capacity, while at the
40 kg/m? fibre dosage, the energy absorption capacity of the cast and sprayed series
is nearly identical. These differences were also relatively small compared with those ob-
served in residual strength results for the sprayed and cast series (both panels and beams)
as probably related to the high degree of redundancy provided by four-sided supports used

in the energy absorption test.

The energy absorption class (Fas5) for the cast-panel series is E700 for FRC panels rein-
forced with 7 kg/m? of macro-synthetic fibres, and E1000 for FRC panels reinforced with
steel fibres at dosages of 25 kg/m?® and 40 kg/m3, respectively. For the sprayed-panel
series, the corresponding energy absorption classes are E700 and E1000 for steel-fibre

dosages of 25 kg/m?3 and 40 kg/m3, respectively.

When considering mechanical post-cracking characterisation based on notched beam
samples, the difference in the limit of proportionality (f1,) between the SFRC-25 and
SFRC-40 series was approximately 15% for both cast-in-mould and beams saw-cut from
sprayed panels (“sprayed beams”). This relatively small variation indicates that the (f1,)
is primarily governed by the concrete matrix strength rather than the fibre content differ-

ence between the two series compared to the (fr;) results. For the series of cast-in-mould
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beams, the residual flexural tensile strengths (fr1, fr2, frR3 and fra) increased by 76%,
49%, 36% and 30%, respectively, when comparing SFRC-40 to SFRC-25. In the case of
“sprayed beams”, the corresponding increases were approximately 56%, 55%, 50% and
44%, respectively. The relative difference in residual strength between the two series
was observed to decrease as the crack width increased. Regarding cast-in-moulds beams
and “sprayed beam” samples, consistent trends were observed with cast beams showing
higher mean residual strengths with narrower statistical dispersion even though “sprayed

beams” showing slightly lower variability COV < 0.10.

Difference between the results of the fr; strengths of the cast-in-mould beam and the
“sprayed beam” was significant; for both fibre contents (25 and 40 kg/m?®) the beam
sawn from sprayed panels exhibited lower post-cracking strengths than cast ones: its
difference was consistent for both SFRC-25 and SFRC-40. with an average proportional
relationship of approximately 0.74 for f1,, 0.55 for fry, 0.58 for fro, 0.62 for frs, 0.65 for

fra relative to the corresponding cast-in-mould beams.

When considering mechanical post-cracking characterisation based on notched panel
samples, the limit of proportionality (f1,) differed approximately 14% and 50% between
the SFRC-25 and SFRC-40 series for sprayed and cast-in-mould panels, respectively. Re-
garding the effect of fibre contents, for the sprayed panels, the residual flexural tensile
strengths (fr1, fr2, frs and fr4) increased by 69%, 61%, 56% and 51%, respectively,
when comparing SFRC-40 to SFRC-25. In the case of cast-in-mould panels, the cor-
responding increases were approximately 120%, 73%, 57% and 50%, respectively. The
relative difference in residual strength between the two series was observed to decrease

as the crack width increased.

The sprayed notched panels generally exhibited lower flexural strengths and higher vari-
ability than the cast ones. Increasing the fibre content reduced the variability in sprayed
fibre reinforced concrete as shown by the decrease in the coefficient of variation (COV). In
comparison, the cast notched panels displayed more consistent results, with COV values
of approximately 10% for both SFRC-25 and SFRC-40, and 20% for MSFRC-7. These
results confirm that fibre dosage significantly influences both strength and consistency,

where the spraying process introduces additional variability.

