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The design of concrete elements reinforced with steel fibres should consider not only strength criteria but also
residual tensile strength and post-peak behaviour, and the resulting improvement in toughness. This paper in-
troduces an innovative finite element modelling approach to simulate the flexural properties and post-cracking
performance of self-compacting concrete (SCC) reinforced with steel fibres, considering varying fibre orienta-
tions and distributions. The concrete matrix was modelled in ABAQUS using the damage plasticity model, with
automated fibre distribution and orientation, evaluating SCC flow-based, random, and longitudinal span align-
ment of the fibres. Numerical simulations of plain and reinforced SCC were validated using three-point bending
tests on notched prism specimens in accordance with ASTM C1609. Further simulations assessed the impact of
fibre orientation on the flexural strength and toughness of reinforced concrete, comparing random and longi-
tudinal fibre alignments. The simulation results for plain SCC and fibre-reinforced SCC with fibre orientation
based on the flow of SCC closely matched the average experimental curve, demonstrating a high degree of ac-
curacy. Furthermore, the results indicated that longitudinal alignment of fibres can enhance flexural strength and
toughness by up to 104.4 % and 127.1 %, respectively, compared to a random fibre orientation in fibre-

reinforced SCC.

1. Introduction

The low tensile strength and brittleness of plain concrete present
significant challenges, restricting its use in structural applications [1,2].
Incorporating steel fibres into cementitious composites improves
ductility and post-peak performance by bridging cracks, limiting prop-
agation, and enhancing energy absorption. Although the compressive
strength remains largely unaffected, the addition of steel fibres signifi-
cantly increases toughness, residual tensile strength, and flexural
strength [3]. These enhancements have facilitated the widespread
adoption of steel fibre-reinforced cementitious composites (SFR-CC) in
both research and engineering practice, where steel fibres are commonly
employed as primary or secondary reinforcement in compliance with
established design standards [4-9].

Reinforcing cementitious materials with steel fibres can significantly
improve its mechanical characteristics, including toughness, ductility,
and flexural, shear, and tensile strengths, as well as its shrinkage
behaviour and durability [10,11]. The contribution of steel fibres to the
structural integrity of reinforced concrete structures is not limited to
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merely strengthening fundamental material properties of SFR-CC. This
also enhances the seismic resilience of framed buildings, fatigue strength
under cyclic loading and torsional strength of beams, as is evidenced by
extensive research [12-14].

The effectiveness of SFR-CC in strengthening concrete structures
largely depends on the alignment and distribution of steel fibres relative
to external loads [1,15-18]. Research [16,19,20] has shown that steel
fibres within concrete structures often display a random orientation in
Steel Fibre Reinforced Concrete (SFRC) due to factors such as the
rheological properties of the concrete, vibration, casting methods,
placement methods, and more. This randomness makes SFRC particu-
larly well-suited for structural elements exposed to multidirectional
forces, such as precast roof elements [21] and shell roofs [22]. However,
for structural components as beams, which are primarily subject to
unidirectional forces, a uniform alignment of fibres along the direction
of tensile stress is crucial. Generally, the random and nonuniform dis-
tribution of steel fibres can limit the broader application of SFRC.
Research reported in[16] has indicated that merely increasing the
quantity of fibres in SFRC beams does not necessarily enhance their
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flexural performance, as the fibres do not consistently distribute or align
along the tension lines within the concrete matrix. Therefore, it is crucial
to explore alternative appropriate strategies to achieve better alignment
and distribution of the fibres, aiming to enhance the flexural strength of
SFRC- beams [17,23].

In addition, the mechanical effectiveness of SFR-CC is profoundly
influenced by the interfacial interaction between fibre and concrete,
especially due to the phenomenon of fibre pull-out, a pivotal factor in
the crack-bridging capacity of fibres [24]. As a result, extensive
research, including experimental, theoretical, and computational ana-
lyses, has been conducted to investigate the crucial bond-slip interaction
at the fibre-matrix interface [25-42]. Furthermore, for structural design
purposes, established empirical methods have been developed to
calculate the properties of SFR-CC [43]. Despite considerable advance-
ments in experimental and theoretical research on SFR-CC, numerical
studies still exhibit shortcomings. This is primarily because the bridging
effect, attributed to fibre pull-out behaviour, is often over-simplified,
and typically incorporated only as part of the constitutive model of
plain concrete [24].

Scholars have developed various numerical models to simulate the
fracture behaviour of SFR-CC, broadly classified into two types based on
the treatment of steel fibres: macro-simulation (continuous type)
[44-47], and meso-simulation (discrete type) [48-53]. In
macro-simulation, SFR-CC is conceptualised as a homogeneous com-
posite, with the reinforcement effect of steel fibres incorporated by
modifying parameters within the constitutive model of plain concrete.
For instance, Chi et al. [44] modified the concrete damaged plasticity
model to simulate mechanical responses of fibre reinforced concrete
(FRC) materials under multiaxial loading conditions and to evaluate the
seismic behaviour of FRC columns under cyclic loading scenarios. Bi
et al. [45] modified the smeared crack constitutive model of plain
concrete, incorporating the bond-slip relationship between fibres and
the concrete matrix, to simulate the uniaxial tensile behaviour of FRC.
Although theses continuous models are probably capable to simulate the
post-cracking characteristics, an explicit illustration of fibre distribution
and orientation is not provided, and complex coding is typically
required for development.

Advancements in numerical simulation have enabled researchers to
develop models incorporating discrete fibres to simulate the mechanical
behaviour of SFR-CC. These models treat SFR-CC as a biphasic com-
posite, comprising a cementitious matrix and steel fibres, each governed
by distinct constitutive laws. For instance, Xu et al. [48] developed a
two-dimensional mesoscale model that incorporates fibres, aggregates,
and mortar to investigate the dynamic tensile behaviour of SFRC.
However, this model does not account for the bond-slip relationship
between the fibres and the mortar, which is critical for accurate
post-cracking simulations. Zhang et al. [37] developed a discrete con-
tinuum coupled model for SFRC using an isotropic damage model for the
concrete matrix and a perfect elastoplastic model for the steel fibres.
Cohesive interface elements were introduced to simulate bond-slip in-
teractions; however, the need to match the mesh between the fibre and
matrix for computational convergence significantly increases computa-
tional time, limiting the number of fibres included in the model [54].

