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Abstract

Steel fibre (SF) reinforcement has been shown to improve the ductility of high strength concrete (HSC), which is
known to be brittle. Research conducted to date on steel fibre reinforced concrete and its effects have emphasised
post-failure performance and cracking mechanism. The difficulty in predicting the behaviour of fibres is due to the
randomly distributed nature of the material within the matrix leading to a probability distribution of results. Published
literature has shown a benefit of adding steel fibres in terms of the ductility performance of structures. Clearly, there
is a potential for such material as replacement of conventional steel reinforcement. This study proposes a theoretical
model of evaluating the potential of using steel fibres as a replacement material to conventional steel reinforcement
bars based on the case study, laboratory and theoretical methodologies. The compressive strength of the concrete at
key dates, the effective fibre cross-sectional were measured, and a prediction model was created based on the meas-
urement parameters. The use of four-point flexural testing, standard compressive testing and software image model-
ling provided the study with relevant data used to analyse and compare to the prediction. Greater ductility perfor-
mance and toughness were observed with increased fibre volumes, confirming proposed predictions and conclusion
drawn from published literature. No consistent or conclusive correlations between fibre volumes and the compressive

strength of concrete were found. A relationship between fibre volumes and predicted moment capacities of steel
fibre reinforced concrete beams was found based on the proposed theoretical flexural analysis method.
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1 Introduction

High Strength Concrete (HSC) use in modern construc-
tion is becoming increasingly popular as opposed to
Normal Strength Concrete (NSC). HSC has inherent
favourable properties such as higher mechanical prop-
erties, a more linear behaviour under load and reduced
micro-cracking when subjected to higher loads. These
enhanced material properties allow for the design and
construction of smaller member sections compared to
NSC when expected to undergo the same load levels.
HSC offers a more cost-effective solution (Diniz & Fran-
gopol, 1997; Wu, 2010).
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One of the drawbacks of the application of HSC is its
inferior ductility performance when compared to NSC.
From a structural safety point of view, the design for
ductility is as important as strength properties (Ho et al.,
2004). Ductile performance gains even more impor-
tance when considering the seismic design of structural
members. It is a key determinant of structures’ ability
to deform inelastically without encountering fracture or
brittle structural failure.

Many studies have been conducted to design and
improve the ductility performance of HSC structures
(Chunxiang & Patnaik, 1999; Mydin, 2013; Tablan, 2007).
Many failures have been observed during construction
because of intrinsic thermal and/or mechanical stresses
imposed on maturing concrete (Sofi et al. 2014, 2019).
In summary, it is established that if the correct design
approach is adopted, the ductility of HSC can be restored
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to the levels of NSC (Pam et al., 2001). Addition of steel
fibres has been shown to improve ductility properties.
For instance, Tablan (2007) has explored the inclusion of
various types of fibres within the HSC mix to improves
its ductile performance. These include naturally occur-
ring coconut fibres and steel fibres (Tablan, 2007).

Steel Fibre (SF) reinforcement is the most widely used
material in structural concrete. The popularity of SF is
due to its low water absorption characteristics, increase
in impact and abrasion resistance properties, its lower
maintenance and increased durability compared to other
types of fibres. Other factors include economy and sav-
ings will be greater for heavier crack control systems.
Studies found that the inclusion of SF at approximately
0.75%-1.00% content in volume within a concrete mix-
ture helped improve its ductility tensile and flexural
strength properties (Mydin, 2013). Similarly, Chunxiang
and Patnaik investigated the effects of SF on HSC beams
with longitudinal reinforcement.

Results showed that fibre reinforcement led to an
increased flexural rigidity before yielding and improved
ductility performance due to an increased displacement
at failure (Chunxiang & Patnaik, 1999). Further research
into SF and its impact on strength, such as compressive
and flexural capacity, have been undertaken. In addition
to improving ductility performance, the presence of SFs
improve the tensile and flexural capacities of HSC (Song
& Hwang, 2004).

