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The structural behaviour of steel-fibre-reinforced concrete beams was studied using non-linear finite-element analysis

and existing experimental data. The work aim was to examine the potential of using steel fibres to reduce the

amount of conventional transverse steel reinforcement without compromising ductility and strength requirements set

out in design codes. To achieve this, the spacing between shear links was increased while steel fibres were added as a

substitute. Parametric studies were subsequently carried out and comparisons were also made with BS EN 1992-1-1

predictions. It was concluded that the addition of steel fibres enhanced the load-carrying capacity and also altered

the failure mode from a brittle shear mode to a flexural ductile one. The provision of fibres also improved ductility.

However, interestingly it was found that adding excessive amounts of fibres led to a less-ductile response. Overall,

the study confirmed the potential for fibres to compensate for a reduction in conventional shear reinforcement.

Notation

a shear span

d effective depth

E, energy absorption

Eq.o energy absorption of the control specimen

M4 bending moment capacity

P lateral monotonic load

Ppme load calculated based on bending moment capacity

Prax load-carrying capacity

Prnaxexp  load-carrying capacity based on experimental data

Praxpes  load-carrying capacity based on current design
guidelines

Prnaxrea  load-carrying capacity based on finite-element
analysis

Praxo load-carrying capacity of the control specimen

Py, load calculated based on shear capacity

Py ultimate load

Py load at yield

Pyo load at yield of the control specimen

N stirrup spacing increased

Ve volume fraction of the fibres

Vi shear capacity
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Oy deflection at yield

Oy ultimate deflection

u ductility ratio

Uso ductility ratio of the control specimen

1. Introduction

Concrete has become one of the most important construction
materials widely used in many types of engineering structures. As
plain concrete is a brittle material, several attempts have been made
to improve its ductility and one of these means is by adding fibres
to the concrete mix. The work presented in the present paper aims
to examine the structural response — particularly the shear behav-
iour — of steel-fibre-reinforced concrete (SFRC) beams using non-
linear finite-element analysis (NLFEA). The effect of the steel
fibres is directly modelled into the existing concrete material model
employed by the commercial software package Abaqus (2007) to
describe its non-linear behaviour. This is achieved by appropriately
modifying the stress—strain relationship of concrete in uniaxial
tension. The resulting model was calibrated using existing experi-
mental data (Campione ef al., 2006) on the shear response of SFRC
beams with fibre volume fraction (V¢) of 1%. The beams were
initially designed with shear reinforcement less than that required
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in order to induce shear failure (so in one arrangement some shear
links were provided, whereas no links were provided in the other
cases). Subsequently, parametric studies were carried out using
NLFEA to examine SFRC beams with increased spacing between
shear links (including their complete removal), but with the full
practical range of fibre dosages considered. Conclusions were thus
made on the potential for fibres to compensate for reduction in
conventional shear reinforcement.

2. Constitutive models for SFRC and
modelling strategy

2.1 Cracking process and the role of fibres

The failure of plain concrete is governed by the formation of a
single crack. Before the initiation of the first crack, the material
exhibits linear elastic behaviour. A crack forms when the maxi-
mum principal tensile stress exceeds the tensile strength of
concrete, thus resulting in localised material failure. The plane of
the crack is normal to the direction in which the largest principal
tensile stress acts. These fracture processes create voids within
the material (i.e. macro-cracks), which continue to extend as the
load is increased. By contrast, in SFRC, upon crack formation the
crack opening is restrained by the fibres. The latter provides a
crack arresting/bridging effect to resist further crack opening.
There are different potential failure modes depending on the
effectiveness of the fibres in providing crack bridging. Therefore,
fibres can be effective in enhancing both the bending and shear
capacity of concrete sections as they control the crack propaga-
tion under both flexural and shear-induced diagonal tension.

2.2 Tensile behaviour

The structural response of SFRC elements is characterised by its
tensile post-cracking behaviour. A number of available constitu-
tive models for SFRC have been identified such as those proposed
by Barros and Figueiras (1999, 2001), Lok and Pei (1996), Lok
and Xiao (1999), Rilem Technical Committees (2000, 2003) and
Tlemat et al. (2006). The constitutive relations have been devel-
oped to describe the uniaxial tensile stress—strain relationship of
SFRC. In particular, they depict the effect of fibres on changing
the post-cracking behaviour of concrete from the brittle sharp
drop associated with plain concrete to either tension softening or
hardening response, depending on the fibre amount provided,
fibre geometry and shape and bond stress. In these models, the
residual strength beyond the cracking point of concrete is made
up of two components: the steel fibres bridging the crack and the
concrete matrix followed by the pull-out phase (i.e. bond failure).
The main characteristics of the models were closely studied and a
calibration study was undertaken by Abbas et al. (2010a, 2010b)
and Syed Mohsin (2012) using NLFEA to examine these models
and compare their predictions with existing experimental data on
numerous SFRC beam samples. Consequently, it was found that
the use of the model proposed by Lok and Xiao (1999) resulted
in predictions that were in best agreement with the experimental
data. Even in instances where there was a slight difference, the
discrepancy was always on the safe side (in design terms), with

the model predictions not overestimating actual strength results.
Unlike many other SFRC models, the Lok and Xiao (1999)
model is applicable for a reasonably wide practical range of fibre
volume fractions (i.e. 0-5% to 3-0%), which covers the range
investigated in the present research work. The model is also
versatile as it allows for definition of different values of aspect
ratio (L/d) and bond stress (74) as well as taking into account the
effect of the randomness in the distribution of fibres. Therefore, it
was selected for the subsequent parametric studies.

