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ABSTRACT

The Annex L of FprEN 1992-1-1:2023 (EC-2) provides provisions for the design of Steel Fibre Reinforced Concrete (SFRC) structures.
This Annex is supported by a comprehensive background document (BD) that gathers the main outcomes of the research carried out
on SFRC during the last thirty years. This paper aims to cover the sections of Annex L and supplement those with scientific literature,
to help readers reach a deeper understating of the fundamentals and specific details of the proposed formulations and rules.
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RESUMEN

El Anexo L del FprEN 1992-1-1:2023 (EC-2) plantea disposiciones para el disefio de estructuras de hormigén reforzado con fibras de
acero (SFRC). Este anexo est4 respaldado por un sélido documento de antecedentes (BD) que recopila los principales resultados de las
investigaciones realizadas sobre SFRC durante los tltimos treinta afios. Este articulo tiene como objetivo cubrir las secciones del Anexo
L y complementarlas con literatura cientifica para permitir que los lectores profundicen en los fundamentos y detalles especificos de

las formulaciones y reglas establecidas.

PALABRAS CLAVE: Hormigon reforzado con fibras, disefio, estandarizacién, Eurocodigo 2, fibras de acero.

©2023 Hormigén y Acero, la revista de la Asociacion Espafiola de Ingenieria Estructural (ACHE). Publicado por Cinter Divulgacion Técnica S.L. Este
es un articulo de acceso abierto distribuido bajo los términos de la licencia de uso Creative Commons (CC BY-NC-ND 4.0)

1.
INTRODUCTION

Provisions for the structural design of Steel Fibre Reinforced
Concrete (SFRC) members were included in both FprEN
1992-1-1:2023 (Annex L) [1] and FprEN 1992-1-2:2023
(Annex B) [2]. This has been the result of increasing demand
for regulations of this materials from the construction sector;
well-stablished knowledge on the mechanical properties of
SFRC derived from the research and wide variety of success-
ful existing applications (Figure 1) and the future perspec-
tives for the material [3].
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In this regard, chronologically at European level, the
DBV 2001 [4] was the first to introduce design provisions
for SFRC structures in Germany, followed by the RILEM
TC 162-TDF in 2003 [5], the Italian CNR-DT/204/2006
in Italy [6] and the EHE-08 in Spain [7]. Within these 20
years, other European countries have regulated the design
of SFRC structures. Even, in some national regulations (i.e.,
Italy, Spain and Sweden [6-8]), the use of other types of fi-
bre materials (mainly synthetic-based) for partially replacing
the ordinary steel reinforcement are regulated by including
specifications related to the mechanical properties of these
materials. In the same line, the fib Model Code 2010 [40],
also covers the use of SFRC (and other types of FRCs).

Furthermore, the type of reinforcement for concrete has
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proved to have a significant impact on the sustainability perfor-
mance of the structure. Some researchers were focused on quan-
tifying the sustainability performance -considering economic,
environmental and social indicators- of concrete structures rein-
forced with different types and configuration of reinforcements
(including traditional RC, SFRC, and hybrid solutions) [9-11].
The outcomes of these analyses prove—and confirm—that the
sustainability performance of SFRC and hybrid reinforced (steel
fibres + steel rebar) concrete solutions are promising.

This paper is aimed to cover—not exhaustively—the features
included in the Annexes L and B of the FprEN 1992-1-1:2023
[1] and FprEN 1992-1-2:2023 [2], respectively (both referred
to as EC-2 hereafter), and complement those with justifications
and explanations supported by the Background Document
(BD) to Annex L [12] and scientific literature, when necessary.

2.
DESIGN BASIS - SAFETY FORMAT

The design approach for SFRC structures proposed in the EC-2
is aligned with the partial safety format described in Eurocode 0
[13]. In this regard, the material partial safety factor (yy) for SFERC
to be considered for both compression and tensile mechanical
properties is established as 1.50 for both persistent and transient
situation in ULS, 1.20 for accidental situations and 1.00 for SLS.
These safety factors are equivalent to those suggested in the EC-2
for reinforced and/or prestressed concrete structures.

As acknowledged in the BD and other relevant literature
dealing with the design basis FRC [12,14], the post-crack-
ing (residual hereinafter) tensile properties of this material
are known to be subjected to several sources of uncertainty.
Fibre distribution and orientation anisotropy are the domi-
nant sources of variability that lead to a total scatter in the
notched beam test EN 14651 [15] ranging between 10% to
30% [16,17] depending on the amount of fibres, fresh con-
crete properties, and other aspects [18]. This scatter observed
in the EN 14651 beams tends to be superior to that observed
in the final structure due to the usually larger volume of SFRC
involved in the cracked areas of the latter. The combined use
of: characteristic values of the residual flexural tensile strength
(fx 1); orientation factors (k,) [19-21] and the factor kg for tak-
ing into account the decrease of variability with the increase of
the size of cracked areas (with respect to the EN 14651 beam,
125 x 150 mm?), allows for designs that meet the structur-
al reliability levels widely accepted for traditional reinforced
concrete (RC) structures [22].

In specific structures or components, different partial safe-
ty factors might be required for optimization purposes or to
meet other failure consequences classes (with other reliability
levels associated). To this end, FORM [23] has been already im-
plemented to calibrate yy for precast FRC tunnel linings [24]
and for FRC elements without transversal reinforcement [25].
Alternatively, and specifically oriented to non-linear structural
analysis, the method proposed in [26] to calibrate the global
resistance safety factor -and reported in the Annex F of the
EC-2- was satisfactorily used and implemented in SFRC flat
slabs [27-29]. The test up to failure of the SFRC flat slab (200
mm thickness, and four bays of 5 x 6 m) presented in [29] (see

Figure 2) proved that the design carried out combining FE-
based non-linear models and the safety factor calibration ap-
proach [26] lead to safe-side results for the ultimate load [30].

