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INTRODUCTION

The first draft document has been written

to assist tunnel designers, contractors and
owners in understanding the benefits of and
limitations in the use of fibre reinforcement

for precast concrete segments for tunnel
linings, installed using tunnel boring machines.
Guidance is also provided on specifications
and testing.

Further information will become available in
2016 when [TA Working Group 2 « Research » will
issue a publication titled « Twenty Years of FRC
Tunnel Segments Practice: Lessons Learnt
and Proposed Design Procedure ».

Fibres can be used as reinforcement in
precast concrete segmental tunnel linings,
either, most commonly, as “fibre only” (as
‘Primary’ reinforcement) or in combination with
conventional (bar) reinforcement - a “combined
solution” (as ‘Secondary’ reinforcement). The
state of the art is defined by a large number

of reference projects, where fibre reinforced
concrete (FRC) segments have been used
successfully. Projects using FRC segments
report the following benefits of its use:

e Excellent durability;

® Damage due to handling and installation is
minimized;

e Performance in the relevant Ultimate and

Service Limit States (ULS and SLS) can be
reliably demonstrated;

e Reduced waste;

e Overall manufacturing costs are lower than
for conventionally reinforced concrete.

e Alower carbon footprint

However, their application in this field has
been stifled due to the limited, or even absent,
regulatory framework covering this type of
product. With the publication of standards
specifically dealing with fibre properties, and
international design guidelines such as the
Model Code 2010, edited by fib, this obstacle
has been overcome.

Many research studies and full scale tests on
the behaviour of fibre reinforced concrete have
been carried out in recent years in various
countries. They have greatly contributed to

a better characterization of FRC, thereby
providing a better understanding of the
behaviour of this material and allowing projects
1o set specific minimum performance
requirements.

The aim of this document is to present

the common understanding of designers,
manufacturers and users of fibre reinforced
concrete segments of what constitutes good
practice in this field of engineering. This is the
first edition of what is intended to be a “live
document”. [TAtech welcomes all feedback on
this document and has plans to keep this
document up to date as well as publishing
guidance on production aspects of FRC.
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GLOSSARY

Aspect ratio:

The ratio of length to another dimension —
e.g. segment thickness or equivalent fibre
diameter

CMOD:

Crack Mouth Opening Displacement which
is the linear displacement measured by a
transducer — e.g. installed on a beam in a
test according to EN 14651

Ductility:

This is a measure of a material’s ability to
undergo appreciable plastic deformation
under tensile stresses before rupture. The
ductility of a structure is defined in the
same way as a measure of the ability to
undergo appreciable deformation under
tensile forces before failure.

Energy absorption:

This is the area under a load-deflection,
moment-rotation, or stress-strain curve.
This is the ability of FRC to absorb energy
beyond the first crack in the matrix. This

is not a parameter that is used directly in
design of segmental linings, unlike sprayed
concrete linings for rock tunnels.

LOP:

Limit of Proportionality — the stress which
is assumed to act in an uncracked mid
span section of flexural beam test (e.g.
see EN 14651). This is the point at which
the load-deflection curve departs from the
initial linear response.

Modulus of rupture: The theoretical
maximum tensile stress in a flexural beam
test before fracture, based on elastic
theory (e.g. see ASTM 1609).

PFRCS: Precast Fibre Reinforced
Concrete Segments

Residual strength:

This is the flexural tensile strength
exhibited by a fibre reinforced concrete
after cracking. In tests, the residual
strength is usually defined at a certain
deflection or CMOD.

Strain hardening:

In the context of tensile tests, hardening
means that the post-cracking strength is
higher than the strength at first cracking —
see also strain softening.

Strain softening:

In the context of tensile tests, softening
means that the post-cracking strength is
lower than the strength at first cracking.
Although this is also described as strain
softening, strictly speaking, the tests are
measuring strength vs deflection, i.e.
deflection softening (see 1.3.2).

Strength at first crack: see LOP

Toughness:

This is the ability of a material to absorb
energy and plastically deform without
rupturing. This indicates the ability to resist
internal crack propagation.
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NoTATION

CMOD

< 3 —- - 3 %

gh o M M m m m &
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Breadth

Crack Mouth Opening Displacement

Diameter of fibre

Elastic modulus

FRC Secant Compression Modulus

Concrete (Matrix) Tangent Compression Modulus
Fibre Elastic Modulus

FRC Secant Tension Modulus

Concrete Mean Compressive Cylinder Strength
Concrete Characteristic Compressive Cylinder Strength
Concrete Mean Tensile Strength

Concrete Characteristic Tensile Strength
Concrete Design Compressive Strength

Limit of Proportionality stress of FRC beam
Design tensile strength - see Figure 4

Residual flexural Strength of FRC beam

Mean Residual strength of FRC beam
Characteristic Residual Strength of FRC beam
FRC Tensile Strength at SLS (Model Code 2010)
FRC Tensile Strength at ULS (Model Code 2010)
Tensile yield strength

Finite Element Analysis

Federation International du Beton

Fibre Reinforced Concrete
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NoTATION

Height

W Coefficient - statistical
K Coefficient
| Fibre length
Lc Characteristic length
LE Linear Elastic
LOP Limit of Proportionality
MOR Modulus of Rupture
Mu Ultimate moment
P Pressure (load)
R Radius
RILEM Reunion Internationale des Laboratoire d’ Essais Materiaux
SFRC Steel fibre reinforced concrete
SLS Serviceability Limit State (limit of the service requirements)
S, Standard Deviation
ULS Ultimate Limit State (limit associated with structural failure)
Vv, fibre volume content
V. Coefficient of variation
w, Characteristic crack width
Y Material factor
) Deflection
€ Strain
0 Angle
o Stress
T Shear strength
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BACKGROUND

Traditionally, concrete segments for shield excavated tunnels have used conventional bar
reinforcement. However, there is a growing tendency to consider fibre reinforcement as
structural reinforcement, mainly in order to benefit from the significant cost and time savings
which can be achieved but sometimes also because of the enhanced durability that fibres
offer.

A significant number of international reference projects have demonstrated that a high
quality tunnel lining can be achieved using fibre reinforced segments. However, the previous
lack of a common design standards or guidelines tended to discourage some clients from
accepting design proposals based on fibre reinforced concrete.

This document is based mainly on experience gathered during the use of Eurocodes and the
international fio Model Code. However, this merely reflects the engineering background of
the authors. The principles described here can be applied to other codes such as ACI318.
Fibre reinforcement has been used successfully throughout the world.
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OBJECTIVE OF THE GUIDANCE DOCUMENT

The aim of this document is to provide comprehensive guidance on the use of fibre
reinforcement for tunnel lining segments. Section 1 describes this composite material
and how it behaves. Section 2 is intended to illustrate general concepts in design of Fibre
Reinforced Concrete (FRC), including structural design, design codes, numerical modelling
and fire protection. Section 3 provides guidance on specifications and testing. Extracts offib’s
Model Code can found in Appendix A while Appendix B explains how to determine design
strengths for residual flexural tensile strength. Full scale tests can also be used in design
as illustrated in Appendix C. Appendix D contains some examples of previous successful
projects. Appendix E explains the European CE marking system for fibres. Appendix F
contains an example of the cost comparison with conventional bar reinforcement which
indicates that the cost savings could be of the order of 40%. Obviously the savings will vary
depending on the requirements of each project.

It is intended that a future document will cover the topics of segment production, quality
control (tests and their frequencies), handling, storage, transportation and installation.
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DESIGN STANDARDS AND MATERIAL PROPERTIES

1.1 DESIGN STANDARDS

At the time of writing, the design of fibre
reinforced concrete (FRC) is not covered
by international structural codes like the
Eurocode 2 or ACI 318. Therefore, the
design rules applied in projects are taken
from a number of sources. From an
European perspective, it is expected that
FRC will be introduced in the Eurocode
suite of standards and that the fib Model
Code (fib MC2010) will be used as a basis
for this Eurocode. The parameters for
the fibre reinforced concrete are defined
by associated test standards, such as EN
14651.

Due to the publication of a number of
guidelines and reports and the significant
amount of testing over the last decades,
the general behaviour of FRC is sufficiently
well understood to allow production of
designs to an acceptable “reliability level”, in
Eurocode terminology. In combination with
the appropriate testing, the reliability level
prescribed by concrete design standards
can be achieved, even though FRC
design itself is not standardised in national
design codes yet. Below is a selection of
applicable design codes and references
which are commonly used and accepted.
A list of testing standards can be found in
section 3.