2.3 Compressive behaviour

Published work on SFRC (e.g. Lok and Xiao, 1999; Rilem
Technical Committees, 2000, 2003; Tlemat et al., 2006) suggests
that the compressive behaviour of SFRC can be conveniently
assumed to be similar to that of plain concrete. Investigations
carried out by Bencardino ez al. (2008) support this conclusion as
the observed results show that the addition of steel fibres does not
significantly affect the compressive strength of concrete (with
potential improved ultimate strain safely ignored). Therefore, in
the present work, the steel fibres are considered to have no effect
on the compressive behaviour of plain concrete.

2.4 Shear behaviour

The amount of crack opening affects the shear behaviour. Usually
in the NLFEA of reinforced-concrete (RC) structures, ‘shear
retention’ is used to allow for the effect of aggregate interlock
and dowel action. Fibres provide a similar effect on shear
response (i.e. in a direction parallel to the crack) and, therefore, it
was modelled using the ‘shear retention’ part of the Abaqus
(2007) concrete model. The shear stiffness of the concrete
decreases when crack is propagated. Therefore, in order to allow
for degradation in shear stiffness owing to crack propagation, the
shear modulus was reduced in a linear fashion from full shear
retention (i.e. no degradation) at the cracking strain by 50% at
the ultimate tensile strain. This is an average value which is
judged to be representative of the effect of aggregate interlock,
dowel action and the contribution of fibres parallel to the crack
plane. Moreover, the shear resisted is attributable to diagonal-
tension stresses rather than direct shear. Therefore the main
contribution of fibres will be through tensile resistance (perpendi-
cular to the crack plane), which is represented fully through the
constitutive model adopted, while a reasonable estimation of the
shear retention value will suffice.

2.5 Conventional steel main bars and stirrups

In the present study, the steel properties for longitudinal bars and
shear links were modelled using a standard elastic-plastic material
model. The stress—strain relation adopted is the one recom-
mended in BS EN 1992-1-1 (BSI, 2004), which employs isotropic
hardening in which the yield stress increases as plastic straining
occurs. An ultimate tensile strain was also defined to detect any
failure on the steel main bars or stirrups. The constitutive model
adopted is representative of the behaviour of the corresponding
bars used in the experiments and the key values such as the yield
stress were replicated in the numerical work.
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2.6 NLFEA strategy

A brief summary of the NLFEA strategy adopted is provided
here, whereas a detailed background on the finite-element method
can be found elsewhere (Zienkiewicz and Taylor, 2005). Abaqus
(2007) offers few material models for non-linear analysis of plain
concrete and associated cracking processes. The models also
allow for the effect of be tension stiffening to be included (this
effect is related to the stiffness provided by concrete between
cracks or interaction between concrete and reinforcement). This
is achieved effectively by modifying the post-cracking tensile
stress—strain diagram. Therefore, this was conveniently used to
input the tensile constitutive models for SFRC.

The Abaqus material model adopted for the present study to
describe concrete behaviour is the ‘brittle cracking model’. This
model is designed for cases in which the material behaviour is
dominated by tensile cracking, as is normally the case for
structural concrete. As the model focuses on the all-important
brittle tensile aspect of concrete behaviour, a simplification has
been introduced by assuming compressive behaviour to be linear
elastic. The behaviour of concrete in tension (prior to cracking) is
assumed to be linear elastic. The post-cracking phase is described
using tension-stiffening, which allows the uniaxial stress—strain
relation to be defined. This is justified, particularly for three-
dimensional (3D) modelling, as at least one of the three principal
stresses needs to be tensile and exceeding the tensile strength to
initiate cracking (whereas the other two principal stresses could
be compressive). The main attractive feature of the model is that
it focuses on the main mechanisms for failure in concrete, namely
its brittleness and cracking (predominantly in tension). Thus the
simplification made with regard to compressive behaviour is
intended to make the solution efficient without affecting its
accuracy of mimicking real behaviour of concrete. A smeared
crack approach is adopted to model the cracking process that
concrete undergoes. For purposes of crack detection, a simple
Rankine criterion is used to detect crack initiation (i.e. a crack
forms when the maximum principal tensile stress exceeds the
specified tensile strength of concrete).

In the present study, the concrete medium was modelled by using
a mesh of 3D brick elements. The mesh adopted has an element
size of 20 mm, which was determined based on a sensitivity
analysis carried out in order to assess the effect of the mesh size
on the accuracy of the numerical predictions. Thus, the calibra-
tion work carried out against experimental data was crucial in
selecting the best mesh size that accurately represents the true
structural response (i.e. the mesh which best replicates experi-
mental results). One-dimensional (1D) bar elements representing
conventional steel reinforcement bars and shear links were placed
to mimic the actual arrangement in the specimens modelled (e.g.
cover allowed for). In order to make the numerical solution
efficient and to enhance numerical stability (which is adversely
affected by cracking), the analysis was carried out using the
dynamic solver as a quasi-static one (i.e. at a low rate of loading).
This was used in conjunction with the explicit dynamic procedure
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available in Abaqus/Explicit (Abaqus, 2007). The ratio between
kinetic and strain energies was checked to ensure that it remains
below ~5%, indicating that the analysis remains quasi-static. In
addition, the load was applied using a displacement based method
to minimise convergence problems.

