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NOTE

1. Whilst every effort has been made to ensure accuracy of the information contained in this
design guide, the Association of Consulting Engineers Singapore (“ACES”) and Building and
Construction Authority (“BCA”) make no representations or warranty as to the completeness
or accuracy thereof. Information in this design guide is supplied on the condition that the
user of this publication will make their own determination as to the suitability for his or
her purpose(s) prior to its use. The user of this publication must review and modify as
necessary the information prior to using or incorporating the information into any project
or endeavour. Any risk associated with using or relying on the information contained in the
design guide shall be borne by the user. The information in the design guide is provided on
an “as is” basis without any warranty of any kind whatsoever or accompanying services or
support.

2. Nothing contained in this design guide is to be construed as a recommendation or require-
ment to use any policy, material, product, process, system or application and BCA makes no
representation or warranty expressed or implied. NO REPRESENTATION OR WARRANTY,
EITHER EXPRESSED OR IMPLIED OF FITNESS FOR A PARTICULAR PURPOSE IS MADE
HEREUNDER WITH RESPECT TO INCLUDING BUT NOT LIMITED, WARRANTIES AS
TO ACCURACY, TIMELINES, COMPLETENESS, MERCHANTABILITY OR FITNESS FOR
A PARTICULAR PURPOSE OR COMPLIANCE WITH A PARTICULAR DESCRIPTION
OR ANY IMPLIED WARRANTY ARISING FROM THE COURSE OF PERFORMANCE,
COURSE OF DEALING, USAGE OF TRADE OR OTHERWISE, TO THE FULLEST EXTENT
PERMITTED BY LAW. In particular, ACES and BCA make no warranty that the information
contained in the design guide will meet the user’s requirements or is error-free or that all
errors in the drawings can be corrected or that the drawings will be in a form or format
required by the user.

3. In no event will ACES, BCA and the authors be responsible or liable for damages of any
kind resulting from the use or reliance upon information or the policies, materials, products,
systems or applications to which the information refers. In addition to and notwithstanding
the foregoing, in no event shall ACES & BCA be liable for any consequential or special
damages or for any loss of profits incurred by the user or any third party in connection
with or arising out of use or reliance of this design guide.

Disclaimer: The author and publishers have exercised their best efforts in the preparation of this Design
Guide. However, they make no warranty whatsoever, expressed or implied, with regard to the material
contained in the Guide, and shall not be liable in any event for the consequences of its use.

Design, Typeset & Printed by Research Publishing (S) Pte. Ltd.

E-mail: enquiries@rpsonline.com.sg



Preface

This Design Guide is intended to supplement the Singapore Standard SS
674:2021 on Design of Fibre Concrete Structures, and deals with design
requirements. The applications of fibre reinforced concrete are described and
relevant design standards are given. The basis of design, material properties,
and design for both ultimate and serviceability limit states are explained
and illustrated with examples, and compared to the provisions of the Draft
Annex L, EN 1992-1-1 on Steel Fibre Reinforced Concrete.

Design charts for flexural design of fibre-reinforced concrete members and
procedure to determine steel stresses in fibre concrete members with bar
reinforcement are given in the Appendix.

Tan Kiang Hwee

Design Guide for Fibre-reinforced Concrete Structures to Singapore Standard SS 674:2021

By Tan Kiang Hwee. ISBN: 978-981-18-5451-4

Copyright © 2022 Association of Consulting Engineers Singapore. All rights reserved.

In collaboration with Building and Construction Authority, Singapore. Y



Foreword by the President of ACES

Formed in 1971, the Association of Consulting Engineers Singapore (ACES)
is a non-profit making association representing the independent consulting
engineering profession in Singapore. As part of the association’s objective,
ACES constantly strives to promote the engineering advancement of fel-
low practitioners in the built environment. Such efforts include continuous
exploration of engineering techniques to address the challenges of produc-
tivity and sustainability in collaboration with industry partners.

One such initiative is the use and design of Fibre Reinforced Concrete
(FRC) structures. In this effort, ACES in collaboration with the Building and
Construction Authority (BCA) is driving productivity through promoting
the use of fibre reinforced concrete structures in appropriate applications.
In conjunction with the publication of the Singapore Standard SS 674:2021
in 2021 which was curated to local applications and national requirements,
ACES with BCA has initiated an effort to develop a design guide book for
fibre reinforced concrete structures design.

This design guide is intended to raise awareness among designers in the
usage of the relatively new standard on FRC, provide guidance and famil-
iarity on the adoption of the design methodology as well as to facilitate
safe adoption of FRC in the appropriate applications by understanding the
fundamentals in the design considerations.

ACES hopes that this design guide will achieve its purpose for the better-
ment of all consultants, designers, contractors and all stakeholders in the
built environment. The innovative use of FRC can further expand to reach
its greater potential in enhancing productivity and resource efficiency to
mitigate manpower and resource constraints as well as to achieve a more
sustainable built industry.

I would like to express my gratitude to the workgroup members, author of
the guidebook, officers of the BCA and friends from the building industry
for their contributions and support in making this publication a success for
the benefit of the industry.

Er. Chuck Kho
President
Association of Consulting Engineers 2022
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Chapter One

Introduction

1.1. Fibre Reinforced Concrete

Fibre reinforced concrete (FRC) refers to concrete that contains short, discrete
fibres in its mix proportion. It is sometimes referred to as fibre concrete, and
they are taken as interchangeable and the same in this design guide. The
fibres may be introduced during mixing of concrete (pre-mix concrete), or in
shotcreting (sprayed concrete). The purpose of the fibre addition is to improve
the performance of concrete, in particular, in its post-cracking behaviour.

FRC may exhibit softening or hardening behavior after cracking in tension
and this depends on the fibre content (Naaman 2017). In strain-softening
FRC, the post-crack stress resistance decreases with larger deformation,
whereas in strain-hardening FRC, it is the reverse. It should however be
noted that softening behavior in tension may result in hardening behaviour
in bending (Model Code 2010), depending for example, on the presence of
bar reinforcement. Likewise, softening behaviour in bending may result in
hardening in structures depending on the support constraints and others.

In ultra-high performance concrete (UHPC), defined as concrete with a
minimum compressive strength of 120~150 MPa, fibres are usually incorpo-
rated which improve the toughness and ductility of the composite tremen-
dously. Such a concrete, termed ultra-high performance fibre-reinforced
concrete (UHP-FRC), has a strain-hardening behavior after cracking, and is
beyond the scope of the Standard SS 674:2021 as well as this Guide.

1.2. Types of Fibres

There are many types of fibres. Depending on their dimension, fibres may
be classified into micro- and macro-fibres. Micro-fibres are defined as having
a diameter or equivalent diameter of 0.3 mm or less (PRC-544.10-21), and
typically 0.05 mm or less (Naaman 2017). Their aspect ratio (Iength to diam-
eter ratio) is relatively high, and may exceed 1000. Examples of micro-fibres
include those of carbon, polypropylene and PVA. When added to concrete,
they lead to very large numbers of fibres per unit volume of concrete,
which help to induce micro-toughness and reduce the size of microcracks.
Also, they are known to improve the bond of macro-fibres when used in
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combination. The presence of monofilament polypropylene fibres is also
useful in limiting spalling effects in fibre concrete (ACI 544.5) in the event
of fire.

Macro-fibres include steel fibres and polymeric fibres, also known as
macro-synthetic fibres. Fibres must conform to EN 14889-1 for steel fibres,
and EN 14889-2 for polymeric fibres. Steel fibres are suitable reinforcement
material for concrete because they possess a thermal expansion coefficient
equal to that of concrete, and Young’s modulus that is at least five times
higher than that of concrete. Also, creep of regular carbon steel fibres can
occur only above 370°C (EN 14488-3). Polymeric fibres with properties sig-
nificantly affected by time and/or thermo-hygrometrical phenomena may
only be used if due consideration has been given to the environment and
condition in which they are applied.

Steel fibres come in different longitudinal profiles, with the hooked end
steel fibres being more popularly in use. They typically measure 40 to 60 mm
inlength and 0.5 to 0.8 mm in diameter, with an aspect ratio of about 80. They
are typically used with a dosage of 25 kg/m? to 60 kg/m? of concrete, and
possibly up to 120 kg/m?. Macro-synthetic fibres typically have a diameter
of 0.3 to 1.0 mm, 19 to 65 mm length, much smaller density and used with a
dosage of 2.5 to 7.5 kg/m? of concrete, and possibly up to 9 kg/m?.

1.3. Applications

Fibres may be incorporated to increase the resistance of concrete members
against flexure, shear, torsion and axial tension. They also assist in crack
control and enhancement in ductility and durability of concrete members.
Fibre-reinforced concrete is also more resistant to abrasion, impact and blast
actions.

Fibre-reinforced concrete can be used with or without conventional bar
reinforcement, depending on the structural system, as well as the require-
ment for flexural moment resistance.

For slabs-on-grade, slab-on-pile systems, and tunnel segmental linings,
fibre reinforced concrete may be used without conventional steel bars.
It may be used in axially loaded members such as bored piles, pile caps,
foundation beams and raft foundation (Oslejs, 2008) with or without bar
reinforcement.

It can also be used in flexural members such as suspended slabs and
beams, for which a minimum amount of conventional steel bar reinforce-
ment should be incorporated. In structural members, it can be used to replace
transverse links required to resist shear or punching shear.
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1.4. Design Standards and Technical Reports

Several standards and technical reports are available for the design of fibre-
reinforced concrete and specific applications of fibre-reinforced concrete.
These include:

General Aspects

e The Concrete Society (2007). Guidance for the Design of Steel-Fibre-Reinforced
Concrete. Technical Report No. 67.

e ACI Technical Committee 544 (2018). Guide for Design with Fiber-
Reinforced Concrete. ACI 544.4R-18. American Concrete Institute.

o International Federation for Structural Concrete (2013). fib Model Code for
Concrete Structures 2020. Chaps. 5.6 & 7.7. Ernst & Sohn.

Segmental Tunnel Linings

e International Tunnelling and Underground Space Association (2019).
Guidelines for the design of segmental tunnel linings. ITA Working Group 2 —
Research, ITA Report No. 22, April 2019.

o The British Standards Institution (2016). Tunnel Design — Design of concrete
segmental tunnel linings — Code of practice, PAS8810:2016. BSI Standards
Limited 2016.

e ACI Technical Committee 544 (2016). Report on Design and Construction
of Steel Fiber-Reinforced Precast Concrete Tunnel Segments. ACI 544.7R-16.
American Concrete Institute.

Slabs-on-Grade and Slab-on-Piles Systems

e The Concrete Society (2016). Concrete Industrial Ground Floors. Technical
Report No. 34, 4" Edition.

e ACI Technical Committee 544 (2015). Report on Design and Construction
of Steel Fiber-Reinforced Concrete Elevated Slabs. ACI 544.6R-15. American
Concrete Institute.

1.5. About the Singapore Standard

The Singapore Standard SS 674:2021 is a modified adoption of the Swedish
Standard SS 812310:2014, “Fibre Concrete — Design of Fibre Concrete
Structures”, published by Swedish Standards Institute. It is applicable to
the design of buildings and civil engineering works in concrete with steel
or polymer fibres satisfying the requirements of BS EN 14889-1 or BS EN
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14889-2. Where a particular fibre or its intended performance is not covered
by, or the fibre deviates from an existing European Standard, its suitability
shall be established with a European Technical Approval (ETA) referring to
its use in fibre concrete conforming to this Singapore Standard SS 674:2021.

The Standard is intended to be used in conjunction with SS EN 1992-1-1
Eurocode 2: Design of concrete structures — Part 1-1: General rules and
rules for buildings. It is not a Eurocode. Currently, the Eurocode EN1992-
1-1 is undergoing revision with a view to include an informative Annex
L, on Steel Fibre Reinforced Concrete. The Singapore Standard has been
published as an interim measure, to facilitate the industry in the use of fibre
reinforced concrete. Both the Swedish Standard SS 812310 and draft Annex L
of prEN1992-1-1:2018 (herein referred to as “Draft Annex L") make references
to the fib Model Code for Concrete 2010 (herein referred to as “MC 2010”) (see
Section 1.4).