References relevant to FRC design:

|- RILEM TC 162-TDF, Test and design
methods for SFRC. Materials and
Structures, Vol. 36, 2003

II- FIB (2013) - International Federation for
Structural Concrete. fio Model Code for
Concrete Structures 2010. Berlin: Verlag
Ernst & Sohn, 2013

|- Deutscher Ausschuss fUr Stahlbeton,
DAfStB - Richtlinie Stahlfaserbeton,
2012

V- OVBB Richtlinie Faserbeton, Ausgabe Juli
2010: Guideline on the use of fibre reinforced
concrete, Osterreichsche Vereinigung fir
Beton- und Bautechnik (2010)

V- CNR-DT 204/2006 (2006), ,Guide for
the Design and Construction of Fiber-
Reinforced Concrete Structures”, design
recommendation. Advisory Committee
on Technical Recommendations for
Construction, Rome

VI- BTS Specification for Tunnelling, 3rd
Edition, 2010

VIl- Recommendations for the design,
production and installation of segmental
rings 07.2013 Published by the DAUB
(German Tunnelling Committee) working
group «Lining Segment Design»

VIIl- AFTES (2013) “Design, dimensioning
and execution of precast steel fibre
reinforced concrete arch segments”,
recommendations of AFTES No.
GT38R1A1, Tunnels et espaces
souterrain, No. 238 July/ August 2013

IX- Concrete Society Report TR 63
Guidance for the Design of steel fibre
reinforced concrete

X- Concrete Society Report TR 65,
Guidance on Macro-synthetic fibre
reinforced concrete

XI- ACI 544.5R-10 (2010) Report on the
Physical Properties and Durability of
fiber Reinforced Concrete, ACI, March

1.2 FIBRESTYPES AND PROPERTIES

Fibres are concrete additives from a
concrete technology point of view. Fibres
are used to improve concrete properties.
As the applications have diversified so
have the materials used for fibres and their
shapes. Fibres have become a standard
reinforcement method for industrial

floors, pavements, housing applications,
sprayed concrete linings and a variety

of precast applications. Over the past
decades, steel fibres have developed as a
replacement of the reinforcing steel bars in
precast segments. Macro synthetic fibres
have been developed too as structural
reinforcement for segments. A significant
number of research projects have
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accompanied this shift of fibres into more
structural applications (e.g. see Concrete
Society TR 63 and TR 65 for an overview,
as well as ITA WG2'’s forthcoming report
(www.ita-aites.org)).

In ACI 544.5R-10, Report on the Physical
Properties and Durability of Fiber-Reinforced
Concrete, there is a comprehensive resume
of the mechanical properties of the fibres
used for concrete reinforcement. It is
important to assess the effect of a fibre on
the performance of the final FRC and not
just the properties of the fibres in isolation.

The following general observations can be
made:

e The materials should satisfy the following
requirements

- The fibre material must be suitably
resistant to the alkaline environment of the
concrete.

- The material properties of the concrete
should not suffer significant negative
effects from the fibres used. This
requirement applies for the properties of
both the fresh concrete (workability, air
content, etc.) and hardened concrete.
With respect to the properties of the
hardened concrete, there should be no
negative change to the compressive
strength and splitting tensile strength,
static modulus of elasticity, the creep
and shrinkage behaviour, the bond of a
reinforcement as well as the durability
(resistance to carbonation, frost
resistance, water penetration depth, etc.).
- The fibre material must not deteriorate
under normal storage conditions.

- The fibre material must be suitable for
the intended temperature range in use
and for the required fire resistance.

The fibres must satisfy the existing
requirements for environmental
compatibility and being harmless in
physiological terms.

e The anchor system should be optimised
(e.g. hooks at the end, embossing,
crimpled shapes or other systems
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to ensure the fibre is anchored in the
concrete matrix)

e Concrete mixing must:
- use an automatic dosing system for the
fibres and
- mix the fibres in the concrete to obtain a
uniform distribution

e The performance of fibre reinforcement
in concrete relies on ensuring both an
adequate dosage of fibres and an even
distribution. Trials to check the distribution
and orientation of the fibres should be
made during the mix design phase. This
is particularly important, if the aspect ratio
for steel fibres (I/D) is greater than 65.

1.3 BEHAVIOUR OF FIBRE
REINFORCED CONCRETE

To assess whether or not FRC is suitable
for a project, it is important to understand
its general mechanical performance and its
limitations compared to conventional bar
reinforced concrete. The main components
that need to be examined are:

e The concrete matrix strength

e The concrete matrix durability class

e The type and the quantity of fibres
(including the fibre properties)

e The fibre-matrix interface properties, like
post crack residual strength

Fibres can be used as reinforcement

on their own or in combination with
conventional steel bar reinforcement. Fibres
work in tension across cracks in concrete
and thus provide residual flexural capacity
for cracked concrete. At typical dosages,
the enhancement in flexural capacity is
modest but this is often adequate since
tunnel segments are generally designed
to minimise the bending moments in the
segments.

Fibres may be used for other reasons too,
such as:

¢ to enhance the performance of the
segment during handling and installation;

e or to enhance the performance of
segments reinforced with conventional
reinforcing bars in response to
extraordinary load cases;

e or to reduce average crack widths in
bending.

In comparison to bar reinforcement, the
characteristics of fibre reinforcement are
that:

e the fibres are distributed throughout a
cross-section, whereas reinforcement
bars are placed in specific locations and
require concrete cover to the faces of the
segment;

e the fibres are small, relatively short
and closely spaced, whereas the
reinforcement bars are larger, continuous
and not as closely placed;

e it is not generally possible to achieve
the same weight per cubic metre
of reinforcement with fibres as with
reinforcing bars.

Regarding the mechanical performance of
FRC, the following key effects are:

a. Fibre reinforcement provides resistance
by being “pulled out” of the cracked
concrete. The anchorage (including

bond in shear and/or adhesion to the
concrete matrix at the fibre interface) is of
significant importance to the post-crack
behaviour. This is a quite different concept
when compared to conventional bar
reinforcement.

b. A post cracking performance of FRC is
provided by the presence of fibres.

c. Usually, the composite material exhibits
strain-softening behaviour in direct tension,
although strain-hardening can also be
achieved. The fibres in FRC promote crack-
bridging, transferring stress across the
cracks to the concrete matrix. This explains
the improved post crack stress-strain curve,
compared to plain concrete.

d. Fibres contribute to controlling concrete
cracking.

e. The presence of fibres does not influence

At dosages < 45 kg/m?® for steel fibres or 6 kg/m® of macro synthetic fibres

the mechanical performance of “uncracked”
concrete! (prior to the first crack in testing).

The anchorage depends on:
e the shape of the anchorage

e the friction between the fibre and
concrete (quality of fibre/crack interface
and orientation),

e the density of the concrete matrix
¢ the tensile strength of the fibre

1.3.1 Behaviour in compression

Compared to a reference (unreinforced)
concrete, FRC (at moderate dosages of
fibre, i.e. less than 0,6% per volume -
which equates to 45kg/m? of steel fibres

or 6 kg/me of macro synthetic fibres) tends
not to exhibit any particularly different
behaviour in compression. Therefore, the
stress-strain ratios given in the respective
concrete design codes can be used without
modifications.

1.3.2 Behaviour in tension

The direct tensile capacity of reinforced
concrete is characterised by an almost
linear elastic behaviour up to the point of
tensile failure (cracking) of the concrete
matrix. This failure occurs at relatively low
strains, so that fibre reinforcement typically
does not enhance the tensile resistance
up to this point. In consequence, the
peak characteristic tensile strength of fibre
reinforced concrete can be taken to be at
least equal to the direct tensile strength of
plain concrete.

The behaviour of fibre reinforced concrete
may be classified as strain softening or
strain-hardening (i.e. a post cracking
strength which is larger than the strength at
first cracking). For strain softening materials,
localized individual cracks form causing the
stress which it can carry to decrease with
increasing deformation. Strain-hardening
FRC is sometimes called high performance
fibre reinforced cement composite
(HPFRCC) (Lofgren 2005). It is possible to

ITAtech ACTIVITY GROUP - SUPPORT n



DESIGN STANDARDS AND MATERIAL PROPERTIES

distinguish three different stages:
e | inear elastic stage

e Micro-cracking stage

e Macro-cracking stage

In the absence of more detailed information
derived from testing, it can be assumed
that at moderate fibre dosages, FRC is
likely to exhibit strain-softening behaviour in
tension.