Generally, the analysis will automatically terminate once the
model analysed fails. Nevertheless, it is important to observe the
results obtained and make a judgement of acceptable results to be
used prior to failure. Also in some cases the programme does not
terminate by itself, which is similar to the situation with
experimental work where some judgement needs to be applied
regarding the failure point in order to stop the experiment.
Therefore, in the present study, failure was considered to occur
once a sudden high jump in the kinetic energy was identified.
This high kinetic energy is deemed to be the result of excessive
movement of the structure, indicating extensive cracking and
deformation associated with structural failure. A similar approach
is commonly used in the modelling of RC structures (e.g. Zheng
et al., 2012). This was also confirmed by examining both the
deformed shape and cracking pattern of the structure.

3. Calibration with experimental work

A series of SFRC simply supported beams with and without
stirrups were tested under monotonic loading by Campione et al.
(2006) to study their shear behaviour. Steel fibres were added to
investigate whether or not fibres can partially or fully substitute
transverse stirrups and retain the same level of shear resistance.
Initially, two sets of experimental data (Bresler and Scordelis,
1963) and (Hughes and Spiers, 1982) for conventionally rein-
forced concrete beams (i.e. without fibres) were modelled using
Abaqus. The beams were chosen to include both ductile and
brittle modes of failure to ensure that the proposed finite-element
analysis (FEA) predictions are reliable. The calibration of these
two particular tests was useful in examining the accuracy of the
FEA results in the absence of fibres. This is a crucial step so that
any differences between the predictions of analyses using speci-
mens with and without fibres can be reasonably interpreted to
indicate change in structural response rather than a modelling
discrepancy. The results show that the FE model is capable of
yielding results that are in good agreement with experimental
data for RC structures. Once this was confirmed (Syed Mobhsin,
2012), comparisons with experimental data on SFRC beams were
carried out as discussed next.

3.1 Experimental cases considered

Two SFRC beams tested by Campione et al. (2006) were selected
to be calibrated and then adopted for the ensuing parametric
studies on simply supported beams. The beams’ dimensions and
reinforcement and loading arrangements are shown in Figure
1(a). One of the beams was reinforced with shear links, whereas
the other had no links. The concrete cylinder compressive
strength was 41-2 MPa, while the tensile strength was assumed to
be 9% (i.e. 3-7 MPa) of the compressive strength for modelling
purposes. The tensile strength estimate is similar to the value
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Figure 1. Calibration results for SFRC beams tested by Campione
et al. (2006): (a) loading arrangement and reinforcement

detailing; (b) results for beams with stirrups (i.e. S) and (c) without
stirrups (i.e. NS)

recommended in BS EN 1992-1-1 (BSI, 2004). The yield stresses
of main bars and stirrups were 610 MPa and 510 MPa, respec-
tively. Steel fibres used were hooked-end with 30 mm length and
0-5 mm diameter added at a volume fraction of V; = 1%. The
beams selected for calibration work had a shear span (a) to
effective depth (d) ratio of a/d = 2-8. Taking advantage of the
symmetrical conditions at the mid-span of the beam, only half of
the beam was modelled. Elastic steel plates with 20 mm thickness
were added at the support and loading regions to mimic the
experimental set-up and help avoid development of stress

concentrations leading to premature localised failure in the FE
simulation.

3.2 Results of calibration work

A comparison between the experimental and numerical results is
presented in Figures 1(b) and 1(c) for both beams with and
without stirrups (denoted by symbols S and NS, respectively).
The two sets of results show that there is good agreement
between the experimental and numerical results, with the load—
deflection curves almost identical, confirming the reliability and
accuracy of the latter. FEA-based kinetic energy results are
depicted in Figure 2 and a sudden large increase in energy was
taken to indicate failure (i.e. the presence of large/extensive
cracks that impair structural integrity).

3.3 Additional samples of calibration work

As mentioned earlier, an extensive range of calibration studies
was carried out at both the material and structural levels at the
initial phase of the present investigation. Full details of these
calibrations are available elsewhere (Syed Mohsin, 2012). The
details of the case study adopted for the present paper were
discussed in the preceding Section 3.2. Nevertheless, two further
case studies are presented in Figures 3 and 4, which demonstrate
the accuracy of the FE model predictions compared to existing
experimental data on beams that failed in bending and shear
modes, respectively. Figure 3(a) depicts the arrangement of the
SFRC simply supported beam tested by Cho and Kim (2003),
while the corresponding calibration results are presented in
Figure 3(b). The concrete cylinder compressive strength was
25-3 MPa, the yield and ultimate strengths were 400 MPa and
600 MPa, respectively, for both longitudinal and transverse rein-
forcement bars used. Steel fibres adopted were hooked-end with
36 mm length and 0-6 mm diameter added at a volume fraction of
V¢ = 1%. Figure 4(a) shows the arrangement of the SFRC beam

tested by Sharma (1986) with the results of the comparison

between the test results and corresponding numerical predictions

depicted in Figure 4(b). Steel fibres used have a length of 50 mm,

a diameter of 0-6 mm and a volume fibre ratio of 0-96%. The
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Figure 2. Kinetic energy plots to determine failure for calibration
work of SFRC simply supported beams
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Figure 3. Comparison between numerical and experimental
results for SFRC beam tested by Cho and Kim (2003):
(a) dimensions and loading arrangement and (b) results

concrete compressive strength was 47-7 MPa and the yield and
ultimate strengths (of both longitudinal and transverse reinforce-
ment bars) were 400 MPa and 460 MPa, respectively. The results
of Figures 3(b) and 4(b) show that the FE-based results agree
well with their experimental counterparts and mimic both the
ductile and brittle responses reasonably accurately, thus confirm-
ing the reliability of the FE model adopted.