1.6. About this Guide

This Design Guide is intended to provide the reader with guidance on the
use of SS 674:2021 in designing fibre-reinforced concrete members. Compar-
isons with the Draft Annex L and MC 2010 are made where relevant, and
recommendations are given for the interpretation of various clauses. The
corresponding clauses in Draft Annex L and other relevant information are
given in the Commentary, shown in italics.

1.7. Execution Classes and Quality Assurance

The Standard provides guidance for the specification of execution classes
for different types of fibre concrete structures. The execution classes depend
on the consequences of a non-conforming fibre concrete. They are Class 1
(non-structural), Class 2 (part-structural) and Class 3 (structural), as listed in
Table Q.1 in Annex Q of SS 674:2021. Examples of various execution classes
are shown in Table 1.1, which differ from those in Table Q.1 in view of the
local practice and the requirements for production and conformity control
as well as execution control. In particular, this Guide recommends that slabs
on piles, walls under compressive loading, elevated slabs with fibre concrete
and bar reinforcement, and tunnel segmental linings, be considered as Class
3 (Structural) systems.
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Table 1.1. Execution Classes for Fibre Concrete
Execution Class 1 Class 2 Class 3
Class
Function of Non-structural Part-Structural Structural

fibres

Examples |e
of
structures

Slabs on ground
not designed for
external loading,
e Opverlays only
exposed to
restraint stresses

e Slabs on ground
designed for
significant
loadings or high
demands on crack
control, etc.

e Slabs on piles,

e Walls under
compressive
loading,

e Elevated slabs with
bar reinforcement,

¢ Tunnel segmental

linings, etc.

Tables 1.2 and 1.3 list the requirements for production and conformity
control, and execution control of fibre concrete, respectively. The production
and conformity control requirements are the same for all execution classes.
Whereas, the execution control requirements are more stringent in Execution
Class 3 structures, followed by Class 2 and Class 1 structures.

Table 1.2. Production and Conformity Control

Test item Test method No. of samples per test
occasion
Residual flexural tensile BS EN 14651 At least 12
strength at 28 days
Fibre distribution in fresh BS EN 14721 (steel)
Atleast 3
concrete BS EN 14488-7 (polymer)
Table 1.3.  Execution Control
Test item Class 1 Class 2 Class 3
1 100 m? 3 100 m®
Fibre content Not req’d pet m per m
or 3 per pour or 3 per pour
Residual fl 1 2 100 m?3
esidual flexura Not req'd Not req'd per m

tensile strength

or 2 per pour







Chapter Two

Basis of Design

2.1. Material and Product Properties

The design of fibre concrete structures shall be in accordance with the general
rules given in SS EN 1990 and the supplementary provisions given in SS
EN 1992-1-1. Structural components designed with SS 674:2021 shall possess
structural stability in ultimate limit state. This requires one of the following
conditions to be fulfilled:

(a) Stress redistribution is possible as in a statically indeterminate system.

(b) Conventional steel bar reinforcement or pre-tensioned steel reinforce-
ment is used in combination with fibre concrete.

(¢) Equilibrium is maintained by external normal forces.

Commentary

This constitutes a requirement for structural robustness.

Shrinkage and Creep

Shrinkage and creep are generally considered for the verification of SLS. The
effects of shrinkage and creep should be considered at ULS when their effects
are significant.

For fibre concrete, the effects of shrinkage and creep at ULS can be evalu-
ated based on elastic or plastic theories. In the elastic method, stresses caused
by restrained shrinkage and creep, are added to those due to mechanical
loading. Whereas in the plastic method, the strength is considered at an
increased strain value considering the increased ductility demand caused
by cracking due to shrinkage and creep. For FRC without bar reinforcement,
the values of fr1 and fr 3 should be replaced by fr 3 and fr 4, respectively.

Commentary

Steel fibres do not usually affect the creep and shrinkage properties significantly.
Draft Annex L specifies creep and shrinkage properties to follow those for non-
fibrous concrete. However, values of creep and shrinkage may be subjected to a higher
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variation, and they should be determined by testing if they have an impact on the
action effects.

Where polymer fibres are used, the Standard requires long-term tests to be carried
out to evaluate the creep properties. Also, if the fibre concrete structure is to
be subjected to elevated temperature, long-term tests should be conducted under
elevated temperature simulating the actual site conditions.

Deformations of Concrete

The effects of temperature and shrinkage shall be considered as additional
action effects, or as increased ductility demand on the moment capacity. This
is particularly important in cases where restraint is present.

Commentary

Steel fibres do not significantly affect the modulus of elasticity, Poisson’s ratio, or
coefficient of thermal expansion of concrete, and the values given for non-fibrous
concrete may be used. The values of modulus of elasticity and Poisson’s ratio may
be subject to higher variations than for ordinary concrete, and should be determined
by testing if they form a significant component of the action effects.

2.2. Partial Factors for Fibre Concrete

The partial factor, r for fibre concrete shall be taken as 1.5 for persistent
and transient design situations, 1.2 for accidental design situation, and 1.0
for serviceability limit states.

Commentary

The partial factors for fibre concrete are the same as for conventional concrete.



Chapter Three

Material Properties

The specific properties of fibre concrete that are required for the design of
fibre-reinforced concrete include the characteristic residual flexural (tensile)
strengths, fr1, fr3 and fra4, at a crack-mouth-opening displacement of 0.5,
2.5 and 3.5 mm (see Fig. 3.1), respectively, determined from beam tests
according to BS EN 14651 at the age of 28 days. For sprayed FRC, these
values may be obtained from three-point bending tests on square panel with
a notch following prEN 14488-3:2021 Method B.

Bending hardening

Bending softening

Flexural strength (MPa)

0 CMOD, 1 1.5 2 CMODs 3 CMOD4 4

CMOD (mm)

Figure 3.1. Relation between flexural strengths and CMOD (BS EN 14651).

In general, twelve notched prism specimens are required to establish the
residual flexural strengths. In cases where preliminary results are desired, or
where previous results are available, a smaller number of specimens may be
adequate. The characteristic strengths may be obtained from:

fR,ik = fR,im — kn(T(i = 1, 2, 3, 4) (31)

where frix is the characteristic value, frim is the mean value, ¢ is the
standard deviation, and k, is a statistical factor depending on the number
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of specimens, 1 in the test series, as given in Table 3.1 (SS 674:2021, Annex P;
Bekaert 2020).

Table 3.1. Values of k, for

n 3 4 5 6 8 9 10 12 15 20 30 100

k, 18 18 180 177 174 173 172 171 170 1.68 1.67 1.64

It is noted that other test methods to determine the residual flexural tensile
strengths can be accepted if correlation factors with EN 14651 are proven
(MC 2010). Such tests include double punch tests and round panel tests (Tan
et al. 2021).

3.1. Residual Flexural Tensile Strength Classes

Fibre concrete is classified by strength classes, R, R3 and Ry, according to the
values of residual flexural (tensile) strengths, fr 1, fr3 and fr 4, respectively
(see Table 3.2). For SLS design, Class R; needs to be specified. On the other
hand, ULS design requires both Class R; and Class Rz to be specified in
general, but may be based on Class R3 alone.

Table 3.2. R-classes for fibre concrete.

Class fr1 Class fr3 Class fra
Ry (MPa) Rs (MPa) R, (MPa)
Ryl 1.0 Rs1 1.0 R,1 1.0
Ry2 2.0 R32 2.0 Ry2 2.0
R43 3.0 R33 3.0 R43 3.0
R4 40 R4 40 R4 40
R{5 5.0 Rs5 5.0 R,5 5.0
R16 6.0 Rs6 6.0 R46 6.0

In most cases, bending softening behavior prevails with fcft,L > fr1 > fr3,

where fcft/L is the limit of proportionality. In such cases, to ensure a minimum
degree of ductility of the fibre concrete, the following conditions must be
fulfilled:

frR1/ feti0.05 = 0.5 (3.2a)

and

fr3/fr1 > 0.5 (3.2b)
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It is noted that higher residual flexural tensile strength of more than 6 MPa
may be used if the specified value is verified by test results.

Commentary

Fibre concrete can be specified as, for example, C30/37 — R13/R32 or C30/37 —
R13 or C30/37 — R32, depending on the requirement.

Draft Annex L denotes the characteristic values as fg 1x and fr sk, and classifies
steel fibre reinforced concrete into residual strength classes according to the values
of frix and frax/ frix. The residual strength classes are denoted by a numeral (1
to 8), followed by an alphabet (a to e), where the numeral refers to the value of fg 1x
in MPa, and the alphabets, a, b, ¢, d and e denote the ductility class in term of the
ratio of frak/ frax 0f 0.5,0.7,0.9, 1.1 and 1.3, respectively.

The ductility class with respect to values of fr 1x and fg sx is shown in Fig. C3.1.
The corresponding residual strength classes for R-classes are shown in Table C3.1.

Table C3.1. R-and Residual Strength Class.

Residual Strength Residual Strength
R-Class Class R-Class Class

R11/R31 1c R15/R33 5a
Ri1/R52 le R{5/Rs4 5b
R12/R31 2a R15/R35 5c
R12/R32 2¢ R15/R36 5d
R12/R33 2e R16/R33 6a
R13/R32 3a R16/R35 6b
R13/R33 3c R16/R36 6¢
R13/R34 3e - 7a
R14/R32 4a -

R14/R33 4b -

Rq14/R34 4c -

R14/R35 4d -

R14/R36 4e - 8e

A class 3¢ (or R13/R3 3) can be obtained with a concrete C30/37 and an amount
of steel fibres ranging between 30 and 40 kg/m> (also see Venkateshwaran, Tan and
Li, 2018).

Draft Annex L also requires (3.2a) to be satisfied. It is introduced to provide a
direct link to the parent concrete specification and facilitate the ease of design. The
value of fe0.05 1S to be taken in accordance to Table 3.1, SS EN1992-1-1.
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Figure C3.1. Residual Strength Classes

Equation (3.2a) implies that the lowest residual strength classes are: 1.0 for
C12/15-C30/37, 1.5 for C35/45-C55/67 and 2.0 for C60/75-C90/105.
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3.2. Design Residual Tensile Strength

The characteristic residual tensile strength of fibre reinforced concrete is
taken as:

feer1 = 0.45fR 1 (3.3)

firs = 0.37fr3 (3.4)

The design residual tensile strength in ULS is defined as:

fdR1 = 7f * Ndet - % (3.5)
feed,R3 = 1t - Mdet - fffy’? (3.6)

For SLS, it is defined as:
fia Rl = i - frRr1 (3.7)

where 7¢ is a factor accounting for fibre orientation; and 74t is a magnifica-
tion (conversion) factor accounting for the degree of structural redundancy
in the system.

The value of #¢ is generally taken as 0.5. For horizontally cast concrete
members with width-to-thickness ratio of more than 5 (i.e, slabs), the factor
may be set to 1.0. For other members, a value higher than 0.5 may be selected
after considering member dimensions, fibre length, and casting procedure.

The value of 74¢; takes into account favourable effects due to load redis-
tribution in statically indeterminate structures. The proposed 74¢; values for
different structural cases in Table 3.2 of SS 674:2021 are based on the analysis
given in Annex S. In view of insufficient information on the value of 774et, SS
674:2021 recommends that the values of 74, be taken as equal to 1.0 for all
cases.

However, considering the recommendations given in Draft Annex L and fib
Model Code 2010, intermediate values for 74t shown in Table C3.2 may be
justified.
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Table C3.2. Suggested Values of #4e;

Case No. Type of members Hdet
1 Statically determinate beams 1
2 Statically indeterminate beams 1.2
3 Rect. slabs w 2 opp. sides simply-supported 1
4 S.s. circular slabs; Rect. slabs w 3 or 4 s.s. edges 1.2
5 See 55674:2021, Table 3.2 1.4

Commentary

Draft Annex L similarly considers the characteristic residual tensile strength frsx
(for crack widths at SLS) and fpuy (for ULS based on a rigid plastic approach) as:

fresk = 0.40fR 1k (C3.1)
frruk = 0.37 fRr 3k (C3.2)

The effective residual tensile strength fgs ef (for crack widths at SLS) and fpy, of (for
ULS), accounting for fibre orientation are:

fFts,ef = KO * fFesk (C3.3)
frruef = K0 - freuk (C3.4)

where ko is the factor according for fibre orientation (i.e., same as n¢ in SS
674:2021).