Figure 1. Different existing applications of SFRC in (a) underground
construction (tunnel vertical shaft in Barcelona, Spain), (b) building
column-supported flat slab (LKS Headquarters Building in Mon-
dragén, Spain) and (c) architectural applications (Culvert of the
Oceanographic Restaurant in Valencia, Spain).
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Figure 2. Real-scale test of the SFRC flat slab reported in [29]: (a)
application of the live load, and final crack patterns of the (b) bottom

and (c) upper sides of the slab.
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3.
MATERIALS

3.1. General aspects

The EC-2 explicitly refers to steel fibres (SF) that follow
the requirements of the EN 14889-1 [31] as concrete rein-
forcement with the capacity to replace or complement the
ordinary steel reinforcement. SFs are seen as a material that
enhances the residual capacity of the resulting SFRC com-
posite for both compression (confinement effect) and tension
(cracking control, ductility and energy absorption capacity).

The adequate selection of both fibre geometry and strength
for a specific mix design can lead to an efficient application.
The best solution requires a compromise among the targeted
effect of the fibres in different limit states. In this regard, and in
general terms, short and thin fibres might be suitable for initial
crack control while these not affect significantly the workabil-
ity of the composite. On the opposite, long and slender —with
performant anchorages— fibres might be suitable when high-
er residual tensile strength of the SFRC is required for crack
control in SLS and bearing capacity in ULS. In this case, the
impact on workability may be significant. These tendencies are
more evident for high fibres’ dosages, and the mechanical ef-
fects tend to be empowered with the matrix quality [32]. The
workability reduction has to be compensated using plasticizer
admixtures, and, for high fibres dosages, the mix design has to
be adapted with finer granulometries.

3.2. Strength and duciility classification

In general, the addition of fibres does not modify matrix prop-
erties as density, both compressive and tensile (pre-cracked)
strengths, elastic modulus, and shrinkage for the range of
strength classes (SC) identified in the Annex L (Table 1.2).

Concerning creep, both compressive and tensile (pre-crack-
ing) creep of SFRC can be computed according to 5.1 of the
EC-2. However, if tensile-creep is expected to be a design de-
termining parameter in any limit state, tests must be conduct-
ed following a standardized testing configuration and proce-
dure [33-35] to quantify its time-dependent magnitude (see
Figure 3). According to [36], tensile-creep of SFRC may be
significant in elements with both low degree of redundancy
and low amounts of longitudinal reinforcement.

Assuming these starting points, EC-2 typifies the SFRC SC
based on the residual flexural strength (fz) of the composite
determined according to EN 14651 [15] (see Figure 4). The
characteristic values of the residual flexural strengths for crack
mouth opening displacements (CMODs) of 0.5 mm and 2.5
mm, fr 1, and fr 3., are the relevant design, strength characteri-
zation and quality control parameters of the SFRC [37]. This
statistical values of fR account for the sources of variability
of samples of the same and of different batches. fx 1. and fr 3.
shall be computed considering that: fz follows a log-normal
probability density distribution according to EN 1990 [13]
(5% quantile, 75% of confidence level); and that the standard
deviation of fR is unknown unless explicitly agreed. Criteria to
determine the statistic properties of fz and to assess the popu-
lation standard deviation could be found in [38,39].
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Figure 4. Test setup according to EN 14651 [15].
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Figure 5. Limits for the ductility classes in the EN 14651 [15]: (a) flexural test for a FRC corresponding to a SC 3, and (b) the resultant tensile
stress/strain law evaluated according to EC-2.

The value of fx 1, establish the strength class: SC (1.0; 1.5; 2.0;
2.5;3.0;3.5;4.0;,4.5;5.0;6.0; 7.0; 8.0) and the ductility class
is denominated by a letter “a”, “b”, “c”, “d” or “e” when the
ratio fr3r /SC exceeds the values of 0.5; 0.7; 0.9; 1.1 or 1.3
respectively. Figure 5 represents an example for those limits
by means of a qualitative tensile stress-CMOD relationship.

This SFRC classification criteria is non-coincident with
the initial proposal in the MC2010 [40], where the ductility
class is defined, with the same limits, but based on the fx 3./
fr1k ratio instead of the fz3,/SC ratio. In this sense, the EC-2
criterion is oriented to accept the compensation of a low duc-
tility by an increase in strength. For instance, a concrete SC4
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Figure 6. Example of accepted FRC concretes when a SC3d class is prescribed.
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Figure 7. Dimensions and boundary conditions for the DEWST and DPT.

b could be accepted as a SC3 d as shown in Figure 6.

Even if the EC-2 does not make any explicit mention,
only for quality control (QC) purposes, alternative tests as
the DEWS [41] and the Double Punching Test (DPT, or BCN
test) [42-44] (see Figure 7) may be used provided an statis-
tically coherent and robust correlation [45] with the notched
beam EN-14651 [15] has been established for the SFRC un-
der characterization.

3.3. Design assumptions for the material

As per cross-sectional analysis and design, the design values
of the service and ultimate residual strength of SLS (fzss) and
ULS (frua), respectively, should be computed with Eq. 1 and
2, respectively.

frt = frset fygp = ko ks 0.37 fae /e, (1)

frua = fruwet /yg = ko e 0.33 fusi fy, )

where k, is the factor that relates the fibre orientation expect-
ed in the real structure with that existing in the notched beam
EN-14651 [15] and kg is the factor accounting for the effect
of member size.
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The Annex L suggests considering k, = 0.5 unless other-
wise is specified in the same Annex L or verified by testing,
with final values always smaller than 1.7. Likewise, for bend-
ing, shear and torsion forces k, = 1.0 may be used when S2-S4
consistency classes (according to EN 206 [46]) are achieved.

The orientation factor can be assessed by means of rep-
resentative tests [20]: cutting and testing beams from the
real structure and/or using non-destructive tests based on the
inductive properties of the SFRC [47-50]. Concerning the
latter, the SFRC flat slab constructed and tested up to fail-
ure reported in [29] was cored for characterizing the amount,
distribution and orientation of fibres with a portable induc-
tive device (see Figure 8). The orientation factor pattern was
posteriorly computed by means of the results obtained. An
equivalent approach was conducted in SFRC slabs [46] with
conclusive results towards the alternative use of these non-de-
structive techniques.