4. Parametric studies on simply supported
SFRC beams

Following the calibration work, parametric studies were carried
out incorporating two key parameters: the increase in spacing
between shear stirrups (S7) and steel fibres volume fraction
(V¢). The beams were modelled with reduced stirrups in order
to induce a shear mode of failure, whereas fibres were added
to examine whether or not they can compensate for the loss in
conventional shear reinforcement. Therefore, beams were con-
sidered with ST = 0%, 50%, 100% and with no stirrups (NS).
The calibrated spacing of 200 mm was adopted as SI = 50% so
that spacing changes can be applied either side of this value.
Thus, SI =0%, 50% and 100% correspond to 135 mm,
200 mm and 270 mm, respectively. This was coupled with
fibres provided at V= 0%, 1%, 1-5%, 2% and 2:5%. The
tensile stress—strain diagram adopted for the SFRC beams is
shown in Figure 5 with the key points on the curves
summarised in Tables 1 and 2.
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Figure 5. Stress—strain relations in tension adopted for parametric
studies of SFRC simply supported beams

4.1 Load-deflection curves

The load—deflection curves for simply supported beams with
increases in stirrup spacing of SI = 0%, 50%, 100% and no
stirrup (NS) are presented in Figures 6(a) to (d), respectively. In
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Point Strain: Stress (MPa) for
%o Vi =0-0%

Origin 0 0

Peak tensile stress (A) 0-247 3-70

Ultimate tensile strain (Bg)  1-0 0

Table 1. Tensile stress—strain parameters adopted for plain
concrete

addition, a summary of the key load values and their respective
deflections is provided in Tables 3—6, in which Py represents the
load at yield, Pp, the maximum load (i.e. strength), P, the
ultimate load (i.e. residual strength), d, the deflection at yield, o,
the ultimate deflection and u the ductility (defined as u = 0,/0y).
The load—deflection curves show that the beam without fibres
failed early confirming a brittle mode of failure associated with
shear strength deficiency. In contrast, there is a gradual increase
in strength and ductility as the fibre content is increased. The
stiffness has also increased noticeably in comparison to the case
without fibres, indicating that SFRC beams deflect less than their
counterparts without fibres. This suggests that there are clear
benefits of adding fibres at both the serviceability and ultimate
limit states, which are important design considerations.

4.2 Strength

The load—deflection curves show that the load-carrying capacity
of the beams increased as more fibres were added. The beam
without fibres and S/ = 0% failed at a maximum load (Pyax)
of 197-27kN and ultimate deflection (d,) of 17-97 mm. This
beam was considered as the reference beam and was named
the control beam specimen (CB) to be compared with the
remaining beams in the parametric studies. The increase in
Prax of the SFRC beams compared to that in the control
specimen was up to an average of 16% in all beams with
different stirrup arrangements. Furthermore, the load at yield
(Py) increased by up to 15% higher than that in the control
beam. The enhancement to shear strength owing to fibres
confirms their potential to substitute for a reduction in conven-

tional transverse reinforcement. The steel fibres extend across
diagonal shear cracks (induced by tensile principal stresses) and
contribute to shear capacity by resisting these diagonal tension
stresses.

4.3 Ductility

The ductility of the beams can be determined from the ultimate
deflection at failure (J,). The latter is associated with the ultimate
load, which was taken as the minimum of the load at failure or
85% of the maximum load (i.e. Py = 0-85P,y). This limit was
introduced to ensure the practical usefulness of the ductility
enhancement (i.e. to check that the post-peak ‘softening’ trend
observed on the load—deflection curves is not significant). The
increases of 0, in the SFRC beams compared to that in the control
specimen were up to 63%, 67%, 50% and 12%, for the beams with
ST = 0%, 50%, 100% and no stirrups, respectively. The results
show that the addition of fibres enhances the ductility of the
beams, even in the beams with no stirrups (albeit the enhancement
in the latter is considerably less than the case with stirrups,
indicating the severity of shear reinforcement reduction when
stirrups were completely removed).

4.4 Principal strains and crack patterns

The principal strain contours and vectors at failure were studied
and the data provided insight into the failure mechanism as well
as cracking formation and patterns.