Correspondingly, the design residual tensile strengths for ULS and SLS are
respectively:

frtsd = fFes,ef/ YSF (C3.5)
frtud = freu,ef/ YSF (C3.6)

where s is the partial factor for steel fibre reinforced concrete (equal to 1.0 for SLS
and 1.5 for ULS).

The factor xo shall be taken as 0.5 unless otherwise specified or verified by testing.
For bending moments, shear forces and torsion in slabs and beams made of concrete
with consistency classes S2-54 in accordance with EN206, ko = 1.0 may be used.
This is because long relevant experience has shown that the “in-situ-strength” and
fibre orientation in these cases are comparable to the EN14651 beam test (fib Model
Code 2010).
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Example 3.1. Determination of Characteristic Residual Flexural Strengths

Twelve notched prism specimens of a C80/95 FRC with 60 kg/m? of hooked-
end steel fibres were tested according to BS EN 14651 and the test results are
tabulated below. Determine the characteristic strengths, fr 1 and fg 3.

Specimen No. 1 2 3 4 5 6 7 8 9 10 11 12

fr1 (MPa) 85 96 100 98 83 79 89 109 92 82 99 638
fr3 (MPa) 11.0 95 93 108 103 89 113 98 102 97 102 94

Solution 3.1.
Mean value, fr 1m = 9.0 MPa with a standard variation ¢ = 1.13 MPa and a
COV = 0.125.

Mean value of fg3m = 10.0 MPa with a standard variation ¢ = 0.73 MPa and
a COV = 0.073

The characteristic values of fr; and fr3 follow from (refer to Annex P, SS
674:2021):

frix = fRim —1.71-0 = 9.0 — 1.71(1.13) = 7.1 MPa
frax = fram — 1.71 -0 = 10.0 — 1.71(0.73) = 8.7 MPa
frax/ frix = 8.7/7.1 = 1.22

The R-class (or residual strength class) of the FRC is therefore R17/R38 or
Class 7d.

Example 3.2. Determination of Characteristic Residual Flexural Strengths

Five notched prism specimens of a C30/37 FRC with 6 kg/m> of macro-
synthetic fibres were tested according to BS EN 14651 and the test results are
tabulated below. Determine the characteristic strengths, fr 1 and fg 3.

Solution 3.2.
Mean value, frim = 1.78 MPa with a standard variation
0 = 0.31 MPa and a COV = 0.176

Mean value of fg 3m = 2.13 MPa with a standard variation ¢ = 0.60 MPa and
a COV = 0.280
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Specimen No. 1 2 3 4 5

fr1 (MPa) 150 142 215 198 1.87
frs (MPa) 160 147 289 249 221

The characteristic values of fr; and fg 3 follow from (refer to Bakaert, 2020):
frRix = fRim — 1.80- 0 = 1.78 — 1.80(0.31) = 1.22 MPa

frax = fram — 1.80 - 0 = 2.13 — 1.80(0.60) = 1.06 MPa

frax/ frix = 1.06/1.22 = 0.86

The R-class (or residual strength class) of the FRC is therefore R;1/R31 or
Class 1c.

It should be noted that in general, 12 specimens are recommended for the
determination of characteristic values according to EN 14651.

3.3. Design Stress-Strain Relations for Fibre Reinforced
Concrete

Different stress-strain relations for fibre reinforced concrete as shown in
Figs. 3.2 and 3.3 can be used depending on the type of analysis and the
required accuracy.

The “constant-drop” stress-strain relation in Fig. 3.2 is characterized by the
design tensile strength fq and the design residual tensile strength fiq r3,
whereas the “linear descending-drop” stress strain relation is additionally
characterized by fgq Rr1-

The values of fq and fiq in Figs. 3.2 and 3.3 are based on the parent
concrete and calculated from Sect. 3.1.6, SS EN 1992-1-1, as:

fcd = 0-85fck/1-5 (3.8)

fetd = fet0.05/1.5 (3.9)

It should be noted that the value of f.4 should not be derived from the
splitting tensile strength of concrete.
The characteristic length, I is taken as:

les = min{sym, y} (3.10)
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Eqt :fctd/Ec

Efu = &t + Wy / lcs

where Wy, =2.5mm

__________ . fd and lcs is the characteristic length
C

Figure 3.2. Stress-strain relation with a constant-drop relationship in tension

&y = fctd /Ec

Efu = &t + Wy / ch

where Wy =2.5mm

__________ i fd and lcs = the characteristic length
C

Figure 3.3. Stress-strain relation with a linear descending-drop relationship in tension
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where s, is the mean cracking and y is the distance between the neutral axis
and the extreme tensile fibre of the section. Conservatively, [.; = 0.8h may be

assumed for members with conventional bar reinforcement.

For sections without conventional bar reinforcement where crack domi-

nates the behavior, and for slabs, y = h is assumed.
As a simplification, ey, may be taken as 0.02.

Commentary

For structural analysis, Draft Annex L gives the following constitutive law for steel

fibre reinforced concrete (SFRC):

freref = K0 - 0.37 fR 1k (C3.7)
freef = ko - (0.57 fr 3k — 0.26fR 1x) (C3.8)
€ty = Wy /les <2.5 mm < €Ftud (C3.9)
les = min{h; s;m } (C3.10)
Srm = 0.755; max cal (C3.11)
Ectm = fctm/Ecm and €F0 = 2‘ectm (C312)
o)y ¥
fctrn'_‘
frever . r \
[rezer ,:
EFtu é

Eam &0 =0,5m rn/|CS

Figure C3.2. Constitutive Law
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As a simplification, l.s = 125 mm may be used. Also, the recommended value of
€rtud 15 0.02. It is noted that the above does not apply to polymeric fibres.

The relation between o and . in compression, following prEN 1992-1-1 Eg.
(5.6), is taken as:

a1 = 0.7f13(140.03fr1 ) (C3.13)
Ecul = k8c1 (C314)
k1420 (C3.15)

V82— 22fuix

where fem and fry x are in MPa.

3.4. Design Compressive Strength for FRC without bar
reinforcement

For fibre reinforced concrete without bar reinforcement, the design compres-
sive strength may be taken as:

fcd = “cc,ffck/'Yf 3.11)

where a..¢ is a coefficient accounting for long term effects and of
unfavourable effects due to the way in which the load is applied.
The value of x. ¢ may be taken as:

Kee f = 0.30 + 0~5fR,3 /fR,l (312)
where 0.60 < x..¢ < 0.85.

Commentary

The NA to SS EN 1992-1-1 specifies a value of x.. equal to 0.85 for reinforced
concrete, and a value of ae.p) equal to 0.6 for plain concrete. Since fibre concrete is
more ductile than plain concrete, and in view that a minimum degree of ductility
is ensured by requiring fr3/ fr1 to be at least equal to 0.5 [see Eq. (3.3)], it is
suggested that the value of a..¢ would depend on the value of fr3/ fr1, for which
Eq. (3.10) is proposed. That is, fibre concrete would be treated like plain concrete if
fr3/ fr1 < 0.6 and similar to reinforced concrete if fr3/ fr1 > 1.1.

“"_r “" 1

The values of a. ¢ for ductility classes “a” to “e” are summarized in Table C3.3.



Table C3.3.  Values of a ¢

Ductility Class fra/fr1 Kec g
0.5 0.60

b 0.7 0.65

o 0.9 0.75

d 1.1 0.80

e 1.3 0.85




Chapter Four

Durability and Cover to Reinforcement

Steel fibres close to the surfaces of concrete members may be subjected to
corrosion, which may potentially cause rust stains. However, due to their
relatively small diameter, no spalling from the corrosion of the fibres will
occur, and hence the durability of fibre concrete will not be affected. The
Standard does not however give any provisions regarding durability of FRC.

For SFRC, the provisions in the Draft Annex L, prEN 1992-1-1, may be
followed:

(1) The concrete cover due to durability requirements ¢pin gyur according to
Sect. 6.5 of SS EN 1992-1-1 shall only apply to the embedded reinforce-
ment, not to the steel fibres;

(2) To avoid fibre accumulation, a minimum cover of ¢pin = 20 mm to
embedded reinforcement shall be used for all SFRC members;

(3) For design of SFRC in exposure classes XC2-XC4, XD1-XD3, and
XS1-XS3, the tensile strength in the outer most tensile fibres if designed
to be uncracked, or residual tensile strength if designed to be cracked,
shall be disregarded, within a depth of ¢ 4, from the exposed surface.

(4) The residual tensile strength of the outermost tensile fibres within depth
Cf dqur May be used if protective measures are applied to the steel fibres
to protect them for the design life of the structure, or in temporary
situations such as during the construction phase.

Commentary

The value of c¢ gy, can be taken as 10 mm if the SFRC is designed to be uncracked;
or

Cgur = 10 252 > 10 1y (C4.1)

Wiim
where Wy ca1 and wy i, are, respectively, the calculated and limiting crack widths,
if it is designed to be cracked.
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Chapter Five

Structural Analysis

5.1. Plastic Analysis

For beams, frames and slabs, the required ductility may be deemed to have
been satisfied if all of the following conditions are fulfilled.

(1) For fibre concrete without conventional steel bars:

frR1/ fere0.05 = 0.75 6.1)

(2) For fibre concrete subjected to both external loads and restrained shrink-
age or thermal movement:

frR1/ fere0.05 = 0.75 6.1)

fr3/ fetk0.05 = 0.65 (5.2)

(3) For fibre concrete with conventional steel bars exceeding 50% of the
amount needed for concrete without fibres, conditions (2)(i—iii) in Section
5.6.2, SS EN 1992-1-1 shall be satisfied. In cases when the conventional
steel bars is less than 50% of that required for concrete without fibres,
either conditions (2)(i-iii) in Section 5.6.2, SS EN 199-1-1, or conditions
(5.1) and (5.2) indicated above together with condition (2)(iii) of Section
5.6.2 shall be satisfied.

Commentary

Conditions (5.1) and (5.2) are used for members with a nominal thickness not
exceeding 400 mm. For thicker members, a special investigation is needed.

Note: Conditions (2)(i)—(iii) of Section 5.6.2, SS EN 1992-1-1 are as follows.

(1) the area of tensile reinforcement is such that at any section, x,/d < 0.25 for
C50/60 and below, and, x,/d < 0.15 for C55/67 and above;
(ii) reinforcing steel is either Class B or C;
(iii) the ratio of moments at intermediate supports to the moments in the span
should be between 0.5 and 2.
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5.2. Rotation Capacity

For fibre concrete members with a nominal thickness not exceeding 400 mm,
the basic allowable plastic rotation, 9pl,dr is taken as 10 mrad. For thicker
members, a special investigation is needed.

Commentary

Draft Annex L states that:

(1) Plastic analysis of SFRC structures without any direct check of rotation capac-
ity may be used for the ultimate limit state analysis of the following structure
types:

a. Foundations and slabs supported directly on ground.
b. For statically indeterminate rafts and slabs on piles subject to the following
conditions:

— the ductility class is at least c; and
— if the member is needed for structural stability fgax/ fetm > 1.0.

c. For statically indeterminate elevated slabs subject to the following condi-
tions:

— the ductility class is at least c; and
- fr3k/ fetim = 1.0.
where fq am 15 the mean flexural tensile strength.

(2) For members not fulfilling the requirements of (1), methods based on plastic
analysis, or linear analysis with limited redistribution, shall only be applied
where the deformation capacity of the critical sections is demonstrated to be
sufficient by calculation for the envisaged failure mechanisms to be formed.