Cunha et al. [49,50] developed a finite element approach that in-
corporates discrete steel fibres to simulate the tensile and flexural
behaviour of Steel Fibre Reinforced Self-Compacting Concrete
(SFR-SCC). In their approach, the interaction between the steel fibres
and the matrix was modelled as a rigid coupling (perfect bond), elimi-
nating the need for mesh alignment between the fibres and the matrix.
The bond-slip relationship between the steel fibres and the matrix is
considered indirectly, by using the pull-out response of steel fibres to
define the stress-strain relationship of the fibres. In a similar vein, Yu
et al. [51] and Pros et al. [55] applied a comparable approach to model
the bond-slip relationship of fibres, relying on the analytical expressions
derived from the pull-out responses of steel fibres. Typically, these
models utilise algorithms to establish a fibre distribution, which is
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delineated through statistical methods. Numerical models that explicitly
incorporate discrete fibres have been instrumental in enhancing the
understanding of SFR-CC behaviour. Such an advanced understanding is
attainable through the simulation of diverse scenarios, encompassing
variations in fibre properties, content, orientation and distribution.

In many of the existing SFR-CC numerical models, a common
assumption is that steel fibres are uniformly distributed and randomly
oriented within the matrix. However, this assumption frequently di-
verges from actual conditions, as the orientation and distribution of fi-
bres are critical factors influencing the toughness of SFR-CC. Many
studies have highlighted various factors affecting fibre orientation and
distribution [2,56], indicating the practical challenges in achieving
uniform or entirely random fibre distributions in SFR-CC specimens. It is
also noted that when the orientation of a steel fibre is perpendicular to
the tension direction, its contribution to the tensile strength of SFR-CC is
considerably reduced, if not entirely negligible [49,51,57]. On the other
hand, fibres oriented in line with the tensile stress direction prove more
advantageous for elements experiencing unidirectional loading. In
cementitious composite, the effectiveness of these fibres diminishes
from 100 % when aligned parallel to the tensile stress, to approximately
30 % in scenarios of random distribution [1,56,58].

Recent developments have focused on enhancing the structural
robustness of SFRC by utilising the superior flow characteristics of Self-
Compacting Concrete (SCC). This approach aims to strategically orient
the fibres in a favourable direction, achieving a more uniformly
distributed arrangement [17]. Experimental studies have shown that the
fibre orientation in SFR-SCC is not entirely random but tends to align
parallel to the direction of bending [59,60]. Several factors influence
fibre orientation in SFR-SCC, including rheological properties, form-
work geometry, fibre length and type, wall effects, and casting methods
[2,11,58]. These factors contribute to variations in the mechanical and
fracture behaviour of SFR-SCC [61-63]. Consequently, the presumption
that fibres are uniformly distributed and randomly oriented distributed
might result in inaccurate predictions of the mechanical performance of
structural components, particularly in the case of SFR-SCC specimens.

Zhao et al. [54] employed computational fluid dynamics as an
innovative method to monitor fibre distribution within SCC, with
empirical validation provided through four-point bending tests. How-
ever, a research gap still persists in understanding the overall spatial
distribution of fibres [64], as well as the failure, damage, and post-peak
behaviour of composite materials. Current research predominantly fo-
cuses on predicting fibre orientation and assessing the mechanical
properties of SFR-SCC, often assuming random orientation in numerical
simulations. However, there is lack of comprehensive analysis con-
cerning fibre orientation, and residual tensile strength, along with the
associated damage and fracture behaviours. This gap is significant
because, when designing a concrete structural element reinforced with
steel fibres, the most crucial factor to consider is its residual tensile
strength or post-peak parameters and toughness [3,53,61-63]. A more
detailed investigation of these aspects could significantly enhance the
understanding of how fibre orientation affects the mechanical properties
and post-cracking performance of SFR-SCC.

Hence, this study introduces a straightforward and practical discrete
finite element modelling approach, designed to accurately simulate the
flexural properties and post-cracking performance of SFR-SCC by
incorporating various steel fibre orientations. The concrete matrix is
modelled using concrete damage plasticity model in ABAQUS and is
discretised into solid elements. An automated method governs the dis-
tribution and orientation of steel fibres within the matrix, ensuring
confinement within the boundary of the specimen. The investigation
explores three specific fibre orientations: 1) based on the flow of SCC
[1], 2) random, and 3) aligned longitudinally along the length of the
prism.
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2. Experimental procedure
2.1. Materials and mix design

In this study, cementitious materials were employed, including
Portland cement (Type 1) and ground granulated blast furnace slag
(GGBS). Table 1 presents the chemical composition and physical prop-
erties of both the cement and GGBS. A superplasticizer (SP), specifically
the polycarboxylate ether polymer MasterGlenium ACE 499 with a
specific gravity of 1.07, was introduced. The aggregates used in this
study comprised crushed limestone coarse aggregate (CA) with a
maximum gravel size of 10 mm and a specific gravity of 2.65. The fine
aggregate (FA) was sourced from natural river sand with a maximum
particle size of 2 mm and a specific gravity of 2.55. Approximately 30 %
of the natural river sand was replaced with a coarser fraction of lime-
stone dust, also known as crushed rock sand, featuring a specific gravity
of 2.6 and particle sizes ranging from 2.0 mm to 0.125 mm. This sub-
stitution of natural river sand with a coarser fraction of limestone offers
potential cost savings, environmental benefits, and improved concrete
durability [65-67]. Fig. 1 illustrates the particle size distribution curves
for both the fine and coarse aggregates. For reinforcement, 30 mm long
hooked-end steel fibres with diameters of 0.55 mm and tensile strengths
of 1345 MPa were utilized in this study. Two series of high-strength SCC
mixes were designed using the mix design approach outlined in [67,68].
These mixes were targeted to achieve a compressive strength of 70 MPa
with a water-to-cementitious materials ratio (w/cm) of 0.40. The spe-
cific details and relative proportions of the mixes can be found in
Table 2.

2.2. Specimen preparation

Effective dispersion of steel fibres in the specimens was essential, and
this was achieved through a careful mixing process. In preparing the
mixes described in Table 2, a structured approach was followed using a
forced action pan mixer. The sequence began by blending the coarsest
material, CA, with the finest, cement. This was followed by the addition
of the next coarsest component FA, and GGBS, and so on. The mixing of
each ingredient lasted approximately two minutes before the addition of
the next. To enhance the fluidity of the mix, two-thirds of the SP was first
mixed with water. This water-SP combination was then slowly merged
with the dry materials and mixed for about four minutes. The final third
of the SP was introduced and mixed for two minutes. At the last stage,
steel fibres were gradually added into the blend and mixed thoroughly
for around four minutes to ensure even distribution.