4.4.1 Principal strain contours

The principal strain contours for the SFRC simply supported
beams were analysed. In particular, zones with strains exceeding
critical strain values such as 0-001 (i.e. tensile cracking strain) for
beams without fibres and 0-02 (i.e. fibre pull-out strain) for SFRC
beams were studied. Similarly, areas where the compressive strain
was higher than the ultimate strain of concrete (i.e. —0-0035)
were also examined. It was found that the fibres led to a reduction
in crack formation and propagation. Moreover, pull-out failure of
fibres occurred at limited zones. These zones in the SFRC beams
were not at the same location; however, they always occurred in a
region between the lateral point load (P) and the beam mid-span
(see Figure 1(a)). This is because the bending moment is constant
along this region and there is no single peak moment to induce a

Point Strain: Stress: MPa
%o
Vi 1:0% Vi=15% V,=2-0% V, =25%

Origin 0 0 0 0 0

Peak tensile stress (A) 0-247 3-70 3-70 3-70 3-70
Beginning of plateau (B) 1-59 1-59 2:39 318 398
End of plateau (C) 18 1-59 2-39 3-18 3-98
Ultimate tensile strain (D) 20 0 0 0 0

Table 2. Tensile stress—strain parameters adopted for SFRC
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Figure 6. Load—deflection curves for SFRC beams with
(@) SI' = 0%, (b) SI = 50%, (c) SI = 100% and (d) no stirrups (NS)
Vi: % P;: kN Oy: mm P,: kN Oy 1 mm Prax: KN Py A u :@
Prax 6y
0 19277 1376 197-27 17-97 197-27 100 1-31
1 205-78 13-76 192-58 22-46 205-76 94 1-63
1-5 211-69 13-76 182-90 29-30 211-69 86 2-13
2 21712 13-76 187-63 29-00 220-74 85 2-11
25 222-26 13-76 194-83 24-50 229-21 85 1-78

Table 3. Results summary for beams with S/ = 0%

fixed failure point. More than one small crack formed in this
region. Throughout the analysis, only one of these small cracks
developed earlier will continue to propagate into a large one. This
led to a different location for the main crack at failure (i.e. where
fibres were pulled out).
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4.4.2 Principal strain vectors

The principal strain vectors for the beams with SI = 0%, 50%,
100% and no stirrups are presented in Figures 7(a) to 7(d),
respectively. It is interesting to note that the layout of principal
strain vectors (for each different stirrup arrangement, from
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Vi: % P kN Oy: mm P,: kN Oy mm Prax: KN Py A u :@
Pmax (Sy
0 (CB) 192-77 13-76 197-27 17-97 197-27 100 1-31
0 189-94 13-76 189-94 1376 189-94 100 1-00
1 205-77 1376 199-14 17-97 205-77 97 1-31
1-5 211-59 1376 192-36 24-73 211-59 91 1-80
2 217-03 1376 187-62 30-00 220-73 85 218
25 222-23 13-76 193-15 25-30 227-23 85 1-84
Table 4. Results summary for beams with S/ = 50%
Vii % P,: kN Oy: mm P, kN Oy mm Prax: kKN Py A = 6;’
Pmax 5y
0 (CB) 192-77 1376 197-27 17-97 197-27 100 1-31
0 165-58 11-80 165-58 11-80 165-58 100 1-00
1 205-65 13-76 201-16 15-82 205-65 98 1-15
15 211-68 1376 198-80 20-20 211-68 94 1-47
2 217-09 1376 192-32 27-03 220-75 87 1-96
25 222-30 13-76 194-82 24-50 229-20 85 178
Table 5. Results summary for beams with S/ = 100%
Vi % R: kN d,. mm P,: kN 8yt mm P kN Py g, ud
Prmax 5y
0 (CB) 192-77 13-76 197-27 17-97 197-27 100 1-31
0 122-74 8:20 122-74 8:20 122-74 100 1-00
1 20544 1375 205-44 1375 205-44 100 1-00
15 211-49 1375 200-91 15-81 211-49 95 1-15
2 216-90 1375 203-71 20-18 22061 92 1-47
25 222-18 1375 19478 24-30 229-15 85 1.77

Table 6. Results summary for beams with no stirrups (NS)

Vei=0% to Vi =2-5%) provides an illustration of cracking
patterns. It also helps to depict the change in the mode of failure
(from a brittle one to a more ductile one). This demonstrates the
effectiveness of steel fibres in bridging and controlling cracks.

In the beams without fibres, see Figures 7a(i), 7b(i), 7c(i), 7d(i),
the concentration of principal strain vectors was high, indicating
a crack pattern that is diagonal and covers the whole of the
beam. The diagonal pattern in the beams without fibres
deteriorated as the stirrup spacing was increased. The diagonal
pattern is characteristic of a shear (and brittle) mode of failure.
The addition of fibres, on the other hand, led to a change in
crack patterns which became more concentrated in limited

regions near the beam mid-span, which indicates a flexural (and
ductile) failure mode. It is interesting to note that for beams
with no stirrups (Figure 7(d)), the addition of fibres by up to
Ve = 1% did not seem to alter the failure mode to the desired
ductile one. This highlights the severity of the reduction in
shear reinforcement when the stirrups were removed completely,
which required higher amounts of fibre (i.e. Vi =1-5%) in
order to improve the crack pattern and hence the failure mode.
These findings were confirmed by comparing the FEA predic-
tions to design code estimates as discussed in Section 4.6. Thus
it can be concluded that steel fibres have the potential to
compensate for a reduction in conventional transverse shear
reinforcement.
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Figure 7. Principal strain vectors for beams with (i) Vi = 0%, (ii)
Vi = 1%, (iii) Vi = 1:5%, (iv) Vi = 2% and (v) V; = 2-5%; and
(@) SI' = 0%, (b) SI = 50%, (c) SI = 100% and (d) no stirrups (NS)
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4.5 Comparative study with control specimen using
non-dimensional ratios

This section discusses the overall comparison made between the

beams analysed with various fibre dosages and increased stirrup

spacing and the control beam specimen (i.e. the one with no

fibres and no reduction in conventional shear reinforcement).