Figure 1: Classification of tensile behaviour of cement-
based materials (by Psomas after Lofgren 2005)

1.3.3 Behaviour in flexure

The typical purpose of fibre reinforcement
is to impart flexural capacity and therefore
ductility into cracked concrete. The failure
mode in flexure is a plastic fibre pull out
process as opposed to elasto-plastic
deformation observed in bar reinforced
concrete and the reinforcement material
itself. Compared to “plain” concrete, fibre
reinforced concrete retains flexural residual
capacity in the post-crack region, thereby
avoiding brittle failure. Flexural crack widths
have been found to be reduced through
the inclusion of fibres in combination with
conventional reinforcement or when used
at sufficient dosages to produce a strain-
hardening behaviour in flexure.

The fibres act in a bridging mechanism
across cracks, resulting in the mobilisation
of post-cracking tensile bridging stress

and energy dissipation. The load sharing
contribution from fibre bridging appears
gradually, beginning after the crack opening
widths exceed approximately 0.05 mm.

It is important to note that this “ductility” is
affected by inter alia the volume of fibres,
the number of fibres (“fibre count”), the
aspect ratio (for steel fibres), the anchorage
mechanism and by the relative strength

of the fibre and its bond the concrete
matrix (which must be at least one order of
magnitude higher for steel fibres). The fibre
volume needs to exceed a critical value

in order to achieve deflection hardening.
This critical value is different for each fibre
and concrete and it can be confirmed

by testing. Hence, the design for flexure

of FRC requires careful consideration of
stresses and the associated strain states.

1.3.4 Elastic modulus

Compared to a similar unreinforced
concrete, FRC tends not to exhibit

any particularly different behaviour in
compression and tension up to the
Modulus of Rupture, MOR, or the limit

of proportionality, LOP. Therefore, the
equations for the elastic modulus, E, given
in the normal design standards can be used
without further modification. Similarly, the
Poisson’s ratio and shear modulus of the
concrete matrix are not changed by the
addition of fibres.

1.3.5 Long-term properties of FRC

When considering creep, it is helpful to
distinguish between the potential effects
on the concrete matrix and the effect on
the fibre reinforcement. As the mechanical
properties of the concrete matrix are

not modified by the presence of fibres

in compression, it appears reasonable

to assume that creep behaviour in
compression is comparable to conventional
concrete. Like all reinforced concrete,
FRC does creep in tension as well as

in compression. The creep behaviour
depends on the long-term stress level and
the properties of the fibre. For concrete in
flexure, the long-term cracked behaviour
depends on the properties of the fibre and
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the concrete. Further guidance on the
performance of the selected fibre in creep
should be obtained from the manufacturer.
As mentioned above, fibres provide ductile
flexural resistance by being gradually pulled
out of the concrete. This effect is highly
dependent on the strength and hardness
of the bond between the cement matrix
and the individual fibre. Some concretes
exhibit significant long term strength gain.
Due to this hardening of the concrete over
months and years, this bond could increase
during the design life of the segment. It is
possible that the bond strength could reach
a value which prevents this “pulling out”
effect, instead leading to high strains in the
individual fibres. This can cause them to
“snap”, resulting in failure below the values
required for ductility, even though they
passed these required values at tests at 28
days.

Therefore a suitable dosage of a fibre,
which is appropriate for the long term
strength of the concrete, must be

selected to ensure ductile behaviour of

the composite material. Alternatively, the
strength gain of the concrete should be
restricted to a value which is compatible
with the selected fibre. This ensures that the
fibres fail in the intended manner by “pulling

”

out”.

This effect can be relevant to segmental
lining designs which experience cyclic
loading or in other special applications
where additional flexural strength has to be
mobilised late in the design life.

1.3.6 Effects of fibres on crack widths

Flexural crack widths have been found

to be reduced through the inclusion of
filbres in combination with conventional
reinforcement or when used at sufficient
dosage rates to produce a strain-hardening
behaviour in flexural tension. In a deflection-
softening FRC the first crack to occur in

a segment is likely to become enlarged

as a result of strain localization and this
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will therefore become the dominant
crack, if deformation continues. In this
circumstance, fibres have no effect on
average crack width.

1.3.7 Behaviour under dynamic loads

It is well established that fibre reinforcement
improves the energy absorption capacity

of concrete by enhancing its post-peak
load transfer capability. This corresponds
to increased toughness and therefore it
provides an effective way of improving

the resistance of concrete to impact. The
degree of this improvement is dependent
upon the fibre type (material, length, shape,
aspect ratio, etc) and thus a comprehensive
review of the FRC performance must be
carried out prior to its selection for any
application that experiences dynamic
loading.

It should be noted that FRC is successfully
used in a number of non-tunnel applications
under dynamic loads, e.qg. railway / tram
track bed (Ridout 2009). However, the
suitability depends on the strain level as
well as on the material. This document
cannot give any “hard and fast” rules on the
applicability of FRC for dynamic loads.

Fibres are known to provide confinement
to concrete in the event of cracking due to
seismic loading. The degree of confinement
is believed to depend on the dosage rate
and characteristics of the fibres used. This
effect has been found to be particularly
advantageous when FRC is used together
with conventional reinforcing bars. No
guidelines are available at present to
quantify this effect and thus additional
testing may be required for a project to
exploit this property of FRC.

The behaviour of FRC under dynamic loads
is subject of ongoing research with very
encouraging results. For example, High
Performance Fibre Reinforced Concrete
(HPFRC) appears to exhibit strain hardening
behaviour in bending and quite resilient
behaviour under dynamic loading.
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2 DESIGN OF FRC SEGMENTAL LININGS

2.1 GENERAL REMARKS

A common approach is to use design
parameters based on characteristic
material parameters for “plain” concrete
in the first iteration of the design and
allow for reinforced concrete factors of
safety in order to obtain “design” material
parameters. This is a conservative
approach and assumes that a minimum
ductility level must be demonstrated in
structural testing. For example, the Model
Code 2010 (fib MC2010) suggests the
following minimum requirements:

e The flexural resistance of the FRC at
the strain level used for SLS design (at
CMOD=0.5mm, f.,) must be greater than
0.4 times the flexural resistance at the
limit of proportionality (first crack, f,,)
f../f, >0.4

R1K "Lk
and

e The flexural resistance of the FRC at
the strain level used for ULS design (at
CMOD=2.5mm, f_,) must be greater
than 0.5 times the flexural resistance at
the strain level used for SLS design (at
CMOD=0.5mm, f_,)

f. /. >0.5

R3K" "R1k
If these requirements are both met, fibres
can be used to replace bar reinforcement.

A better approach is to use design
parameters based on characteristic
material parameters for FRC (e.g. see
Appendix B). When using a Limit State
design approach, the characteristic flexural
strength is reduced by an appropriate
material performance reduction factor
(which is known as a partial safety factor
or strength reduction factor) and then the
segment capacity in bending is calculated.
This will then be compared to a factored
load action. The following sections will
focus on design using this approach since
most concrete design codes use a similar
approach (e.g. Model Code 2010, ACI318
or Eurocode 2). Obviously the requirement
to achieve a minimum ductility still applies.
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The design checks required for fibre
reinforced concrete are the same as those
required for a conventionally reinforced
segmental lining. The design checks must
address the following particular issues as a
minimum:
|- Capacity of the segments for bending
and compression

II- Detailed checks pertaining to the radial
joints

[ll- Detailed checks of the segments for
stresses resulting from ram forces

[V- Transportation and handling load cases

V- Further detailed checks, e.g. gasket
groove

Issues i and iii in the list above govern
the design in the majority of cases. As
noted earlier, designers aim to limit the
bending in the segments. This is partly
achieved by controlling the aspect ratio,
which is defined below with an example in
Figure 2. The experience from numerous
projects suggests that an aspect ratio of
less than 10 is suitable for segments made
of FRC alone. Higher aspect ratios may
be possible depending on the methods of
handling, transportation, installation, TBM
driving and ground loads.