Although BS EN 14651 [69] and RILEM TC 162 [6] recommend
initiating concrete pouring at the centre of the mould, several studies
[11,70,71] advocate for pouring from one end in the case of SFR-SCC.
Alberti et al. [18] also noted that central pouring might reduce fibre
dispersion in such concrete types. Based on these insights, this study
opted for an end pouring approach for all moulds. Each mixture, as
specified in Table 2, was used to cast four prisms (100 mm x 100 mm x
500 mm length) and eight cubes (100 mm x 100 mm x 100 mm), and

Table 1

physical properties and chemical composition of cement and GGBS.
Composition Cement GGBS
SiO (%) 19.69 34.34
MgO (%) 2.17 7.70
AlL,O5 (%) 4.32 12.25
CaO (%) 63.04 39.90
Fe,03 (%) 2.85 0.32
SO3 (%) 3.12 0.23
Specific gravity 3.15 2.40
Initial Setting Time (mins) 158 -
Fineness (m?/kg) 384 426
Loss on ignition (%) 3.03 0.34
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Fig. 1. Particle size distribution curves for fine and coarse aggregate.

Table 2
Mix proportions of SCC mixes, (kg/m®).

Mix designation Water Cement GGBS SP FA CA Fibre
SCC 205.6 308.4 205.6 2.3 739 796 -
SFR-SCC 205.6 308.4 205.6 3 726 796 39

three cylinders (100 mm diameter x 200 mm length). Post-casting, the
specimens were stored under standard laboratory conditions for one
day, then de-moulded and submerged in water for curing at a consistent
temperature of 20 ( + 1) °C for a duration of 28 days.

2.3. Test set-up and procedure

The mixes were evaluated in their fresh state through slump flow
tests (to assess flowability) and J-ring tests (to evaluate passing ability),
adhering to the guidelines specified in references [72] and [73],
respectively. These assessments were essential to verify the
self-compaction capabilities of each mix. Cube compressive strength was
measured in accordance with BS EN 12390-3 [74]. The measurement of
elastic modulus (E) was conducted as per the guidelines in BS EN
12390-13 [75], involving the gradual application of load on a cylin-
drical specimen until it reached approximately one-third of its failure
load. The resultant strain was measured using a 30 mm strain gauge.

The flexural performance and post peak behaviour of SFR-SCC was
determined through a three-point bending test on notched beams,
adhering to the methodology specified by RILEM and ASTM C1609 [76,
77]. The beam mould dimensions for this study were chosen based on
the Japan Concrete Institute Standard (JCI-S-002-2003) [78], which
mandate a minimum side length of 100 mm for the beam cross-section
when fibres are 40 mm or shorter. Furthermore, to comply with ASTM
C1609 [77] guidelines, the mould’s width was set to be at least triple the
length of the fibres used. The beams were notched at the mid-span to a
depth of 30 mm using a diamond saw, in accordance with JCI standards,
which specify that the notch depth (ag) should be 30 % of the beam
depth and the notch width (ny) should not exceed 5 mm. The experi-
mental procedure involved measuring the mid-span deflection (5) and
the crack mouth opening displacement (CMOD) of each specimen. This
was achieved using a Linear Variable Differential Transformer (LVDT)
and a clip gauge attached to the knife edges on the specimens, facili-
tating the recording of both the load-deflection and load-CMOD curves.
Fig. 2 provides a schematic representation of the three-point bending
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Fig. 2. Schematic representation of the three-point bending test setup.

test setup used on the notched beams.

In this study, the post-peak parameters of SFR-SCC beams are
described using the first peak load (P;), peak load (Pp), and residual
loads (Pg,,) and (P2,) at deflections () of L/600 and L/150, corre-
sponding to deflections of 0.667 mm and 2.667 mm, respectively,
following ASTM standards [77]. Additionally, the toughness (T;sg) is
described by the area under the load-versus-deflection curve up to
L/150. Furthermore, the RILEM TC162-TDF recommendation [6] pro-
vides alternative method for analysing post-peak behaviour parameters
to characterise the performance of concrete reinforced with steel fibres.
This method measures the residual flexural tensile strength corre-
sponding to the residual load at each CMOD of 0.5, 1.5, 2.5, and 3.5 mm.

3. Finite element simulation for SFR-SCC
3.1. Concrete modelling

The modelling of the nonlinear behaviour of concrete matrix is
implemented using the concrete damaged plasticity (CDP) model in
ABAQUS, which was initially proposed by Lubliner et al. [79] and
subsequently refined by Lee and Fenves [80]. The CDP model utilises
continuum plasticity theory to represent damage [79-81]. It in-
corporates the principle of isotropic damaged elasticity along with
isotropic plasticity in both tension and compression. This approach en-
ables the CDP model to accurately represent the nonlinear deformation
and irreversible damage in concrete across various structural types
under different loading conditions [44,82,83].

The implementation of the Concrete Damaged Plasticity (CDP)
model necessitates accurate characterisation of the uniaxial compressive
and tensile behaviours of concrete. To this end, the stress-strain rela-
tionship for uniaxial compression is derived in accordance with the
guidelines provided in both Model Code 1990 [84] and Model Code
2010[8] (see Fig. 3). It is important to highlight that the Model Code
1990 is utilised to describe the descending branch of the stress-strain

(@)
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curve, particularly for strains exceeding the ultimate strain of con-
crete, denoted as & jim. The Model Code for concrete in compression is
widely recognised for its straightforwardness and effectiveness in
capturing the nonlinear behaviour of concrete. The compression
behaviour of the concrete is delineated according to the following
formulae.