4.5.1 Strength ratio

The ratios between the maximum load (Pnax) and yield load (Py)
for each beam and that in the control beam specimen (i.e. Ppax,0
and Py ) are given in Figures 8(a) and 8(b), respectively. Similar
patterns were observed from these two figures. Beams without
fibres (i.e. V¢ = 0%) showed a decrease in both maximum and
yield ratios as the stirrup spacing was increased. On the hand, the
addition of steel fibres improved both ratios consistently. The
increase in both Ppax/Pmaxo and Py/Py, ratios was by up to
~15%. Adding fibres at V' = 1% seemed to restore the strength

12
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Figure 8. Ratio between key parameters and their corresponding
values in the control specimen (i.e. SI = 0%, Vi = 0%) against
fibre volume fraction: (a) maximum load, (b) yield load,

(c) ductility ratio and (d) energy absorption

level of the control specimen, with more fibres enhancing the
strength further.

4.5.2 Ductility ratio

Figure 8(c) presents the results for the ratio between ductility ratio
for each beam and that of the control beam specimen plotted against
fibre volume fraction. There was a substantial increase in the
ductility ratio especially for beams without an increase in stirrups
spacing (i.e. SI = 0%) by up to 61% at V' = 2%. As the spacing
between stirrups was increased, the ductility ratio decreased.

It can be concluded that ductility is enhanced as more fibres are
added. Interestingly, however, a threshold seems to exist beyond
which adding more fibres leads to less rather than more ductility.
This can be explained by noting that as the fibre content is
increased, the beam becomes stiffer and deflects less (this is
largely attributable to the fibres’ role in bridging cracks and
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limiting their opening). This is similar to the ‘over-reinforced’
behaviour associated with RC design where too much reinforce-
ment leads to a reduction — rather than an increase — in ductility.
The optimum fibre contents (i.e. thresholds) were found to be
Ve=15%, 2%, 2% and 2:5% for the beams with
SI = 0%, 50%, 100% and no stirrups, respectively. The minimum
fibre volume fraction required to produce ductility ratios compar-
able to that associated with the control specimen was found to be
Ve = 1%, 1-:5% and 2% for the beams with ST = 50%, 100% and
no stirrups, respectively. This shows that when the stirrups
spacing was increased, a higher amount of fibres was required to
retain the same ductility provision. It is important to note that
even for the extreme case when all stirrups were completely
removed from the beam, the addition of steel fibres still helped
restore adequate ductility levels (albeit at a higher fibre content
of Vi = 2% as stated above, highlighting the severity of conven-
tional shear reinforcement reduction).

4.5.3 Energy absorption

Energy absorption is one of the key indicators of structural
response as it indicates the structure’s ability to absorb deforma-
tions. The ratio between the energy absorption capacity of each
beam analysed (E;) to that of the control specimen (£,,) beams
is presented in Figure 8(d). The results confirm the ductility
patterns observed in the preceding section. There was a gradual

increase in the energy absorption ratio as the amount of steel
fibres was raised up to a certain threshold beyond which energy
absorption decreased (this was found to be at V¢ = 2% for all
beams except for the one without stirrups). The enhancement in
energy absorption was more than double the levels associated
with the control specimen, which is a significant improvement.

4.6 Comparison between FEA-based predictions and
design calculations

This section discusses the comparison between the FEA results
and those calculated according to BS EN 1992-1-1 (BSI, 2004)
for conventional RC sections (i.e. without fibres) and Concrete
Society TR63 (Concrete Society, 2007) for SFRC beams. The
shear (V;4) and bending moment (M) capacities were calculated
first and then the loads corresponding to shear (Psc) and bending
(Pemc) modes of failure were determined. The minimum of these
two loads was then used to determine the strength based on
current design guidelines (Pmaxpes) and predict the mode of
failure. A comparison between the FEA-based load-carrying
capacity (Pmaxrea) and its analytical counterpart (Pmax,pES) Was
also carried out. Thus, conclusions can be made on the numerical
predictions in the light of BS EN 1992-1-1 and Concrete Society
TR63 (Concrete Society, 2007) design-based calculations. The
results are presented in Tables 7—10. For convenience, the critical
values owing to design guidelines are highlighted in bold.

