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ARTICLE INFO ABSTRACT

Keywords: The use of steel fibre reinforced concrete (SFRC) is a well-known method for enhancing the punching and flexural
Steel Fibre Reinforced Concrete (SFRC) resistances of flat slabs. The structural performance of SFRC elements depends significantly on the fibre distri-
Flat slabs

bution and orientation, which are typically unknown. One of the largest uncertainties regarding the performance
and reliability of SFRC concerns the determination of its post-cracking mechanical properties in the real struc-
Micro-computed tomography tural element, normally performed via standardised tests. However, due to differences in element sizes and
Fibre spatial variability casting procedures, and to the presence of rebars, the fibre spatial distribution and orientation in the standard
Fibre orientation specimens differ in general from those of the structural member. Several researchers have studied the correlation
between the orientation of fibres and the mechanical performance of SFRC, yet tests were rarely carried out
under representative conditions of the actual behaviour of the target structural member. The present paper
analyses the spatial distribution and orientation of steel fibres in six SFRC flat slabs that were previously tested in
concentric punching at the University of Brescia. The aim of this work is to analyse the fibre orientation and
spatial distribution in structural elements. Cores were extracted from the specimens after the punching tests and
scanned using micro-computed tomography (u-CT) to reconstruct the fibre skeleton. The fibre arrangement was
analysed focusing on the variation of the fibre spatial distribution and orientation through the slab thickness. A
formulation to express the actual fibre dispersion in concrete is proposed, and effectiveness factors are defined to
reflect the efficacy of fibres in punching shear and flexure, based on their location in the slab thickness. Pseudo-
horizontal fibre orientations are found to be governing, with closer distributions to a 2D scenario for thicker slabs
and higher fibre contents. Furthermore, the influence of flexural reinforcement on the fibre orientation has been
observed to be significant. The observed fibre orientations are detrimental for the direct transfer of shear forces
across cracks, but are favourable for enhancing the flexural capacity of the slab.

Punching shear
Flexural resistance

concrete (SFRC) has been carried out to evaluate the crack-bridging
capacity of steel fibres, the mechanical interaction between fibres and
matrix, and the response at the material level [14-22]. At the structural
level, the use of SFRC with moderate fibre dosages (below 2% in vol-
ume) has resulted in a cost-effective method for improving the ultimate
punching resistance of slab-column connections [9-11]. The
crack-bridging capacity of the steel fibres also enhances the deformation
capacity of the slab [7,8], which is important in punching due to the
brittleness of failure in slabs without shear reinforcement [6,11].

The most important mechanical property of SFRC is the crack-
bridging capacity of the fibres, generally represented by the post-
cracking residual tensile stress (oyf) vs. crack opening (w) relationship

1. Introduction

Punching failures of reinforced concrete (RC) flat slabs without shear
reinforcement are governed by the capacity of concrete to transfer shear
forces through inclined cracks forming around the column [5,6]. The
addition of steel fibres is an effective method for enhancing this
shear-transfer capacity and, consequently, the punching resistance of
the connection [7-12]. Steel fibres also increase the flexural resistance
of the cross section, with a direct effect on the slab’s overall flexural
behaviour. This flexural enhancement indirectly improves the slab’s
punching resistance [13]. Extensive research on steel fibre reinforced
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Nomenclature

Symbols, variables, and parameters

A; Ay horizontal projected area of the surface of the critical shear
crack: in layer j, in the mean layer

B slab side length

bo,j punching-shear control perimeter of layer j [1,2]

c column side length

diops dyor  average effective depth of the slab for hogging and sagging
moments

ds steel fibre diameter

fe uniaxial concrete compressive strength

fra, frz tensile residual stresses corresponding to SLS and ULS
CMOD

h, heore  slab thickness, concrete core height

I, lg gev, Al straight or projected fibre length, developed fibre length,
fibre length interval

kett, kv, kmnogs kmsag  layer effectiveness factor: general expression, in
shear, in hogging and in sagging

n; number of horizontal layers for the division of the critical
shear crack

Nimeas  measured total number of fibres in a concrete core

Tcore distance between slab centre and axis of concrete core

factor

B, AB angle formed by the axis of a steel fibre and the horizontal
plane, interval of angle

@, Ap angle formed by the horizontal fibre projection and

scanning axis x, interval of angle ¢

@0, Po,min» Po,max angle between axis x and arbitrary axis x, angle
between axis x and the horizontal direction of minimum,
maximum fibre alignment

Diop Dvot Deore NOminal rebar diameter in the top and bottom
reinforcement layers, nominal diameter of concrete core.

Ot residual tensile stress across a crack in steel-fibre
reinforced concrete

Nor,00 Hor,hmin» Mor,hmax Hor,z fiDre orientation factor: in generic
direction a, along the horizontal direction with minimum
fibre alignment, maximum fibre alignment, and vertical
direction

Nsv fibre spatial variation factor

Nefts V> NMihog> MMisag  fibre global effectiveness factor: general
expression, in shear, in hogging, and in sagging

P8 Pt Phmeass Pfa,meas NOMinal fibre volume ratio, nominal effective
fibre volume ratio in generic direction a, measured fibre
volume ratio, effective fibre volume ratio in generic
direction a

Stops Sbot  rebar spacing of top and bottom reinforcement layers Apgmeas measured fibre volume ratio in an interval of fibre lengths,
V, Vr¢  punching shear force, steel fibre contribution to the vertical or horizontal orientations
punching resistance of a slab [ angle between fibre axis and generic direction «
Veore net volume of concrete core W slab rotation
Vemeastot total measured volume of fibres in a concrete core
w crack opening Acronyms and abbreviations
x, X' reference axis for the measurement of fibre orientations CSCT, CSC  Critical Shear Crack Theory, Critical Shear Crack
within the horizontal plane, arbitrary axis for the p#-CT Micro-Computed Tomography
computation of the directions of maximum and minimum RC, SFRC Reinforced Concrete, Steel Fibre Reinforced Concrete
fibre alignment SLS, ULS Serviceability Limit State, Ultimate Limit State
%, zj, Az height with respect to slab bottom face, height of slab layer VEM Variable Engagement M(.)del [3,4]
j, slab layer thickness CMOD  Crack Mouth Opening Displacement
a generic direction for the evaluation of the fibre orientation
standard bending tests on small prismatic beams. The Variable
Engagement Model (VEM, [3,4]), on the other hand, presents an
O 4 f F analytical formulation based on mechanical principles that assumes an
?gsegggse isotropic distribution of fibres in concrete. For punching shear, some
/ empirical models have been proposed to directly estimate the resistance
fR,l - matrix ' of a SFRC slab-column connection [8,10,12]. Other research works have

contribution

fibre
JA contribution *
JR3 F

Al Weis WoLs w

Fig. 1. Tensile post-cracking constitutive law of SFRC (adapted from [13]).

(Fig. 1). It can be directly obtained through uniaxial tensile tests or from
bending tests, using either a method known as “Inverse Analysis” or
simplified procedures provided by structural codes [19]. Several
research efforts have been devoted to the development of models that
can predict the residual tensile strength of SFRC, useful both for research
and structural design. Some models are based on empirical formulations
for computing the Serviceability Limit State (SLS, fr;1 = o(wsis)) and
Ultimate Limit State (ULS, fg3 = ow(wurs)) post-cracking tensile pa-
rameters of SFRC [23-25]. They are mainly based on large databases of

combined a model for determining the residual tensile strength of SFRC
with the formulation of the Critical Shear Crack Theory (CSCT, [6]) for
punching failures; they have shown that this strategy provides accurate
strength predictions [11,13,23].

The distribution and orientation of steel fibres in the concrete matrix
are two fundamental parameters for the mechanical response of SFRC.
Different techniques have been used for their study: direct fibre counting
at a crack [26,27], electrical resistivity [28,29], or Alternating
Current-Impedance Spectroscopy [29], among others. Micro-Computed
Tomography, or CT-scanning, has become a widespread, non-invasive
technique to study the fibre orientation in concrete [27,28,30,31-38].
It allows reconstructing the fibre skeleton in three dimensions from 2D
slices and extracting very detailed information of each individual fibre,
yet it is normally limited to small-sized specimens [38]. Furthermore,
some works have studied the theoretical orientation of fibres in concrete
from an analytical perspective [26,39-42].