3 3 2 "
o =f. {k&c - (i> ] / [1 +(k— 2)3] for0 < e < £cjim )
€l Ecl €1
—nl(Re-2 e\, (4, i7lfor > e @
Oc. = Je e 62 P e P = Sc,llm

Where
k =E,/E. 3
€= gc.lim/gcl (4)
[e?(k — 2) + 2e — k]

=4 = = 5
¢ le(k—2) + 1] ®

meea | L) (k) L ©)
Eclim = €c1 2\2 + 4 \2 2

Where E,;, denoting the initial tangent modulus, is equivalent to E.. The
term E.1, defined as f./eq1, signifies the secant modulus extending from
the origin to the maximum compressive stress (f.). The strain at peak
compressive stress, ¢.1, is calculated as follows [85,86]

eq = 1.60(f,/10)°® / 1000 @

The compression damage variable (d.), which is shown in Fig. 3, can
be expressed as outlined in [79,81,87]

de. =1 (oc/f) ®

The tensile behaviour of concrete is initially characterised by a linear
elastic stress-strain relationship until its tensile strength is reached.
Beyond this point, crack formation leads to a decrease in stress via a
softening process, which proceeds until the material ultimately loses
tensile strength. Various models, such as linear, bilinear, or exponential,
can describe the relationship between stress and crack displacement
[88]. This study employs an exponential model to define the post-peak
softening phase, as proposed by Hordijk [89], to detail the decreasing
stress in relation to crack width. This relationship is graphically repre-
sented in and is determined by two key parameters: the tensile strength
(fe) and the fracture energy (Gy). The relationship between tensile stress
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Fig. 3. Constitutive models for concrete under compression: (a) stress-strain relationship, (b) compression damage parameter.
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and crack width, as formulated by Hordijk [89], is defined by the
following mathematical expressions.

3
1] w o™ w e
fjtt: 1+<CIW7cr> :|e Wcrfwfcr(l+c‘;’)e 2 9
G
Wer = 5.136 -2 10)
fer

Where ¢; and c; equal to 3 and 6.93 respectively.

The stress-displacement relationship presented in Eq. (9) is trans-
formed into a stress-strain relationship through the application of crack
band theory [90]. This transformation is achieved by dividing the crack
displacement by the characteristic crack length of the elements, thereby
addressing issues related to fracture localization and mesh sensitivity
[88,91-93]. Within the framework of 3D elements, the characteristic
length is determined as the cubic root of the volume of the element. For
the simulations detailed in this study, the chosen critical length was
established as 5 mm, matching the notch length of the beam.

The fracture energy quantifies the energy required to propagate a
tensile crack over a unit area [91]. The tensile strength and fracture
energy are predicted from the formulae given in the JSCE design code
[9].

fa=023 (f)*° an

Gf —10 (dmax)o.33(fc)o,33 12
Where dpax is the maximum aggregate size (in mm). The tension
damage variable (d;), as seen in Fig. 4, was defined as suggested by
Lubliner et al. [79,87,94]

d: =1 — (o/fer)

Furthermore, the definition of the CDP model in ABAQUS also re-
quires the input of five key parameters: the dilation angle ¢ (expressed
in degree), flow potential eccentricity €, the ratio of initial biaxial to
uniaxial compressive yield stress oyo/0c0, the ratio of the second stress
invariant between tensile and compressive meridians K, and the vis-
cosity parameter p. In the simulations conducted for this study, these
parameters are consistently set to 31 degrees, 0.1, 1.16, 0.667, and
0.005, in the respective order [37].

13)

3.2. Fibre structure modelling

3.2.1. Fibre distribution and orientation

The flowchart illustrating the generation of fibre distribution using
MATLAB software is depicted in Fig. 5. The total number of steel fibres
within the specimen was calculated based on the assumed fibre volume
fraction and the geometry of the specimen. The total fibre volume in the
specimen was determined using the steel fibre volume fraction and the

(@)

Stress o,

Gy

Crack width (w) W, =5.136G/f
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total volume of specimen. This value was then divided by the volume of
a single fibre, calculated from its length and cross-sectional area, to
estimate the total number of fibres. The distribution of each individual
fibre is represented by angles a and B, with « ranging from 0 to 90° and p
from 0 to 360°, along with the coordinates of both fibre ends as shown in
Fig. 6. Each fibre must be positioned so that the body of the fibre does
not fall within the region of notch or extend outside the boundaries of
the specimen.

In the finite element model, the fibre structure within the concrete
composite is generated based on different scenarios of fibre orientation
to deepen the understanding of its impact on the post-peak behaviour of
concrete. The first scenario features controlled fibre orientations, spe-
cifically designed to mimic the alignment of steel fibre found in SCC.
These scenarios ensure that the majority of fibres align with the flow
direction, a setup corroborated by previous research [1] and illustrated
in Fig. 7.

In contrast, the second scenario introduces a random orientation,
reflecting the typical alignment of steel fibres in normally vibrated
concrete. Experimental studies confirm this randomness [16,17], which
is influenced by factors such as mechanical vibration during compac-
tion, placement methods, configurations of boundary forms, and the
properties of the steel fibres during the production process in SFRC. The
visual representation of this orientation is detailed in Fig. 8.

Moreover, an important exploration is conducted on a scenario
where all fibres are precisely horizontally, perpendicular to the direction
of the applied vertical load. This particular orientation is studied to
assess its potential in maximising flexural strength, toughness, and
overall post-peak behaviour. Each orientation scenario is supported by
four distinct distribution models, ensuring a comprehensive and uniform
dispersion of fibres. Table 3 summarises the statistical characteristics of
these fibre orientations within the concrete matrix.

3.2.2. Constitutive model for the steel fibre

The formulation of the embedded fibre model used in this study in-
corporates the bond-slip behaviour indirectly. Therefore, the embedded
elements are modelled with an assumption of perfect bonding to avoid
conformal meshes. In fact, the bond-slip behaviour for a single fibre at
various inclination angles is indirectly simulated by transforming a load-
slip relationship (P — s) into a tensile stress-strain relation (os-¢¢). The
constitutive law for the steel fibres is formulated from their pull-out
response. Thus, the stress oy in the fibres is determined by the ratio
of the pull-out force P to the cross-sectional area of the fibre as shown in
Eq. (14) (where d; is the fibre diameter). Similarly, the strain & in the
fibres is derived from the ratio of the slip length s to the fibre’s length [;.
Egs. (14) and (15) are used to calculate the stress of and strain & in the
fibre, respectively.

_ p

14)
71'df2 / 4

of

G
A2

d= 1-0/fy

Tension damage variable d;

Cracking strain g,

Fig. 4. Constitutive models of concrete in tension: (a) stress-crack width relationship, (b) tensile damage parameter.
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Fig. 5. Flowchart outlining the process for simulating steel fibre distribution in SCC matrix.