(3) Methods to be used for verification of plastic deformation capacity shall take
local variations in residual tensile strength into account.



Chapter Six

Design for Ultimate Limit State

6.1. Bending With or Without Axial Force

The ultimate moment resistance of fibre-reinforced concrete (with/without
conventional bar reinforcement) and pre-stressed concrete (fibre concrete
and prestressing tendons) sections is determined based on the method of
strain compatibility and force equilibrium, same as that for conventional
reinforced and prestressed concrete sections.

The strain and stress distributions for fibre-reinforced concrete sections
with or without bar reinforcement) at ultimate flexural limit state are shown
in Fig. 6.1.

R A i R

NV | Ix Ix
= fa) e e —

Jiari Jrdr3

l /\ \. fﬂd,Rl -

— Fy= oy x A Fy= oy x A Fy= oy x Ag

. ) /
O 2 frars On 2 fridr3 Jars

a) b) <)

Figure 6.1. Strain and stress distributions at flexural ultimate limit state

The tensile stress distribution in concrete (that is, below the neutral axis)
may be taken as one of the following:

(a) according to the stress-section relation with a linear descending-drop
relationship in tension as shown in Fig. 3.2, for the general case
(Fig. 6.1a);

(b) a stress value equal to fuqr1 at the neutral axis reducing linearly to
01 (> fiars) at the extreme tensile fibre, as a simplification (Fig. 6.1b);
or
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(c) a constant stress equal to fiq r3 over the height of the tension zone, as a
further simplification (Fig. 6.1c).

Based on a constant tensile stress distribution, design charts for flexural
design of under-reinforced sections with fibres contributing up to 50% of the
moment capacity, are developed and presented in Appendix A.

Commentary

Draft Annex L provides two simplified stress distribution for SFRC in tension, that
are similar to those of Figs. 6.1b) and c).

(a) Simplified Rigid-Plastic Approach

This is shown in Fig. C6.1. It may be used for ULS design of a member subjected to
bending with or without axial compression, for ductility classes, a, b and c.

It may also be used to determine the ULS moment at the design tensile limit
ertud (= 0.002) for classes d and e.

o
A

thud

» £
EFtu
Figure C6.1. Plastic Distribution
(b) Bi-linear residual tensile stress distribution
This is shown in Fig. C6.2.
The values of fryq and fraq are as follows:
friid = fFevef/ VSF (Ce.1)
fr3d = fF.ef/ VSF (C6.2)

where fryq and fraq are given by (C3.7) and (C3.8) respectively, and ysg = 1.5.
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Figure C6.2. Bi-Linear Distribution

For the stress distribution in compression, the parabolic-rectangular stress block
is assumed with corresponding values of ecx = 0.0025 and e, = 0.006.

For statically indeterminate slabs, the strengths, fpng (C3.5 and C3.6), fpaq
(C6.1) and frq (C6.2) may be increased by a factor

kg =1.0+0544 < 1.5 (C6.3)

where A is the area of the tension zone (m?) of the cross-section involved in the
failure of an equilibrium system.

The stress-strain diagrams in Figs. C6.1 and C6.2 may be applied to SFRC
structures not satisfying minimum reinforcement requirements (see Section 9.5).

Example 6.1. Determination of Ultimate Moment of Resistance

Figure E6.1(a) shows the cross-section of a 150 mm thick simply-supported,
1-way SFRC slab of concrete class C30/37-R13/R32. The tensile steel rein-
forcement consists of H10 bars placed at 100 mm spacing with an effective
depth of 120 mm. Determine the ultimate moment of resistance of the slab
given that fyk = 500 MPa, Eg = 200 GPa, 75 = 1.15 and 7. = 1.5.

Solution 6.1.
Material Properties:

Characteristic tensile strength of concrete,
fee = 0.21f2/% = 0.21 x 30%/% = 2.0 MPa;
Secant modulus of concrete,

E. = 22[(fuc + 8)/10]%% = 22[(30 + 8) /10]*3 = 32.8 GPa;
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Figure E6.1. (a)

Design tensile strength of concrete,

fud = fe/ Ve =2.0/1.5 = 1.33 MPa
Characteristic residual flexural strengths,
fr1 = 3 MPa; frz = 2 MPa;
Characteristic residual tensile strengths,

fft,Rl = O45fR1 = 0.45 x 3 = 1.35MPa;

firs = 0.37frs = 0.37 x 2 = 0.74MPa;

Design residual tensile strength,
¢ = 1 (since width > 5 x thickness);

Ndet = 1 (for simply-supported slabs);
oo fedR1 = Nfdetfir1/ Ve =1 X 1 x1.35/1.5 = 0.9 MPa;
fitars = Nifldetfitra/ e = 1 X 1 x 0.74/1.5 = 0.493 MPa.
Assuming s = 0.8 h, the ultimate tensile strain in SFRC is
€ftu = feta/ Ec +2.5/(0.8 h) = 1.33/32800 + 2.5/(0.8 x 150) = 0.0209

By trial and error, x = 31.8 mm.
Steel strain,

es = (d/x — 1) x 0.0035 = (120/31.8 — 1) x 0.0035 = 0.0097
> (fy/7s)/Es = (500/1.15) /(200 x 10°) = 0.00217

.". the steel bars yield at ultimate limit state.
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Figure E6.1. (b)

Extreme tensile strain in SFRC,
e = (h/x —1) x0.0035 = (150/31.8 — 1) x 0.0035 = 0.0130 < e, (.. 0k)

The internal forces and their distances from the neutral axis, with the
respective moments about the neutral axis are calculated and tabulated as
follows.

Forces (kN /m) Dist from n.a. (mm) M (KNm/m)

Fst 341.3 88.2 30.1

Fyyp (rectangular 76.4 59.1 4.5
stress distribution)

Fyp (triangular 15.0 39.4 0.6
stress distribution)

C 432.7 19.1 8.3

Sum 0.0 - 435

The ultimate moment of resistance of the SFRC slab is 43.5 kNm/m. It may be
noted that for an identical slab without steel fibres (see solution to Example
6.2), the ultimate moment of resistance is 37.6 kKNm/m.

The solution can also be obtained using the design charts in Appendix A.
Noting that d/h = 120/150 = 0.8, Asfyq/bdf 4 = 78.5 x (500/1.15) /(100 x
120 x 30) = 0.095; and furs/fox = 0.94/30 = 0.025, Chart A-1 gives
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Mgq/bd?fa = 0.10, or Mgg = 0.10 x 1000 x 1202 x 30 x 1076 = 43.2 kNm,
and x = 0.26 d = 0.26 x 120 = 31.2 mm.

Example 6.2. Partial Replacement of Flexural Reinforcement by Steel Fibres

The tensile steel reinforcement of a 150 mm thick C30/37 concrete slab
consists of H10 bars placed at 100 mm spacing with an effective depth of 120
mm. Given that fy = 500 MPa, E = 200 GPa, ys = 1.15and 7. = 1.5, = 1
and 774et = 1. Determine the required characteristic residual flexural tensile
strength, fr 3y, for the slab section to provide the same moment capacity if the
bar spacing is increased to 125 mm, assuming a constant stress distribution
in FRC as shown in Fig. 6.1(c).

Solution 6.2.

(a) Moment capacity of section with H10 bars bar at 100 mm spacing and without
fibres:
Assuming neutral axis depth at flexural ULS, x < 0.45d, the tension steel
bars would have yielded. Therefore, with b = 1000 mm, As = 786 mm?,
d = 120 mm, equilibrium of internal forces on the section gives:

b(0.8x)(0.85fc /ve) = Asfyr/ Vs

or

x = 786 x (500/1.15) /(1000 x 0.8 x 0.85 x 30/1.5)

=251 mm < 0.45d = 54 mm.
Therefore, the moment capacity is:

Mg = Asfya(d — 0.4x) = 786 x (500/1.15) x (120 — 0.4 x 25.1) x 10~

= 37.6 kKNm/m

(b) Section with H10 bars bar at 125 mm spacing and with fibres:
In this case, As = 628 mm?. Referring to Fig. E6.2, equilibrium of internal
forces on the section gives:

F; = b(0.8%) (0.85fu /7e) — Asfyic/ s
— [1000(0.8x)(0.85 x 30/1.5) — 628 x 500/1.15] x 1072

Fr =13.6x —273 (kN) (E6.2a)
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Figure E6.2.

Moment equilibrium gives:
Mgq = Ff[0.6x + l/Z(h - x)] + Asfyd(d - 0.4x)
= F(0.5h + 0.1x) + Asfyq(d — 0.4x)

Substituting Mgq = 37.6 kNm, d = 120 mm and & = 150 mm into the
equation gives:

37.6 x 10° = F(75 + 0.1x) + 273.0(120 — 0.4x) (E6.2b)
Solving (E6.2a) and (E6.2b) gives:
x =275 mm and F; = 101.0 kN

Check: e = (h/x —1) x 0.0035 = (150/27.5 — 1) x 0.0035 = 0.0156 < eg,, =
0.0209 (.. ok)

Referring to Fig. E6.2, Fyy = b(h — x) fitq r3, therefore:

frars = Fur/[b(h — x)] = 101.0 x 10%/[1000 x (150 — 27.5)] = 0.82 MPa
Hence,

leg = 1.5fftd’R3 /0.37 = 3.3 MPa

Therefore, a minimum class corresponding to 3d or 4c is required. The
same value can be obtained from the design chart given in Appendix A, with
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d/h =120/150 = 0.8. For the section with H10-100 bars and without fibres:

Asfya/bdf 4 = 786 x (500/1.15) /(1000 x 120 x 30) = 0.095; K¢/ K = 0;
Therefore, from Chart A-1,

K = Mgq/bd*fq = 0.087;x/d = 0.21
or Mgq = 0.0870 x 1000 x 120% x 30 x 107® = 37.6 kNm;
x=0.21 x 120 = 25.2 mm
If the bar spacing is reduced to 125 mm, then:
As fya/bdf 4 = 628 x (500/1.15) /(1000 x 120 x 30) = 0.076
From Chart A-1, with Mg/ bd> fo = 0.087, one obtains:
K¢/K =~ 0.2;x/d ~ 0.23; fiqrs/ foc ~ 0.03

Therefore, x = 0.23 x 120 = 27.5 mm, and ff4r3 = 0.03 x 30 = 0.9 MPa.
Hence, fr3 = 1.5 x 0.9/0.37 = 3.6 MPa.

6.2. Shear

The design shear resistance of fibre reinforced concrete without shear rein-
forcement is taken as:

VRd,cf = {(0'18/7C) k- Doopl(l + 7'5fft,R3/fctk) 'fck]l/3 + 0-15Ucp} : bwd

> {0.035K* 21/ + 0.150p } - bood 6.1)

C.

where

k=1+(200/d)"2 <2;

p1 = tensile steel ratio (= As/bwd); and

0cp = axial stress due to loading or prestress.

Equation (6.1) follows the provision in MC2010, which applies to SFRC.
Limited studies at NUS have indicated that Eq. (6.1) is equally applicable to
macro-synthetic fibre-reinforced concrete beams.

The standard does not provide information on the contribution of fibres
towards the shear resistance of fibre-reinforced concrete members with con-
ventional shear reinforcement.
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Following the requirements of SS EN 1992-1-1, no shear reinforcement is
required if Vgg < Vg o, except in beams where a minimum shear reinforce-
ment ratio as follows, pw,min, is to be provided.

Pw,min = Asw,min/(s - by - sin Dé)

= (0.08v/fek) / fyx 6.2)
in which
Agwmin = area of shear reinforcement within s;
s = spacing of shear reinforcement;
by, = breadth of web of the member; and

« = angle between shear reinforcement and the longitudinal axis.

For members requiring shear reinforcement using both transverse steel
reinforcement (i.e., links) and steel fibres, MC2010 considers the shear resis-
tance to be equal to the sum of Vgqs and Vg, where Vrq ¢ is the design
value of the shear force which can be sustained by the yielding shear
reinforcement. However, in line with Draft Annex L [see Eq. (C6.7)], it is
recommended by this Guide to take:

Vra = 0.75VRqs + VRd,ef < VRd,max (6.3)

where Vrqs = (Asw/5)zfwd cot @ and Vrg max is the shear resistance based
on the capacity of struts in the truss model (See SS EN 1991-1-1: 2008 for
definitions of terms.)