The size effect on the magnitude of variation coefficient
of the SFRC residual tensile properties is considered through
the coefficient ks (=1.0 + 0.5 A, < 1.5), which depends on
the area of the tension zone (A.) involved in the flexural fail-
ure mechanism —of the structural system in equilibrium. This
consideration makes it possible to utilize the residual tensile
capacity up to 90% of the average strength [22,40]. This as-



Figure 8. Cored flat slab and inductive testing for determining the amount, distribution and orientation of fibres.
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Figure 9. Tri-linear stress-strain constitutive law for simulating the mechanical response of SFRC subjected to uniaxial tension.

sumption is based on the fact that the scatter of the residual
tensile strength of the SFRC decreases with the increase of the
volume of material subjected to tension involved in the fail-
ure mechanism (i.e., length of the yield line). For local failure
mechanisms —independently of the structural redundancy- and
small cracked areas, a kg = 1.0 shall be considered.

The relation fz 1 /fur,005 = 0.5 must be satisfied to guarantee
material ductility to avoid either a fragile response in case of
lightly reinforced elements or any crack localization. Consider-
ing that the characteristic value of the residual tensile strength
for SLS (fest) is 0,40 fz 11 (assuming k, = kg = 1.0), the ratio fz 12
[feko00s = 0.5 results in frg /furoo0s = 0.2 and, thus, that the re-
sidual tensile capacity of the SFRC must be equal or superior
than 20% of fuu,0.05.

In local analyses, for critical cross-sections responsible for
the structural equilibrium —of part or the entire structure-,
the contribution of fibres has to be disregarded. Likewise, this
applies to tying systems for robustness of building (L.12.5)
and for connections and supports subjected to compression

(L.13.2).
3.4. Stress-strain relation for structural analysis

For structural analysis by means of using numerical tools, a
tri-linear constitutive law is proposed (see Figure 9 and Eq.
3-6) for simulating the uniaxial stress-strain of SFRC subject-
ed to tension. The pre-cracking and crack initiation stage are

assimilated to the response of a plain concrete (PC), and the
residual response is simulated through a linear strain softening
or hardening—depending on the SFRC strength class—until
reaching the ultimate tensile uniaxial strain of the material
(&4). This approach is similar to that proposed in the fib Mod-
el Code 2010 and the fib Bulletin 105 [32,40].

froe= ko kg 0.37 fr1x 3)
frizef = ko kG (0.57 frzr— 0.26 fr 1) 4)
€60 =12 Ecm = foom/ Eom (5)
ero = 20 <25 MM <= 0.02 (6)

lc: lcs

In Eq. 3 and 4, k, is the fibre orientation factor and kg is the
factor accounting for the effect of member size. In Eq. 6,
the structural characteristic length lcs is obtained as [,=min
(h; Symear) for members subjected to combined axial and
bending and as I = s, r for members subjected to uniaxial
tension (S, r is the mean crack spacing, see Eq. 16). As it
can be observed, I, can be considered as a double factor con-
sidering size effect and synergy of the fibres and rebars con-
tributions. In structural elements with SFRC where cracking
pattern is mainly governed by the rebars, lcs is computed as
the cracks spacing. For low or not reinforced SFRC, Ics is eval-
uated as the element depth, as the equivalent hinge length.
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When EN 14651 [15] specimens are considered [, = 125 mm
as applied in Figure 9. The structural characteristic length lcs
is considered jointly with the maximum crack opening (w,)
adopted for ULS to transform the localized crack opening in
equivalent strain.

In the case of the stress-strain relation of SFRC subject-
ed to short-term uniaxial compression, the same expression
than for PC may be used, but by providing modifications in
the compressive strain at mean compressive strength (&.(%o)
= 0.7f,"? (1+0.03fx 1)) and in the ultimate compressive strain
(€1 = k &1, where k=1 + 20/4(82-2.2 fr 1)) [51-53].

3.5. Properties of SFRC at high temperature

The Annex B of the FprEN 1992-1-2:2023 [2] provides addi-
tional provisions to FprEN 1992-1-1:2023 Annex L [ 1] for the
design of SFRC subjected to high temperatures. Only in this
subsection, the Clauses cited are specifically referred to FprEN
1992-1-2:2023 [2].

Strength and deformation properties of SFRC in compres-
sion at elevated temperatures may be assumed as those for PC
and computed according to the provisions provided in Clause
5. As per uniaxial tension SFRC properties at elevated temper-
atures, the stress-strain relationships proposed in the Annex L
of FprEN 1992-1-1:2023 [1] can be considered; nonetheless,
the strength parameters (fim, fin o and fra,ef) must be affected
by a reduction coefficient £, o/fu,0.05 (fu,, being the uniaxial ten-
sile strength of concrete at temperature o) to take into consid-
eration the degradation of the mechanical properties caused
by high elevated temperatures. In any case, if design methods
given in Clauses 6 and 7 are used, any contribution of fibres
shall be neglected.

A formulation to compute the reduction coefficient £,/
far0.05 is proposed in Clause 5, nevertheless, alternative formu-
lations for deriving the constitutive law for SFRC subjected
to uniaxial tensions at high temperatures may be considered
provided the results are within the range of experimental
evidence. To this end, the research and methods reported in
[54-57] might be of reference for this purpose. Likewise, test
procedures as those proposed in the RILEM Recommendation
TC 129 MHT-part 4 [58] might also provide support to derive
the pre- and post-cracking tensile properties of the SFRC sub-
jected to high temperatures.

4.
DURABILITY

The second generation of EC-2 brings a radically new concept
of design for/verification of durability through the introduc-
tion of Exposure Resistance Classes (ERCs) based on perfor-
mance [1,12,59], introduced for carbonation and chloride-in-
duced corrosion (environmental exposure conditions XC, XD
and XS). At the same time, an informative Annex P is offered
to National Standardization Bodies (NSBs) that actually con-
tains the approach for durability of the current EC-2 [60].
Nonetheless, whichever approach is adopted by an NSB,
the concrete cover due to durability requirements, Cyindur, in
the case of SFRC applies only to the embedded reinforcement.
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In other words, for a given element type and environmental
exposure conditions, Cp, 4 is unaffected by the presence of
SFs. The only limitation placed on minimum cover in the case
of SFRC is to avoid fibre accumulation. Therefore, a minimum
cover of ¢uix = 20 mm to embedded reinforcement is pre-
scribed for SFRC elements.