_ meandeveloped segment length

A
segment thickness

Figure 2: An example of a segment aspect ratio A

2.2 ULS DESIGN CONCEPT

2.2.1 General

An appropriately specified quality and
quantity of fibres will result in sufficient
ductility to prevent brittle behaviour in

failure modes relevant to segment design.
Consequently fibre reinforced concrete
segments can be designed to a similar level
of safety as a conventional (bar reinforced)
segment, using the same partial material
factors as for reinforced concrete. Although
this is discussed in more depth in Appendix
B, in simple terms, the partial material
factor of 1.5 in Eurocode terminology (or

a strength reduction factor of 0.70 in ACI
terminology) can be used for determining
FRC design strengths.

This approach assumes implicitly that

the characteristic material parameters
used in the design have been specified
and tested to the same level of reliability
as conventionally reinforced concrete
under comparable conditions. Material
characterisation through testing is required
as part of the verification of the design. It is
the designer’s responsibility to ensure this
level of confidence is achieved by specifying
an appropriate level of material testing (see
section 3). The design method should be
consistent with the test method.

The required checks for permanent
and transient design situations can be
generalised into

I- Design for flexure

II- Design for shear

lll- Design for tension

IV- Design for compression

Since the characterisation of the material

is based on testing (rather than on
prescription), there is a need to relate the
load-displacement or load-crack opening
information to a stress strain curve, which

is used in the design. This process is
described in different ways in a number of
guidance publications. There are two basic
approaches for the design of FRC members

e Approach A: The o-¢ (stress-strain)
method, where the load—deflection or
load-CMOD (crack mouth opening
displacement) relationship is deduced
from testing. The strength is linked to the
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load at predefined CMODs (or deflections),
or to the area beneath the curve up to a
predefined deflection; this in turn is used

to derive the residual or equivalent flexural
strengths. The CMODs are transformed into
strains and the residual (or equivalent) flexural
strengths are translated into direct tensile
strengths (see di Prisco et al 2013).

e Approach B: The o-w (stress-crack width)
method, where tensile testing yields a load—
crack width relationship which is mainly
used directly in formulations based on
fracture mechanics The principles behind this
approach are summarised in section 2.4.2.

The Approach A is more common in designing
FRC members. Approach B requires a more
comprehensive characterisation of the material
based on direct tensile testing.

2.2.2 Design for flexure

The design of FRC in flexure is covered in a
number of detailed publications (see section
1.1). Most, if not all, references recommend
using a stress block to model the effect

of fibres in flexure (e.g. see Appendix A).

The resistance of a FRC cross-section to a
combined axial force and bending moment
can be considered in a Moment — Axial

thrust interaction diagram? The equilibrium of
forces and bending moments is determined

in the same way as for conventional bar
reinforcement. Figure 3 shows an illustration
of the contribution of fibre reinforcement in
comparison to bar reinforcement, following the
fib Model Code approach. Similar results can
be obtained using other design methods such
as ACI 544.FR (Bakhshi & Nasri 2014). The
figure shows that fibres provide a significant
improvement in bending capacity in the

most critical area. In general, segments are
designed to work mainly in compression,

with low bending moments. Also it should be
remembered that tunnel linings embedded

in the ground are highly redundant structures
which tend not to suffer high, local loads in the
long term.

Figure 3: Moment — Axial thrust interaction diagram showing various forms of reinforcement (for 260 mm of

C40/50 5c¢ concrete with 8/8 mm 150/150 mm c/c mesh)®

2.2.3 Design for shear

The main action for shear transfer across

a crack in “plain” concrete is attributed to
aggregate interlock and friction at the crack
face. For fibre-reinforced concrete, at normal
fibre dosages, as soon as the matrix cracks,
the fibres are activated and start to be pulled
out, providing additional resistance and
contributing to the control of shear cracking.

Various design guidelines permit the
enhancement of the shear capacity due
1o the fibres in the case

where conventional bar
reinforcement exists. However,
in the ideal case, fibres

would replace all of the bars

in a segmental lining. Little
guidance exists on how to
calculate the shear capacity
of FRC in this case. Coccia et
al (2015) have rightly pointed
out that fib MC2010 offers
guidance based on limiting
the principal tensile stress to
less than the design tensile
strength and that this is
difficult to evaluate

strength.

when bending and axial force are present. The
authors propose the use of a reduced design
value for the residual flexural strength to take
this limitation into account. This value can then
be used to create a modified Moment — Axial
thrust interaction diagram. They go further, to
propose a simplified check, wherein a chart
can be used to determine whether or not the
moment capacity is reduced by more than
10% - see Figure 4. If the capacity is affected
by less than 10%, they propose that the effect
of shear can be ignored.

Figure 4. Simplified shear check after Coccia et al (2015). Where V is the shear
force, N is the axial force, b is breadth, h is depth and flim is the design tensile

2 Currently there is no established method of dealing with concurrent tension and bending for FRC, although in principle this is possible through closed-form solutions following

conventional stress block section analysis.

3This figure is based on Eurocode 2 and the Model Code 2010 with a rectangular stress block in the tension zone.
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2.2.4 Design for tension

Design using the tensile capacity of FRC is
normally required in areas like those subject
to peak stresses from bursting caused by
ram forces or close to radial joints. The
associated failure modes occur at very
small strains, hence the effect of fibres in
this design case should not be explicitly
considered, unless substantiated by
appropriate full scale tests. In the absence
of results from such tests, the associated
design checks should be based on the
design tensile capacity of the concrete.

As mentioned in section 1.3.2, the tensile
strength is not altered by the fibres so the
established relationships for estimating the
tensile strength of plain concrete should be
used.

Should the tensile capacity of the
concrete prove insufficient to demonstrate
compliance with the design code
requirements in the respective ULS,
appropriate resistance must be provided
by additional bar reinforcement, or by
quantifying the effects of fibres through
full scale testing. The capacity of joints

is often much higher than design codes
would predict so full scale testing or
empirical guidelines, developed by design
companies, are often used in practice.

For tunnel linings that are designed for
direct tension design situations (e.g.
pressurized water tunnels or special load
cases), deflection hardening in direct
tension is required.

2.2.5 Design for compression

For practical dosages, the effect of fibre
reinforcement on the performance of
concrete in compression can be ignored.
Generally, the presence of fibres improves
the ductility of high strength concrete and
leads therefore to a more benign behaviour
near the compressive limit. It is anticipated
that this effect will reduce the spalling
tendency of FRC and generally improve
behaviour at the joints.
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2.3 SLS DESIGN CONCEPT

2.3.1 Crack width control

While FRC normally performs better

than bar reinforced concrete in terms

of durability, target crack widths are still
selected to prevent fibre corrosion, to
comply with water tightness criteria, to
ensure concrete matrix durability, or simply
to achieve the surface finish specified

by the client. For corrosion protection of
steel fibres, a crack width limit of 0.15mm
1o 0.20mm can be considered as best
practice, depending on the aggressivity
of the environment (AFTES 2013).
Alternatively, it may be more convenient

to allow for steel fibre degradation in the
outermost FRC layer and to ignore this layer
in the design checks.

Experience has shown that fibres control
early age shrinkage cracking well. However,
drying shrinkage cracking does not usually
occur in segment manufacture.

In flexure, generally, crack widths can

only be reduced by achieving deflection
hardening material behaviour in the FRC. In
this case, the crack spacing for the “fibre
only” (Primary) case, and from that the
resulting crack width, can be estimated
based on the strains occurring in the
particular design situation with empirical
relations given, for example, in the DAfStB
Richtlinie, or be determined experimentally
from large scale testing. It is strongly
recommended to verify any design for crack
control to an explicit value by a testing
schedule.

Alternatively, it is also possible to use
nonlinear Finite Element Analysis to assess
the anticipated crack widths (see section 2.4).

For combined reinforcement (the
“Secondary” case), a methodology for
crack width calculation is given by RILEM
(2001), based on fracture mechanics
principles using the ‘o—w‘ curve method
for strain-softening FRC. Design standards
such as the DAfStB Richtlinie Faserbeton

(2010), RILEM (2003) and Model Code
2010 contain similar approaches.