Commentary

For SFRC with longitudinal bars in the tensile zone, Draft Annex L gives the
equivalent value of Vrq cf 45 Tra v (in MPa) where

TRaeF = 77(0.6/7¢) (1001 fexdag /d)"> + frrua

> 1TRd,cF + frrud (C6.4)
in which
1 = max{(1/(1 4 0.43 fru>®)); 0.4} (C6.5)

Shear reinforcement may be omitted where the design shear stress, Tgq, is less than
or equal to Trq «r. However, minimum shear reinforcement should be provided where
needed. The minimum shear reinforcement ratio Ppy min, iS taken as:

PFw,min = Pw,min — thu,ef/fyk >0 (Ce6.6)
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Where steel fibres are used and fry, of > 0.08+/ fox, there is no need for minimum
shear reinforcement with the value of Py min given by Eq. (6.2).

For SFRC members requiring shear reinforcement, i.e., Tgq > Trd,cr, and having
steel fibres and tensile longitudinal bars, the design shear resistance should be
taken as:

TRd,sF = NoPwfyd + MEfFrud (C6.7)

where 1, = 0.75 and g = 1.0.
For SFRC without longitudinal bars or prestressing tendons in the tensile zone,
the design shear strength should be taken as:

TRAd,cF = fFtud (C6.8)

Example 6.3. Determination of Shear Capacity

Determine the design shear capacity of a 400 mm wide, 600 mm deep SFRC
beam with four H32 bars placed at an effective depth of 540 mm. The
concrete class is C30/37-R13/R32. Also, fy = 500 MPa.

Solution 6.3.

For concrete class C30/37-R13/R32, the values of fy [refer SS EN 1992-1-
1:2008, Table 3.1] is

fare = 02133 = 021 x 30*/3 = 2.0 MPa

The value of fr 3 is 2.0 MPa [refer to this Guide, Table 3.2] is 2.0 MPa; hence,
from Eq. (3.4),

firs = 0.37fr3 = 0.37 x 2.0 = 0.74 MPa.

Also, A = 4x804 = 3216 mm%;, k = 1+ \/(200/540) = 161 < 2
p1 = 3216/ (400 x 540) = 1.489% < 2%; therefore, from Eq. (6.1),

Viaet = (0.18/1.5) x 1.61 x (1.489 x (1 +7.5 x 0.74/2.0) x 30)'/3
x 400 x 540 x 1073 = 230.3 kN

> 0.035 x 1.61%/2 x 3012 x 400 x 540 x 102 = 84.5 kN

It is noted that without fibres, the shear capacity of the section would have
been equal to 147.9 kN, indicating that the introduction of fibres led to an
increase of 55.7% in shear capacity.
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Example 6.4. Determination of Shear Reinforcement

Determine the required shear reinforcement for the 400 mm wide, 600 mm
deep SFRC beam in Example 6.3, if it is to carry a design shear force of 500
kN. The concrete class is C30/37-R;3/R32. Also, fyk = 500 MPa, z = 094,
and assume ¢ = 45°.

Solution 6.4.
Maximum shear resistance based on strut capacity:
VRdmax = bwzVfeq/ (cotd + tan )

= [400 x (0.9 x 540) x 0.6(1 —30/250) x (30/1.5)/2] x 1073

= 1026 kN
Therefore, Vrq (= 230 kN) [see Example 6.3] < Vgq(= 500 kN) < VR4 max
(= 1026 kN). Hence, the section size is adequate, and shear reinforcement is
required. The required shear reinforcement is given by Eq. (6.3) as:
Asw/s = [(VEd — VRa,et) /0.75]/ (zfywacot?)

= [(500 — 230) x 10%/0.75]/[(0.9 x 540) x (500/1.15) x 1] = 1.70 mm

Therefore, provide H13 double-legged closed links at 150 mm spacing;
(ASW/S)prOV. = 176 mim.

6.3. Torsion

No specific clauses are given for torsion resistance of fibre-reinforced con-
crete. However, in Eq. (6.31) of the Standard SS 674:2021, which specifies
the criterion for minimum reinforcement to be provided in approximately
rectangular solid sections under combined shear and torsion, the value of
VR as defined in Eq. (6.1) can be used to replace Vg4 (, that is,

Tea/Trae + Vea/ Vra,ef < 1.0 (6.3)
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Commentary

Draft Annex L of prEN 1992-1-1 gives the torsional resistance based on yield-
ing of shear reinforcement and longitudinal reinforcement, respectively, of SFRC
members as:

TRd,swF = fss TRd,sw T 1/FfFtud = TRd,sw (C6.9a)
TRA,SIF = !ss TRd,sl + 1FfFtud = TRdsl (C6.9b)
where TRy s,y aNd Trq sw are given by:
TRdsw = (Asw/S) fywacotd/tes (C6.10a)
Trasl = (EAsfya)/ (uxtercotd) (C6.10b)

and g = 1.0 and g = 0.75.
Where a member is subject to torsion in combination with shear and bending,
fibre contribution should be used either:

(a) to resist torsion only; or
(b) toresist tensile forces due to shear and bending, and disregarded in axial tension
and torsional resistances.

Minimum reinforcement shall always be provided for beams.

6.4. Punching

For fibre concrete slabs and column bases containing conventional longitudi-
nal bar reinforcement but without shear reinforcement, the punching shear
resistance is given by:

Rder = (0.18/7¢) - k- [10001(1 + 7.5 i3/ fer) - fa] /> + 0.150¢p
> 0.035k>/2f1/2 + 0.150¢p (6.4)

For fibre concrete ground-supported slabs and column bases without conven-
tional bar reinforcement,

URdef = URdf = (k/2) - C- fr3/7c (6.5)

where k is a factor to account for size (thickness) effect as defined in Eq. (6.1)
and C = 0.45. In applying Eq. (6.5), the value of d may be taken as equal to
0.75 times the overall slab thickness. It is noted that the value of k is equal to
2 for a value of d equal to or greater than 200 mm.



Design for Ultimate Limit State 37

Commentary

Draft Annex L of prEN 1992-1-1 gives the design punching shear stress resistance
of FRC slabs with flexural bar reinforcement but without shear reinforcement as:

TRd,cF = e TRd,c + FfFtud (C6.11)

where e = Trd,c/Tea < 1.0and g = 1.0, in which Trq (> Trde,min) IS the design
punching shear stress resistance (in MPa) of RC slabs without shear reinforcement,
and Tgq is the design shear stress.

Equation (C6.11) is however not applicable to members subject to punching shear
in combination with axial tension.

In FRC slabs with flexural reinforcement complying with detailing rules with
respect to structural safety, serviceability, durability and robustness, the shear
reinforcement where required may be obtained from:

TRd,cs = Ne TRd,c T NoPwfywd T 1FfFeud
> Pwfywd + 1FfFrud (C6.8)

where 1. and 1, are defined in Clause 8.4.4(1) of prEN 1992-1-1, and g = 1.0.

6.5. Others

The Standard SS 674:2021 gives additional clauses related to “6.7 Partially
Loaded Areas” and “6.8 Fatigue”.

o Partially Loaded Areas [Cl. 6.7(4)]

The Standard states that the reinforcement required for the tensile force due
to the effect of the action can be designed in accordance with Cl. 6.5 Design
with strut and tie models, SS EN 1992-1-1:2008. This should be under-stood
as that the design should be carried out without considering the presence of
fibres.

Commentary

Draft Annex L of prEN 1992-1-1 gives more specific guidance as follows: “Fibres
may be used to replace the transverse reinforcement required to resist transverse
tensile stresses arising from action effects in partially loaded areas.”

For the design, the idealized tensile post-cracking behavior (Figs. C3.1, C6.1,
C6.2) may be used. It is noted that in all cases, the fibre orientation factor k, = 0.5
shall be used. Also, other idealized stress-crack or tensile stress-strain relations may
be used if they adequately represent the behavior of the SFRC considered.
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e Fatigue [CL. 6.8.2(1) & 6.8.7]
For the purpose of fatigue verification [Cl. 6.8.2(1)], the stress calculation
should account for the tensile strength of fibre concrete (see Fig. 6.1). For
simiplicity, however, the contribution of fibres may be neglected.

Also, for the verification of concrete under compression or shear, although
it is known that inclusion of fibres improves the fatigue resistance, this
should be ignored due to limited test data and available design models.

Commentary

It is noted that steel fibres can improve the fatigue behaviour of concrete, particularly
in low frequency (< 1 Hz) compressive fatigue and flexural fatigue in the post-
cracking regime, up to certain fibre content. However, due to lack of general and
validated design rules, Draft Annex L to prEN 1992-1-1 recommends that the
contribution of fibres should be neglected for the fatigue vertification of SFRC
members.



Chapter Seven

Design for Serviceability Limit State

7.1. Stress Limitation

In general, the provisions for structural concrete as given in Clause 7.2, SS
EN 1992-1-1 apply to fibre reinforced concrete. For fibre concrete members
with fibres only, that is, without conventional steel bars, crack width shall be
limited to avoid unacceptable cracking or deformation.

Commentary

MC 2010 further states that in structural FRC elements with a tension softening
behavior after cracking, there is no need for tensile stress verification if the element is
verified at the ultimate limit state (ULS). For structural elements having a tension
hardening behavior after cracking, the principal tensile stress, oy, must satisfy the
following criterion:

o < 0-6thsk (C71)

where frsi is the characteristic value of frys, given in Eq. (C3.4).

7.2. Crack Control

For members with both fibres and conventional reinforcing or prestressing
steels, the allowable crack widths follow those given for structural concrete
members given in SS EN 1992-1-1. For fibre concrete members without con-
ventional steel reinforcement, the recommended limiting calculated crack
width, wmax, for Execution Class 2 (Semi-Structural System) and Class 3
(Structural System) fibre-reinforced concrete (see Annex F of Standard) are
shown in Table 7.1 with respect to durability for intended working life of L50
(at least 50 years) and L100 (at least 100 years).

The allowable crack widths are generally relaxed for Exposure Class
XC and less aggressive exposure classes. They are tightened for Exposure
Classes XS3 and XD3, for which corroding steel fibres must be combined
conventional bar reinforcement for suspended decks, slabs or beams.
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Table 7.1. wmnax for Fibre Concrete

Exposure L50 L100
class Wmax (Mm) Wmax (M)
X0, XC1 see comments
XC2,XC3 0.5 0.4
XC4 0.4 0.3
XS1, XS2, XD1, XD2 0.3 0.2
XS3*, XD3* 0.2 0.1

* reinforcing bars to be provided.

Commentary

Steel fibres efficiently reduces the tensile strains and crack spacing, leading to
reduced crack widths. Draft Annex L recommends stress and crack with limits for
normal structural concrete members to be used for members with steel fibres.

For X0 and XC1 exposure classes, and for fibre concrete with non-metallic fibres,
crack width has no influence on durability and the limiting crack width may be set
to provide generally acceptable appearance.

Minimum Reinforcement Areas

The provisions of Clause 7.3.2, SS EN 1992-1-1 applies to fibre reinforced
concrete with conventional bar reinforcement, with the fibre contribution to
the tensile resistance taken into account, that is, the minimum reinforcement
area for crack control is given by:

As ‘0 = kc k- (1 - kf) . fct,eff : Act (71)
where

kf = fftd,Rl /fctm < 1.0 (7.2)

in which fgqr is given by Eq. (3.7), and all other symbols are as defined
in SS EN 1992-1-1. For crack control, the value of o5 should be taken as that
needed to satisfy crack width limits according to maximum bar size or bar
spacing.
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Commentary

Draft Annex L suggested that the reinforcement areas for crack control for normal
concrete members may be adjusted for fibre contribution in accord-ance to the
requirement for robustness.