Many researchers have analysed the orientation of fibres in concrete
to link it with the material’s post-cracking properties [27,30,32-37,43,
44,45]. Some works have also studied the influence of fresh concrete
flow on the fibre orientation, using different concrete mixes, pouring
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schemes and specimen dimensions [30,32-34,43,44-46]. The use of
concretes with higher flowability, such as self-compacting concrete
(SCCQ), has led to fibres oriented in horizontal planes and perpendicular
to the concrete flow for plate-like specimens [33,34,43,44-46], and
parallel to the flow for beam-like specimens [36,46]. The concrete
pouring location has also been found to influence the fibre distribution,
notably farther away from the pouring position [34]. Vibrating the
concrete has been reported to favour the horizontal arrangement of fi-
bres [40]. The presence of steel rebars has also been observed to have an
influence on the fibre orientation, acting as a constraint to the flow [47].
In some studies, cores have been extracted from existing structural el-
ements to perform fibre orientation analyses [36]. Of particular interest
is the work of Aidarov et al. [48], where a full-scale SFRC, 2-by-2 bay flat
slab was tested under a uniformly distributed load; fibre density and
orientation were measured from cores extracted post-mortem from
different slab regions. In practice, the use of SFRC for building flat slabs
is gradually becoming more common [49-51]: while some projects have
used steel fibres as a complement to conventional flexural rebars, others
have deployed steel fibres as the sole slab reinforcement.

The reference fibre orientation for the comparison of measurements
in SFRC specimens depends mainly on the structural application and on
the specimen geometry and dimensions. For instance, structural codes
consider different approaches: while Model Code 2010 [1] considers as a
reference an isotropic fibre orientation, the new generation of Eurocode
2, in its Annex L [2], takes as a reference the orientation in beam tests
according to EN14651 [52]. In this research, the measured orientation
of fibres is compared to an isotropic three-dimensional fibre orientation,
due to the relevance of vertically-oriented fibres to effectively transfer
shear forces across inclined cracks [13].

This paper analyses the fibre spatial distribution and orientation in
six SFRC slabs with conventional reinforcement, with different sizes and
fibre volume ratios (also referred in the literature as volume fraction).
The main aim of the work is to establish a direct correlation between the
fibre dispersion in flat slabs and the enhancement of their punching
shear resistance thanks to the fibre addition. These analyses were per-
formed on a complete series of slabs where specimen size and fibre
content were varied. Thus, they allowed understanding how these two
parameters influence the fibre orientation, and the fibres’ contribution
to the slab punching resistance. The slabs were previously tested in
concentric punching at the University of Brescia (UNIBS) [53] (an in-
dependent paper describing these results is currently in preparation),
and cylindrical cores were extracted outside the punching-damaged slab
region to study the fibre orientation in the crack planes. By estimating
the fibre orientation in a slab specimen that has already been tested, a
direct correlation can be established between this parameter and the
enhancement of the punching resistance.

The extracted cores were scanned using micro-computed tomogra-
phy and the fibre skeleton was reconstructed in three dimensions using
software Avizo [54]. The reconstruction results are analysed to under-
stand how fibres are spatially distributed and oriented within the
thickness of the slabs. Spatial variation and fibre orientation factors are
defined to establish a relationship between a scenario with an isotropic,
homogeneous distribution, and the measured fibre spatial distribution
and orientation. Moreover, effectiveness factors are proposed to reflect
the relative influence of fibres at different heights within the slab
thickness on the overall fibre contribution to punching and flexure. The
two groups of factors are then combined and applied to the tested slabs
to better understand the actual SFRC properties for the evaluation of a
slab’s punching and flexural resistances.

Most research efforts in the literature that perform both fibre
orientation analyses and statical testing have done so on characterisa-
tion beams rather than on actual structural members (e.g. [27,30,32-37,
43,44,45]). When fibre orientation analyses have been made on actual
structural members, they have seldom been tested prior to the fibre
analysis [36]. This work, in a similar fashion as done in [48] for the
flexural response of a flat slab, combines both approaches to provide a
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baseline for the assessment of the contribution of steel fibres to the
punching and flexural resistances of flat slabs.

2. Specimens, casting procedure and measurements
2.1. Preceding research: punching tests on SFRC flat slabs

An experimental campaign on nine RC flat slabs was carried out at
the University of Brescia (UNIBS) [53]. This campaign analysed two
main parameters, namely the fibre dosage and the size of the specimens.
Three slab sizes, with thicknesses of 250 (5250), 125 (S125) and 68
(S68) mm were tested. All geometric parameters except the aggregate
size, nominal concrete cover and fibre type, were scaled down propor-
tionally; they are presented in Table 1. Specimens were square of side B,
resting on a central square column of side c. The top flexural rein-
forcement (hogging reinforcement in flat slabs) was placed in two
orthogonal layers, parallel to the specimen sides. Its ratio was kept
constant at approximately 0.8% for all slab sizes by adapting the rebar
diameter and spacing. Slabs S125 and S250 incorporated bottom rein-
forcement as well, with a ratio of approximately 0.25%. For each slab
size, three specimens were produced: a reference specimen without fi-
bres, and two slabs with 40 and 80 kg/m® of steel fibre dosages
(equivalent to 0.5% and 1.0% by volume, respectively). The fibres used
were end-hooked with a length of 35 mm and a diameter of 0.6 mm.
Table 1 and Fig. 2a present the main properties of the six
fibre-reinforced slabs. Fig. 2b,c show the flexural reinforcement
arrangement of the slabs in plan view and cross section, respectively.
They also illustrate the reinforcement parameters included in Table 1.
The reference slabs without fibres are not considered in this work. The
nomenclature of the slabs includes an “S” followed by the slab thickness
(in mm) and the fibre volume ratio (volume %), separated by a hyphen.
For further information on the slabs, the reader is referred to [53].

Slabs with the same fibre content were cast from the same batch of
concrete. The concrete compressive strength f. was estimated for each
slab from uniaxial compression tests on six cubes (150 x150 x150 mm)
tested at an age of 28 days, plus four cylinders (eyi x hey1 =
100 x200 mm) tested at 50 days; their average values are reported in
Table 1. The post-cracking tensile behaviour of the SFRC was charac-
terised according to EN 14651 [52]. For each fibre content (0.5 or 1.0%),
eight notched beams of standard dimensions were tested. The mean
values of the residual tensile strength parameters fg ; (for a crack mouth
opening displacement CMOD of 0.5 mm) and fg3 (for a CMOD of
2.5 mm) are also reported in Table 1. For further details on the char-
acterisation procedure and the dispersion of the results (e.g., the coef-
ficient of variation) of the SFRC properties, the reader is referred to [53].

Table 2 describes the concrete mixes used for the SFRC slabs. The
maximum aggregate size was 20 mm, the water-to-cement ratio was
0.55, and superplasticizer Mapei Dynamon Xtend W400 N was added to
the mix, with a dosage of 4 and 4.8 kg/m® for the mixes with 0.5% and
1.0% fibre volume ratios, respectively. The consistency of the fresh
concrete was evaluated through slump tests, with similar measured
slumps of about 200 mm for the two concrete mixes.

Different casting procedures were used due to the variable size of the
specimens. In particular, slabs S68 and S125 were cast using a bucket
located at the centre of the specimen (Fig. 2d), while slabs S250 were
cast placing the bucket at four locations around the slab centre, as
schematically shown in Fig. 2e. All slabs were cast in a single pour.
Concrete was vibrated after each bucket pour for approximately
3-4 min, using hand vibrators (vibrators of 36 mm in diameter were
used for slabs S68, while vibrators of both 36 and 50 mm in diameter
were used for slabs S125 and S250).

2.2. Core drilling and micro-computed tomography scans

After testing the slabs in concentric punching [53], three cores from
each specimen were extracted for the fibre spatial distribution and
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Table 1

Summary of slab properties.
Slab ID B h c dtop Orop Stop dpot Dbot Sbot fe Pt fra fr3

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [MPa] [%] [MPa] [MPa]

$68-0,5 870 68 65 53 6 70 25 0.5 3.18 2.72
$68-1,0 55 28 1.0 5.93 4.94
$125-0,5 1620 125 130 100 10 90 108 8 180 25 0.5 3.18 2.72
$125-1,0 105 28 1.0 5.93 4.94
$250-0,5 3240 250 260 203 18 150 218 10 135 25 0.5 3.18 2.72
$250-1,0 198 28 1.0 5.93 4.94

orientation analyses. The cores’ location was selected on the basis of two
criteria: (i) to avoid regions affected by the punching failure (i.e., the
region presenting shear cracks, delamination cracks or visible flexural
cracks); and (ii) to extract the cores as close as possible to the failure
shear cracks to be as representative as possible of the fibre arrangement
in the punching-sensitive region. The location and identification of each
core are indicated in Fig. 2f. The cores were cylindrical with a nominal
diameter (Dcore) of 75 mm, as shown in Fig. 2g; the measured values are
reported in Table 3. The digitally reconstructed depth of each core,
defined as h¢ore in Fig. 2g, corresponds to the height of the core that was
analysed, measured from the bottom slab face. Rebars from the top and
bottom reinforcement layers were sometimes extracted with the core.
For instance, Fig. 4 presents the results of a core which contained flex-
ural rebars, while Fig. 5 shows the results of a core that did not contain
them. The distance between the centre of the slab and the centre of each
core (reore) is indicated in Fig. 2f. The values are reported in Table 3, see
Section 3.2.