Hence, a conservative approach has been adopted — any po-
tential benefit in terms of durability offered by SF inclusion has
been neglected as Cyinaur is determined in the same way as for
an equivalent RC element [61]. At the same time, even though
SFs close to the element surface may corrode and cause rust
stains, spalling of concrete is unlikely to occur since generated
tensile stresses caused by corrosion-derived products from SFs
are low due to the small diameter of the fibres [12,62].

However, the fact that an outer “layer” of fibres might cor-
rode in an SFRC element has caused the adoption of two de-
sign approaches which take this into account, differentiating
between SFRC elements designed to be uncracked and cracked.

In the case of SFRC elements under environmental expo-
sure conditions XC2-XC4, XD1-XD3, and XS1-XS3, de-
signed to be uncracked at the serviceability limit state (SLS),
when verifying those at the ultimate limit state (ULS), the
tensile strength of SFRC at the greatest distance from the neu-
tral axis shall be disregarded within a “sacrificial” layer of ¢4, =
10 mm from the exposed surface [ 1] (see Figure 10). It should
be noted that this refers to the verification of ULS and the
cracked state of the cross-section. The justification for such
an approach for uncracked elements is found in recent studies
that have shown a modification of bond between the fibres and
the matrix in this outermost layer, in particular due to wet—dry
exposures [63,64]. If this occurs, either a decrease/loss of bond
may happen, or its increase, which may lead to fibre rupture.

In the case of SFRC elements under environmental ex-
posure conditions XC2-XC4, XD1-XD3, and XS1-XS3,
designed to be cracked at the serviceability limit state (SLS),
when verifying those at ULS and SLS, the tensile strength of
SFRC at the greatest distance from the neutral axis shall be
disregarded within a “sacrificial” layer of ¢ur = kiur-cmindur from
the exposed surface [1] (see Figure 10). The recommended
value of kdur is 0.50, unless defined differently by a National
Annex. This provision does not apply for stainless steel fibres
nor during the construction phase. The provision rely on rela-
tively recent literature [63-65].

b /i
et

Figure 10. Definition of the “sacrificial” layer c,

fdur

One of the main benefits of SFRC, i.e. reduced crack widths,
may be taken into account for reducing the depth of the “sac-
rificial” layer c¢ra.:



Wk, cal

Cldur = kdur Conin, dur 2 10 mm (7)

lim,cal

where w, i and Wi ca are the calculated and maximum per-
missible characteristic crack widths, i.e. the “sacrificial” layer
depth can be reduced in proportion to the reduction of crack
width relative to the limit.

It should be noted that the adopted approach disre-
gards the potential corrosion of SFs on lateral surfaces of linear
elements such as beams (i.e. no reduction of tensile strength is
considered along the width of a section).

5.
STRUCTURAL ANALYSIS — PLASTIC ANALYSIS

The combination of SFRC and longitudinal ordinary rein-
forcement —both with the suitable SC and quantity, respec-
tively- has proven to provide sufficient rotation capacity of
the bending-controlling cross-sections to allow for bending
moment redistribution in statically indeterminate structures
[14,27,30,32,66].

In this regard, the Annex L allows for a non-linear structur-
al plastic analysis —or linear analysis with limited redistribution
of forces— in ULS without a direct check of the capacity rota-
tion in elements without ordinary reinforcement in (1) foun-
dations and slabs supported directly on ground (even without
ordinary reinforcement) and (2) for statically indeterminate
rafts and pile-supported slabs. For the second group, a SFRC
ductility class “c” is necessary and, if the member is needed
for structural stability, a ratio kgfx 3t /famsa > 1.0 (equivalent
to bending-hardening response) is required. For this second
group of elements, including elevated slabs, the rotation ca-
pacity is not necessary to be checked in (1) two-way systems
with L,/L, < 1.5 and A, > A nin, and (2) in both one- and two-
way systems with L/L, > 1.5 and A; > 0y Asmin. Asmin 3 per
Clause L.12 (L./L,). Gtaue to be considered as 2.0 unless other
recommended values are provided within National Annex.

For elements not fulfilling these sets of conditions, the
compatibility between the ductility provided by the critical
sections and that required for the plastic mechanism assumed
(or redistribution level considered) must be checked accord-
ingly. To this end, analyses as conducted in [67] [68] could
be used to quantify the rotational capacity of critical SFRC
cross-sections.

It must be remarked that, for members not fulfilling these
conditions simultaneously, Annex L emphasizes that crack
localization effects and, consequently, local reduction of the
ductility could occur even if the minimum longitudinal rein-
forcement A, (according to L..12.1) is guaranteed. This as-
pect has been proved experimentally [69-75] and numerically
[68] for statically both determinate and indeterminate beams.

Furthermore, the potential local variations of the residu-
al tensile capacity of the SFRC should be considered appro-
priately as large cracked sections might present non-uniform
ductility capacity.

6.
ULTIMATE LIMIT STATES

6.1. Bending

The Annex L provides two simplified stress-strain constitutive
models for simulating the residual tensile stress-strain response
of SFRC members: a rigid-plastic behaviour and a bi-linear be-
haviour (see Figure 11).
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Figure 11. Simplified stress distributions for SFRC: (a) rigid-plastic
distribution; (b) bi-linear distribution.