A study by Hsu and Hsu analysing multiple cylindri-
cal specimens, both with and without confinement,
presented a stress—strain relationship of Steel Fiber Rein-
forced Concrete (SFRC). Results suggested that there was
a clear increase in post-peak loading stresses at any given
strain level, hence improving the ductility and toughness
(Hsu & Hsu, 1994).

There is currently no predictive models describing the
effect of the addition of SF accurately due to the irregular
distribution and orientation of fibres across the member
section.

Current methods described in AS 5100.5-2017 used
to determine the strength capacity of proposed steel
fibre reinforced concrete (SFRC) structural elements
relies solely on the individual testing of each composite
mixture (Standards Australia, 2017). The test is required
before the use of SFRC, thus limiting its potential appli-
cation and inclusion in early design phases of construc-
tion projects.

1.1 Fibre Bond Stress-Slip Relationship

Influences on both the average interfacial bond stress and
the pullout load per fibre were investigated as early as
1984 (Mangat et al., 1984). The effect of several param-
eters, such as spacing and aspect ratio, fibre embedment
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length, and diameter on the interfacial bond strength
between the steel fibres and mortar matrix was experi-
mentally investigated. A flexural load was generally
applied to simulate the state of stress commonly expe-
rienced by the structural elements. The investigation
established that the average pullout bond strength per
fibre increases with increasing fibre embedment length
and decreases with increasing fibre diameter. Further,
the authors have found that fibres spacing has no signifi-
cant influence on bond strength. The average bond stress
decreases when the cement matrix is modified with steel
fibre reinforcement, the reduction being greater at higher
fibre contents. The effects of matrix strength, hooked-
end fibre embedment length and orientation were later
investigated (Robins et al., 2002). It was found from the
studies that the pullout response of a hooked-end fibre is
mainly influenced by three parameters: fibre embedment
length, fibre orientation and matrix strength. The pullout
response was characterised by one of two pullout modes:
either the hooked-end is straightened as it is pulled out
from the matrix or the fibre fractures at the hook por-
tion. The matrix strength increases the magnitude and
toughness of the pullout response. As the fibre orienta-
tion deviates from the direction of the pullout load, its
response becomes increasingly less influenced by matrix
strength and increasingly on the mechanical properties
of the fibre itself as it attempts to straighten in line with
the direction of load.

1.2 Numerical Models To Predict The Performance Of SFRC
To lower the hurdle of considering SF in the early design
phase, various theoretical models have been proposed to
find the effects of SF on the concrete properties. A model
derived to estimate the upper and lower bounds of the
tensile strength of SFRC (Grimaldi & Luciano, 2000), was
shown to accurately model the tensile strength of SFRC.
However, drawback from this model is the complex-
ity of analysis and theoretical application which make
it difficult for useful day-to-day application (Olivito &
Zuccarello, 2010). Alternatively, a regression analysis
conducted on varying SFRC mixtures demonstrated that
there is a simple yet direct relationship between volumet-
ric fibre content and flexural and tensile strengths (Song
& Hwang, 2004).

A correlation between SF content and tensile strength
is seen to be evident, therefore, providing justification
for expanding research into analysing the effect of SF on
ultimate flexural strength capacities. Studies investigating
SF discussed above rely heavily on a theoretical approach,
with limited laboratory testing or other methods. The
conclusion drawn from models seems to be valid. How-
ever, the complexity of mathematical modelling and



Zhong et al. Int J Concr Struct Mater (2021) 15:28

forecasting provide limitations of these models in day-to-
day application.

A theoretical model based on fibre surface abrasion
was developed for synthetic fibres to predict the load—
displacement relationship (Wang et al., 1988). The effects
of Poisson’s ratio, elastic-frictional bond strengths, and
bond strength variation with slippage distance on the
pullout relation were investigated. Bond strength was
found to increase with the slippage distance during the
process of pullout. Hajsadeghi et al.,, (2018) used con-
tact elements to simulate the fibre-matrix interaction in
which the Coulomb friction model was used to account
for the physicochemical bond and the fibre-matrix inter-
face friction. The model considered geometric and mate-
rial nonlineariti3es accurately simulating the steel fibre
pullout mechanism and showing good agreement with
the experimental results. They suggested that their pro-
posed model could be used to conduct parametric stud-
ies with the aim of designing and optimisation of new
types of steel fibres. They noted that cracks could initiate
at any point along the fibre which typically slips on the
shorter embedded side. This will affect the pullout per-
formance of steel fibres, especially those which are fully
deformed such as crimped and twisted. They suggested
that a pullout study should be performed on fibres with
various embedded lengths and angles of inclinations.