>

Fig. 6. Fibre orientation and coordination in three dimensions.

Sf = - (15)

In the experimental analysis, the pull-out response of steel fibres is
characterised by the relationship between the pull-out force and the slip
length. When this pull-out force-slip length relationship is translated
into a stress-strain relationship, the length in Eq. (15) is not necessarily
the physical length of the fibre but rather equivalent to a simulated
length that yields the accurate slip length s under the same force P. In the
finite element models developed by Abrishambaf et al. [95] and Cunha
etal. [49,50] where each fibre is segmented into multiple short fibres by
the solid elements representing the concrete matrix, this simulated
length is equivalent to the crack band width. Conversely, in the models
by Zhao et al. [54],Pros et al. [55] and Yu et al. [51] where fibres are

directly embedded within the plain concrete matrix, the simulated
length corresponds to the real fibre length. In the current study, the steel
fibres are also directly embedded in the concrete matrix, thus aligns with
fibre treatment approach adopted by Zhao et al. [54], Pros et al. [55]
and Yu et al. [51]

3.2.3. Pull-out response of the steel fibres

The inclination angles of fibres significantly influence their pull-out
behaviour, resulting in a range of pull-out responses. This variability in
fibre orientation within the concrete matrix necessitates the use of an
analytical method to evaluate the pull-out response across different
inclination angles. Hooked fibres display the same characteristics seen in
inclined straight fibres, such as fibre debonding, matrix spalling, fric-
tional sliding, and fibre extraction. Moreover, the hooked ends cause
plastic deformations, which require an increased force for pull-out,
thereby exacerbating the matrix spalling effects in inclined fibres. In
response to these observations, Laranjeira et al. [28,29] have developed
an analytical model to simulate the behaviour of inclined steel fibres
with hooked ends, a method adopted in this study. This model considers
essential input variables, such as the material properties and the pull-out
behaviour of aligned fibres under load. For a comprehensive description
of the analytical model, including the detailed derivations of the equa-
tions and definitions of all symbols, readers are encouraged to consult
the original works by Laranjeira et al. [28,29]. It generates a pull-out
diagram for inclined hooked steel fibres, depicted in Fig. 9 and char-
acterised by eight key points, detailed in Table 4 for convenience. Each
point represents a distinct stage in the pull-out process of inclined fibres.
The model primarily addresses steel fibres with lengths of 30-60 mm
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Fig. 7. Histogram of controlled fibre alignments in SCC, showing predominant flow direction orientation. PDF refers to the Probability Density Function, repre-

senting the distribution of fibre orientations in terms of angle a.
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Fig. 8. Distribution of random fibre orientations. PDF refers to the Probability Density Function, representing the distribution of fibre orientations in terms of

angle o.

Table 3
Statistical summary of fibre orientation angles a and f for three scenarios in SCC
matrix.

Scenario Angles  Mean  Standard 25%  Median 75%
Deviation

Flow-based [ 19.2 18.9 6.2 12.4 26.6

orientation B 180.4 104.4 88.7 182.2 271.3

Random o 44.9 26.1 23.0 45.0 68.0

orientation p 178.7  104.2 89.0 178.0 270.0

and diameters between 0.5 and 1.0 mm, set within cementitious
matrices with compressive strengths not exceeding 90 MPa.

3.3. Numerical simulation models setup

The plain SCC matrix is modelled using the CDP, as presented in
Section 3.1. The parameters adopted, along with the compressive

strength and elastic modulus obtained from the experimental results, are
detailed in Table 5. Additionally, the matrix is modelled using three-
dimensional, eight-node continuum elements with reduced integration
points (C3D8R). On the other hand, steel fibres are represented using
three-dimensional, two-node truss elements (T3D2). All numerical
models in this study were tested at a loading rate of 0.005 mm/s.

The placement of steel fibres within the concrete matrix, as exem-
plified by Fig. 10, is produced using a Python script. This script is fully
integrated into ABAQUS software, facilitating the automatic generation
and accurate positioning of steel fibres in accordance with their pre-
defined designated locations and orientations. This careful placement
ensures the fibres neither impinge upon the notch area nor extend
beyond the boundaries of the specimen.

Owing to the complexity of defining a unique efo¢ law for every
possible fibre inclination, laws corresponding to fibre orientation angles
of 7.5°, 22.5°, 37.5°, 52.5°, and 67.5° were applied to truss elements
within the orientation angle ranges of [0°, 15°], [15°, 30°], [30°, 45°],
[45°, 60°], and [60°, 75°], respectively. Fibres positioned at an
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w

Fig. 9. Schematic diagram of the pull-out response for an inclined hooked-end
fibre, adapted from [28].

Table 4
Summary of formulations defining the analytical model for hooked-end fibre
pull-out as proposed by Laranjeira et al. [28].

Points  Equation
H Pm = Ps1 = Pg01C080 Wi = Ws1 = Wso1
H. L. — 6 x L
> Pz = (PS(JllLeff(sz +APH01EL—SPPH) cos +
e
4 L, —6 x L
UPs1 5inf cos 5 W2 =wm + Awygrcos 0= "L L Ay,
e
Hj . 0
Pus = (Pso1Legnz) +APuo1 ) €080 + yiPpo1ind cos 5 W3 =W +
Awpo1cos + Awspy + Awspy
H. 2 . 0
4 Py = (PsmLEff (a) + Zi—l APHO,-)cos 0 + KPHo1SIn0 COS = Wi = W +
Awpoacos 6
Hs 3 . %
Pys = (PSOILeff(HS) +Y . APugi )cos@ + HProvsing cos o Wis =Wy +
Awppzcos 6
He 4 . o0
Pre = (PSOZLeff(Hé) + 21:1 APyoi )COSH + HPpo1sinfcos 5 WHe =Wns +
Awgoscos 0
H P = (S ap 9 + uPyorsind cos )
= (Zle HOi)COS + HPpo1sing cos o Wiy = Le —
(Lsp1 +Lspz +Lperit)
Hg Ppyg =0 wps = Le — (Lsp1 +Lsp2)
Table 5

Properties of plain SCC used in the numerical simulation.