Referred to the bi-linear simplified stress distributions, the re-
sidual tensile strength and are defined according to:

fena = thl,ef/ySF (8

fra = th3,ef/ySF )

The rigid-plastic approach proposed by the Annex L for flex-
ural ULS design is consistent with the rigid-plastic constitutive
model provided by the fib Model Code [40], which identifies
the unique reference value frua as frza/3 (Formula 5.6-4 in the
fib Model Code [40]). This approach has proved to be reliable
for evaluating the flexural strength of SFRC beams according
o [76] and [71,77]. Based on the dataset of 53 SFRC beams
assessed in [76], the mean of the model error (ratio of experi-
mental-to-estimated flexural strength) for the fib Model Code
[40] is 1.011 (coefficient of variation of the model of 8.0%).
In addition, the trend of this error reduces with the increase
of the SFRC residual flexural strength. Regarding RC beams
with fibres, the fib Model Code predictions are also consistent
according to the experimental program reported in [71,77]
carried out on 42 standard beams with different types of fibres
and longitudinal reinforcement ratios. Moreover, only for low
longitudinal reinforcement ratios (around 0.5%) the addition
of fibres significantly improves the flexural strength at ULS.
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This rigid-plastic approach can be used for ductility classes
a, b and c; for classes d and e, this approach should only be
used to determine the ULS moment capacity at the design
tensile strain limit &ppq.

For sectional analysis at ULS (see Figure 12), fibre effect
in SFRC is considered as a constant stress under the neutral
axis corresponding to the residual tensile strength in uniaxial
tension (according to the rigid-plastic model). In compression,
parabola-rectangle or rectangular stress distribution proposed
for PC can be assumed for SFRC by modifying the compres-
sive strain at the peak stress (g2 = 0.0025) and the ultimate
compressive strain (&, = 0.006). These modifications of com-
pressive strains are based on the studies carried out by Ruiz et
al. [S1-53] and de la Rosa et al. [78].
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EFtu freu

(b)
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Figure 12. (a) Cross SFRC section; (b) strain distribution in SFRC
section; (c) parabola-rectangle stress distribution in compression
and constant stress in tension; (d) rectangular stress distribution in
compression and constant stress distribution in tension.
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6.2. Shear

The presence of steel fibres enhance the shear resistance of
SFRC members since these are effective in controlling the
opening of inclined cracks induced by shear stresses [79]. In
fact, fibres allow a multiple and stable shear crack progression,
delaying the formation of a single critical shear crack [80,81].
Hence, the addition of fibres improves the shear transfer across
cracks, which results in an improvement of the aggregate inter-
lock capacity [82] and, as a result, in an increase of the shear
strength of SFRC members, as it is shown in Figure 13 [80,83~
85] and Figure 14 [83,86].

In the Annex L, the shear strength formulation provided
for RC members without shear reinforcement is modified to
consider the fibre effect in SFRC members according to:

TRA,cF = Nek TR, + NF Thud 2 NeF TRdcmin + NF fFrud (10)

where tpqr is the design shear stress resistance of SFRC mem-
bers without shear reinforcement, tz4, is the design shear stress
resistance of RC members without shear reinforcement, is the
design ultimate residual strength of ULS, tragmin is the mini-
mum design shear stress resistance allowing to avoid a detailed
verification for shear, 7= max (1.2 - 0.5 fz;0.4) < 1.0 and
nr=1.0.
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Figure 13. Increase in shear strength due to the effect of fibres in
FRC members [87].

As it can be seen, the effect of fibres is described by an addi-
tional strength term fr.s and by introducing the parameter 5
to express that the fibre reinforcement term is not fully ad-
ditive to the ordinary reinforced concrete contribution [12].
As for this, the shear strength of RC members is derived from
the original formulation of the Critical Shear Crack Theory
(CSCT) [88], whose failure criterion describes the shear re-
sistance as a function of the reinforcement strain.

According to the CSCT, the shear resistance of members
without stirrups is dependent on the critical shear crack width
and on its roughness, since both parameters —influenced by the
strain of the reinforcement, the size effect and the aggregate
size— govern the aggregate interlock capacity. On this basis,



\\

980 kN

1098 kN

Figure 14. Shear crack patterns in prestressed beams with the same amount of transversal ordinary steel reinforcement for: (a) no fibres at 715 kN

and SFRC for (b) 980 kN and (c) 1098 kN. [83,86].

close-form expressions for the calculation of the shear strength
are proposed considering an improved general failure criteri-
on —based on the refinement of the mechanical of the CSCT
[89]— in combination with the load-deformation relationship.
These new expressions have been validated considering a da-
tabase with 669 shear tests resulting in good agreement when
compared with test results and with no trends for the parame-
ters investigated —shear span-to-effective depth ratio, longitu-
dinal reinforcement, effective depth, width-to-effective depth
ratio, compressive strength of the material, aggregate size [12].

Regarding the performance of SFRC members, a compre-
hensive shear database of 171 elements (93 in FRC and their
78 related in RC) was analysed in [87] to allow the develop-
ment and validation of shear formulations. In this sense, it has
been proved that the ratio shear span-to-effective depth ratio,
the longitudinal reinforcement and the compressive strength
of the material have similar influence on the shear strength
both in RC and FRC members; however, it is different in the
case of the size effect in shear. Related to this, the experimen-
tal results reported in [81] proved that fibres substantially mit-
igate the size effect in shear, showing that for effective depths
above 1 m this effect is quite limited. Nevertheless, further
studies are necessary to confirm this trend.

For SFRC members with shear reinforcement, Annex L
also considers the fibre effect by an additional strength and by
introducing the parameter fr,g to express that the fibre rein-
forcement and reinforced concrete contributions are not fully
additive. The formulation provided results in:

TRd,sF = (Msw P Fywd + NF freud) €Ot 0 2Py frua cOL 6 (1

where 1y is the design shear stress resistance of SFRC mem-
bers with shear reinforcement, p,, is the shear reinforcement
ratio, f,,q is the design yield strength of the shear reinforce-
ment, frua is the design ultimate residual strength of ULS, o is
the angle of the compression field, #,, = 0.75 and 5= 1.0.

6.3. Punching shear

Several studies [90-93] have confirmed the effect of fibres for
increasing the punching shear strength of SFRC slabs as well as
their deformational capacity. This improvement is due to the
bridging action of the fibres after the cracking of the concrete
matrix [94]. Although this particular mechanical behaviour of

SFRC slabs, code provisions have been adapted from the for-
mulation of the RC elements [94]. Nevertheless, several spe-
cific models for punching shear of slab-column connections for
elements with fibres have been proposed over the last decades
[91,95-97]. In this regard, [94] gathers 140 test results from
13 different studies for assessing the punching shear strength
of SFRC slab-column connections based on the CSCT [98,99].
It was confirmed that the concrete contribution to the punch-
ing strength decreases with the increase of the slab rotation,
whereas the contribution of the fibres increases with it (see
Figure 15).

o Experimental
data

0.0 0.5 1.0
PA%)

Figure 15. Fibres contribution to the punching shear strength for
elements tested by Swamy and Ali [100] as reported in [94].