1.3 SF Measurement And Effective Area

There is a degree of uncertainty when it comes to the
distribution of fibres, as they are orientated and located
randomly throughout a concrete sample. This makes
their contribution within a sample and their propor-
tion as tensile reinforcement very difficult to measure.
Soroushian and Lee (1990) attempted to analyse SF dis-
tribution within cross-sections of concrete beams. It
was concluded that the distribution of SFs is influenced
directly by both the boundaries conditions, the beam
cross-sectional area and the vibration placement of SFRC
(Soroushian & Lee, 1990). The vibrational placement was
shown to settle down and reorient fibres horizontally.
To calculate flexural capacities of SFRC, a relationship
between volumetric fibre content and the effective area of
cross section of the SFRC was proposed. To evaluate the
effective area, a method of dividing the cross-section of
the SFRC beam into three regions (top, middle and bot-
tom) was proposed. Each region has then been given an
orientation factor, which could be modelled into an effec-
tive area of that region. All three effective areas were then
implemented in a theoretical relationship, resulting in an
overall effective area for the cross-section. Results found
that the effective area of SF within a cross-section is only
54% effective compared to the effective area with SF with
the most desirable alignment. This is due to the random
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orientation of fibres throughout the section (Soroushian
& Lee, 1990).

Another method used to determine SF cross-sectional
area is the destructive methods of cutting and polishing
concrete specimens. From the cross-section obtained,
the area of fibre in a cross-section can be determined
through software imaging analysis. Destructive measure-
ment of SF area is found to be the most accurate method
to determine SF cross-sectional area (Akkaya et al., 2000).

1.4 Research Significance

Through the combination of a proposed theoretical
model based on classical flexural stress distribution
model and laboratory data obtained around SF, the study
aims to draw some simple yet meaningful relationships
between SF and its subsequent interaction with concrete.
The interaction between SF and key structural properties
of concrete such as ductility and flexural behaviour will
be investigated. As a result, the outcomes of the study
will contribute to expand the database on SFRC and lead
to further research in the field.

2 Proposed Flexure Analysis Model of SFRC

The classic flexure strength utilises the principle of force
equilibrium and the mechanical properties of concrete
and steel. It assumes a uniform compressive stress distri-
bution in the concrete section above the neutral axis and
tensile stress in the reinforcement bars below the neutral
axis. The ultimate moment capacity is then determined
through the coupling between the tensile and compres-
sive forces. The expression is indicated in Eq. 1:

Astfs

i) w
where M, is the ultimate flexure strength of the RC sub-
ject to bending, Ay is the cross-sectional area of steel
reinforcement, f;, is the yield strength of steel, ﬂ is the
characteristic strength of concrete and b and d are the
width and effective depth of the cross section of the con-
crete member, respectively.

The same principle applies to an SFRC in a sense that
the element resists bending through compression on
concrete and tension on the fibres. Yet, due to the mix-
ing technique currently employed, it would be difficult
to determine the location and orientation of each fibre
along a cross-section. However, if a random distribu-
tion is assumed, there exists a possibility to simulate
the effect of randomly scattered fibres using an equiva-
lent reinforcement bar with an effective area and posi-
tion, as presented in Fig. 1. Therefore, the problem can
be reduced into two main categories: the determination

My = Agfyyd <1 -
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Randomly scattered Bottom fibers are

fibres along cross- effective in resisting

section tension
Fig. 1 Anillustration of the effective area of reinforcement concept

Re-arranged to get

Resultant reinforcement
effective fibers along area at 1/4 depth of

tension direction cross-section

of effective area and the prediction of the resultant
location of the equivalent reinforcement bar.