All 18 cores were scanned using the micro-computed tomography
technique (u-CT). The scans were performed at the Interdisciplinary
Platform for X-ray micro-tomography (PIXE) of Ecole Polytechnique
Fédérale de Lausanne, Switzerland (EPFL), using their RX-SOLUTIONS
Ultratom 160/230 kV micro-CT system. The tomography data was
collected at an acceleration voltage of 200 kV and 270pA beam current,
captured using a 2176 x 1792 px plane sensor. The voxel size was
56 pm.

The 2D high-resolution slices obtained from the y-CT scans were
reconstructed in three dimensions using software Avizo [54]. After all
the slice data for one core were imported in the software, a first filtering
was performed to remove the measuring noise. Fibres in Avizo [54] are
typically delimited by two end nodes. Two different techniques were
used for fibre detection and reconstruction:

1. Initially, fibres were automatically detected using the skeletoniza-
tion functionality. However, the crossing of fibres in space triggered
the detection of fake nodes in some fibres at the crossing location,
and even short fibres joining both fake nodes. This issue has already
been reported in the literature [31], and it was solved by using the
filament editor. It allowed removing manually nodes and fibres, as
well as joining fibre segments. This technique had a limitation since,
due to the similar reflection properties of fibres and rebars, they
could not be clearly separated at the level of the top flexural rebars.
For this reason, the reconstruction could only be made until right
below the top bars.

2. To improve the reconstruction results, a different method was used
for several cores. It required to manually segment the different ma-
terials: matrix, voids, rebars and fibres. After isolating the fibres,
extension FiberX was used to detect them automatically, searching
for tube-like entities. This solved the problem of the skeletonization
technique and allowed analysing the full height of the cores.

3. Fibre spatial distribution and orientation results
The visualisation of the 3D-reconstructed cores provided useful in-

formation on the fibre arrangement in the slabs. The extracted results
included (see Fig. 3 for their geometrical definition):

1. The developed fibre length It 4ev, which accounts for the length of the
fibre’s straight segment plus the end hooks, developed along the
straight segment axis.

2. The straight or projected fibre length I, defined as the straight dis-
tance between the two fibre end points or as the length of the fibre’s
projection along its axis.

3. The fibre orientation with respect to the horizontal plane, defined by
angle g, complementary to the angle between the fibre axis and the
core vertical axis 2.

4. The orientation of the horizontal fibre projection in the XY plane,
defined by angle ¢ between the horizontal projection axis and scan
axis x (variable for different cores, but always contained in the
horizontal plane).

5. The coordinates of the two end nodes of each fibre.

This data was used to quantify the spatial variability of the fibre
density, identifying the regions with higher concentrations of fibres. The
actual orientation of fibres in space was also measured; it was later
compared to an isotropic distribution (equal probability of a fibre to be
oriented in any direction of space). The cores were analysed considering
the full concrete volume and by horizontal layers, dividing the cores in
slices which were defined taking into account the location of the flexural
reinforcement and the bottom formwork (to evaluate wall effects).

3.1. 3D reconstruction results

Fig. 4 shows the reconstruction of core S68-0,5-E, extracted from the
slab with a thickness of 68 mm and 0.5% of fibre dosage (S68-0,5). From
the 3D view of the core (Fig. 4b), one can observe the different com-
ponents at the outer core surfaces: the dark blue represents the cemen-
titious matrix, the aggregates are in lighter shades of blue, and the steel
rebars and fibres are in yellow. Fibre fragments, most probably cut in the
extraction process, can be observed at the core lateral surface. Fig. 4a
illustrates the slab cross-section with the reinforcement bars. Fig. 4c,
d show the views of the top and bottom core regions, respectively. These
views comprise the first millimetres of the core near the slab top and
bottom surfaces. They clearly show the wall effect due to both the bot-
tom formwork and the flattening of the top concrete surface after casting
[28,35]. Interestingly, in this core the number of horizontal fibres is
higher at the top than at the bottom core end, suggesting a stronger wall
effect.

The steel fibres (in dark red colour) and reinforcing steel (in light
blue) have been isolated in Fig. 4e. Even though they had very similar
reflective properties, they could be effectively separated manually for
their independent analysis. Fig. 4f shows the view of the fibres from a
similar perspective than Fig. 4b,e with a colour gradient to show the
orientation of the fibres with respect to the horizontal plane (angle /).
Horizontal fibres are shown in red colour and vertical fibres in blue. As
can be observed, fibres tended to be oriented horizontally, most notably
between the flexural reinforcement and the top slab surface. Interest-
ingly, the region with the largest number of vertical or pseudo-vertical
fibres was directly below the reinforcement bars. This can be
explained by fibres falling through the spaces between the two orthog-
onal rebar layers at the end of the concrete pour, hence having no space
to flow in the horizontal direction. Fewer fibres can be observed near the
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Table 2
Concrete mixes.

Component(dosages in [kg/m>]) Fibre volume ratio (pf)

0.5% 1.0%
Sand (aggregate size < 2 mm) 795 795
Gravel (aggregate size 2 - 20 mm) 1034 1034
Cement 32.5 N (CEM II-B-LL) 320 320
Water 175 175
Superplasticizer 4 4.8
L, = 1.031,

horizontal
projection

X

Fig. 3. Definition of the geometrical fibre parameters used in this work.

bottom formwork.

Fig. 5 shows the same results for core S250-0,5-E. In this case, no
reinforcing bars were cut in the core extraction, neither in the top nor in
the bottom layers. Nevertheless, the influence of the rebars near the core
location can be observed in the fibre distribution and orientation
(Fig. 5d). For this reason, the location of the top and bottom rebar layers
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are indicated in Fig. 5a. Similar wall effects as in core S68-0,5-E, both at
the top and bottom core regions (Fig. 5¢), can be observed, again with a
larger number of pseudo-flat fibres at the top slab face. In this case, this
could additionally be due to the interference of the bottom layers of
reinforcement in the fibre flow. The bottom rebars were placed with a
clear cover of 22 mm and they could have impeded non-horizontal fibres
to flow under them, thus limiting the presence of fibres between the
bottom rebar layers and the formwork.

Fibres were mainly horizontal in this core, with large concentrations
of quasi-horizontal fibres on top of the bottom reinforcement and in the
region between the top reinforcement and the slab surface. Vertical fi-
bres can be observed sparsely distributed along the slab thickness, with
higher concentrations in two particular regions: around the top and
bottom reinforcement layers, and right below the top rebars. A region of
reduced fibre content can also be observed under the top reinforcement
layers, further confirming the interference of the flexural rebars on the
concrete flow [47].

3.2. Main scanning results and fibre spatial variation and orientation
factors

The measured fibre volume ratio in each concrete core pfmeas can be
computed with Eq. (1):

Vf meas tot
Py s = L &
fmeas Veore

where Vg meas,ior is the total fibre volume measured in the core of net
concrete volume Vq. (without the volume of the reinforcement bars).
In a scenario of a non-isotropic fibre orientation, the effective fibre
volume ratio in a generic direction a, p«,meas, can be calculated from the
fibre orientation measurements with Eq. (2):