In a similar way that in the case of shear, the Annex L provides
a punching shear formulation based on the CSCT considering
an additional contribution to the punching shear stress resist-
ance due to the presence of fibres. However, this contribution
is not fully additive, as it is considered the parameter = 0.4.
For SFRC without shear reinforcement, the punching shear
resistance is obtained according to:

TRd,cF = ¢ TRd,c + Hr thud 2 Hc TRdc,min + med (1 2)

where Trq.r is the design punching shear stress resistance of
SFRC members without shear reinforcement, 1z, is the design
punching shear stress resistance of RC members without shear
reinforcement, fr.q is the design ultimate residual strength of
ULS, Trdcmin is the minimum design punching shear stress re-
sistance allowing to avoid a detailed verification for punching
shear, #.<1.0 and 5= 0.4.
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Figure 16. (a) CMOD - n/N for different S and (b) different semi-probabilistic approaches for fitting the S - log N curves obtained experimentally.

In the case of elements with shear reinforcement, the con-
tribution is also not fully additive and the punching shear re-
sistance is obtained as follows:

TRd,csF = Ne TRA,cHHs pwfywd+ I’IFszud 2 pwfywd+ anqud (1 3)

where 1y is the design punching shear stress resistance of
SFRC members with shear reinforcement, tz,, is the design
punching shear stress resistance of RC members without shear
reinforcement, p,, is the shear reinforcement ratio, . is the
design yield strength of the shear reinforcement, fy,4 is the de-
sign ultimate residual strength of ULS, #.<1.0, 4, = 0.75 and
Hr= 04

6.4. Torsion

The provisions for torsion follow the philosophy adopted for
shear: consideration of fibres as a smeared/distributed rein-
forcement and a reduction of the reinforced concrete (RC)
contribution to torsion resistance as it is not considered fully
additive with the fibre contribution:

Te Rd,swF = Nsw TR swF + NF fFrud 2 Tt R swF 14)
Ty RAslF = Msw ToRdsl + NE frrud 2 Tord sl (15)

where T, rgsr and T ras are the torsional capacities of SFRC
and RC, respectively, when governed by the yielding of the
shear reinforcement; g4 ¢ and 1, g4 are the torsional capac-
ities of SFRC and RC, respectively, when governed by the
yielding of the longitudinal reinforcement; fr,q is the design
ultimate residual strength of SFRC; 7y, = 0.75 and 5 = 1.0.
The torsional capacities T,rsq and T,req are calculated as for
RC members according to the main text of EC-2 [1].
Additionally, when an SFRC member is subjected to a
combination of torsion and shear and/or bending, two ap-
proaches are possible:
+ considering that the fibre contribution is used to resist
only torsional effects, or
-+  considering that the fibre contribution is used to resist
only shear and/or bending effects (disregarding the fibre
contribution to resisting torsional effects).
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The provisions were tested on only a small number of available
results [ 101], but a large safety margin was observed, justifying
the approach [12].

6.5. Fatigue

Due to divergences found within the literature concerning the
performance fatigue of FRC, the CEN/TC250/SC2 agreed on
disregarding any potential contribution of steel fibres in com-
pressive and/or tensile fatigue-induced stresses unless this con-
tribution is proved by testing.

In this regard, there already exist SFRC structures de-
signed to be subjected to fatigue-inducing loads, and allowed
to crack in service conditions, as for instance: (1) rail-tracks
embedded SFRC platforms [102,103], (2) floors and pave-
ments [ 104] — the Spanish ROM 4.1-94 [105] allows the use
of steel fibres as unique reinforcement of concrete pavements
subjected to aggressive marine environments in combination
with heavy static and dynamic loads—, (3) precast concrete
towers for wind turbines [106], and others. Likewise, within
the literature, there are several experimental programs and
semi-probabilistic models on fatigue performance of cracked
SFRC members subjected to direct tension [107,108], com-
pression [109,110] and flexural [111-115] fatigue. Exper-
imental constitutive crack mouth opening displacement
(CMOD) - number of fatigue cycles (n) for pre-cracked
SFRCs beams subjected to fatigue (Figure 16a) were pro-
vided in [114]. Likewise, several semi-probabilistic models
(Figure 16b) that relate the load level (S) with the number
of cycles to failure (N) were fitted based on experimental
results.

As noted by the CEN/TC250/SC2, the scientific liter-
ature and current state-of-art on fatigue performance of
SFRC allow confirming the marked stochastic nature -spe-
cially in pre-cracked elements subjected to direct tension
or flexure- of the fatigue response of SFRC. Likewise, it is
confirmed that there are numerous variables (i.e., pre-crack
width, frequency and load range, amount and type of fibres,
and others) which makes it difficult, at the current extent
of knowledge, the derivation of general and robust conclu-
sions and, thus, standardized provisions for fatigue of SFRC
components.



7.
SERVICEABILITY LIMIT STATES (SLS)

7.1. Crack control

One of the most well-known and proven benefits of using
SFRC is crack control — the decrease of crack spacing and
consequent decrease of crack widths. The new EC-2 presents
an updated refined control of cracking relative to the current
version, but the verification philosophy remains the same: a
characteristic crack width is obtained by multiplying the cal-
culated mean crack spacing s, . . with the difference between
the mean strain in the reinforcement and the mean strain in
concrete (s, — &m) and multiplied by a factor k, (1.7 if not
specified otherwise by a National Annex) converting the mean
crack width into a characteristic crack width (in fact the new
EC-2 introduces one more factor ky,, that takes into account
the increase in crack width due to curvature).