Property Value

Compressive strength (f,) 71.7 N/mm?
Young’s modulus (E) 41,060 N/mm?
Poisson’s ratio (v) 0.2

Tensile strength (f. ) 3.97 N/mm?
Fracture energy (G 0.0876 N/mm
Crack band-width (1) 5 mm

inclination greater than 75° were assumed to exhibit no slippage, as
indicated in references [37,54,95]. In this numerical simulation, the
behaviour of hooked-end fibres was investigated by identifying eight
critical points, from (o71—€f;) to (ors—€5g). Due to the similarities in the
compressive strength of the concrete matrix and the properties of the
hooked fibres, as detailed in reference [95], the values for the maximum
pull-out force and the corresponding slip are sourced from this refer-
ence. The other parameters are consistent with those listed in [28,54].
Table 6 provides a comprehensive description of the input parameters
used for these calculations of the analytical model for pull-out response
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of different inclinations of hooked-end steel fibres. Fig. 11 illustrates the
pull-out behaviour of the fibres at various fibre orientation angles 7.5°,
22.5°, 37.5°, 52.5°, and 67.5° using an analytical model based on the
approach proposed by Laranjeira et al.[28]. The &0 laws for these
specific fibre orientation angles were derived and are detailed in Fig. 12.

4. Results and discussion
4.1. Experimental results

This section presents the results of the experimental program
detailed in Section 2, along with numerical simulations of three-point
bending tests. These simulations aim to assess the effectiveness of nu-
merical method in determining the post-cracking parameters of SFR-
SCC, considering varied fibre orientations and distributions.

Table 7 presents the results of the slump flow and J-ring tests. All
tested mixes showed no signs of bleeding or segregation upon detailed
visual inspection. Compressive strength, unit weight, and elastic
modulus measurements for the specimens are detailed in Table 8.
Furthermore, the findings from the three-point bending tests on notched
prisms will be compared with the results of the numerical simulations
for a thorough analysis.

4.2. Comparison of experimental and numerical simulation results of
plain SCC

The recorded load-deflection diagram obtained from the experi-
mental investigation on notched beams using a three-point bending test,
along with numerical simulation results, is shown in Fig. 13. The
experimental envelope illustrates the variability in the data, indicating
that while there is some scatter, the majority of the experimental results
fall within a certain range around the average curve. The experimental
envelope represents the maximum and minimum bounds of the data
collected from four test specimens. The numerical simulation in this
paper employs the CDP model described previously, utilising the elastic
and compressive strength values obtained from the experiments, while
predicting the tensile strength and fracture energy values according to
the JSCE design code [9]. The simulation results of the load-deflection
closely follow the average experimental curve, demonstrating a high
degree of accuracy. In addition, Fig. 14 presents the load-CMOD dia-
gram of experimental and simulation results, showing that the numeri-
cal simulation results closely match the experimental outcomes. Table 9
shows the peak load, deflection at peak load, CMOD at peak load, and
area under the load-deflection curve of plain SCC, along with the error
between experimental and numerical simulation results. It can be seen
that the experimental results are very close to the numerical results. This
close agreement between the experimental data and the simulation
validates the accuracy of the computational model in predicting the
flexural and damage behaviour of SCC. The comparison between
experimental and simulation results is an important step before inves-
tigating the flexural and post-peak behaviour of SFR-SCC by experi-
mental and simulation methods.

4.3. Comparison of experimental and numerical simulation results of
SFR-SCC

Steel fibres are widely recognised as most effective after the cracking
of a brittle cementitious matrix [3]. Consequently, accurately simulating
flexural strength and the post-cracking parameters of steel fibre com-
posite is crucial for enhancing the understanding and application of this
composite material. This, in turn, can facilitate its widespread adoption
in the construction industry. The flexural behaviour of cementitious
composites reinforced with fibres can be classified into
deflection-softening and deflection-hardening types. This classification
is important for determining the appropriateness of the materials for
various structural applications. Deflection-hardening composites exhibit
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Fig. 10. Example of position of steel fibres within a concrete matrix (random orientation) in the numerical model.

Table 6
Input parameters for analytical model of pull-out response.
L. (mm) 15 Pso1 (N) 105 Pro2 (N) 182
d (mm) 0.55 Wso; (mm) 0.035 Whyo2 (mm) 2.2
oy (N/mm?) 1345 Psoz (N) 52.5 Prios (N) 155
fe « (N/mm?) 3.97 Wso1 (mm) 0.3 Wio3 (mm) 3.5
N 1 Pro1 (N) 255 Pros (N) 118
n 0.6 Wio1 (mm) 0.636 W04 (mm) 5
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Fig. 11. Pull-out load-slip curves for hooked-end fibres at different inclinations
22.5°, 37.5°, 52.5°, and 67.5°.

superior load-carrying capacity after initial cracking compared to both
plain concrete and deflection-softening fibre-reinforced composites [96]

Fig. 15 illustrates the outcomes of three-point bending tests per-
formed on notched beams made of SCC reinforced with steel fibres,
alongside comparative simulated results that consider the fibre

1400
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&

Fig. 12. Stress-strain curves for hooked end steel fibres at various inclinations.

Table 7
Results of slump flow and J-ring flow tests for SCC mixes.

Mix designation Slump flow test J-ring” flow test

Spread (mm) tso0 (S) Spread (mm) t5005 (s)
scc 740 1.7 680 2
SFR-SCC 770 2 690 2.3

" J-ring apparatus with 12 steel rods

orientation trend based on steel fibre flow. The average experimental
curve shows an initial sharp increase in load, reflecting the elastic
response of the material, followed by a plateau and then a gradual
decrease in load, indicating deflection-hardening behaviour. The
experimental envelope highlights variability among the tested speci-
mens, probably due to differences in number, distribution, and
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Table 8
Compressive strength and elastic modulus results for mixes at 28 days.

Mix Compressive strength Unit weight Elastic Modulus
designation (MPa) (kg/m?) GPa)
scC 71.7 2398 41.06
SFR-SCC 69.2 2403 41.62
6 T T T T T
Average experimental curve
Experimental envelope
5 = = = Simulation o

Load (kN)

Deflection (mm)

Fig. 13. Comparison of load-deflection response of plain SCC, comparing
experimental data with simulation results.
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Average experimental curve
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Fig. 14. Load-CMOD curves for experimental and simulation results of
plain SCC.

Table 9
Comparison of experimental and numerical results for plain SCC.