(©)

top core
region, see(c)

bottom core
region, see(d)

angle f

90°

Fig. 4. Reconstruction results of core S68-0,5-E: (a) slab cross-section; (b) 3D core representation; (c) end view of the top core region; (d) end view of the bottom
core region; (e) 3D view of the reconstructed fibres (red) and the flexural rebars (blue); and (f) steel fibre skeleton with a colour gradient to illustrate the angle
between the fibre axis and the horizontal plane (the reader is referred to the online paper version for the colour codes).
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Table 3
Full scan results and fibre spatial variation and orientation factors.
Core Teore heore ODcore Pt Pfmeas Nsv Tor,hmax Nor,hmin Nor,z
[mm] [mm] [mm] [%] [%]
$68-0,5-E 270 73 75.7 0.5 0.58 1.16 1.22 0.93 0.82
$68-0,5-NE*” 310 39 74.6 0.5 0.46 0.92 1.18 0.87 0.92
$68-0,5-NW 340 73 75.2 0.5 0.42 0.85 1.08 0.97 0.92
Average (u) 0.97 1.16 0.93 0.89
St. Dev (o) 0.16 0.07 0.05 0.06
$68-1,0-W” 260 45 74.1 1.0 0.86 0.86 1.21 0.99 0.77
$68-1,0-SW” 320 46 75.4 1.0 0.65 0.65 1.14 1.01 0.83
$68-1,0-SE" 320 45 76.2 1.0 0.97 0.97 1.22 0.92 0.80
Average (1) 0.83 1.19 0.98 0.80
St. Dev (o) 0.16 0.05 0.05 0.03
$125-0,5-NE"” 680 87 74.8 0.5 0.43 0.85 1.28 0.83 0.84
$125-0,5-SW” 650 79 74.5 0.5 0.40 0.80 1.00 0.90 1.10
$125-0,5-SE” 560 101 74.8 0.5 0.38 0.77 1.06 0.90 1.03
Average (u) 0.81 111 0.88 0.99
St. Dev (o) 0.04 0.15 0.04 0.13
$125-1,0-NW 600 87 74.6 1.0 0.77 0.77 1.31 0.87 0.79
$125-1,0-NE®? 570 78 74.9 1.0 0.80 0.80 1.19 1.04 0.72
$125-1,0-SEC” 630 92 75.1 1.0 0.65 0.65 1.23 1.02 0.75
Average (1) 0.74 1.24 0.98 0.75
St. Dev (o) 0.08 0.06 0.09 0.03
$250-0,5-SE" 1290 219 74.8 0.5 0.39 0.78 1.36 0.99 0.57
$250-0,5-E 1220 259 75.5 0.5 0.44 0.87 1.28 1.00 0.63
$250-0,5-NE 1310 254 75.7 0.5 0.44 0.88 1.32 1.00 0.60
Average (i) 0.85 1.32 1.00 0.60
St. Dev (o) 0.05 0.04 0.01 0.03
$250-1,0-E 1180 259 75.7 1.0 0.84 0.84 1.24 1.12 0.55
$250-1,0-8" 1080 219 75.3 1.0 0.88 0.88 1.26 1.06 0.59
$250-1,0-NW 1230 256 76.6 1.0 1.07 1.07 1.25 0.92 0.78
Average (i) 0.93 1.25 1.03 0.64
St. Dev (o) 0.12 0.01 0.10 0.12

®indicates cores for which the skeletonization reconstruction technique was used, hence the full core height could not be analysed (the reader is referred to Section 2.2
for a detailed explanation on the reason for this). This is reflected in the core height column h¢ore
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Fig. 5. Reconstruction results of core S$250-0,5-E: (a) slab cross-section; (b) 3D core representation; (c) end views of the top and bottom core regions; and (d) steel
fibre skeleton with a colour gradient to illustrate the angle  between the fibre axis and the horizontal plane (the reader is referred to the online paper version for the

colour codes).
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pf,a,meas =

where 6; is the angle between the fibre axis and generic direction a. It has
to be mentioned that, for the sake of simplicity, the net concrete volume

Veore has been replaced in Eq. (2) by the gross volume, since the dif-
ference between both values is small (less than 3%). For the ideal case of
an isotropic fibre orientation, Aveston and Kelly [14] established that
the effective fibre volume ratio ps in all directions is p¢/2. This means
that, for the general case of non-uniform fibre spatial distribution and
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anisotropic fibre orientation, the actual measured fibre volume ratio in a
generic direction a can be expressed with Eq. (3):
1

pf,a.mens = 5'/),*"15v'77or.a (3)
where factor 15y = prmeas/ps describes the spatial variation of fibres
within the concrete element (related to factor kg defined in Annex L of
the new generation of Eurocode 2 [2] as a function of the member size),
and the fibre orientation factor 7« represents the difference between
the actual fibre orientation and an isotropic scenario (its concept is
similar to factor xo defined in Annex L of new Eurocode 2 [2]). Its
formulation is presented in Appendix A. For the ideal case of uniformly
distributed fibres and an isotropic fibre orientation, spatial variation
factor 75, and fibre orientation factor 7, in all directions would be
equal to 1.0.

The scanning results of the analysed cores are presented in Table 3.
The first three columns indicate the distance from the centre of the slab
to the axis of the core r¢ore, the reconstructed core height hcyre, and the
measured core diameter O.ore. The two last measures were obtained
from the u-CT data. The cores where the skeletonization reconstruction
technique was used had heore values smaller than the slab thickness, as
their full height could not be analysed, see Section 2.2. Moreover, for the
cores where the full height was reconstructed, measured core heights
deviated slightly from the nominal slab thickness. These deviations were
always smaller than 1 cm for the 250 mm thick slabs and 5 mm for the
68 mm thick slabs.

The last four columns of Table 3 present the results of the spatial
variation and fibre orientation factors for all cores. The measured spatial
variation factor values (7sy) indicate that the steel fibres were not ho-
mogeneously distributed in the slab. Regarding the orientation factors,
three directions were considered: the vertical direction (7or,2) to reflect
the direct contribution of fibres to the punching shear resistance of the
slabs; the maximum horizontal direction (#or,hmax), Which represents the
direction in the horizontal plane in which the effective fibre volume
ratio is maximum in the core; and the minimum horizontal direction (or,
hmin), perpendicular to the maximum direction and representing the
horizontal direction with the smallest fibre alignment. The two hori-
zontal directions reflect the fibre influence on the flexural resistance of
the slab. They can be interpreted as the two principal directions of fibre
orientation within the horizontal plane. Appendix A includes additional
information about the calculation of the fibre orientation factors, and
explains the procedure used to determine the directions of maximum
and minimum horizontal fibre alignment.

The spatial variation factor 7y is smaller than 1.0 in most cases (16
out of 18 cores), indicating that the regions where the cores were
extracted presented lower amounts of fibres than the nominal volume
ratio, pr. Their location in the slab plan, away from the lateral formworks
and also not too close to the casting points (Fig. 2d-f), could explain
these measurements, as according to [33], the highest fibre concentra-
tions can be expected around the casting location and the lowest near
the lateral formworks. The maximum horizontal fibre orientation factor
Nor,hmax 1S always greater than 1.0, and typically presents values over
1.15. This indicates that, in all cores, there was a predominant fibre
orientation in the horizontal plane. On the contrary, the vertical fibre
orientation factor 7, is in most cases lower than 1.0, emphasising the
preferential horizontal orientation of fibres (many researchers have
observed similar results [27,31,33,35,37]). The minimum horizontal
fibre orientation factor typically takes intermediate values between the
other two, in many cases below 1.0. An exception to the trends can be
observed in cores $125-0,5-SW and S125-0,5-SE, where the vertical
fibre orientation factor has values higher than one. In the case of core
$125-0,5-SW, the vertical orientation factor is higher than both the two
horizontal factors. These results show that slab $125-0,5 presented the
closest fibre distribution to an isotropic scenario, with differences be-
tween the three fibre orientation factors smaller than 20%. All other
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slabs presented a clear dominance of the horizontal fibre orientation.
This was most notable in the 250 mm thick slabs, where very low values
of the vertical fibre orientation factor 7., were measured, with a
maximum of 0.79 in core S250-1,0-NW, and values lower than 0.63 in
all remaining cores.

3.3. Analysis of fibre distribution and orientation

This section presents detailed results of the fibres’ spatial distribu-
tion and orientation both for the full cores (Fig. 6) and in horizontal
layer divisions (Fig. 7), as well as the spatial distribution of fibres
through the thickness of the slabs. The possible ranges of straight fibre
lengths (0+-35 mm, ), vertical orientations (0+90°, angle  between the
fibre and the horizontal plane) and horizontal orientations (0+180°,
angle ¢ between the fibre horizontal projection and scanning axis x)
were discretised in intervals of fixed width (AL, Ap, A¢). They are pre-
sented in the graphs in the abscissa. The measured fibre volume ratios
within a given interval Apsmeas are presented in the ordinate of the di-
agrams. The measured distributions of fibre vertical and horizontal
orientations are compared with the theoretical values, which refer to an
isotropic fibre orientation (see Appendix B for the derivation of the
theoretical curves).