For SFRC, two cases are considered: (1) a multi-crack pat-
tern associated to a presence of conventional reinforcement
at a spacing <100 and (2) a single-crack pattern when the
spacing of conventional reinforcement is larger than 10Q. In
the first case, the expression for s, . for RC is converted into
Symealr by multiplication of the second term of the original
equation by (1 - oy):
L (16)

7.2 Poeff

TrmeaF= 1.5 C+

where c is the clear cover of the longitudinal reinforcement, kj
is a factor accounting for the cross-section area in tension, k;
is a factor accounting for bond conditions, ¢ is the bar diame-
ter, py,o is the reinforcement ratio of the effective tensile zone
and (1 — p)) is an expression accounting for the crack arresting

effect of SRFC as:

a,:M <1.0 17

ctm

In other words, the ratio of the effective residual strength asso-
ciated to SLS (and a strain 0.5/L,) to the axial tensile strength
determines the crack spacing reduction, with a minimum val-
ue of 1.5¢ at fr f = fom. The performance of the expression was
validated on experimental results [116].

In the second case of elements with a single-crack pattern,
the calculated mean crack spacing is given simply as:

Srm,cal F = h -X (1 8)

where x is the depth of the compression zone.

A final important point is that the conversion factor k,
is 1.7 and 1.3 for cases (1) and (2), i.e. multi-crack and sin-
gle-crack patterns, respectively (though these values can be
changed as the Annex L is informative and clause 9.2.3(2) of
the main text declares k, a nationally determined parameter
with a recommended value of 1.7).

7.2. Deflection control

The Annex L does not explicitly deal with deflection control
nor provide direct guidance or provision for indirect or direct

deflection control of SFRC members. Considering that, except
for lightly reinforced SFRC members subject to clause L.14,
all SFRC members compliant with provisions of Annex L will
be reinforced with at least the minimum longitudinal steel re-
inforcement, it is safe to assume that the general ¢-method of
interpolating curvatures (or deflections) [1] is applicable to
SFRC members as well.

In particular, at the fibre and fibre-matrix level, no signifi-
cant effect of steel fibre and fibre-matrix creep is observed at
normal temperatures [117]. However, at the structural level,
several phenomena should be considered. Firstly, the presence
of steel fibres will affect the tension stiffening, i.e. the contri-
bution of concrete in tension between two cracks (affecting
the ¢ interpolation coefficient), and secondly, the moment of
inertia of a “fully cracked” SFRC section will be larger than a
corresponding RC one due to the presence of fibres.

Although there is still no direct integration of these aspects
into the ¢-method, some research exists showing the way for-
ward. Namely, in [118] an extension of the so-called tension
chord model (TCM) to SFRC to model the tension stiffen-
ing effect is proposed. This model allowed to define tension
stiffening stresses for minimum and maximum crack spacing
scenarios. Following this result, in [119] the TCM model for
SFRC to calculating instantaneous deflections of members in
bending was applied; however, not following the approach of
the ¢-method but the deflection calculation method originally
proposed in [120].

Therefore, work remains in this regard, both at the exper-
imental level as full-scale sustained load tests on SFRC are
scarce [121-123], as well as with regards to models that need
to be developed.

8.
DETAILING OF MEMBERS AND PARTICULAR RULES

8.1. General rules for minimum reinforcement

The residual bending capacity in ULS of a SFRC cross-section
subjected to bending (and a concomitant design axial force,
Nra) shall be superior to its cracking bending capacity (Eq. 19)
to guarantee a ductile response immediately after the cracking.

Mg min (NE2) = My (NEa) (19)

For computing Mg ., the effective residual tensile strength
of the SFRC in ULS (ffu,) can be considered. The reduced
A min due to the contribution of the fibres that satisfies Eq. 19
shall be compliant with the criteria presented in subsection 8.2.

The similar approach shall be considered for cross-sections
subjected to pure tensile axial force (Mgs = 0) by computing
A min through the application of Eq. 19. Ng i» and N, are the
pure tensile capacity of SFRC in ULS and against cracking,
respectively.

NR,min 2 Ncr (20)

Similarly, the effective contribution of fibres can be consid-
ered in ULS for shear and torsion resistant mechanisms. The
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minimum shear reinforcement ratio (pru,mn) in SFRC elements
requiring shear or torsion reinforcement can be computed by
means of Eq. 21.

Plumin = Prumin— Srur 5 21)
e

where py,mi, being the minimum transverse reinforcement, fyk
the characteristic value of the steel (bars) yielding strength,
and fpm,ef > OOS\/ka

The minimum torsion reinforcement ratio (prymn) for
SFRC requiring longitudinal and transverse reinforcement can
be computed —for both types of reinforcements- according to
Eq. 22.

pFw,min 2 pw,min_ M > 03 fcl (22)
Fe Foe

8.2. Particular rules for minimum reinforcement

For beams, the A; i, —minimum longitudinal reinforcement as
per sectional ductility according to 9.2.2 of EC-2)- should be
always guaranteed independently of the structural redundancy
level of the beam. Contrarily, both the shear and torsion rein-
forcement can be totally replaced by the contribution of fibres
if fruef /fok 2 prumin and the other general rules presented in 8.1
are fulfilled.

In case of slabs, the Annex L allows for partial replacement
of the longitudinal reinforcement, and for a reduction of A; i
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d)
Figure 17. SFRC segments subjected to loading transient situations inducing bending forces: (a) demoulding; (b) stacking; (c) manipulation and (d)
final transport operation.

s0 that A uin 2 kas Asmin (0.5 unless a country’s National Annex
establishes a different value). The secondary reinforcement in
one-way slabs may be fully replaced by steel fibres. Regarding
shear reinforcement, this may be fully replaced by steel fibres
if the inequalities fruof /fye 2 prumin and frner = 0.08\fy; are sat-
isfied.

Finally, for walls and deep beams, both vertical (As i)
and horizontal (A;min;) minimum reinforcement computed
according to Eq. 19 may be fully replaced.

9.
LIGHTLY REINFORCED SFRC STRUCTURES

The Clause L.14 covers the design and detailing of structur-
al SFRC elements reinforced with longitudinal reinforcement
inferior to A; . This clause may be only applied to statically
indeterminate structures -some of those are identified in the
Clause L.14.1.