SI=0 Current design guidelines (DES) FEA Comparison

Vi: % Vig: kKN Psc: kN M.4: KNm Pamc: kN Failure mode Prax: KN Prnaxfea
Pmax,DES

0 105-02 105-02 70-40 11356 Shear 19727 1-88

1 123-37 123:37 73-24 118-13 Bending 20576 174

15 133-00 133:00 74-59 120-30 Bending 211-69 1-76

2 142-63 14263 75-89 122-40 Bending 220-74 1-80

25 152-26 152-26 77-14 124-42 bending 22921 1-84

Table 7. Strength predictions based on FEA and current design

guidelines for beams with S/ = 0%

SI=50% Current design guidelines (DES) FEA Comparison

Vi1 % Vig: kN Psc: kN M,q: kKNm Psvic: kKN Failure mode Prax: kN Prnax,Fea
Pmax,DES

0 88-95 88-95 70-40 11356 Shear 189-94 214

1 107-30 107-30 73-24 11813 Shear 20577 1-92

15 116-93 116-93 74-59 120-30 Shear 211-59 1-81

2 126-56 12656 75-89 122-40 Bending 22073 1-80

25 136-18 13618 77-14 124-42 Bending 227-23 1-83

Table 8. Strength predictions based on FEA and current design
guidelines for beams with S/ = 50%
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SI=100% Current design guidelines (DES) FEA Comparison

Vi: % Vig: kKN Psc: kN M,g: KNm Psvic: kN Failure mode Prax: kN Prax,rea
Pmax,DES

0 80-29 80-29 70-40 11356 Shear 165-58 2-06

1 98-64 98-64 7324 11813 Shear 205-65 2:08

1-5 10827 108-27 74-59 120-30 Shear 21168 1-96

2 117-90 117-90 75-89 122-40 Shear 220-75 1-87

25 127-53 127-53 77-14 124-42 Bending 229:20 1-84

Table 9. Strength predictions based on FEA and current design

guidelines for beams with S/ = 100%

NS Current design guidelines (DES) FEA Comparison

Vii % Vig: kKN Psc: kN M,q: KNm Psvic: kN Failure mode Prax: kN Prax,rea
Pmax,DES

0 55.57 55-57 70-40 113-56 Shear 12274 221

1 7392 73-92 7324 11813 Shear 205-44 278

1-5 83-55 83-55 74-59 120-30 Shear 211-49 2-53

2 9318 93-18 75-89 122-40 Shear 220-61 2-37

25 102-81 102-81 77-14 124-42 Shear 229:15 2:23

Table 10. Strength predictions based on FEA and current design
guidelines for beams with no stirrups

The values of the shear capacity V4 for SFRC sections with
shear links were calculated using the method recommended by
Rilem Technical Committees (2003), which simply comprises the
contribution of the fibres determined from the Rilem guide and
the contributions of concrete (i.e. aggregate interlock, dowel
action and concrete in the compression zone) and shear links
determined from BS EN 1992-1-1. Thus, V.4 can be defined as
follows

1. Via=Vide+Via+ Vwa

where Vi, Vg and V4 are the contributions of concrete, fibres
and shear links, respectively. The method was updated in Con-
crete Society TR63 (Concrete Society, 2007) to conform to the
latest recommendations of BS EN 1992-1-1, leading to the
following expression for V4

0-18
L V= [(V—> K(100p, £ 0 + vra | bd + Ve

C

where y, is the material partial safety factor for concrete taken as

15 k=1 —i—(ZOO/aI)l/2 < 2 (where d is the effective depth of
the beam in mm) and p, = Aq/bd < 0-02 (where 44 is the area
of the tensile flexural reinforcement, b is the width of the beam
cross-section, vy is the shear strength contribution due to fibres
and Vyq is the contribution of shear links). The value of vgy can
be determined from the following equation proposed by Rilem

3. Vg = 0-7kfk‘[fd

where k¢ is a factor taking into account contribution of flanges in
a T-section (which was taken as 1-0 for the present case of a
rectangular cross-section) and 7y is the design value of the
increase in shear strength owing to fibres. The value of V4 can
be determined from BS EN 1992-1-1 using the following equa-
tion for the present case of vertical shear links

4. Vid = O'9d(ASW/S)fywd

where Ag, is the cross-sectional area of shear links, S is the
spacing between the shear links and f\,q is their yield strength.
The resistance of the members without shear reinforcement was
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based on Equation 2, but with the term V4 being omitted. A
strut capacity check was also carried out as recommended in BS
EN 1992-1-1. The bending moment capacity of SFRC sections
was also determined by adjusting the recommendations of BS EN
1992-1-1 to allow for the effect of fibres as proposed in Concrete
Society TR63. This was simply achieved by introducing a
rectangular tensile stress block (extending from the neutral axis
to the bottom of the section) with a strength value fy.
Consequently the resultant tensile force was determined and the
corresponding moment capacity was added to the moment com-
ponents calculated based on the concrete stress block in compres-
sion and the longitudinal steel in both the tensile and
compressive regions of the beam cross-section.

The results obtained show that steel fibres increase the load-
carrying capacity of the beams. The FEA-based predictions
were consistently higher than those estimated based on current
design guidelines. To establish which of the two sets of
predictions is closer to the actual structural response, both were
compared to existing experimental data (Campione er al.,
2006). The findings of this comparative study are presented in
Table 11, which shows that the FEA-based results are in
extremely good agreement with the experimental data. The only
exception is the highly non-linear case of the beam with no
stirrups and no fibres (i.e. NS and V¢ =0%) where the
numerical predictions are higher than the corresponding experi-
mental values, pointing to the need for further examination of
this complex case, which can be challenging to study both
numerically and experimentally (and which is not usually
encountered in practice as some minimum nominal stirrup
amount is invariably provided).