It is worth highlighting two specific aspects of the treatment of the
fibre data to obtain the fibre orientation results. On one hand, detected
fibres shorter than 3 mm (~9% of the straight fibre length) were
removed from the orientation analyses. This fraction represented a very
limited portion of the fibre content, so its influence on the overall results
was negligible. Moreover, as reported in [31], very short fibres could
correspond to the fibre hooks and hence not be representative of the
actual orientation in space of the fibre axis. On the other hand, for the
by-layer analysis (Fig. 7), fibres that crossed several layers were divided
into segments to reflect the real fibre volume ratio in each layer.
Regarding the orientation of each segment, the global fibre orientation
(that of the fibre axis) was assigned to all the fibre segments. This pro-
cedure avoided the problem of having unreliable fibre orientations if, for
instance, only the hook of the fibre belonged to one layer.

Fig. 6 shows the global fibre dispersion results for one selected core
of each slab. Results of different cores from the same slab did not present
significant variations. Thus, cores were selected based on the clarity of
the trends and the quality of the reconstruction process. It is important
to note that cores S68-1,0-SE, S125-0,5-NE, and S125-1,0-NW were
analysed using the skeletonization technique, hence their results
correspond to the portion of the cores from the slab bottom face to the
level of the top reinforcement. Fig. 6a,c,e, and g correspond to the slabs
with 0.5% nominal fibre volume ratio, while Fig. 6b,d,f,h correspond to
slabs with 1.0% nominal fibre volume ratio.

Fig. 6a,b show the spatial distribution of fibres in the thickness of the
slab by means of the spatial variation factor 5s,. The vertical axis has
been normalised by the slab thickness to compare the trends for different
slabs. Cores S68 had a higher concentration of fibres in the middle of the
slab. This concentration of fibres could be caused by the reduced rebar
spacing (70 mm, see Table 1) with respect to the fibre length, which
could have forced fibres to accumulate between the two top rebar layers
and altered the fresh concrete flow (please note that slabs S68 did not
have bottom reinforcement). Cores S125 presented a lower volume of
fibres below the top reinforcement. Cores S250 had several common
features: (i) a lower volume of fibres below the top reinforcement (like
cores S125); (ii) an increase of fibre volume between the top rein-
forcement and the top slab surface; and (iii) another concentration of
fibres between 0.25 h and 0.4 h, also reported in [35]. Core S250-1,
0-NW also had a higher fibre concentration near the bottom slab face.

Fig. 6¢,d present the distribution of fibre projected lengths l;. The
majority of the fibre volume corresponded to full-length fibres even
though there was a significant number of fibres that were shorter than
the full length due to the core extraction process. Short-fibre volumes
were more significant in some cores due to the predominantly horizontal
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Fig. 6. Results of fibre spatial distribution and orientation for selected cores: fibre spatial distribution in the slab thickness for slabs with (a) 0.5% nominal fibre
volume and (b) 1.0% nominal fibre volume; distribution of fibre lengths for slabs with (c) 0.5% fibre volume and (d) 1.0% fibre volume; distribution of fibre vertical
orientations for slabs with (e) 0.5% fibre volume and (f) 1.0% fibre volume; and distribution of fibre horizontal orientations for slabs with (g) 0.5% fibre volume and
(h) 1.0% fibre volume.

orientation of fibres, meaning that more fibres were cut during the core
extraction. Fig. 6e,f compare the measured and theoretical (isotropic)
distributions of fibre vertical orientations. It can be noticed that the flat
or quasi-flat (0 = 25°) fibre volumes were significantly higher than
those corresponding (theoretically) to an isotropic distribution. On the
other hand, pseudo-vertical fibre volumes were systematically lower
than the theoretical values. Finally, Fig. 6g and h illustrate the measured
and theoretical distributions of fibre horizontal orientations. An oscil-
lation of the measured fibre volumes around the theoretical value can be

clearly observed, most probably due to the influence of the flow of fresh
concrete on the orientation of fibres, i.e., the relative position between
the casting point and the core location [32-34,43,45]. The presence of
the reinforcement layers could have also been a source of heterogeneity
in the horizontal fibre orientation, impeding a free fibre flow (a similar
effect was observed for tests with pf equal to 0.5% and 1.0%).

Fig. 7 depicts the distribution of vertical fibre orientations for the
selected cores at several horizontal layers (L1, L2, L3, and L4, see
sketches on the top-right corner of each plot). The measurements are
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Fig. 7. Distributions of vertical fibre orientations by horizontal layers for selected cores: (a) S68-0,5-E; (b) S68-1,0-SE; (c) S125-0,5-NE; (d) S125-1,0-NW; (e)
$250-0,5-E; and (f) S250-1,0-NW.

compared with the theoretical distribution (Eq. 20 of Appendix B) for a remarkable number of fibres with angles smaller than 15°, sug-
the nominal fibre volume ratios of 0.5% and 1.0%, respectively. The gesting that the combined effect of the formwork and the bottom
bottom layer (L1) had a thickness of 17.5 mm in all cores (equal to l;/2), reinforcement bars forced fibres to be practically horizontal in that
and was aimed at analysing the influence of the wall effect of the bottom layer.
formwork on the fibre vertical orientation [28,33,35]. Another 2. The two top layers generally showed a larger percentage of fibres at
inter-layer division was set under the top reinforcement layers (z = dop vertical angles. This supports the previous observation of the influ-
— Drop, Where z is the vertical distance measured from the slab bottom ence of the top rebars on the fibre orientation around them. In cores
face, dyop the effective depth of the top reinforcement, and Oyop the top S68, layer L2 had the largest portion of quasi-vertical fibres, similarly
layers’ rebar diameter, see Fig. 2c), to isolate in a single layer the region to layer L3 in cores S125. In cores S250, both layers L3 and L4 re-
between the top reinforcement and the top slab surface (layer L4 in slabs flected this effect, as the rebar interference did not only affect the
$250, and L3 in slabs S68). The space between these two extreme layers layer directly below, but also the thickness occupied by the bars.
was divided into one (layer L2, slabs S68) or two layers (L2 and L3, slabs While core S250-0,5-E had more pseudo-vertical fibres in the top
S125 and S250). In some cores, due to the use of the skeletonization layer L4, core S250-1,0-NW did so in layer L3.
reconstruction technique (see Section 2.2), the layer between the top
flexural reinforcement and the top slab face was not analysed. For these 4. Fibre effectiveness in punching and flexure
cores, the corresponding layer has been hatched in the sketches of Fig. 7.
This was the case of cores S68-1,0-SE, S125-0,5-NE, and S125-1,0-NW. The measurements of fibre distribution and orientation in the six
Particularly, slabs S125 were all reconstructed using the skeletonization SFRC slabs indicate that the actual orientation of steel fibres was not
technique, so none of them included layer L4. isotropic but tended to be horizontal. This deviation can be attributed to
The results show two main trends: the flow of fresh concrete [30,32-34,43,45,46], the interference of the
rebars, and the wall effects caused by the formwork [28,33,35]. These
1. The bottom layers typically presented very low fibre volumes with findings suggest that the transfer of shear forces through inclined cracks
angles greater than 45°. Most of their fibre volume corresponded to was smaller than that of an isotropic distribution of fibres in the volume.
flat angles (lower than 25°) [55,56]. Moreover, three cores presented Similarly, the horizontal transfer of forces through vertical cracks was

10
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Fig. 8. Slab division in horizontal layers to consider the fibres effectiveness as a function of their vertical position: (a) in punching; and (b) in flexure.

higher than in an isotropic scenario. Therefore, fibres in these slabs had
a lower degree of efficiency in enhancing punching than flexure.
Furthermore, the spatial distribution of fibres and their orientation were
not uniform through the slab thickness. Consequently, different layers
within the slab had variable degrees of effectiveness in enhancing
punching and flexure. For instance, fibres near the slab top face were
more efficient in enhancing hogging bending moments, while fibres near
the slab bottom face were more effective in improving sagging moments.
Based on these findings, the averaged orientation factors (7jor,o) for
the full slab thickness (as done in Section 3.2) may not be completely
representative of the actual enhancement of a slab’s punching and
flexural resistances. The division of a slab in horizontal layers allows
accounting for the contribution of each slab slice separately. By defining
layer effectiveness factors for punching and flexure (kegt;), we establish
the relative efficiency of the fibres in each slice with respect to the
contribution of the average slice in punching and flexure. The combi-
nation of these layer effectiveness factors with the orientation factors
(computed for each layer) provides a better estimation of the actual
overall fibre contribution to the punching and flexural resistances.