Experimental Results Simulation Error (%)
Mean CoV(%)
Peak Load (kN) 4.7 9.3 4.5 4.2
Deflection at peak load (mm) 0.026 12.6 0.027 5.57
CMOD at peak load (mm) 0.047 15.6 0.052 9.04
Toughness kN.mm 0.654 8 0.664 1.5

10
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Fig. 15. Experimental and simulation (orientation based on flow) results of
load-deflection curves of notched SFR-SCC beams.

orientation of fibres on the fracture surface. The average simulation
curve is derived from four distributions using the same probability
density function (PDF) for fibre orientation based on fibre flow in SCC.
The simulated results, represented by the average of simulations along
with the 95 % confidence intervals, closely align with the experimental
data. Both the initial elastic response and the post-cracking load-bearing
capacity are well captured by the numerical simulation approach.

In this study, the influence of steel fibre on the first peak load is
slight. In plain SCC, the first peak load is approximately 4.7 kN at a
deflection of 0.026 mm, while in SFR-SCC, it is around 4.85 kN at a
deflection of 0.055 mm. Importantly, the numerical simulation results
successfully capture this slight improvement. In the simulation of plain
SCC, the first peak load is 4.5 kN at a deflection of 0.027 mm, whereas in
the simulation of SFR-SCC, the first peak load is 4.66 kN at a deflection
of 0.058 mm. The effect of steel fibre is more pronounced on the residual
loads and toughness of the fibre-reinforced composite.

Table 10 presents the post-peak parameters of SFR-SCC derived from
both experimental and numerical simulations results, including the first
peak load (P,), deflection at first peak (6p, ), peak load (Pp) deflection at
(8p,), and residual loads (Pgy,) and (P}s,) at deflections (8) of L/600 and
L/150 following ASTM standards [77]. The post-peak loads from the
numerical simulations align well with the experimental results. This
demonstrates that the simulation approach can be effectively used to
model larger structural members, as it accurately captures the
post-cracking behaviour of SFR-SCC.

In Addition, the flexural strength and post-cracking parameter can be
obtained based on the RILEM TC162-TDF recommendation [6], which
measures the residual flexural tensile strength corresponding to the re-
sidual load at each CMOD of 0.5, 1.5, 2.5, and 3.5 mm. Fig. 16 shows the
experimental data and numerical simulation curves of the load-CMOD
diagram, which indicate that the numerical simulation curve agrees

Table 10
post-peak parameters of SFR-SCC from experimental and numerical simulations
results.

P, dp, (mm) Pp (Bp,), PﬁDoo PII)SO
(kN) (kN) (mm) (kN) (kN)
Experimental 4.85 0.055 5.71 1.951% 4.52 4.70
Simulation 4.66 0.058 5.82 1.978 4.04 4.76
Error (%) 3.92 5.45 1.93 1.38 10.62 1.28

* This is for the only samples showing strain hardening
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Fig. 16. Experimental and simulation (orientation based on flow) results of
load-CMOD curves of notched SFR-SCC beams.

very well with the experimental data. This comparison between exper-
imental and simulated results highlights the accuracy of this method for
simulating post-cracking parameters. It also underscores the importance
of accurately modelling fibre orientation within the SCC matrix as a key
factor for the simulations. The strong correlation between the two data
sets validates the effectiveness of the simulation approach. These find-
ings reinforce the well-established significance of fibre orientation in
influencing the mechanical and post-peak performance of SFR-SCC,
while providing additional quantitative insights into the effects of spe-
cific fibre orientation.

The finite element analysis detailed in this study provides insights
into the structural integrity and damage progression of a modelled beam
under various loading stages. The numerical simulation model is profi-
cient at monitoring damage initiation, stress, and strain in the concrete.
Additionally, the explicit representation of steel fibres facilitates the
observation of mechanical properties such as axial fibre stress distri-
bution. This setup enables the evaluation of the influence of fibre
orientation and distribution on the flexural behaviour of SFR-SCC.

Fig. 17 displays the damage index (DAMAGT) at deflection of
0.01 mm and 2.667 mm. As anticipated, damage propagation in the
concrete was primarily observed at the mid-spans within the notch of the

(@)
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beam. DAMAGET, part of the Concrete Damage Plasticity (CDP) model,
is used to approximate cracking in tension zones. The CDP model pre-
dicts crack formation when the maximum principal plastic strain rea-
ches a positive value, with cracks developing perpendicular to the
direction of these strains [80,87]. However, the CDP model does not
provide detailed crack data, such as crack width, as it operates on a
continuum scale rather than explicitly simulating discrete cracks. It is
important to note that the damage shown in Fig. 18 pertains to plain
SCC, not SFR-SCC. This serves as a reference to validate the accuracy of
the simulation in capturing damage progression in the correct locations,
confirming the reliability of the model for further simulations involving
fibre-reinforced concrete.

In addition, Fig. 18 and Fig. 19 provide additional insights into key
parameters influencing the behaviour of SFR-SCC under varying loading
conditions: the equivalent plastic strain (PEEQ) and axial fibre stress
(S1,11), respectively. The equivalent plastic strain (PEEQ) is widely
utilised to evaluate material plastic behaviour, particularly the extent of
irreversible deformation it can undergo before reaching failure. In
contrast, axial fibre stress (S1,11) represents the stress response along
the longitudinal direction of the fibres.

At a minimal deflection of 0.01 mm (Fig. 18(a) and Fig. 19(a)), both
PEEQ values and stress levels are relatively low, indicating negligible
plastic deformation and a relatively uniform stress distribution across
the prism. However, at a deflection of 2.667 mm (Fig. 18(b) and Fig. 19
(b)), there is a substantial increase in both PEEQ and stress, particularly
concentrated in the central region above the notch. The significant rise
in PEEQ highlights areas of intense plastic deformation, while the
increased stress values indicate zones experiencing high tensile forces,
marking critical points of potential failure. This dual increase in PEEQ
and stress at higher deflections highlights critical points of potential
failure. In these areas, the orientation of the steel fibres is particularly
significant as it greatly influences the mechanical response and distri-
bution of stresses and strains, thus playing a critical role in the overall
structural performance and integrity of the SFR-SCC.