2.3.2 Durability of fibre reinforced
concrete segments

Precast concrete segments are usually
specified as high density concrete with a
strength greater than 40 N/mm2. Therefore
they are likely to exhibit good durability.
FRC segments have been demonstrated
to be durable and, when fibres are used
with bar reinforcement, the fibres reduce
the risk of corrosion of the bars. The
longevity of the lining is primarily dependent
on its susceptibility to degradation due to
physicochemical effects such as sulphate
attack, alkali-silica reaction, carbonation
and corrosion of the embedded steel
reinforcing bars or steel fibres. Macro
synthetic fibres themselves are not affected
by corrosion.

These degradation mechanisms are directly
related to concrete permeability and
especially the crack widths. In practice,
the design crack widths should be limited
depending on the application and the
groundwater conditions. The appropriate
crack width limits can be taken from the
applicable concrete design standard. As
noted above, for corrosion protection of
steel fibres, a crack width limit of 0.15mm
to 0.20mm can be considered as best
practice, depending on the aggressivity of
the environment (AFTES 2013). A review of
research can be found in ACI 544.5R-10
(2010).

For combined reinforcement (the
“Secondary” case), the bar reinforcement
must be protected. The maximum crack
width at SLS has a direct impact on the
water tightness of the lining and ingress
of chloride ions and other deleterious
materials promoting steel corrosion. It
should be noted that, with conventional
reinforcement, damage at edges and
corners often occurs. Due to the minimum
cover required for protection against
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corrosion, and the shape of the edges,

the concrete is unreinforced over a certain
thickness, making it vulnerable to damage.
Any steel bars exposed to the atmosphere
will start to corrode and initiate further
spalling, unless this damage is repaired.
Because the fibres are uniformly distributed
throughout the concrete, FRC segments
are much less often damaged in this way
and this saves money in repairs as well as
reducing the corrosion risks to any bars in
the segments.

Considering steel fibres specifically, two
different scenarios need to be taken

into account when analysing the risk of
corrosion of fibres and its consequences:

e Firstly, if the fibres do not cross a crack
e Secondly, if the fibres do cross a crack.

2.3.2.1 The fibres do not cross a crack

As long as the matrix retains its inherent
alkalinity and it does not contain large
cracks, deterioration of SFRC is not likely
to occur. It has been found that, when
exposed to conditions conducive to
reduced alkalinity, good quality SFRC will
only carbonate to a depth of a couple of
millimetres over a period of many years
(Nemegeer et al 2000). Due to the large
surface area to volume ratio, steel fibres are
more effectively screened by the lime rich
layer than the large diameter bars used in
conventional reinforced concrete.

Unlike structural reinforced concrete, SFRC
will not support the galvanic corrosion
cells. The fibres do not touch each other
and so they do not provide a mechanism
for propagation of corrosion activity.
Furthermore, since the individual fibres are
so small, corrosion will not result in any
spalling. For example, where the fibres are
exposed on the surface of the segments,
corrosion will simply result in some minor
rust-coloured staining on the surface. If this
cosmetic effect is undesirable, galvanised
fibre can be used.

2.3.2.2 The fibres do cross a crack

Considering the second scenario of
cracked concrete, fibres exposed in a crack
will be subjected to corrosion. How long
the fibres remain capable of load transfer
across the crack and restricting crack
widening depends on crack width and
depth, type and diameter of fibre used and
the aggressivity of the environment. If the
crack widths are small enough, corrosion
may not occur and the cracks themselves
may autogeneously heal. For example,
tests conducted on SFRC samples, in a
cracked condition, have shown that after
650 cycles of alternating exposure to sea
water, there is no loss of bending strength
if the crack width is smaller than 0,25mm
(Hannant & Edgington (1975) and Mangat
& Gurusamy (1987). In another study, no
decrease in post-crack strength occurred
after 18 months of exposure (in indoor,
outdoor, in demineralized water + CO, and
in salt water + CO,) if the crack width is
smaller than 0.2 mm (Nemegeer et al 2000).
Others have found the limiting crack width
to prevent corrosion to be lower, around
0.1 mm (Granju & Ullah Balouch 2005 and
Kaufmann 2014). Zinc coated fibres show
benefits for corrosion resistance (Nemegeer
et al 2000). Macro synthetic fibres have
been shown to perform well in cracked
concrete (Kaufmann 2014).

2.4 NUMERICAL MODELLING OF FRC
2.4.1 General

Numerical modelling using commercially
available software (such as Finite Element
Analysis) is becoming increasingly popular
in tunnel segment design, although the
design engineer needs to have thorough
training and experience in this field. A
general policy used in numerical analysis

is that an approximate hand calculation

is needed to check the results of the
numerical modelling to prevent major errors.

Once the potential for major errors has
been eliminated, a numerical model can be
useful to generate more accurate estimates
of stress actions and deformations than
hand calculations, especially for complex
geometries.

There are varying levels of sophistication
available in numerical modelling. The most
basic analysis can be undertaken using
linear-elastic models. These will produce
good results at a low level of stress (i.e.
where plasticity is unlikely to occur). As the
level of stress imposed increases, more
sophisticated material models are required
to simulate the non-linear post-cracking
behaviour of fibre reinforced concrete.
Inclusion of time-dependent properties such
as creep of the concrete or fibres requires

a level of sophistication that is presently
usually only found in the sphere of research.

Figure 5: Finite Element modelling of ring joints under jack
thrust with differential bedding contact, showing crack
development: a) results from the model b) schematic of the
out-of-planarity case

2.4.2 Modelling of post crack behaviour

Concrete exhibits quite different behaviour
in compression and in tension: on the
compression side it exhibits a strain
hardening behaviour (up to the ultimate
compressive strain) with a relatively high
compressive strength compared to tensile
strength (~10 times larger), while on the
tension side it exhibits a quasi-brittle
material behaviour. Furthermore, concrete
exhibits creep in response to persistent
loading, and because of brittle behaviour

does not respond well to dynamic effects.
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Figure 6: Definitions of fracture energy of concrete
(G), fibre-reinforced concrete (GfFRC) and the added
fracture energy of fibre (Gff)- (Juhasz 2013)

When the induced stresses exceed the
tensile strength of the concrete it will crack.
There will be a residual stress at the crack
surface that depends on the crack width
opening distance. This stress is associated
with an energy, called fracture energy (Gf).
This energy is influenced by the aggregate
type (round or crushed), size, and its bond to
cement mortar. Fibres increase this fracture
energy (Gff), thereby making the concrete a
more ductile material (Juhasz 2013).

The most important criterion for the
selection of the FRC material model is

the ability to model this increased fracture
energy (GfFRC) and select a value that is
appropriate to the FRC used for a design
(see Figure 6). The energy that is associated
with the inclusion of fibres in the concrete,
Gff, can be measured by different material
tests, e.g. 3 point notched beam test with
load-CMOD and load-deflection results.
The stress-crack width relation required in
a numerical modelling can be determined
by a back analysis of these test results.
Methods of doing this can be found in

the literature (e.g. di Prisco et al 2013 and
Juhasz 2013).

One possible approach for the use of
post-crack fracture energy in numerical
modelling is based on the “crack band
theory” developed by Bazant (Bazant &
Oh, 1984). Generally, this method converts

DESIGN OF FRC SEGMENTAL LININGS

the stress-crack diagram to a stress-
strain diagram using the characteristic
length (Ics). In the numerical model, the
characteristic length is a mesh-dependent
variable: its length changes according

to the size of the element and the angle

of the crack direction. According to the
“crack band theory”, the appropriate size
for the element should be the same as the
width of the fracture process zone which
is approximately 2.5-3 times the maximum
aggregate size. If the numerical modelling
software cannot model this phenomenon,
substantial errors may result when a post-
cracking analysis is attempted.

In summary, the material model used for
modelling FRC must include the following:

¢ A combined failure surface for modelling
of peak strength,

e Inclusion of the fracture energy (Gf)
parameter for modelling of post-cracking
performance,

e The fracture energy can be determined
from the back analysis of test results.

e A stress-strain model that incorporates
crack band theory to resolve the mesh
dependency issue.

2.5 FIRE PROTECTION

Adding monofilament polypropylene (PP)
micro-fibres is widely accepted as the
best means of passive fire protection for
concrete tunnel linings (see Appendix G).
These fibres reduce explosive spalling by
facilitating the release of steam vapour
pressure.

Fibrillated PP fibres provide a limited degree
of protection, whilst macro synthetic and
steel fibres alone have been found to have
little or no influence on the prevention of
explosive spalling.