4.1. Definition of global and layer effectiveness factors

Fig. 8 depicts the variable effectiveness of fibres at different layers in
enhancing punching and flexure. Fig. 8a illustrates this concept for
punching in cross section (top) and plan view (bottom). In the context of
the Critical Shear Crack Theory (CSCT, [6]), a Critical Shear Crack (CSC,
see Fig. 8a) governs the resistance of the connection. It originates from a
flexural crack at the slab top face, and propagates towards the column
face at an angle of approximately 45°, hence having roughly a truncated
conical shape. This crack geometry implies that the vertical fibres in
upper slab layers contribute more to the punching resistance than the
vertical fibres near the bottom slab face, as their tributary areas A; are
larger.

Fig. 8b, on the other hand, depicts the variable effectiveness of fibres
in increasing the cross-sectional flexural capacity, both for hogging (top)
and sagging (bottom) bending moments. Layers on the tensile side of the
slab and farther away from its neutral axis have a larger contribution to
the cross-sectional flexural resistance thanks to an increased lever arm.

Following the approach of the fibre orientation (#or) and spatial
variation (7sy) factors, and dividing the slab thickness in layers, global
punching (7v) and flexural () effectiveness factors can be defined. The
general expression of the global effectiveness factor 7. is defined by Eq.
(4). Assuming a division of the slab thickness in n; layers, the global
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effectiveness factor (7ef) is defined as the product of the fibre orientation
factor of each layer in the desired direction @ (7or,,) by the corre-
sponding layer effectiveness factor (kef;), summed for all layers. These
layer effectiveness factors can be defined for punching (ky,, Eq. (5)), for
hogging moments (kymog,j» Eq. (6)), and for sagging moments (ksag,j, Eq.
(7)).

i

N = D (ke o) )
j=1

vi T 4cb+wﬂh ®)

Kathogj = h% (6)

Kntags = hh% @

where the variables used in this formulation are defined in Fig. 8. The
generic direction a corresponds to the vertical direction z for the
punching layer effectiveness factor ky; and to the horizontal directions
of maximum and minimum fibre alignment, considered for the full core
height, for the hogging and sagging flexural layer effectiveness factors
kMhog,j and knisag,j- For the flexural verification of slabs, considering the
mean of the maximum and minimum effectiveness factors seems
adequate, as the yield lines cross several zones with different predomi-
nant fibre orientations. An exception is represented by narrow one-way
slabs, where the governing fibre orientation should be considered. For
the verification of flat slabs around the column region, the consideration
of the average of the minimum and maximum directions is again a
reasonable assumption, since the radial and tangential moments are
involved in the mechanism. The derivation of the layer effectiveness
factors is presented in Appendix A.

It has to be noted that vertical fibres can carry directly a portion of
the shear force around the column. Therefore, the global effectiveness
factor for the punching shear resistance (7y) will account for the
orientation factor in vertical direction (#,r,,), weighted by the length of
the layer perimeter, as shown above. Furthermore, as demonstrated by
the Critical Shear Crack Theory (CSCT), the flexural stiffness and the
hogging flexural resistance determine the local deformation of the slab
around the column and particularly the opening of the Critical Shear
Crack (CSC) at failure. This opening is a key factor influencing the ca-
pacity of concrete to carry shear forces across the CSC [6,13].
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Consequently, when the fibres are mostly vertically oriented, the flex-
ural deformation is higher (vnog < 1.0) and the shear force carried by
concrete is lower, whereas the shear force carried directly by the fibres is
higher (7v > 1.0) than for the case of isotropically-oriented fibres (mhog
= ny = 1.0). The shear enhancement by the fibres is thus less than
proportional to the effectiveness factor 5y described above (see point A
in Fig. 9). On the contrary, in the case of mostly horizontally-oriented
fibres (1Mnog > 1.0), the opening of the CSC is smaller and the shear
force carried by concrete increases, which partially compensates the
lower direct contribution of the vertically-oriented fibres (3y < 1.0).
Here again, the punching shear enhancement is less than proportional to
the effectiveness factor #vmnog described above (see point B in Fig. 9).

Nevertheless, the opening of the CSC and thus the concrete contri-
bution to carry the shear force depend not only on the fibres, but also on
the amount of flexural reinforcement, the concrete strength, the aggre-
gate size, the effective depth (size effect) and the column size. This
means that is it not possible to define all these effects with a constant
effectiveness factor for punching shear. For this reason, the global
effectiveness factor for punching 5y is defined in a simplified manner
accounting only for the spatial variation and the orientation of the
fibres.

4.2. Application to the slabs under study

Based on this simplification, the punching and flexural global
effectiveness factors can be calculated for the slabs under analysis ac-
cording to the following procedure. In a first step, the fibre orientation
factors along the vertical and horizontal directions with maximum and
minimum fibre alignment are calculated for the layers defined in Fig. 7.
The directions of maximum and minimum horizontal fibre alignment
are fixed for each core and equal to those obtained in the global core
orientation analyses (see Fig. 13 in Appendix A). The results are pre-
sented in Fig. 10 for the six cores analysed in Figs. 6 and 7. In the ab-
scissa, the orientation factor in each layer has been normalised by the
ratio heore/Azj. This is necessary to make results of different layers
comparable, due to the variable layer thickness. In the ordinate, the ratio
of the layer height to the slab thickness is represented. Fig. 10c, f, and i
show schematically the cross section of the different slabs, with the
position of the flexural reinforcement and the layer division (for cores
S$68-1,0-SE, S125-0,5-NE and S125-1,0-NW, the fibres in the upper slab
portion were not reconstructed, see hatched area in Fig. 10f and Section
2.2).

The layer representation of the fibre orientation factors shows the
variation of the fibre alignment inside the slab along the vertical
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Fig. 9. Application of the Critical Shear Crack Theory to the punching resis-
tance of SFRC slabs according to [13] (circles indicate the punching shear
resistance and the rotation at failure for three cases: mostly vertically-oriented
fibres (point A); mostly horizontally-oriented fibres (point B); and isotropic
distribution of fibres (intermediate point)).
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direction. The vertical fibre orientation factor (7or,) is higher in the
layer right below the top flexural reinforcement in most cores. This is in
agreement with the observations of the fibre orientation by layers
(Fig. 7). An exception to this is core $250-0,5-E, in which the largest
value of the vertical fibre orientation factor is at the top layer (layer L4,
Fig. 10g). It should be noted that this core did not intercept top bars;
therefore, the flexural rebars could have had a lesser influence at this
location. The vertical orientation factor is systematically lower in the
bottom layer, showing the effect of the formwork. The maximum hori-
zontal fibre orientation factor (1or,hmax) takes similar values at the top
and bottom layers in cores S250-1,0-NW and S68-0,5-E, yet the distri-
bution in the intermediate layers is rather variable. The minimum hor-
izontal fibre orientation factor (#or,nmin) Sometimes takes higher values
than the maximum. This is due to the fact that the maximum and min-
imum directions are considered for the complete cores and not per layer.

The complete results of the fibre orientation factors are included in
Table 3, where the mean value and standard deviation have been
calculated for each slab. These average slab results and their scatter are
presented in Fig. 11a for the slabs with 0.5% nominal fibre volume ratio,
and in Fig. 11b for the slabs with 1.0% nominal fibre volume ratio. The
dispersion of results is rather small for slab S250-0,5, where the mini-
mum horizontal orientation factor represents approximately an
isotropic scenario. The maximum horizontal factor takes the highest
value in all slabs, and the vertical orientation factor is the smallest in
almost all slabs. In slab S68-0,5, the vertical and minimum horizontal
factors are both close to an isotropic distribution, yet a clearly governing
fibre alignment is indicated by the maximum horizontal direction factor.
Interestingly, slab S125-0,5 presents an average vertical orientation
factor equal to the isotropic case, with a value of 1.10 in core $125-0,5-
SW. It presents the lowest values for both the maximum and minimum
horizontal orientation factors of all slabs.

The results of the slabs with 1.0% fibre volume ratio show in general
smaller scatter. The minimum horizontal factor is very similar for all
slabs and almost equal to the isotropic scenario. The vertical fibre
orientation factor is always smaller than either of the horizontal factors.
It shows a clear descending trend for thicker slabs, and it is generally
smaller for cores with 1.0% nominal fibre volume ratio than with 0.5%.
This observation suggests that both the increase in slab thickness and in
fibre content are detrimental to the fibre effectiveness in the vertical
direction. The maximum horizontal factor is also similar for all three
slabs, with no clear trend for increasing slab thicknesses.