Assuming the random nature of the steel fibre loca-
tion, with enough data points, the fibres can be divided
into two equal groups of reinforcement bars at 1/4 and
3/4 of the depth. The top fibres can be assumed to have
a negligible effect on the ultimate moment capacity.
This implies that only half of the fibres are effective in
resisting bending moment. Therefore, if all fibres are
aligned in the longitudinal direction, the effective area
that resists bending would be:

Ay =054, (2)

where, A, is the gross area of SF that will be in tension
and resisting bending, A', is the gross cross section area
of the SE. The resultant position of the fibres is at 3/4
depth of the section measured from the top extreme fibre
(or 1/4 from the bottom), as indicated in Fig. 1.

However, as the orientation of the fibres is not always
pointing to the desired direction (i.e. perpendicular to
the direction of the cracks), it is necessary to account
for the effect of random distribution of the fibres’ orien-
tations. Consider Fig. 2 which shows the orientation of
a single steel fibre along a cross section, 6; is the angle
of rotation of the fibre with respect to the horizontal
axis (perpendicular to the cross-section). The angle has
a value between 0 and 90°, A; is the cross-sectional area
of one individual fibre. The cross-sectional area of the
fibre along the cutting surface (the cross section of the
member), A; would be:

A; = mrsec(8;) = A;jsec(;) (3)

Assuming there are #n numbers of fibres crossing the
same cutting surface in the tension region, the overall
area of the fibre reinforcement is:

A, = S sec(On)mr? = nA; > 1 sec(6;) (4)

Furthermore, as the fibres would only be effective in
the longitudinal direction in resisting tension, Egs. 5 and
6 can be expressed (considering Fig. 2 again) as:

A;.eﬁ = mr¥cos(9;) = Aicos(6;) (5)

A;ﬁ. =" cos(O))mr? = nA; Y " cos(6;) (6)

where, A; off 1S the area of SF resisting tension considering

the orientations of the fibres. Combining Egs. 4 and 6
yields the following relationship:

’ g sec(;)
= T @) (7)
n

where, k is the effective steel fibre area factor, i.e., the
ratio between A, and A ;. A, can be determined using an

appropriate approach such as photogrammetry analysis

of the cross sections which equals to half of the overall SF

area of a cross section A’g of a concrete member.
While the exact value of the term %“(9")

and
S cos(6;) . .
==L——= depends on the magnitudes of corresponding
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True

View from the cross-sectional
plane (Z axis),

the rotations of the fibres have
no effect on the effective area
due to their nature of rotational

Cross-sectiona area
of a single fibre A'i at
an angle 6 with respect

cross-sectional
area of the fibre
Ai

Fig. 2 Effective area and cross-sectional area of a single fibre- a close up

cross-sectional to the cross-sectional symmetry
area of the fibre plane
Ai
\\effective area
True of a single fibre A'i.eff at Y

an angle 6 with respect
to the cross-sectional
plane

.

notations in the expressions, at a large number of n, the
“law of large numbers (LLN)” governs. The LLN indi-
cates the average of the results obtained from many tri-
als should approach the expected value and will become
even closer with more trials. The orientation of the
fibres could be considered independent from each other.
Hence, the number of fibres is equivaleng1 to the number
of trials. Therefore, finding the value of ==l sec(6) is effec-
tively a question of finding the expected value of sec(6;)
for 0 < 6; < 90°, as sec(90°) = +oc. Limiting 6; to be no
greater than tan~!(lsr/2r) should effectively avoid non-
divergence, where [sr is the length of the steel fibre and
r_is the fibre radius. Solving the mean of M and
M using standard integration method (Eqs. 8
and 9) should yield the expected ratio between the over-
all fibre area along a cross section to the effective area of
fibre resisting tension.