Crack Control Without Calculation

For fibre concrete with bar reinforcement, crack control may be facilitated as
a simplification, by restricting the reinforcing bar diameter or spacing. The
maximum bar size ¢s¢ can be obtained by multiplying the maximum bar
diameter ¢+ in SS EN 1992-1-1 Table 7.2N by the following factor:

(,bs,f _ Os* As/b 1 < fct,eff . 1

or  116(h—d) (1—k)2~ 29 (1—k)? (7.3)

where oy is the steel stress; Ag is the area of bar reinforcement within the
tensile zone, h is the height, d the effective depth, and b the width of the
tensile zone.

Commentary

The prEN1992-1-1 refers this to as “simplified control of cracking”, where the
maximum bar diameter and bar spacing are given in formula format. With the
reformulation, much larger bar diameters are possible than before. Draft Annex L
does not give any recommendations on the modification of the formulas for use in
fibre-reinforced concrete

Calculation of Crack Widths

For fibre concrete with bar reinforcement, the crack width may be calculated
as in SS EN 1992-1-1 from:

Wk = Srmax * (gsm - Ecm) (74)

where s;max is the maximum crack spacing; esm is the mean strain in the
reinforcement; and ., is the mean strain in the concrete between cracks.
The strain difference (ésm — €cm) can be determined either by: (a) calcu-
lating the steel stress assuming a cracked section with the effect of fibres
(fita,r1) taken into account; or (b) considering a fictitious stress oy g in the
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reinforcement assuming a cracked section but neglecting the effect of fibres.
Accordingly, the strain difference may be calculated from:

Os — (kt + (1 _kt) 'kf) ' @ ' (1 + &e 'pp,eff)

o peff

Es

(5sm - €cm) =

[of
> 0.6 — (7.5a)
Es
where 05 is the steel stress assuming cracked section with the contribution of
fibres ( fitq r1) being considered; or

(1 - kf) : (Us,ﬁct - kt : @ : (1 + e - Pp,eff))

o p.eff

Es

(Esm - Ecm) =

> 0.6- (1 — k) 22fict (7.5b)
Es
where 0y s is the fictitious steel stress assuming cracked section with fibre
contribution ( fq4r1) being ignored.

The value of k¢ is given by Eq. (7.2), and all other symbols in Eq. (7.5a) and
Eq. (7.5b) are as defined in SS EN 1992-1-1.

The maximum crack spacing may be calculated by considering a reduced
bond transfer required to initiate a new crack, due to fibre contribution. In
situations where bonded reinforcement is provided at spacing < 5(c + ¢/2),
where c is the cover to the longitudinal reinforcement, and ¢ is the bar
diameter, the maximum final crack spacing is obtained from:

Srmax — ks-c+ki-ky-ky- (1 - kf) : (7.6)

Pp,eff

Where the spacing of bonded reinforcement exceeds 5(c + ¢/2), the maxi-
mum crack spacing is taken as:

Semax = 1.3+ (h—x) - (1 — k) (7.7)

For fibre concrete member without bar reinforcement, the maximum
surface crack width wp.x under flexure may be estimated from:

Wmax = &g -2 (h — x) (7.8)

where ¢ is the maximum tensile strain for the relevant load combination.
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For fibre concrete members without bar reinforcement subjected to
restraint, the maximum crack width can be estimated from:

Wmax = <Rax “€cs — fftg,Rl ' (1 + (Pef)) * Srmax > 0 (79)
c

where g is the strain due to thermal and / or shrinkage moments, R, (where
0 < Rax < 1) is the axial restraint factor. For ground-supported slabs, s;max,
can be assumed to be 1/2 of the distance between free-movement joints. Also,
Rax should not be chosen less than 0.5. Values for R, can be found in SS EN
1992-3:2010, Annex L.

Commentary

The prEN 1992-1-1:2018 refers this to as “refined control of cracking”. For members
reinforced with steel fibres and longitudinal bars, Draft Annex L assumes that the
tension stiffening term is unaffected by the fibres, that is,

U—S—kt‘%‘(l“—ae'pp’ef)

0.
(Esm — €am) = E. >06- E—s (C7.1)
Also, the maximum crack spacing is calculated from:
Symax,cal — <2C + 028i> : (1 - JM) (C72)
pp,ef fctm

where frs of [see Eq. (C3.5) with fry given by Eq. (C3.3).] is the effective residual
tensile strength for the serviceability limit state, and the other parameters are as
defined in prEN 1992-1-1.

Draft Annex L does not address crack width in restrained members explicitly.

For SFRC members without longitudinal bars, and structural hardening behavior
under bending with or without axial compression, the maximum crack spacing can
be determined as:

Symax,cal — h (C7.3)

Example 7.1. Calculation of Crack Width

A simply-supported one-way SFRC slab is designed to carry characteristic
dead load, gy, equal to 5.25 kN/ m?, and characteristic imposed load, gy,
equal to 7.5 kN/m?. The slab is simply supported over a span of 4 m, and
the cross-section of the slab is shown in Fig. E7.1(a). The concrete class is
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\ b =1000 mm J
\ 2

d=
120mm$
YV o--@---O----0----@®----@--- H10-125

Figure E7.1. (a)

C30/37-R13/R34. Also, fyx = 500 MPa. Calculate the maximum crack width
under the total characteristic load.

Solution 7.1.

The mid-span moment due to total characteristic loads, gi + gx, of 12.75
kN /m?, is:

Ms = 12.75 x 4% /8 = 25.5 kNm/m
For concrete class C30/37-R13/R34, and assuming #; = 1 and #74e =1:

fo = 30 MPa;
Eem = 22[(30 + 8) /10]°® = 32.8 GPa;
fetm = 2.9 MPa;
firarr = efrrn = 1 % (045 x 3)/1
= 1.35 MPa;
ki = fiear1/ fem = 1.35/2.9 = 0.466

(a) Crack width calculation using Eq. (7.5a):
Figure E7.1(b) shows the strain and stress diagrams assumed for the section
under elastic cracked condition. Following the procedure given in Appendix
B, the following values are obtained:

Section curvature,
1/r =118 x 107°/mm;

x = 37.6 mm;
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£ce = (1/7)x = 11.8 x 107° x 37.6 x 107® mm/mm
= 444 x 10" mm/mm
foe = Eeméce = 32.8 x 10% x 444 x 107°
= 14.6 MPa
< 0.40fem = 0.40 x (30 +8)
= 15.2 MPa;
linear compressive stress diagram is valid.
ef = €cc(h/x — 1) = 444 x (150/37.6 — 1) x 10°° = 0.00133 mm/mm
< gy = 0.02087 mm/mm (see solution to Example 6.1) ok
est = ecc(d/x — 1) = 444 x (120/37.6 — 1) x 10~° = 0.000973 mm/mm
< &yq = (500/1.15)/(200,000) = 0.002173 mm/mm

05 = Eseqe = 200 x 10° x 0.000973 = 195 MPa

e Ecc fcc = Ecmécc
X ‘ X/i Fec
/1
n a A4 /r
0.5(h - x) =
=
e As [ ) Est 0.5(h=x) E Fst ==ASEs£st
v Y A R vy 1 e
Eft fred,R1

Figure E7.1.
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Check for equilibrium:

Fee = 1/2bxf_ = 1/2 x 1000 x 37.6 x 32.8 x 10° x 444 x 107® x 1073
= 274 kN;
F = b(h — x) faari = 1000 x (150 — 37.6) x 1.35 x 1073
= 152 kN;
Fst = As 05 = 628 x 195 x 1073

=122 kN

Therefore, Fo.c — Ff — Ft = 274 — 152 — 122 = 0 kN
Check value of moment:

Ms = Foe(2x/3) + F1/2(h — x) + F(d — x)
— [274 x 2 x 37.6/3 + 152 x 1/2 x (150 — 37.6) + 122
x (120 —37.6)] x 1073

=69+85+10.1 =255 kNm/m ok
Equation (7.5a) gives:
fetetf = fotm = 2.9 MPa;
hegg = min -{2.5(h — d), (h — x)/3,h/2}

— min -{2.5(150-120), (150-37.6) /3,150/2}
= min -(75,37.5,75) = 37.5 mm

Ppetf = As/bheg = 628/(1000 x 37.5)
= 0.0168

ae = Eq/En = 200/32.8 = 6.10
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Therefore, considering that k; = 0.6 for short-term crack width,
(&sm — €em) = [0s — (ke + (1 — ke)ke) (fetere/ Opete) (1 + Qeppese) ]/ Es
= [195 — (0.6 + 0.4 x 0.466)
x (2.9/0.0168)(1 + 6.10 x 0.0168)] /(200 x 10°]
= (195 — 150) /(200 x 10*) =200 x 10~°
< 0.605/Es = 0.6 x 195/ (200 x 10%) = 585 x 10~° (governs)

Since bar spacing, s = 125 mm < 5(c + ¢/2) = 5 x 50 = 250 mm, therefore,
from Eq. (7.6), with k3 = 3.4, ks = 0.425,k; = 0.8 (high bond bars), ko = 0.5
(bending) (NA to SS EN1992-1-1),

Symax = 3.4¢ 4 0.425 X 0.8 X 0.5 X ¢/ pp eft
=34 x25+0.425 x 0.8 x 0.5 x 10/0.0168 = 186 mm
Therefore, from Eq. (7.4).

Wy = Srmax(Esm — Ecm) = 186 x 585 x 107¢ = 0.11 mm

(b) Crack width calculation using fictitious steel stress, Eq. (7.5b):
p = As/bd = 628/(1000 x 120) = 0.00523
aep = 6.10 x 0.00523 = 0.0319
Ignoring fibre contribution, the neutral axis depth is given by:
x/d = \/[(xep)? + 2aep] — aep = /(0.0319)% + 2 x 0.0319] — 0.0319 = 0.223
x = 0.223 x 120 = 26.7 mm
The moment of inertia is given by:
[ =0bx°/3 4 acAs(d — x)? = 1000 x 26.7° /3 4 6.1 x 628 x (120 — 26.7)?
=39.7 x 10° mm*/m
Under Mg = 25.5 kNm/m, the fictitious steel stress is:
O fict = XeMs(d — x)/1 = 6.10 x 25.5 x 10° x (120 — 26.7) /(39.7 x 10°)

= 366 MPa
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From Eq. (7.5b):

(Ssm - €cm)
= (1 - kf) [Us,ﬁct - kt (fct,eff/Pp,eff) (1 + ‘Xepp,eff)]/Es

(1— 0.466)[366 — 0.6 x (2.9/0.0168)(1 + 6.10 x 0.0168)] /(200 x 10°]

= 0.534 x (366 — 114) /(200 x 10*) = 673 x 10~° (governs)
> 0.6(1 —k¢)os/Es = 0.6 x (1 —0.466) x 366/ (200 x 10°) = 586 x 107°

Since bar spacing, s = 125 mm < 5(c + ¢/2) = 250 mm, therefore, from
Eq. (7.6), Symax = 186 mm. Hence, from Eq. (7.4):

Wy = Semax(€sm — €am) = 186 X 673 x 107° = 0.13 mm

Example 7.2. Crack Control

Verify the serviceability limit state for cracking for the simply-supported
one-way SFRC slab in Fig. E7.1 under quasi-permanent loading, equal to
(g, +0.5g) of 9.75 kN/ m?2. Given that the creep coefficient, ¢, is 1.8, and
allowable crack width, wy, is 0.2 mm.