Fig. 11c,d show the punching and flexural global effectiveness fac-
tors for the slabs with 0.5% and 1.0% nominal fibre volume ratio,
respectively. The results are also presented in Table 4, see Appendix C. It
is worth noting that, when computing the layer effectiveness factors, the
slab depth was replaced by the reconstructed core height in Egs. (14),
(15) and (16), see Appendix A. For the minimum hogging (Mhog,min) and
sagging (/visagmin) global effectiveness factors, the results are very
similar to the minimum horizontal fibre orientation factor in all slabs.
This is expected, as the average values of the minimum horizontal
orientation factor are very similar to an isotropic scenario in all slabs.
The global punching effectiveness factor (1y) gives very similar values to
those of the vertical orientation factor; the scatter of the results is also
comparable.

In the maximum hogging (/Mhog,max) and sagging (1Msag,max) global
effectiveness factors, the variability of results is larger. For slabs S68,
where two cores out of six were reconstructed in their full thickness, the
sagging effectiveness factor is slightly larger than the hogging one. The
fact that not all cores were reconstructed in their full height increases the
scatter of results. This difference between factors is significantly higher
in slabs S125, where all cores were only reconstructed up to the level of
the top flexural reinforcement. For all cores in which the region between
the top rebars and the upper slab face was not reconstructed, fibres in
the lower layers are significantly flatter than in upper layers, where
more fibres are oriented vertically (see Fig. 10b,d,e). A direct conse-
quence of this is a better disposition of fibres for enhancing the sagging
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Fig. 10. Variation of normalised fibre orientation factors along the slab thickness for selected cores: (a) S68-0,5-E; (b) S68-1,0-SE; (c) layer division in slabs S68; (d)
$125-0,5-NE; (e) S125-1,0-NW; (f) layer division in slabs S125; (g) S250-0,5-E; (h) S250-1,0-NW; (i) layer division in slabs S250.

flexural capacity than the hogging one. The fact that the difference be-
tween the maximum hogging and sagging effectiveness factors is higher
for slabs S125 than S68 is explained by a larger portion of cores not
reconstructed in their full height. In slabs S250, the average values of the
hogging and sagging global effectiveness factors are similar, as most
cores were reconstructed in full. The scatter in the global effectiveness
factors is overall higher than in the fibre orientation factors. The spatial
distribution and orientation of fibres within the slab thickness presents
some general trends, but vary between the different cores in a slab. The
global effectiveness factors emphasise this heterogeneity due to the
introduction of each layer’s effectiveness in punching and flexure. The
differences in fibre orientation between cores are thus evidenced by the
layer effectiveness factors, which can explain the observed larger
scatter.

5. Conclusions

This paper deals with the distribution and orientation of steel fibres
in reinforced concrete slabs with conventional steel reinforcement, and
their influence on punching and flexural behaviour. The extraction of
cores from SFRC slabs for their scanning using micro-Computed
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Tomography allowed evaluating the actual fibre distribution in the
specimens. The spatial distribution and orientation of the fibres were
analysed, both for the full cores and dividing them in horizontal layers.
Fibre spatial variation and orientation, as well as shear and flexural
effectiveness factors, have been defined and computed to evaluate the
impact of the measured fibre dispersion and orientation on the slabs’
flexural and punching resistances. The main concluding remarks are
summarised in the following:

1. Fibre spatial distribution and orientation are strongly affected by the
presence of the flexural reinforcement. In flat slabs, with rebars ar-
ranged in orthogonal layers, the clear space between bars plays an
important role, with a greater influence for smaller rebar spacings.
Below rebar crossings, fibre content tends to be smaller.

2. The flowability of fresh concrete and the distance to be covered by
fibres between the casting point and their final position in the
structural element have a significant influence on the fibre spatial
distribution and orientation in flat slabs. Due to their larger di-
mensions, 250 mm thick specimens show a flatter fibre orientation
than specimens 68 mm thick, which in principle would be expected
to exhibit stronger wall effects.



D. Hernandez Fraile et al.

Engineering Structures 302 (2024) 117364

(a) pe= 0.5% (b) pe= 1.0%
1.5 — — 1.5 — ‘
standard ‘ Mo hmax & isotropic : Mochmax .
deviation (a)-HEA ' +— distribution — i t =
Lo ol N o g e
. / L/ -~ . i T Jﬁ
< mean . < I:\“:I“—\_”gr_,z\
w ‘ : i

0.5 ' : 0.5 ' ! :
Tl PSR 0

S68 - S125 - S250 'S68 - S125 +S250
(© 15 — — @ 15 —— —
. | thog,max ‘:.E .iSOt'I‘OpiC thog.ma% E ”Msag,me_xx_ . _E
%\Mﬂgmx — distribution .---- % ———— - ke
o T gy o = ”MT
' ' T Mg

Mtsag min — ‘ Ny ~==-
0.5 : : 7 0.5 7
0 . L I 0 . L I
0 100 200 300 0 100 200 300
h [mm] h [mm)]

Fig. 11. Influence of slab thickness and fibre dosage on the fibre orientation: average fibre orientation factors for slabs with (a) 0.5% fibre volume ratio and (b) 1.0%
fibre volume ratio; average effectiveness factors for slabs with (c) 0.5% fibre volume ratio and (d) 1.0% fibre volume ratio (the reader is referred to the online paper

version for the colour codes).

. Fibres present flatter orientations near the top and bottom slab sur-
faces. On the contrary, the region at the level of the top flexural
reinforcement and right below it exhibits the largest proportion of
vertical fibres.

. An increase in fibre dosage leads to a greater predominance of
horizontally-oriented fibres, probably related to the use of higher
amounts of superplasticizer.

. Even in slabs with quasi-horizontal fibre arrangements, there is a
predominant direction in which fibres tend to align the most. Fibres
do not tend to orient uniformly in 2D, but have two principal di-
rections, influenced by the concrete flow and the flexural
reinforcement.

. The orientation of fibres is typically flatter than in an isotropic sce-
nario. For the punching resistance of flat slabs, this implies that the
enhancement of the load-carrying capacity due to the shear force
carried directly by the fibres is limited. At the same time, their
contribution is more significant in reducing the flexural de-
formations of the slab, with an increase of the shear forces trans-
ferred by the concrete through aggregate interlocking.

Since the presence of flexural reinforcement affects the orientation
and distribution of fibres, the findings of this work cannot be generalised
to slabs without conventional reinforcement. In addition, non-metallic
fibres can potentially behave differently, limiting the generalisation
for this case as well. These two scenarios deserve to be investigated in
further research.
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Appendix A. Derivation of fibre orientation and fibre effectiveness factors

Eq. (2) provides the general definition of the measured effective fibre volume ratio in a generic direction a. The fibre orientation angles f; and ¢;
obtained from the core reconstruction allow projecting the fibre along the three axes defined in this paper. The corresponding fibre orientation factors
can be calculated with Eq. (8) for the vertical direction (37or,,), with Eq. (9) for the horizontal direction with maximum fibre alignment (#or,hmax), and
with Eq. (10) for the horizontal direction with minimum fibre alignment (#or,hmin)-

ni

_Z (lf,dev.i' sin ﬂ,‘)
nor,z = 2l:ln,7 (8)
> b devi
i=1

ni

Z(vadfv.i' cos f;- cos (fﬂi — @, max))
r’or,h max 2 = ni (9)
; I dev,i

i

Z(lf-dev-i' cos ;- cos (€0i — @y, min))

r’or,h min — 2 = ni (10)

D b devi
i=1

Angles o max and @omin correspond to the angles between axis x in the CT-scan and the directions where fibre alignment is maximum and
minimum, respectively. These axes have been calculated following a numerical procedure, presented in Fig. 12. From Fig. 6g and h, one can observe
that the fibre volume ratio with respect to angle ¢ oscillates around the theoretical isotropic value. For instance, the results of core $250-1,0-NW show
a distribution with a maximum at ¢ ~ 55° and a minimum at ¢ ~ 145°, hence orthogonal between them. Defining an angle ¢, that represents the
rotation of a fictitious axis x’ with respect to axis x of the CT-scan (Fig. 12a), the fibre orientation factor along that direction 7o, x can be computed with
Eq. (11). By varying angle ¢ in the range 0=-180°, one obtains the fibre orientation factor for direction x’ as a function of ¢g. Fig. 12b shows these
results for core S125-0,5-NE. From this calculation, one can extract the maximum and minimum values of the fibre orientation factor, which are
included in Table 3. The corresponding orientations can also be obtained, indicated by angles ¢¢ max and ¢o min defined in Fig. 12b and used in Egs. (9)
and (10).