Large scale fire tests are really the only way
to determine the correct dosage. This is a
costly exercise and an expense that many
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projects would like to avoid. Section 6.2

of EN 1992-1-2:2004 makes reference

to the use of 2 kg/m? of monofilament
polypropylene micro-fibres to control
explosive spalling in high strength concrete.
Unfortunately no fibre specification (i.e.
diameter or length) is given. This does

not preclude the usage of lower or higher
dosages. However it does highlight the
need for careful consideration and the
necessity to carry out fire testing on

large concrete samples that completely
replicate the materials to be used on an
actual project. Where this has been done,
dosage rates of, for example, 1.0 kg/m3
and 1.5 kg/m3 have been used in actual
tunnel projects. Appendix G contains more
information on this subject.

When considering the effect of the fire,

EN 1992-1-2:2004 provides methods

of calculating the reduction of concrete
strength due to high-temperature damage
within the concrete and, where applicable,
steel reinforcement. The heat from a fire
could reduce the strength of steel fibres
and destroy macro synthetic fibres. On the
other hand, fibres may not be needed for
the longterm design loads as the lining is
designed to work in compression. Ingason
(2006) made recommendations regarding
the most appropriate fire temperature
curve for a range of fire risks, based on the
UPTUN experiments.



3 PERFORMANCE SPECIFICATION OF FRC

3.1 GENERAL

Most of the engineering properties of

FRC are primarily related to its concrete
matrix properties and thus test methods
developed for concrete in both fresh

and hardened states can be used in

case of FRC. These include conventional
concrete tests at early-age to characterise
workability, plastic shrinkage, fibre

content and, at later ages, (hardened
state) mechanical strength tests such as
compression, indirect tensile (splitting) and
modulus of elasticity. The pre-construction
and production quality control tests
required are summarised in AFTES (2013).
It should be noted that the tests apply both
to the constituent materials of the concrete,
and to fresh and hardened concrete.

3.2TENSILE STRENGTHTESTING

It is the post-crack tensile performance of
FRC that marks the significant difference of
FRC’s behaviour in relation to that of plain
concrete. For the design of a segmental
FRC tunnel lining, the most important
parameter to be quantified is the tensile
stress-strain response in its hardened
state. As discussed earlier (see sections
1.3.2 and 2.2.4), the tensile strength at first
crack is not altered by the fibres and, where
needed, it can determined by standard
tests.

The determination of the post-crack
tensile properties can be achieved with the
following types of tensile tests:

e Direct Uniaxial
e Flexural (bending)
e |ndirect/Special

The first type of tests is the tensile test of
specimens under direct uniaxial load. These
are notoriously difficult tests, as it is almost
impossible to avoid bending in the medium
sized specimens, which are required to
minimise the fibre length effect. These

tests are used primarily in research as they

enable the stress - strain and stress - crack
width curves to be derived directly from the
testing, without analytical manipulation. One
type of tensile test often quoted in technical
literature is described in RILEM (2001)

and is performed on cylinders 150mm. A
number of different variations of uniaxial
tensile tests are briefly presented in BRE
Digest 451 (2000) publication ‘Tension tests
for concrete’.

The second type of tests is the most
common type. These tests involve beams
tested in bending. The beam bending

tests include three-point or four-point (or
‘third point’) tests at beam aspect ratio
(length : depth) greater than 3:1. The main
advantage of these types of test is that they
are well established, relatively easy to carry
out and there is an extensive database (on
some of them) for comparative studies. The
most appropriate and common tests will be
presented in the following sections.

The last type of tests refers to a number

of specialised tensile tests like the Wedge
Split Test (WST, see Lofgren 2005)) and
the Double Punch Test (DPT or ‘Barcelona’
indirect tensile test). The WST provides

the stress - crack width curve and is
independent of specimen size, although
the results are affected by the size (length)
of fibres as well as the type of fibre. The
DPT is performed on cylinders 150mm high
by 150mm in diameter and the derivation
of load deflection curve is described in
technical literature (Molins et al 2009).
However, it should be noted that these
tests are specialised and not - at this point
in time - validated by any international
standards organisation. Therefore, they
should not be used as stand-alone tests
as an alternative to the standardised beam
bending tests or full-scale segment testing.
In summary, testing of FRC'’s structural

performance should be carried out for the
following reasons:

e Characterisation of post-crack behaviour
in flexure

e Derivation of tensile strength parameters
that can be used in design analysis

e Assessment of ductility and toughness
indices for comparative studies of different
FRC mixes or/and fibre types

The specification should define the types
and frequency of this testing as well as the
acceptance criteria.

3.3 FLEXURAL STRENGTHTESTING
3.3.1 Introduction

Material classification is an important
requirement for verification of the design.
When referring to ordinary concrete,
designers choose its strength, workability
or exposure classes which then have to
be provided by the concrete producer.
The compressive strength of FRC is not
particularly influenced by the presence
of fibres (up to a volume fraction of

1% - Lofgren 2005). Hence the normal
classification for plain structural concrete
can be adopted.

Plain concrete is characterized by a brittle
behaviour in tension. The reason for
adding fibres to cementitious composites
is to improve the tensile behaviour after
cracking, in terms of providing a residual
tensile strength and ductility. It should

be underlined that FRC is a composite
material, rather than the fibres being just
an addition to a concrete matrix; for this
reason a proper mix design is required
and mechanical properties should be
determined by testing the composite itself.

The ability of FRC to absorb energy beyond
the first crack in the matrix is termed
“toughness”. FRC toughness depends

on fibre characteristics (such as material
properties: elastic modulus, shape, aspect
ratio, tensile yield strength, mechanical
anchorage, quantity (usually expressed by
the volume percentage %) and orientation
as well as on the properties of the
cementitious matrix surrounding the fibres.
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3 PERFORMANCE SPECIFICATION OF FRC

It should be noted that not all the strengths
quoted at deflection values in standard
tests may be relevant to the design of
tunnel linings. Section 3.3.3 discusses

this in more detail. The determination of
toughness through testing is also influenced
by the test method (load, load rate, load
control, stiffness frame), specimen size and
instrumentation reliability.

3.3.2 Notched vs unnotched beams

Some commonly used third-point loaded
beam test methods such as ASTM C1609/
C1609M share similarities in that load is
imposed at the third-points, the beam
dimensions are usually 150mm x 150mm
in cross-section with a span of 450mm,
and there is no notch introduced to the
specimen prior to testing. The absence

of a notch has a major influence on
performance compared to notched beam
test methods such as EN14561 (Foster et
al 2012, Stahli & van Mier 2006). A sawn
notch has the effect of increasing both the
Modulus of Rupture (alternatively expressed
at the Limit of Proportionality in EN14561)
and post-cracking residual strengths
compared to unnotched specimens. The
primary reason why a notch increases
apparent performance compared to
unnotched specimens and real structures
is related to the presence of imperfections
in FRC. The notch controls the position of
the crack and forces it to occur at a specific
location in the specimen regardless of the
location of nearby weak points. In contrast,
the crack can occur anywhere between the
third-points in an ASTM C1609/C1609M
beam test and will find the weakest point in
an unnotched specimen. X-ray analysis of
cracks and fibre density in FRC members
(Foster et al, 2012) has shown that an
unconstrained propagating crack will divert
around the ends of fibres within a stressed
FRC member. However, it will be forced
through the fibre when constrained by a
notch, thus the average post-cracking
performance of a third-point loaded

unnotched specimen is lower than that of a
nominally identical notched specimen. For
the type of FRC commonly used in tunnel
segments, the magnitude of the difference
in apparent post-cracking flexural strength
is about 10-20% at equivalent crack widths.

Since in reality FRC tunnel segments do not
include notches, the flexural performance
of a sample of FRC tested in a notched
beam will be higher than the performance
obtained in an unnotched beam and the
performance of the FRC in the actual
structure. In theory, a correction factor
should be applied to flexural data generated
in notched specimens.

The RILEM and fio MC2010 design
methods are based on notched beams
because of the perceived benefits of
notched samples. These are that the notch
will provide a slower cracking process,
thereby reducing the risk of a sudden

drop in load. Also notch allows the test to
be controlled on the basis of the rate of
increase of CMOD and the rate of increase
of deflection.

With this issue in mind, it is essential that
the design method and test method are
consistent. This shows that results from
different tests cannot be compared directly
in some cases. This issue does not affect
to data generated using third-point loaded
unnotched beams.