The comparative study shows that for all SFRC beams consid-
ered, the FEA-based results show remarkable agreement with the
experimental data confirming the validity of the numerical results.
Thus, it can be concluded that the FEA provided estimates of
load-carrying capacity for SFRC beams which are more econom-
ical than those based on current design guidelines (i.e. Concrete
Society, 2007). This is largely because the numerical results are
based on 3D modelling compared to the code simplified 1D
sectional analysis (so effects such as confinement and the triaxial
state of stresses are not included in the latter). Further studies are

needed to ascertain the conservatism of current guidelines and to
examine the trend in more detail.

In the current study, the conventional RC beams (i.e. without
fibres) were initially designed with reduced shear reinforcement
in order to induce a shear mode of failure. It is interesting to see
that the addition of fibres has led to a change in the failure mode
from a brittle one (i.e. shear) to a more ductile one (i.e. bending),
which is desired in design. This is true even for the case with
severe conventional shear reduction when stirrups were comple-
tely removed as the brittle failure mode was reversed to a ductile
one with fibres added at Vi = 2% ~ 2-5%. For the rest of the
beams the addition of fibres, even at 1%, changed the mode
failure of the beam from shear to bending. It can be concluded
that steel fibres increase the load-carrying capacity of the beams
and ensure a more ductile structural response (thus avoiding a
brittle shear mode of failure).

5. Conclusion

Fibres are utilised in order to enhance the properties of an
inherently brittle and crack-prone cement-based matrix. Para-
metric studies on SFRC beams under monotonic loading were
carried out by means of NLFEA. The latter were initially
calibrated and verified against existing experimental data of
Campione et al. (2006). The investigation is focused on simply
supported beams, which were designed with reduced shear
reinforcement in order to incorporate a shear mode of failure.
The spacing between shear stirrups was increased (with the
extreme case of beams without transverse stirrups being consid-
ered as well), while fibres were added to examine their potential
as a substitute for the loss in conventional shear reinforcement.

Based on the findings of the present investigation, it can be
concluded that the addition of steel fibres consistently enhances
the load-carrying capacity. The strength increase was by up to
~15% compared to the control beam specimen (i.e. the one with
no increase in stirrups spacing and no fibres). Furthermore, fibres
were found to increase stiffness, leading to reduced deflections.
This shows that there are clear benefits of adding fibres at both
the serviceability and ultimate limit states, which are important
design considerations. The addition of steel fibres also led to a
reduction in crack formation and propagation. It has also

Sl % Vi % Prmaxrea: KN Prax pes: kN Prax,exp: KN Pmax,FeA Prnax,ea Pmax,pes
Prnax,DES Prmax,Exp Prax,Exp
50 1 205-77 107-30 205-00 192 1-00 0-52
50 2 22073 122-40 242-90 1-80 0-91 0-50
NS 0 12274 55.57 86-10 2:21 143 0-65
NS 1 205-44 73:92 191-80 278 1-07 0-39
NS 2 220-61 93-18 209-14 2-37 1-06 0-45

Table 11. A comparative study between load-carrying capacity
based on FEA, current design guidelines and existing
experimental results
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improved the structural response by altering the failure mode
from a brittle shear mode to a flexural ductile one, which is
desired in design.

As the fibre amount was increased, ductility also improved.
Interestingly, it was found that the increase in ductility seems to
reduce if excessive amounts of fibres are provided. This suggests
that there is an optimum amount of fibres that can be added to
enhance ductility. This is similar to the situation experienced in
RC design when reinforcement is increased beyond a certain
threshold (i.e. ‘balanced section’), which leads to increase in
strength but reduction in ductility. A similar pattern was ob-
served for energy absorption which, alongside ductility, is an
important indicator of structural performance. The increase in
ductility is accompanied by a softening load—deflection re-
sponse. However, the residual strength was found to be suffi-
ciently high (i.e. >85%) in all cases studied, suggesting the
softening is not significant from a practical design viewpoint.
The optimum fibre contents were found to be Vi = 1-5%, 2%,
2% and 2-5% for the beams with S/ = 0%, 50%, 100% and no
stirrups, respectively. It is important to note that even for the
extreme case when all stirrups were completely removed from
the beam (i.e. no stirrups), the addition of fibres still resulted in
restoring adequate ductility levels (albeit at a higher fibre
content of J; = 2% owing to the severity of conventional shear
reinforcement removal).

Flexural and shear capacities were also calculated using analytical
expressions given in BS EN 1992-1-1 (BSI, 2004) for conven-
tional RC sections (i.e. without fibres) and Concrete Society
TR63 (Concrete Society, 2007) for SFRC beams. These were
compared with the FEA-based strength values. The numerical
and analytical data sets were also compared to existing experi-
mental results which confirmed the validity of the FEA-based
predictions. The numerical results were found to be more
economical than the corresponding estimates based on current
design guidelines. The study has also confirmed the potential for
fibres to compensate for a reduction in conventional shear
reinforcement.

In summary, it can be concluded that steel fibres increase load-
carrying capacity and limit crack propagation. They also
enhance ductility and energy absorption (with associated opti-
mum/threshold fibre contents determined). A comparison be-
tween the SFRC beams with and without shear links
demonstrates that fibres have the potential to compensate for a
reduction in shear links. This can be useful in situations where
the amount of shear reinforcement required can lead to
congestion of the links and can also simplify complex con-
struction arrangements.
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