As per understanding of the authors of this paper, other
elements as those (1) designed no to crack —in either transient
or permanent loading situations— and (2) that both the SFRC
SC and ductility are sufficient to prevent the element from a
fragile response in the unlikely event of cracking could also be
covered by Clause L.14. This would be the case of, for exam-
ple, precast SFRC segments for tunnel linings (Figure 17) since



these undergo transient loading situations (i.e., demoulding,
staking, transport, manipulation) in which the segments are
statically supported and subjected to bending [124-129].

It is remarked that ductility should be ensured -providing
a suitable combination of fibres and longitudinal reinforce-
ment- to avoid structural collapse in case of brittle failure in
members constructed with crack-controlling joints. Likewise,
it is emphasized that —independently of the minimum longi-
tudinal reinforcement designed for both ductility and strength
requirements— the reinforcement for SLS of cracking and for
any local/global ULS must be designed accordingly.

For elements without longitudinal reinforcement, the re-
sidual shear strength of the SFRC in ULS (tr4.r) may be taken
as frua. Likewise, the Annex L remarks that lightly reinforced
SFRC elements subjected to punching are not covered and
have to be assessed by rigorous analyses.

Apart from other provisions within this Clause L.14, the
Annex L specifies minimum SFRC strength and ductility class-
es for foundations directly on ground (1b), foundations on
piles (2¢) and tunnel lining segments without additional lon-
gitudinal reinforcement (4¢). The latter specification is aligned
with the recommendations gathered fib Bulletin 83 [130] and
with outcomes reported in [131-133].

10.
CONCLUSIONS

Since the DBV 2001 [4], the first national standard regulat-
ing the structural use of steel fibres, to the recently approved
Spanish Structural Code 2020 [134], the Annex L of the new
EC-2 represents a compendium of experience and knowledge
related to the structural use (design, execution and quality
control) of SFRC and a reference for the European countries.

The Annex L provides guide to design SFRC structures of
any typology and of any structural responsibly (consequence
failure class). Therefore, as SFRC has been introduced in the
harmonized European guidelines for the first time, in order
to adopt a prudent approach among the numerous member
countries of CEN, the Annex L has the status of an Inform-
ative Annex and each CEN member has to decide its status
within the country.

The scientific community is intensively researching on
open topics to provide methods and tools that allow opti-
mized design of SFRC components by considering the resistant
mechanisms more accurately, as well as improved quality con-
trol procedures. A significant part of this research is promoted
and boosted by the construction sector, which has seen interest
in this material due to the identified (and proved) technical
benefits as well as the enhanced sustainability performance re-
spect to existing alternatives in a large variety of applications.

Notation

A, Tension area of the concrete cross section

A, Cross-sectional area of ordinary reinforcement
A Minimum ross-sectional area of reinforcement

s,min
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Cracking moment of the section in presence of the
simultaneous axial force N,
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Bending strength of the section with 4 in presence of
the simultaneous axial force N,

Design value of the applied axial force

Concrete cover

Minimum concrete cover ¢

Minimum concrete cover ¢ due to durability requirement
Effective depth of a cross section

Secant modulus of elasticity of concrete

Compressive strength of concrete

Characteristic concrete cylinder compressive strength
Mean concrete cylinder compressive strength
Characteristic axial tensile strength of concrete (5%
fractile)

Mean axial tensile strength of concrete

Mean flexural tensile strength of concrete

Tensile strength of concrete at temperature 0

Effective value of the service residual strength (SFRC)
Design value of the service residual strength (SFRC)
Characteristic value of the service residual strength
(SFRC)

Effective value of the ultimate residual strength (SFRC)
Design value of the ultimate residual strength (SFRC)
Characteristic value of the ultimate residual strength
(SFRC)

Residual flexural strength (SFRC)

Design value of the residual flexural strength for crack
mouth opening displacements of 0.5 mm (SFRC)
Characteristic value of the residual flexural strength for
crack mouth opening displacements of 0.5 mm (SFRC)
Design value of the residual flexural strength for crack
mouth opening displacements of 2.5 mm (SFRC)
Characteristic value of the residual flexural strength for
crack mouth opening displacements of 2.5 mm (SFRC)
Characteristic value of the residual flexural strength
(SFRQ)

Characteristic value of yield strength of reinforcement
Design yield strength of shear reinforcement

Overall depth of a cross section

Factor accounting for the effect of member size (SFRC)
Fibre orientation factor (SFRC)

Structural characteristic length

Calculated mean crack spacing (SFRC)

Calculated crack width

Limiting crack width to be compared with the calculated
crack width w,

Maximum crack opening at the ultimate limit state
(SFRQ)

Depth of concrete in compression

Depth of the neutral axil at the ultimate limit state after
redistribution

Partial factor for fibers in concrete

Compressive strain in the concrete at mean compressive
strength

Compressive strain in the concrete at the peak stress f,
Mean strain in the concrete between cracks at the same
level of &

Mean strain in the concrete at peak stress f

Ultimate compressive strain in the concrete

Strain in the concrete equal to 2- ¢, (SFRC)

Ultimate tensile strain in concrete (SFRC)

Design value of the ultimate tensile strain in concrete
(SFRC)

Mean strain in the reinforcement closest to the
most tensioned concrete surface under the relevant

s,min
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combination of actions.

o Angle between the compression field and the member

axis

p,,; lensile reinforcement ratio accounting for the different

bond properties of reinforcing bars referred to the
effective concrete area

p,  Shear reinforcement ratio

Prum, Minimum shear reinforcement ratio (SFRC)

P, Minimum shear reinforcement ratio

Pu. Design stress resistance of members without shear

reinforcement

Prsor Design stress resistance of members without shear

reinforcement (SFRC)

Prooe Design stress resistance of planar members with shear

reinforcement (SFRC)

Pu,r Design stress resistance of members with shear

reinforcement (SFRC)

Prieny Minimum shear stress resistance allowing to avoid a

detailed verification of shear (SFRC)

Q Diameter of a reinforcing bar
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