3.3.3 Standard Tests for FRC flexural
strength testing

3.3.3.1 General

The most common flexural tests for FRC
(defined in a standard) are described in

the following sections. There are also
bending tests, described in various National
Standards such as German DIN, ltalian
UNI, Belgian NBN, etc. These can be
adopted for the characterisation, if relevant
experience exists within the designer and
accredited laboratories can be used for
carrying out the bending tests.
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A feature of the bending tests compared
to full-scale testing of tunnel segments is
that the coefficient of variation (COV) on
the residual mean values may be quite
significant, sometimes up to 25%. This
could lead to a signification reduction in
design tensile strength after the application
of statistical rules for interpretation of test
results (see Appendix B). However, with
appropriate training for testing staff, this
can be mitigated and COVs as low as 10%
can be achieved in residual strengths with
EN 14651 beams, using 12 specimens
per series. The best practice is to make
one worker responsible for each type of
specimen.

It is important to note that the toughness
parameters are sensitive to size effects.
This effect is more pronounced in high
performance FRC mixes that exhibit
deflection hardening behaviour and
therefore special care is required, if
toughness parameters are to be used in
design calculations.

The ASTM C1550 and EN 14488-5
(EFNARC plate) are plate bending tests
which are widely using for sprayed concrete
lined tunnels but they are not relevant to
precast concrete segments.

3.3.8.2 ASTM C1609

This test is performed on a beam (350mm
X 100mm x 100mm or 500mm x 150mm
x 150mm), without any notch, on a four
point loading configuration and it requires
a servo-controlled closed-loop machine.
This test is used widely in North America
and addresses some of the issues with
the previous, well-documented ASTM
C1018. The ACI 544.FR design method is
based on this test (Bakhshi & Nasri 2014).
Performance is expressed as a load-
deflection curve in which load is taken to be
the total load applied across the two third
points and the deflection is taken to be the
central deflection measured relative to the
supports.
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The parameters used to summarize
performance are defined graphically in
Figure 7. Performance is primarily assessed
at three points: the first peak in the
load-deflection curve, which is used to
calculate the Modulus of Rupture; the load
at 0.75 mm central deflection, which is
used for performance assessment under
service conditions (SLS); and the load at
3.0 mm central deflection, which is used for
ultimate strength estimates (ULS). These
points correspond to the load at first crack
and deflections of span/600 and span/150
for 500mm x 150mm x 150mm beams.

Figure 7: Typical load vs deflection curve for ASTM
C1609 for strain softening FRC

While the crack is free to occur anywhere
between the third-points, experience has
shown that it tends to occur near the
centre. For a centrally located crack, the
maximum crack width for a deflection of
0.75mm is 1.0mm. For a centrally located
crack, the maximum crack width at
3.0mm central deflection is 3.5mm. Steel
fibres longer than 50mm are not normally
permitted to be used in cast ASTM C1609/
C1609M beams due to fibre alignment

problems caused by vibration of the mould
walls. If longer steel fibres are used the beam
must be sawn from a larger cast specimen
or a performance correction factor applied to
the results.

Performance parameters are calculated as
follows. The first-peak strength is determined
using the first-peak load shown in Figure 1,
the average specimen dimensions measured
at the location of the crack, and the following
formula for modulus of rupture:

where:
Eq. 1
f: the strength, MPa or N/
mm?
P =the load, N
L = the span length, mm

b = the average width of the
specimen at the point of
fracture, mm, and

d = the average depth of the
specimen at the point of
fracture, mm

Determine the peak
load as that value of
load corresponding
to the point on the
load-deflection curve
that corresponds to the
greatest value of load
obtained prior to reaching the end-point
deflection. Calculate the peak strength
using the peak load, the average specimen
dimensions determined above, and Eq 1.

Determine the residual load values,

and for specimen depth of
150mm, corresponding to net deflection
values of L/, (0.75mm) and L/, (3.0mm)
of the span length. Calculate the residual
strengths, and using the
residual loads, the average specimen

dimensions, and Eq 1.

3.8.3.3 EN 14651

This is a test developed specifically to
characterise FRC and derive design
parameters. EN 146514 is the reference
standard for the European Union CE label for
steel and polymer fibres and has been adopted
by a number of fibre manufacturers and
designers, primarily in Europe, Asia and Middle
East. The great advantage of this test is that it
relates the strength to specific CMODs (Crack
Mouth Opening Displacement) and the strength
indices can be used directly in design for the
appropriate Limit State. This test procedure has
been adopted by Model Code 2010 and its
implementation is relatively straightforward and
independent of the type of fibre.

The behaviour in tension of FRC is evaluated
in terms of residual flexural tensile strength
values, which are determined based on

the load-crack opening curve or the load-
deflection curve, obtained by applying a
centre-point load on a simply supported
notched (notch: 25mm length, 5mm wide)
beam (550mm x 150mm x 150mm) on a
500mm span. The test results are expressed
as the limit of proportionality (LOP) and the
residual flexural strength (see Figure 8).

The limit of proportionality, f, ., is calculated as

t,Lf

where F is the maximum load between a
CMOD of 0 and 0.05mm or a deflection of O
and 0.08mm. The residual flexural strength,
f,, needs to be evaluated at four different
displacements.

where F_is the residual load at:

e j=1: CMOD = 0.5mm or deflection
0.47mm

e j=2: CMOD = 1.5mm or deflection
1.32mm

4This is similar to RILEM test, although the RILEM test refers to steel fibre concrete: see TC162TDF 2002, ‘Bending Test — Final Recommendation’, Materials and Structures, v35,

579-582
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e j=3: CMOD = 2.5mm or deflection
2.17mm

e i =4: CMOD = 3.5mm or deflection
3.02mm

| = the span between the supports (nominal
distance 500mm)

b = the width of the concrete sample
(nominal value 150mm)

h = the residual height of the concrete
sample (nominal value 125mm)

Figure 8: Typical load vs CMOD curve for EN14651

The residual strength indices which are of
greater importance, according to fio Model
Code, are:

* Value f_, (CMOD = O.5mm) is used for the
verification of Service Limit State.

* Value f, (CMOD = 2.5mm) is used for
verification of the Ultimate Limit State.

The FRC stress-strain curve can be derived
from the strength indices and a stress
block can be deduced assuming either
linear-elastic or rigid plastic post crack
behaviour. With the previous assumptions,
FRC toughness can be classified by using
a couple of parameters. The first one is a
number representing the f_, class while the
second one is a letter representing the ratio
f.. /.. Thef, /f. ratio corresponds to

R3k" "R1k R3K 'Rik
different strength classes.

The strength interval for f_,, is defined by

two subsequent numbers in the series:

1.0;15;2.0;25;3.0;4.0;5.0;6.0;
7.0 ;8.0 [N/mm?]

The . fa,, ratio can be represented with
letters a, b, ¢, d, e, corresponding to the

ranges:
“a’if 0.6 <f. /f.. <07

R3K "R1k =

“b”if 0.7 <f_ /T <0.9

R3K" 'R1k =™

“‘c’if 0.9 =1 /. =1.1

R3K" 'R1k =

“‘d’if11<f, /. <13

R3K" "R1k

“e”if 1.3 =<1 /f

R3K "Rik
A typical example of FRC classification is
given below:

FRC 40/50 - 5.0c means

e Compressive cylinder strength,
fck = 40 N/mm?

e Residual flexural strength at CMOD
=0.5mm fe = 5.0 N/mm?

e Residual flexural strength at CMOD
=2.5mm fra = 4.5 N/mm? up to
5.5N/mm?

(NB: All strength values are characteristic
values after statistical analysis.)

More precise minimum characteristic values
can be specified by the designer as a
refinement to this classification.

Since brittleness must be avoided in
structural behaviour, fibre reinforcement can
be used as substitution (even partially) of
conventional reinforcement (at ULS), only if
both the following relationships are fulfilled
(according to fib MC2010):

f./f>0.4 and o /f

R1K 'Lk R3K "'Rik

>0.5

Where f, is the characteristic value of the
nominal strength, corresponding to the
peak load (or the highest load value in the
interval 0 — 0.05mm), determined from the
EN 14651 beam test.