By comparing notched panels tested according to Method B 14488-3:2023 and notched
beams tested according to EN 14651, considering the overall SFRC-25 steel fibre and

based on the mean flexural tensile curve, the results followed the order SFRC-25 cast-in-

226



Chapter 7. Conclusions

mould beam > SFRC-25 cast-in-mould panel > SFRC-25 sprayed panel > SFRC-
25 sprayed beam (beam sawn from sprayed panel). This indicates that the series of
cast elements exhibited higher nominal flexural tensile strengths than the corresponding
sprayed elements in both notched panel and notched beam tested according to EN 14488-
3:2023 and EN 14651 test methodology. For SFRC-40 series, the same trend was observed,
with magnitudes following the order SFRC-40 cast-in-mould panel > SFRC-40 cast-in-
mould beam > SFRC-40 sprayed panel > SFRC-40 “sprayed beam”. In both series,
cast-in-mould notched elements showed noticeably higher post-cracking flexural strengths

compared with notched sprayed elements, both tested in 3PBT configuration.

However, by considering cast-in-mould samples: the SFRC-25 cast-beams present higher
post-cracking strengths than cast-panels, whereas for SFRC-40 series, is the opposite. It
is worth noticing that, for a given fiber content, the difference in terms of post-cracking
performance between cast elements (panels vs. beam) is less than the that observed when

comparing globally cast-in-mould elements with sprayed ones.

In tunnelling practice, and among some researchers within the scientific community PSCL
(Permanent Sprayed Concrete lining) are often designed by referring on post-cracking
residual strengths retrieved from cast-in-mould beams tested according to EN 14651.
However, as demonstrated in this study, the residual strength values obtained from cast-
in-mould notched beam differ from those derived from notched sprayed panel results
(EN 14488-3 Method B) and from beams sawn from sprayed panels (“sprayed beams”)
tested in accordance to EN 14651. The ratios between residual strengths obtained from
notched sprayed panels and notched “sprayed beams” with respect to those obtained
from typical cast-in-mould notched beam remain consistent for SFRC-25 and SFRC-
40 series, with average ratios of approximately 0.82 for fi,, 0.67 for fri, 0.68 for fro,
0.71 for frs, 0.72 for fr4 relative to the corresponding cast beams. These findings
indicate that while EN 14651 used for cast-in-mould beams are generally recognized as
important and a useful reference for comparative assessment, the corresponding post-
cracking properties overestimate the residual strengths of sprayed concrete due to the
clear differences between the spraying process and traditionally casting one. Therefore,
for design PSCL, test on sprayed notched panel testing (EN 14488-3 Method B, 2023) is

recommended as it seems to represent the in-situ post-cracking performance.

The flexural test on the notched sprayed panels and notched beams was also conducted

at 90 days to evaluate the effect of age on the post-cracking strength, and to compare
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the results with those obtained at 28 days. Across all series, the limit of proportionality
(fr) values increased considerably by approximately 33%, which can be attributed to
the strong influence of compressive strength of the concrete on (fr; compared to the
residual strength parameters (fr1, fr2, frs and fr4) for the residual strength, there was
an overall 4-16% increase in residual strength at 90 days compared to the results at 28

days.

e The current methodology for the post-cracking mechanical characterization of sprayed
FRC (method B, 3PBTs on notched panels EN 14448-3:2023) is reliable, since reliable
nominal residual strengths can be obtained, well representing the actual behaviour of

sprayed FRCs.

e From manual counting of number of fibres from cracked surface of notched samples, fibre-
orientation numbers were estimated. The latter are not very far from the assumed values
in the Model Code for the cast-in-mould beams according to EN 14651 (SFRC-25 cast-in-
mould beam = 0.50, and SFRC-40 cast-in-mould beam = 0.55). For the sprayed standard
panel tested according to EN 14488-3 Method B (SFRC-25 sprayed panels = 0.36, and
SFRC-40 sprayed panels = 0.33). Moreover, the fibre orientation numbers estimated
from beams saw-cut from sprayed panel, so-called “sprayed beam”, are well aligned to
those obtained from sprayed panels (SFRC-25 “sprayed beam” = 0.36, and SFRC-40
“sprayed beam” = 0.36).