Solution 7.2. The mid-span moment due to quasi-permanent loading is:
M; =9.75 x 4*/8 = 19.5 kNm/m
As in Example E7.1,
fa = 30 MPa; Ecy, = 32.8 GPa; fotm = 2.9 MPa;
frar1 = 1.35 MPa; ks = frqr1/ foem = 0.466;
Also,
Eceff = Eem/(1+¢) =32.8/(1+1.8) = 11.7 GPa,
ae = Es/E e = 200/11.7 = 17.1

(a) Crack width calculation using Eq. (7.5a):
Following the procedure given in Appendix B, the following values are
obtained:
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Section curvature, 1/ = 11.2 x 107® / mm; x = 57.1 mm;
ece = (1/7)x =112 x 107% x 57.1 x 10~ mm/mm
= 640 x 10"® mm/mm
fee = Eceff€cc = 10.9 MPa < 0.40fcy = 15.2 MPa;
e = €cc(h/x —1) = 0.00104 mm/mm < &g, = 0.02087 mm/mm
est = €cc(d/x — 1) = 0.000705 mm/mm < eyq = 0.002173 mm/mm
0s = Esege = 140 MPa

With foer = 2.9 MPa; hey = min-{2.5(h —d),(h — x)/3,h/2} =
min -{2.5(150-120), (150-57.1) /3,150/2} = min -(75,37.5,75) =
31.0mm, pp, e = As/bhesg = 628/(1000 x 31.0) = 0.0203, and k; = 0.4 for
long-term crack width, Eq. (7.5a) gives:

(5sm - €cm)
= [05 — (ke + (1 — ke)ke) (fetere/ Ppjete) (1 + Qeppete) ]/ Es

= [140 — (0.4 4 0.6 x 0.466)(2.9/0.0203) (1 + 17.1 x 0.0203)] /(200 x 10°]
= (140 — 131) /(200 x 10%) = 45 x 10~
< 0.605/Es = 0.6 x 140/ (200 x 10%) = 420 x 10~° (governs)
Also, as in Example E7.1, from Eq. (7.6),
Srmax = 3.4c +0.425 x 0.8 x 0.5 x (p/ppreff
= 3.4 x 25+ 0.425 x 0.8 x 0.5 x 10/0.0203 = 169 mm
Therefore, from Eq. (7.4).

W = Symax(€sm — €em) = 169 x 420 x 107° = 0.07 mm < 0.2 mm ok

(b) Crack width calculation using fictitious steel stress, Eq. (7.5b):
p = As/bd = 0.00523; aep = 17.1 x 0.00523 = 0.0894
Ignoring fibre contribution, the neutral axis depth is given by:
x/d = \/[(xe0)? 4 20ep] — ttep = 1/(0.0894 + 2 x 0.0894] — 0.0894 = 0.343
x = 0.343 x 120 = 41.1 mm
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The moment of inertia is given by:

[=0bx/3+ acAs(d — x)% = 1000 x 41.13/3 +17.1 x 628 x (120 — 41.1)?

=90.0 x 10° mm*/m
Under Mg = 19.5 kNm/m, the fictitious steel stress is:

O fict = deMs(d — x) /1 =17.1 x 19.5 x 10° x (120 — 41.1) /(90.0 x 10°)

= 292 MPa
From Eq. (7.5b):

(€sm — €em)
= (1= ke) [0 sict — ke (fetefe/ Pp,ete) (1 + tePpefe)] / Es
= (1 —0.466)[292 — 0.4 x (2.9/0.0203)(1 + 17.1 x 0.0203)] /(200 x 10°]
= 0.534 x (292 —77) /(200 x 10%) = 574 x 10° (governs)

> 0.6(1 — k¢)os/Es = 0.6 x (1 — 0.466) x 292/(200 x 10°)

=467 x 107°
From (a), Sy max= 169 mm. Therefore, using Eq. (7.4),

Wi = Stmax(€sm — Ecm) = 169 x 574 x 107°

=0.10mm < 0.2 mm ok

It may be noted that for a reinforced concrete slab of the same cross section and
moment capacity but with H10 bars at 100 mm spacing and without fibres (see
Example 6.2), the steel stress under the quasi-permanent loading is 236 MPa, (ggm —
€em) = 822 X 107 mm/mm, Stmax = 161 mm, and the maximum crack width
is 0.13 mm. Hence, the maximum crack width has been reduced by more than 20
percent by partial replacement of steel bars with fibres.
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(c) Crack control based on limiting bar size:

From Table 7.2N (SS NA), for a steel stress, 0 = 292 MPa, and wy = 0.2 mm,
the maximum bar diameter, ¢ is 7.4 mm. Therefore, applying Eq. (7.3) gives:

Por = 93 (05 As) /[11.6b(h — d) (1 — ke)?]
— 7.4 x 292 x 628/[11.6 x 1000 x (150 — 120) x (1 — 0.466)?]
— 7.4 x 1.85 = 13.7 mm (governs)
< (faeii/29) /(1 —ke)? = (2.9/2.9) /(1 — 0.466)2 = 7.4 x 3.51

= 26.0 mm

Since actual bar diameter, ¢ = 10 mm < ¢¢¢ = 13.7 mm, the SLS is verified.

7.3. Deflection Control

For fibre concrete members with bar reinforcement, Expressions (7.16.a) and
(7.16.b) of 7.4.2(2), SS EN 1992-1-1, for the values of limiting span/depth
ratios may be used as a conservative simplification. For a more rigorous
and accurate calculation, the same principle as given in Section 7.4.3(3) of
SS EN 1992-1-1 may be used. The influence of the residual tensile strength of
fibre concrete on the moment-curvature relation for a cross-section shall be
considered as given in Annex O.3 of the Standard.

For fibre concrete members without bar reinforcement, the deflection of
uncracked members may be determined based on elastic analysis using an
effective elastic modulus to account for creep. For cracked members, the
deflection may be assessed by considering the member as consisting of
cracked and uncracked elastic regions, as shown in Fig. 7.1. The length of
the cracked region is determined by the characteristic length /s, defined by
Eq. (3.10).

Commentary

Draft Annex L does not give any specific rules on deflections of FRC members.
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Figure 7.1. Cracked and uncracked regions of fibre concrete members without bar
reinforcement

Example 7.3. Deflection Control

Verify the serviceability limit state of deflection for the simply-supported
one-way FRC slab described in Example E7.2 under a quasi-permanent
loading of 9.75 kN /m?. Neglect curvature due to shrinkage of concrete.

Solution 7.3. Uncracked section properties:

Xo = (Dh?/2 + aeAsd) / (bh + aeAs)
= (1000 x 1507 /2 4 17.1 x 628 x 120) /(1000 x 150 + 17.1 x 628)
= 78.0 mm
Iy = bx2 /12 + bh(h/2 — x4)* + aeAs(d — x)?
= 1000 x 78.0° /3 41000 x 150 x (150/2 — 78.0)>
+17.1 x 628 x (120 — 78.0)?

= 301.5 x 10°mm*



Design for Serviceability Limit State | 53

The cracking moment is given by:

Mg = 09fmalu/(h — xq) = 0.9(1.6 — 1/1000) fepm Lu / (h — xy)
= 0.9 x (1.6 — 150/1000) x 2.9 x 301.5 x 106/(150 —78.0) x 107
= 15.8 kKNm/m

Effective section curvature:
Mid-span moment due to q.p. loading, Ms = 19.5 kNm/m.

(1/7)u = Mg/ Egegely = 19.5 x 10°/(11.7 x 10° x 301.5 x 10°)
=553 x 107%/mm

(1/7)c = 11.16 x 10~%/mm (from Example E7.2)
For sustained loading, B = 0.5. Therefore, distribution parameter,
{=1-B(Mg/Ms)*=1-05x (15.8/19.5)> = 0.671
Hence,
(1/7)ete = C(1/7)e + (1 = 0)(1/7)u
= [0.671 x 11.16 + (1 — 0.671) x 5.53] x 107® = 9.31 x 107%/mm

The mid-span deflection under the quasi-permanent loading is:

A =5/48(1/7)etL? = 5/48 x 9.31 x 107° x 4000* = 15.5 mm

< L/250 = 4000/250 = 16 mm
It may be noted that for the RC slab without fibres but with H10 bars at 100 mm

spacing and with the same moment capacity, the deflection under the same quasi-
permanent loading is 20.2 mm. Thus, replacing 20 percent of the steel bars by fibres
would result in 23 percent reduction in the deflection.
Deflection check using limiting span-effective depth ratio:

p = 0.00523 < pg = /fa X 1072 = /30 x 103 = 0.00548

For a simply supported slab, K = 1. Therefore, SS EN 1992-1-1:2008,
Eq. (7.16.a) gives the limit span/depth ratio as:

L/d = K[11+ 15/ fa(po/p) +3.2+/fa(po/p — 1)*?]

=1 x [11 4 1.5,/30(0.00548/0.00523)
+ 3.2 x 1/30(0.00548/0.00523 — 1)%/2]

=11+86+02=19.8
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It is clear that neglecting fibre contribution and using the limiting span/depth
ratios given by Expressions (7.16.a) and (7.16.b) would be overly conservative.
Hence it is suggested to modify the L/d ratios using the steel stress under char-
acteristic combination of loading (PD 6687-1:2020) obtained with consideration for
fibre contribution, but limiting the modification factor (310/05) to 1.5.

In this example, the steel stress under characteristic loads, gx + gx, equal
to 12.75 kN /m?, considering the fibre contribution, is o = 218 MPa; hence,
(310/0s) = 310/218 = 1.42 < 1.5. Therefore, the modified limit span depth
ratio may be taken as:

(310/05)L/d = 1.42 x 19.8 = 28.1 < actual L/d = 33.3

Hence, the SLS of deflection is not satisfied, and a more rigorous and accurate
calculation as given above would be required.



Chapter Eight

Detailing of Reinforcement and Pre-stressing
Tendons — General

8.1. General

The rules for normal structural concrete members shall be followed.

Commentary

Draft Annex L states that in general:

(1) steel fibres shall not be used to replace reinforcement across a construction joint;
and
(2) the residual tensile strength of SFRC shall be disregarded at construction joints.

Draft Annex L recognizes that steel fibres can enhance the anchorage of reinforc-
ing bars and pre-tensioned tendons. Specifically, the transfer and anchorage lengths
of pre-tensioned tendons may be reduced. However, general and validated design
rules are currently not available.

8.2. Spacing of bars

To prevent agglomeration of fibres between reinforcing bars, the clear dis-
tance between individual parallel bars or horizontal layers of parallel bars
should be not less than 1.5 times the fibre length. For thin vertical members
without reinforcement bars, the clear distance between the formwork panels
should be not less than 1.5 times the fibre length, unless the structural design
and performance is not compromised by a two-dimensional fibre orientation
due to the thinness of the elements.

Commentary

Draft Annex L specifies a bar spacing of at least 2 times the fibre length to be used.
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Chapter Nine

Detailing of Members and Particular Rules

9.1. General

Minimum areas of reinforcement are required to prevent a brittle failure,
wide cracks and to resist forces due to restraints.

Commentary

Draft Annex L's minimum reinforcement rules are as follows.

(1)

(2)

(3)

In members reinforced with steel fibres with or without axial force, minimum
reinforcement shall be provided such that:

MR,min <NEd) Z k- Mcr <NEd) (Cgl)

where

MR min 15 the bending strength of section with Asmin in the presence of axial
force Ngq, calculated using the stress distribution in Fig. C6.1 or C6.2, and
with the effect of fibres included by the effective residual tensile strength, fru, ef
(Eq. C3.7);

M, is the cracking moment of the section in the presence of Ngq,; and

k is a factor taken as 1.0 for sections with bonded reinforcement, and 1.15 for
sections with unbonded prestressing tendons (internal or external).

For members subjected to axial tension, Asmin, Shall satisfy:

NR,min > k- Ncr (ng)
where NRmin and Ne are the axial load capacity and the cracking load,
respectively, of section with Asmin.