Typical minimum performance levels, for
tunnel segmental linings are:

e Compressive Strength:

- early-age (demoulding, handling and
storing): fck > 12 N/mm?;

- at 28 days, fck = 40 N/mm?
- at 90 days, fck = 50 N/mm?
® Bending — residual tensile strength:

- early-age (demoulding, handling and
storing): f,,, > 1.2 N/mm?;

- at age equal or greater to 28 days, f
2.2 N/mm2, f.. > 1.8 N/mm?;

’ "R3k

R1k

R1k >
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These are only indicative performance levels
and there may be reasons why a particular
project requires higher ones (see Appendix
D). More details of the test procedure are
included in Appendix H.

An example of a flexural strength vs
CMOD curve is shown in Figure 9. The
data presented are from a large diameter
(7.8m ID) water tunnel in London with a
steel fibre reinforced segmental lining. The
concrete mix was specified to be resistant
against aggressive ground conditions with
aratio f.,/f, = 0.4 and f, = 5.5N/mm?. The
performance requirements were achieved
by using a mix CEM IIB (27% fly ash, w/c
< 0.4) C50/60 (at 56 days) with 30kg/m? of
steel fibres (aspect ratio 80, length 60mm).

The results shown in the graph are based
on more than 30 bending tests (according
to EN 14651). The mix can be classified as
FRC 50/60 - 2.5b.

Figure 9: Results from EN14651 tests for steel fibre
reinforced concrete segments from a London project

While EN 14651 is used for many
international standards such as the Model
Code and CE marking, a performance
class defined by Model Code can easily
be adapted to ASTM 1609 tests (see also
the discussion on notched vs unnotched
beams in 3.3.2).

e | /150 according to ASTM 1609 equates
to about the same deformation as fr4
according to EN 14651

e | /600 according to ASTM equates to
about the same deformation between fr1
and f, according to EN 14651.
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3.3.3.4 JSCE SF-4

This used to be a very popular flexural test
to derive the toughness of FRC, especially
for the design of FRC slabs. It is performed
on a beam 450mm x 150mm x 150mm.
The total area under the load deflection
curve is measured out to a specified
deflection (L/150) and a toughness factor is
defined. The toughness factor then can be
used in the calculation of flexural (bending
moment) resistance.

The main disadvantage of this method is
that the toughness factor represents an
average value of load-bearing capacity
over the displacement from zero to
L/150. It does not differentiate between
pre-peak and post-peak behaviour. That
means that FRCs, which exhibit strain
softening behaviour, might be significantly
overestimated in performance at larger
displacements. A further disadvantage of
this test is the calculation of the toughness
parameter, which is dependent on the
specimen size.

3.4 FIBRE SPECIFICATION

This section describes the minimum
recommendations proposed for steel
and macro synthetic fibres for structural
applications.

3.4.1 Steel fibres

Minimum requirements on the properties
and for quality controls of steel fibres are
defined in ISO 13270, ASTM A820 or EN

where no other national standard on steel
fibres is issued, the ISO 13270 standard
can be used.

The type of fibre and the dosage should be
adapted to the compressive strength of the
concrete. For cold-drawn wire steel fibres
(Group 1 EN 14889-1), a minimum tensile
yield strength of steel wire of fy = 800 N/
mm? is recommended when the concrete
class is less than or equal to C40/50
(fck=40N/mm?). At higher compressive
strengths, the tensile strength of the steel
fibres has to be higher to maintain ductility.
fy = 1500 N/mm? is recommended for High
Performance Fibre Reinforced Concrete
(HPFRC).

In addition, here are some other notes:

e To ensure a maximum network effect
(m/m3) the aspect ratio should be
set as follows, I/D = 65. /D= 80 is
recommended;

e The anchor system should be optimised
(e.g. using hooks at the end to ensure the
fibre is anchored in the concrete matrix);

e The air content with fibres may not differ
more than 2% versus plain concrete (ISO
13270);

* Fibre dosage and concrete mixing must
take account of the following:

- Introduction of the fibres using an
automatic dosing system which is
validated for the selected fibres by the
dosing equipment producer

DEVIATION OF THE

- Proper mixing of the fibres in the
concrete to obtain an uniform distribution

- Complete elimination of the appearance
of fibre balls (detrimental during
installation phase)

- The use of bonded/glued fibres can
assist in fulfilling the above requirements.

The normal dosage for steel fibres ranges
from 30 to 50 kg/m?, depending on the
performance required for each case.

3.4.2 Macro synthetic fibres

Macro synthetic fibres or any other type of
fibres, which comply with EN 14889-2 Class
Il certification (i.e. diameter > 0.30 mm), can
be used as a structural reinforcement. This
standard, like those for steel fibres, covers
definition, specification and conformity.
Fibres can be both mono-filament or
fibrillated. The mean tensile yield strength
for macro synthetic fibres should be greater
than 500 N/mm?.

The normal dosage for macro synthetic
fibres ranges from 8 to 10 kg/m?, depending
on the performance required for each case.

3.4.3 Micro polymer fibres

Micro polymer fibres have no reinforcing effect
but they can be successfully used to improve
early age concrete shrinkage and fire resistance,
even under severe fire conditions (see section
2.5, OVBB guideline and ACI 544.5R-10).

DEVIATION OF THE

PROPERTY SYMBOL  INDIVIDUAL VALUE RELATIVETO AVERAGE VALUE RELATIVE

14889-1. ISO 13270 has two classes THE DECLARED VALUE TOTHE DECLARED VALUE
for tolerances, one which is similar to EN
14889 and a more stringent class (Class Class I Class I
A), which is often recommended for uses Length & developed
such as precast segments. In EN 14889, length L&l

. o . > 30mm d +10% +5%
a differentiation is mgde between twol = 30mm 0% +1.5mm
systems for the certificate of conformity: ' '
system 1 fibres for load-bearing purposes) quug’g'ria: diameter d, +50% +5%
and system 3 (fibres for other purposes).
In countries where EN 14889-1 or ASTM Length/diameter 7y +50% +10%
A820 are not applicable, or in countries

Table 1: Tolerance on lenght and diameter for macro synthetic fibres (EN 14489-2)
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4 SUSTAINABILITY

Increasingly, today’s design engineers

are required to make conscious efforts

to reduce the embodied carbon dioxide
(CO,) contents of the structures they are
designing. It is generally recognised that
increasing emissions of CO, gas, generated
from fossil fuelled power supplied to
industrial processes and fossil fuelled
vehicles, are responsible for global climate
change.

Concrete and steel are the most widely
used materials in the construction

sector and both materials, requiring high
consumption of power in their manufacture,
are responsible for very large CO, emissions
into the earth’s atmosphere.

Concrete is the second most widely
consumed commodity on the planet (after
water) and the manufacture of Portland
Cement is the largest chemical processing
industry in the world today. Table 2 shows
figures for the embedded CO, contents
that were published by the Concrete Centre
of the United Kingdom in its “Fact Sheet

18 [P1] - Embodied CO, of UK cement,
additions and cementitious material” (2007).

While it is possible to significantly reduce
the embodied CO, of a concrete mixture for
segment production by replacing a portion
of its cement content with GGBFS or PFA,
there is little or no difference between the
cementitious blends and contents required
for the production of fibre reinforced

or conventionally reinforced concrete
segments for tunnel linings. In fact,
durability assessments arising from ground
and groundwater conditions (e.g., chlorides
and sulphates) may well necessitate a high
level of replacement materials for both
types of segment.

The use of fibre reinforcement in the design
and manufacture of precast concrete
segments for tunnel linings can, however,
offer significant reductions in the embodied
CO, of these elements.

Table 3 shows the embodied CO,
contents of conventional reinforcement,
steel wire fibres and synthetic fibres.
There are differences in dosage rates of
these materials, depending on the project
requirements, and differences in power
supply sources for their manufacture
(coal, gas, oil and nuclear power stations).
Additionally, the type of furnace (basic
oxygen or electric arc) has a significant
effect on the embodied CO, of steel fibres.
This is reflected in the ranges shown in
Table 3.

It may be seen from Table 3 that the use
of fibre reinforcement as an alternative
to conventional reinforcement cages in
the design and manufacture of precast
concrete segments for tunnel linings will
dramatically reduce their embodied CO,
footprint.

Designers should remember that the design
of a tunnel lining segment is primarily
dependent upon the load conditions
applied to it (ground loads, handling,
transportation and erection, as well as live
loads). The table above is not based on

a particular performance and is indicative
only. The benefits of reduced embodied
CO, can only be realised when the selected
reinforcement methodology is able to meet
al