e The classification of SFRC-25 cast-in-mould beam according to the Model Code 2020 and
Eurocode 2 Annex L is 4d and 4e, respectively. For SFRC-40 cast-in-mould beam, the
corresponding classes are 7c and 7d. The saw-cut sprayed-beam specimens tested under
EN 14651 show classifications of 2.5d for SFRC-25_SB according to both the Model Code
2020 and Eurocode 2 Annex L, and 3.5d and 3.5e for SFRC-40 SB according to the Model
Code 2020 and Eurocode 2 Annex L, respectively. Both SFRC-25 and SFRC-40 sprayed
panels are classified as Class 3 according to EN 14487-1.

e Since the Model Code 2020 and Eurocode 2 Annex L classify FRC based on the char-
acteristic residual strengths fr x; corresponding to CMOD values of 0.5, 1.5, 2.5, and
3.5 mm obtained from cast-in-mould beam tests (EN 14651), the post-cracking residual
strengths fg r; retrieved from tests carried out according to EN 14488-3-Method B on
notched-panels were used to determine the sprayed-panel classification. The SFRC-25

and SFRC-40 notched sprayed panels were classified as 2d and 4.5d, respectively.

e It is noted in this thesis that the classifications derived from the cast-in-mould standard
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beam (EN 14651) for SFRC-25 CB and SFRC-40 CB are 4d and 7¢, whereas the clas-
sifications obtained from the sprayed-panel test method (EN 14488-3 Method B) are 2d
and 4.5d for SFRC-25 SP and SFRC-40 SP, respectively. These differences are probably
mainly related to the different fibre orientation exhibited by sprayed SFRC as a result of
the spraying process. In fact, as previously noted, the fibre orientation numbers of the

cast-in-mould series are higher than those of the sprayed specimens.

The effect of ageing on the classification results between 28 and 90 days is found to
be minimal. The classification values remain essentially stable over time, with the only
notable change being a slight increase in the SFRC-40 ”sprayed beam” series, which shifts
from Class 3.5d at 28 days to Class 4d at 90 days. This indicates that the change in
residual strength between 28 and 90 days is small and does not significantly affect the

classification of the material.
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In Chapter 5, numerical modelling was performed for both sprayed and cast fibre-reinforced

concrete (FRC) beams and panels. The following conclusions were drawn:

e The post-cracking performance trends, based on fracture energy (Gy) derived from o—w
laws (numerical results), are similar to those demonstrated by experimental flexural re-

sponses of FRCs under investigation.

e In all cases, and consistent with the flexural response, the uniaxial post-cracking be-
haviour of the sprayed series obtained from the numerical modelling exhibited lower
values compared to the cast elements. Furthermore, the differences within each group-
namely between cast beams and cast panels, and between sprayed beams and sprayed
panels—were significantly smaller than the differences observed between the sprayed and

cast series.

e The inverse analysis approach proposed for evaluating sprayed fibre reinforced concrete
uniaxial post-cracking laws were effective and provide accurate o—w relationships for use

in structural numerical simulations of sprayed concrete tunnel linings

Chapter 6 the correlation of main displacement parameters used in notched tests was stud-
ied for getting an in-depth understanding of the comparability of residual strengths (fr;) re-
trieved from notched panels and beams especially with regard the range of crack widths under

investigation.

e According to European sprayed concrete standards, which are frequently mentioned in
this research, EN 14488-3 and EN 14487-1, when calculating the residual strength of
sprayed FRC materials, the crack mouth opening displacement (CMOD) of the beam EN
14651 and the panel CMOD (as per EN 14488-3) are considered equivalent. However,
as a result of the geometrical differences between the beam and panel, the application
of the load on each, and the notches provided in both, the CMOD measurements from

these two test methods cannot be considered truly and exactly equivalent.

e To address this, the relationship between the CMOD values obtained from the two stand-
ards has been analysed, verified, and established through analytical, experimental, and
numerical methods as reported in Chapter 6. The parameters are not exactly in a 1:1
ratio, but they are acceptably close each other making reasonable within standard ap-
plications to directly compare for a given CMOD the residual strengths obtained from
notched panels and notched beams. In fact, they are referring approximately to the same

crack-width as measured from tip of the crack.
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