The minimum shear reinforcement ratio, Ppw,min, for members reinforced with
steel fibres requiring shear or torsion reinforcement may be taken as:

PFw,min = Pw,min — f Ftu,ef/ f yk >0 (C9.3)

where pywmin = 0.08y/fa. The minimum amount of conventional shear
reinforcement (links) is not required if fpy e > 0.08+/ fek.
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9.2. Beams

For fibre concrete beams with or without bar reinforcement, the effect of
residual tensile strength on the moment capacity may be taken into account.
To ensure sufficient capacity for flexural ductility, the beam shall be provided
with a minimum reinforcement area of:

Act . (kc : fctm — g - Ndet ° fft,RS)
f yk
where A = bih/2; k. is a coefficient which accounts for the stress distribu-

tion within the section prior to flexural cracking (refer to Clause 7.3.2(2) of
SS EN 1992-1-1); and

9.1)

As,min -

ke« fetm — ¢ - det - firs > 0 9.2)

This guide recommends further that the minimum area should also satisfy
the Eq. (9.1N) of SS EN 1992-1-1, that is:

Ag min = 0.26 - N bed > 0.0013 - byd 9.3)
f yk
The above requirements will preclude the use of fibre concrete members
without bar reinforcement unless the fibre concrete shows hardening behav-
ior, that is:

ke fetm — 7¢ - det * frerz <0 9.4)

Commentary

Based on Draft Annex L, the minimum longitudinal reinforcement in beams should
not be replaced by steel fibres. Also, the shear and torsion reinforcement in beams
may be fully replaced by steel fibres if the minimum reinforcement rules (1) to (3)
stated above in Section 9.1. Commentry, are fulfilled.

9.3. Solid Slabs

In general, the flexural reinforcement requirement for beams apply to solid
slabs using fibre concrete with or without bar reinforcement.

Commentary

Draft Annex L allows longitudinal reinforcement in slabs to be partially replaced by
steel fibres subject to the minimum reinforcement rules stated above in Section 9.1.
Commentary. The replacement of minimum longitudinal tensile reinforcement
should be limited to kasAsmin, Where kas is a nationally determined parameter
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(NDP), with a recommended value of 0.5. Also, the minimum secondary tensile
reinforcement in one-way slabs may be fully replaced by steel fibres.
The shear reinforcement in slabs may be fully replaced by steel fibres if

thu,ef/fyk 2 Pw,min and/or thu,ef Z O~08\/fck-

9.4. Walls

The Standard does not give additional rules for walls. Walls under compres-
sive loading should be considered as Executive Class 3 members.

Commentary

Draft Annex L allows the minimum vertical and horizontal reinforcement be fully
replaced by steel fibres subject to fulfilling minimum reinforcement rule (1) stated
above in Section 9.1. Commentary, with the post cracking tensile strength, fru ef,
taken in account.

9.5. SFRC Structures Not Complying with Minimum
Reinforcement Requirements

Additional rules for SFRC structural members not complying with minimum
reinforcement requirements are given in Draft Annex L. These rules may be
followed.

Commentary

Draft Annex L provides the following general rules.

(1) For members constructed with joints to avoid uncontrolled cracking, brittle
failure of these members should not lead to collapse of the structure.

(2) Members using SFRC and designed in accordance with this Chapter do not pre-
clude the provision of steel reinforcement required to satisfy serviceability, nor
reinforcement in certain parts of the members. Reinforcement provided may be
taken into account for local verification of ULS and check for SLS.

(3) Members subject to imposed deformations should however comply with mini-
mum reinforcement rules.
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SFRC Footing on Rock

For design of SFRC in footing on rock, the values of frrsq and frrug may be taken
into account in accordance with Egs. (C3.3) to (C3.8).

Foundations Directly on Ground

For continuously ground supported rafts and foundation beams, the minimum rein-
forcement can be replaced by using a minimum residual strength and ductility
class of 1b, corresponding to R11/R31. This is due to the intrinsic ductility of
such members. For soft ground or larger loads the required residual strength and
ductility class would be higher. Also, for soft ground, large or restrained slabs, the
serviceability requirements will result in combined reinforcement.

Foundations on Piles

For rafts and slabs on piles, a minimum residual strength and ductility class of
2¢, corresponding to R12/R32, should be used.

For large loads, a higher residual strength and ductility class would be required.
Also, for large or restrained slabs, the serviceability requirements will result in
combined reinforcement.

Segmental Linings

For segmental lining without longitudinal bar reinforcement, a minimum residual
strength and ductility class of 4c, corresponding to R14/ R34, should be used.
This replaces the minimum reinforcement rule given by Eq. (C9.3).



Chapter Ten

Conclusions

10.1. General

The Singapore Standard SS 674:2021 has been published to provide a
uniform approach for the design of fibre concrete structures, in line with the
principles of and as a supplement to SS EN 1992-1-1:2008. This guidebook
has been written to give readers further background and information and
assist them in the interpretation of the various provisions in the Standard.

Design recommendations pertaining to the properties of fibre concrete,
and verifications of ultimate and serviceability limit states are given, and
are related to the provisions of the Draft Annex L to prEN 1992-1-1:2018.
Examples are given to further aid the reader in the application of the Stan-
dard.

10.2. Important Points to Note

The reader should be aware of the following in using the Singapore
Standard.

(a) The Standard deals with the design of fibre concrete members. It does
not deal with the analysis of fibre concrete structures, for which readers
are to refer to SS EN 1992-1-1 and other specialist literature for guidance.

(b) Although the Standard is applicable for both metallic and polymeric FRC
in principle, it should be noted that most of the equations have been
derived based on steel FRC, as are the provisions of Draft Annex L.

(c) Fibre concrete should not be used in Execution Class 3 (Structural System
1) members such as beams and decks without conventional bar reinforce-
ment, unless otherwise justified.
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Appendix A

Design Charts for Fibre Concrete Members with Bar Reinforcement
in Flexure

The design charts are developed for under-reinforced rectangular sections
with fibres contributing up to 50% of the moment capacity, using the method
of strain compatibility and a constant stress distribution in fibre concrete in
tension, as shown in Fig. A-1. The moment capacity of a section is defined as
Mgy, taken as equal to the design moment, Mgq, and the neutral axis depth
at failure is denoted by x.

_accfck/%_

L ————- Fcc

Eit < Efy

Figure A-1. Strain and stress distributions

Assuming the steel bars (with area, As) yield at failure (by ensuring that
x/d < 0.45), force and moment equilibrium give, respectively:

Ff = Fee — Fst = b(0.8x)(0.567 f) — Asfya (A-1)
Mgy = F[0.6x +1/2(h — x)] + Asfya(d — 0.4x) (A-2)
which simplify to:
Fy = 0.453bxf — Asfya (A-3)
Mgy = F(0.5h +0.1x) + Asfyq(d — 0.4x) (A-4)
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Substituting the value of Fy given by (A-3) into (A-4) gives:
Mgy = (0.453bxfy — Asfya)(0.5h 4 0.1x) + Asfyq(d — 0.4x) (A-5)

or
Mgg/bdfa. = [0.453(x/d) — Asfyq/bdfy)[0.5/(d/h) +0.1(x/d)]
 Acfya/bfy [1— 04(x/d)] (A-6)
Also,
Fy = b(h — x) fira,r3 (A-7)

From (A-3) and (A-7),
b(h — x)fftleg, = O.453bxfck — Asfyd (A-S)

Hence,

Asfya/bdfy = 0.453(x/d) — [1/(d/h) — (x/d)](fra,rs/ fex) (A-9)

For a set of values of d/h and fgqr3/ fa, the value of Agfyq/bdf can be
obtained from Eq. (A-9) for a specified value of x/d, and subsequently the
value of Mgg/bd” f4 can be calculated from Eq. (A-6). Using this procedure,
Design Charts A-1 to A-4 are developed for the cases of d/h = 0.80, 0.85,
0.90 and 0.95, respectively, for values of fgqRr3/ fek from 0 to 0.25, in steps of
0.05.

In each design chart, lines corresponding to values of K¢/K ranging from
0 to 0.5, in steps of 0.1, are also shown. The parameter K¢/K indicate the
fraction of the total moment resistance contributed by the fibres, with K =
Mgy /bd? fo- For example, K;/K = 0.2 indicates that 20% of the moment
capacity is due to the fibres.
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Appendix B

Determination of Steel Stress in Fibre Concrete Members with Bar
Reinforcement in Flexure

The strain and stress diagrams for a FRC section under a moment M is
shown in Fig. B-1, in which a constant tensile stress distribution, with
magnitude fq r1, for fibre concrete is assumed.

AS Est

Eft

Figure B-1.

The following procedure may be used to obtain the corresponding section
curvature, 1/7, neutral axis depth, x.

Step 1: Assume a value for the section curvature, 1/7.
Step 2: Adjust the value of x until force equilibrium is achieved, i.e.,

YF = F— F— Fy = 0.

Step 3: Checkif M = XM = Fe.- (2x/3) + F¢- [/2(h — x)] + Fgt - (d — x).
Step 4: If not, adjust the value of 1/7 and repeat Steps 1 to 3 until M = XM.
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Copyright © 2022 Association of Consulting Engineers Singapore. All rights reserved.
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CONSTRUCTION
TODAY

Precast concrete leads the way
Your Strategic Partner in Construction

HQ & ULU CHOH FACTORY:
21 m/s, Jalan Pontian,
81150 Ulu Choh, Johor, Malaysia.
TEL +(60)7-699 6208

FAX +(60)7-699 4137

SENAWANG FACTORY:

PN45839 Lot 2, Kawasan Perindustrian
Pekan Sg Gadut, 71450 Seremban,
Negeri Sembilan, Malaysia

TEL +(60)6-678 5766

FAX +(60)6-678 5768

SINGAPORE CONTACT:
TEL +(65)6871 4137

EMAIL  spc888@spcind.com
WEBSITE www.spcind.com



IKCOOMT

A PRECAST CONCRETE MANUFACTURER

Supplying Segments to :

INNOVATE
TOGETHER

BUILDING BETTER
WITH PRECAST

KOM TECHNOLOGIES (S) PTE LTD (201220119M)

(Office)

6001, Beach Road,

" #20-04 Golden Mile Tower
199589 Singapore

TEL : +65 8669 8883
WEB: www.komt.com.sg

KOM TECHNOLOGIES (M) SDN BHD (864504-X)

E (Factory)

PLO 68, Jalan Teknologi 2/5,
Kawasan Perindustrian Iks,

86200 Simpang Renggam., Johor.
TEL : +607 755 9390 / 607 755 9391
FAX : +607 755 9392

WEB: www.komt.commy




& Elkem

Elkem Microsilica®
The world’s leading producer of high-quality silica fume

Trusted solution for fibre reinforced concrete applications
around the world. Enabling optimum strength and durability.

Certified to EN 13263: silica fume for concrete.
ISO 9001:2015 certified quality management system.
Elkem Singapore Materials Pte Ltd

87 Beach Road, #04-02 Chye Sing Building, Singapore 189695
Tel: +65 9636 0937

www.elkem.com/contact/




T

Dramix®
The future of reinforced |
low carbon lining

Steel fiber reinforced concrete

Our tunnel vision is anything but narrow. Dramix® steel fiber
reinforcement futureproofs segmental lining:

Sustainable

In comparison with traditional reinforcement, ‘save up to
25% concrete and up to 50% steel, ,redumng tﬁ’e CO2
significantly.

Durable

In underground solutions, Dramu)g,_\

service lifespan of concrete tunnels to no less than 129
years, thanks to optimal crack cohfrol and structural; <
stability. 35 [~ g_:»’ ‘
EPD certified ‘

Environmental Product Declaratlons objectlvely £
communicate the life cycle of our Dramix® steel fibers

More info on Dramix® steel fibre solutions? Get in touch : mfobuﬂdmg@bekaert com



REINFORCED WITH

BarChip Synthetic Fibre
Concrete Reinforcement

Eliminates Corrosion
Reduces Construction Time
Lowers Carbon Footprint
Reduces Costs

BarChip works by distributing hundreds of thousands
of high tensile strength fibres throughout the entire

concrete mix. They reinforce every part of the concrete, Scan here to get started
leaving no vulnerable, unreinforced concrete. with BarChip.

Achieved Results

_-

BarChipinc.
100% The Synthetic Fibre Experts

BarChip Asia Pte Ltd

7 Temasek Blvd., #43-01A

Suntec Tower 1

Reduction in Reduction Increase in Increasein )
. . . Singapore, 038987
Steel Corrosion in Carbon Daily Pour Development
: : Phone: 6835 7716
Footprint Completion Speeds

Email: Asia@barchip.com

When Performance Matters, Choose BarChip Synthetic Fibre.
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