Z‘(lf‘dem' cos f3;- cos(g; — (Po))
Mo = 2 m an
2 If dev,i

Since the direction of axes x and y in the CT-scans do not correspond with the axes of the slabs, it was not possible to link the local core axes x and y
to the axes of the slab specimens. For this reason, the directions of maximum and minimum horizontal fibre alignment have been defined in this
appendix, and used throughout the paper.

(@) y ()
e ;70r,x’
¥’ $125-0,5-NE
" " / isotropic fibre
\ horizontal orhmax 777777 = distribution
\ projection X
\ of fibre i 1.0

rlm’hmi“,,,,,,,,,,,,,,,,,,,,,v

P Yo

Fig. 12. Directions of minimum and maximum horizontal fibre orientation: (a) definition of direction x' and the corresponding angles; (b) results of the numerical
procedure for core S125-0,5-NE.

Fig. 13 shows the horizontal orientation analysis for all cores. Cores with a smaller difference between the minimum and maximum values of 7o, ¥

correspond to scenarios with a more uniform fibre distribution in the horizontal plane. Usually, the mean values of the maximum and minimum
directions are higher that 1.0 (isotropic case) since the fibres are predominantly in horizontal planes.
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Fig. 13. Calculation of the directions of minimum and maximum horizontal fibre orientation for all slabs: (a) S68-0,5; (b) S68-1,0; (c) S125-0,5; (d) S125-1,0; (e)
$250-0,5; and (f) S250-1,0 (the reader is referred to the online paper version for the colour codes).

The global effectiveness factors . are based on the concept of the fibre orientation factors 77or,4, Which are adapted to consider the variability of the
fibre spatial distribution and orientation within the slab thickness, plus the effectiveness of the fibres of a given layer in transferring punching shear or
flexure. The reader is referred to Fig. 8 for the definition of layers and all parameters involved in this derivation.

The contribution of the fibres in layer j to the punching resistance of the connection, Vr g, results from the product of the horizontal projection of
the surface of the Critical Shear Crack (CSC) within that layer, A;, times the residual tensile stress, oy;.

VRfJ :Aj-a,ﬁ (12)

If we assume that the residual tensile stresses are uniform along the CSC and equal to a reference value oy, [13], then the ratio of the contributions
of two layers j and k is
Verj Aoy A

= = 13)
Ve Ar0ygr  Ax

If layer k is taken as the layer with the average contribution in the slab, then Eq. (13) corresponds to the contribution of layer j relative to the
average contribution along the CSC. The average layer corresponds to the layer at the slab’s mid-height (zx = h/2), and is referred to as the mean layer,
see Fig. 8a. Eq. (13) with layer k substituted by the mean layer provides the weighing factor for the vertical fibre contribution of layer j in punching
relative to the average contribution along the CSC. This ratio results in the punching shear effectiveness factor of layer j ky,, as defined in Eq. (5).
Parameter by j is the punching control perimeter of layer j, according to the formulation of Model Code 2010 [1] and the draft of the new generation of
Eurocode 2 [2].

A, (dc+2mz)-Az dc+2my by

ky; = —L = = = 14
"' Ay  (dc+ah)-Az  dc+mh  4c+7h a4)

The contribution of fibres in layer j to the flexural resistance of the cross section can be evaluated with the increase in the bending moment due to
the residual tensile stresses at that layer, Amg;. Following the same rationale as for the punching shear effectiveness factor, if the increase of bending
moment is computed with respect to the most compressed fibre of the cross-section (lever arm equal to z; for hogging and h —z; for sagging), we obtain
the hogging (kmnogj, Egs. (6) and (15)) and sagging (kmsagj, Eqs. (7) and (16)) effectiveness factors of that layer.

Amypogj % (15)

Knthooi = =
Mhogd Amr’.hog‘M h/2

Amye;  h—z
Kntsae; = LA U . 16
e Amf,:ag,M h/2 16
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Appendix B. Theoretical expressions for fibre orientation formulae

Fig. 14 illustrates the principle for computing the theoretical distribution of vertical fibre orientations, indicated by the angle between the fibre axis
and the horizontal plane (). All the possible positions of the fibre tips describe a sphere of radius l¢/2, with its centre at the fibre centre of gravity; the
fibre angle with the horizontal plane can in general be defined as f;. Taking only the upper half of the sphere, all the fibre orientations that would form
an angle with the horizontal plane equal to # have their upper end contained in the area dA, marked in grey. Therefore, if we consider a uniform
probability of a fibre to be oriented in any direction, the probability of a fibre to form an angle $ with the horizontal plane can be expressed as the ratio
of area dA to the total area of the top half spere A1 /5.

dA
—p) =L 1
p(ﬂ, ﬂ) A a7)

fibre centre fibre

of gravity y

Fig. 14. Definition of variables for the theoretical distribution of vertical fibre orientations.

The expression for dA is

dA = 2zr-ds (18)

where r = I[;/2-cos(p) is the radius of the horizontal circumference described by the fibre tip, and ds = l;/2-dp is the width of area dA. Knowing that the
area of half a sphere is Ay /5 = n--lf/z, we obtain Eq. (19), which is the probability density function of the vertical fibre orientations:

p<p1. _ﬁ> dA 2wl 2 cos pily/2-dp

= cos f-d, 19
A PYEN) spdp a9

The same result was reached by Aveston and Kelly [14] (see also [39-42]).

This probabilistic approach can be used to develop an expression for the theoretical distribution of the vertical fibre orientations in a concrete
volume. The range of § is 0+n/2 and can be discretised in intervals of value Ag, which substitutes dg in Eq. (19). The integral of Eq. (19) in the range
0-+n/2 is equal to 1.0, as it is by definition the cumulative distribution function of variable f in its full range of validity. To convert these expressions
from probabilities of occurrence into fibre volume ratios, Eq. (19) has to be multiplied by the measured fibre volume ratio, p¢meas. The resulting
theoretical distribution corresponds to Eq. (20).

A/)f./} = Pf.meas” €O pAp (20)

For the theoretical distribution of fibre horizontal orientations, the probability of the horizontal projection of a fibre to form an angle ¢ with axis x
is constant and given by Eq. (21) for an interval A¢ of 10° (value used in this paper).

o

Ap

pf.'(/) pf Prmax — Pmin pf 180°

~ 0.056-p; (21)

Appendix C. Results of flexural and punching effectiveness factors

Table 4
Flexural and punching global effectiveness factors.

Core /IMhog,max IMhog,min IIMsag,max TMsag,min nv
S$68-0,5-E 1.19 0.98 1.24 0.89 0.79
S68-0,5-NE 1.10 0.79 1.26 0.94 0.92
S68-0,5-NW 1.09 1.05 1.08 0.90 0.91
Average (1) 1.13 0.94 1.19 0.91 0.87
St. Dev (o) 0.051 0.132 0.102 0.030 0.072
S68-1,0-W 1.05 0.96 1.37 1.03 0.79
S68-1,0-SW 1.15 1.00 1.12 1.02 0.88
S68-1,0-SE 1.27 0.97 1.18 0.87 0.83

(continued on next page)
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Core

IMhog,max IMhog,min IIMsag,max TMsag,min v
Average (u) 1.16 0.98 1.22 0.97 0.83
St. Dev (o) 0.111 0.021 0.132 0.091 0.046
$125-0,5-NE 1.19 0.77 1.38 0.90 0.89
§125-0,5-SW 0.91 0.89 1.09 0.91 1.14
$125-0,5-SE 0.91 0.91 1.20 0.88 1.08
Average (1) 1.01 0.86 1.22 0.90 1.04
St. Dev (o) 0.162 0.076 0.142 0.013 0.130
$125-1,0-NW 1.26 0.84 1.37 0.91 0.80
$125-1,0-NE 1.19 1.13 1.19 0.96 0.74
$125-1,0-SE 1.09 1.00 1.37 1.05 0.73
Average (u) 1.18 0.99 1.31 0.97 0.76
St. Dev (o) 0.081 0.145 0.106 0.073 0.037
$250-0,5-SE 1.38 1.00 1.33 0.97 0.55
§250-0,5-E 1.31 1.00 1.26 1.00 0.68
$250-0,5-NE 1.30 1.11 1.35 0.90 0.61
Average (1) 1.33 1.03 1.31 0.96 0.61
St. Dev (o) 0.046 0.063 0.049 0.053 0.065
$250-1,0-E 1.30 1.08 1.18 1.15 0.56
$250-1,0-S 1.28 1.14 1.25 0.97 0.59
$250-1,0-NW 1.16 0.92 1.34 0.93 0.79
Average () 1.25 1.05 1.26 1.02 0.65
St. Dev (o) 0.076 0.118 0.080 0.120 0.125
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