4.4. Effect of random orientation of fibre

Random orientations of steel fibres were generated in the numerical
simulation to explore their impact on the flexural and post-peak pa-
rameters. Typically, the orientation of steel fibres in normally vibrated
concrete is random, a phenomenon well-documented in the literature
[16,17]. However, the strategic use of steel fibres in SCC aims to orient
the fibres in a favourable direction, thus achieving a more uniformly
distributed arrangement that enhances the mechanical properties of the

(b)

Fig. 17. Damage index DAMAGET of SCC beam at deflection of (a) 0.01 mm deflection (b) 2.667 mm (scale factor =5).
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Fig. 18. Equivalent plastic strain (PEEQ) of the steel fibres at deflection of (a) 0.01 mm deflection (b) 2.667 mm (scale factor =5).
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Fig. 19. Stress on fibre element at deflection of (a) 0.01 mm deflection (b) 2.667 mm (scale factor =5).

concrete [17]. This targeted alignment is intended to optimise the
structural capabilities and fracture properties of the concrete matrix but
is often not captured in simulations that assume random orientation of
steel fibres.

Fig. 20 and Fig. 21 provide a comparative analysis between experi-
mental results and numerical simulations, focusing on the random
orientation of steel fibres, for both the load-deflection and load-CMOD
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[ Experimental envelope

10+ ==== Average simulation i
=====U.B.-95% Conf. Interval (simulation)
=====.B.-95% Conf. Interval (simulation)

0 | | L L | . |
0 0.5 1 1.5 2 25 3 3.5 4

Deflection (mm)

Fig. 20. Experimental and simulation (random orientation) results of load-
deflection curves of notched SFR-SCC beams.
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Fig. 21. Experimental and simulation (random orientation) results of load-
CMOD curves of notched SFR-SCC beams.

diagrams. Notably, these figures reveal distinct behavioural patterns:
the simulations primarily exhibit deflection-softening behaviour, which
contrasts with the deflection-hardening behaviour observed in experi-
mental tests. This contrast highlights the discrepancies arising from the
simplifications involved in modelling fibre orientation. The numerical
simulation of flexural strength and post-cracking parameters using
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random orientation in SCC tends to underestimate the results. To
simulate the post-cracking behaviour of SFR-SCC with a high degree of
accuracy, the orientation of fibres plays a crucial role. Although the
simulation using random fibre orientation can predict the general trend,
it does so with low accuracy, particularly underestimating post-cracking
parameters in SCC. This divergence can be partly attributed to the
modelling assumptions used in simulating randomly oriented fibres.
Numerical models typically assume fibres are uniformly distributed and
randomly oriented. In reality, fibres within SCC may align along the flow
direction during casting, providing greater resistance to cracking and
deflection than the simulated random orientation predicts. This high-
lights the need to account for fibre orientation influenced by the flow of
SCC to improve the accuracy of numerical simulations.

To achieve high accuracy in simulating the post-cracking behaviour
of SFR-SCC, it is essential to incorporate more realistic fibre orientation
models that consider the flow-induced alignment during casting.
Moreover, obtaining fibre orientation data from hardened concrete
using techniques such as CT scanning can provide valuable insights into
the actual fibre orientation, further enhancing the reliability of numer-
ical predictions in structural applications.

4.5. Effect of the aligned orientation of fibre

Investigating the effect of fibre orientation, where all fibres are
aligned longitudinally along the length of the prism and parallel to the
loading direction, assesses its potential in maximizing flexural strength,
toughness, and overall post-peak behaviour. Fig. 22 shows the load-
deflection curve of the numerical simulation. The use of aligned fibres
significantly enhances the load-bearing capacity and residual strength of
SFR-SCC. The substantial effect of fibre orientation on the peak load and
toughness of SFR-SCC is represented in Fig. 23 and Fig. 24 respectively.

When comparing the random and aligned fibre orientations, the peak
load and toughness improve substantially by approximately 104.4 %
and 127.1 %, respectively. This significant increase highlights the crit-
ical role of fibre alignment in enhancing the flexural strength and
toughness of SFR-SCC, emphasizing the importance of optimizing fibre
orientation in design applications that are primarily subjected to uni-
directional loads to achieve superior mechanical performance.

The efficacy of random orientation, in terms of toughness up to a
deflection of 2.667 mm, is around 44.03 % when the efficiency of
aligned orientation is considered to be 100 %. This reduction in effec-
tiveness can be corroborated by literature, indicating that the effec-
tiveness of these fibres decreases from 100 % when aligned parallel to
the tensile stress to approximately 30 % in scenarios of random
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Fig. 22. Simulation results of load-deflection curves (aligned orientation).
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Fig. 23. Peak Load values of SCC from experiments and simulations with
different fibre orientations: A) flow-based, B) random, C) aligned.
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Fig. 24. Toughness values of SCC from experiments and simulations with
different fibre orientations: A) flow-based, B) random, C) aligned.

distribution.
5. Conclusion

Evaluating the structural integrity of concrete reinforced with steel
fibres goes beyond mere strength parameters, emphasizing the necessity
to consider residual tensile strength and post-peak characteristics. This
study introduced a novel and practical discrete finite element modelling
approach to accurately simulate the flexural properties and post-
cracking performance of steel fibre-reinforced self-compacting con-
crete (SFR-SCC). The key findings from this study can be summarised as
follows:

1. The concrete matrix was modelled using the concrete damage plas-
ticity model in ABAQUS. Numerical simulations validated using
three-point bending tests on notched prisms closely matched the
experimental results, exhibiting minimal discrepancies. Specifically,
the error between experimental and simulation results for plain SCC
included peak load errors at 4.2 %, deflection at peak load at 5.57 %,
CMOD at peak load at 9.04 %, and toughness at 1.5 %. This high
degree of accuracy ensures that the model can serve as a reliable
foundation for further exploration of the more complex behaviour of
SFR-SCC.

2. Steel fibres were integrated as discrete truss elements within the
matrix, enhancing the simulation’s ability to depict individual fibre
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contributions and interactions. To simulate the reinforcing effect of
hooked steel fibres, laws governing pull-out force and slip, developed
from an analytical model, are applied to each fibre based on its
orientation relative to the cracked surface. The distribution and
orientation of steel fibre was programmed in python script and im-
ported to ABAQUS.

3. The numerical models effectively assessed damage and predicted
post-peak parameters. In the simulation of SFR-SCC based on flow
orientation, the discrepancies between experimental and simulation
results were minimal, with a 1.93 % error for peak load and 0.09 %
for toughness. The close alignment of numerical simulation results
with experimental data for post-peak loads and toughness demon-
strates the model’s robustness and its potential for application in
large structural analyses.
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