- _ J28.cos(6)
cos (0) = COS(chos(Q) d9> (8)
- _ [26.sec(9)
t sec(9) = sec(fzm(e) d9> 9)

where cos () and, sec g@) are the expected value of
72":1;“(9") and Zf:l;ec( 1) respectively, a and b are

boundary values of the angle of rotation, in this case
0<6; < tan_l(lzs—f .

With the effective area of fibre established and the
resultant position determined, the classical flexural
strength equation can be modified and written as:

/ A/eﬂﬁ
My = A egfoyd <1 - 1.7bdﬂy’)

(10)

Equations 7, 8, 9 and 10 describes the simplified
numerical model proposed for the flexural analysis of
SFRC under pure bending.

3 Experiment

A series of laboratory tests were performed in the study
to acquire the necessary inputs to validate the proposed
model. A typical Grade 32 slab mix with 35% replace-
ment of fly ash was adopted in the study incorporating
three concentration rate of steel fibre (0%, 0.75% and
1.5% volumetric content).

3.1 Concrete Mix Details
The composition of concrete is shown in Table 1.

The three steps in preparing the test specimens
included mixing, cast and curing of the samples. The
preparation of concrete mixes in the laboratory follows
AS1012.4 (Standard Australia, 2014). Coarse aggregates
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Table 1 Concrete mix composition

Material Cement Fly ash Water Fine aggregate Coarse aggregate Admixture
Quantity (kg/mg) 293.08 157.81 165.52 58141 1000.85 1.15

were placed in a mixer and mixed for 3 min. Then binder
materials were added and mixed for another 3 min.
Thereafter, the liquid phase was added, and the mixing
continued for an extra 4 min.

3.1.1 Specimen Preparation And Curing
The mechanical properties of the concrete mix were
determined according to standard test procedures. Speci-
mens were prepared in accordance with AS 1012.8.1
(2014). Specimens used for compressive strength testing
were cast in cylindrical moulds with height and diameter
dimensions of 200 mm x 100 mm, respectively.

Specimens used for four-point bending testing
and cross-sectional analysis were cast using rectan-
gular beam moulds with an internal dimension of
100 mm x 100 mm x 400 mm. They were cast for 4-point
bending test following ASTM E72-15 (2015) to capture
the ultimate flexural strength. All test specimens were
compacted using a vibration table to remove air bubbles.
For each type of mixture undergoing different curing
duration, three samples were prepared for both compres-
sive and flexural strength test.

Finally, all test specimens were stored under labora-
tory conditions 23 °C+ 2 temperature for curing until the
time when they were prepared for testing.

3.1.2 Steel Fibre Properties

A commercial SE DRAMIX® 4D product was used in the
study. The total length (/sr) of the steel fibre is 60 mm
with a diameter (d) of 0.9 mm and aspect ratio of 65.
Tensile strength of individual fibres is 1500 MPa (toler-
ance+7.5) and Young’s Modulus of 210,000 MPa. The
fibres conform to ASTM A820 (2006) and BS EN 14,889—
1:2006 (2006). The fibres come as networks which
include 3200 fibres/kg. They were treated according to

Table 2 Details of testing procedures

the DRAMIX® 4D recommendations for handling, dos-
ing and mixing.

3.1.3 Experiment Procedures

The experimental programme consists of four major test-
ing methods for data acquisition. They were the standard
compressive test, modulus of elasticity test, four-point
bending test and cross-sectional SF area analysis. Except
for the cross-sectional SF analysis, all testing procedures
were used to test specimens at age 1, 3, 7 and 28 days.
A summary of the details of the tests are provided in
Table 2.

As highlighted previously in Sect. 1.2, the measure-
ment and approximation of SF cross-sectional area is a
complex task and one that has not been fully developed
theoretically. For this study, two beam samples (one with
1.50% SF volume and the other with 0.75% SF volume)
were cut at different cross sections using a circular drop
saw. In total, six cross sections were obtained from each
beam. These sections were then digitalised with a high
resolution (42-mega pixel Sony A7Rii) camera, allowing
for computer analysis to obtain SF area approximations.
The software used to analyse cross-sectional images was
“Image-Pro Plus” that can recognise and calculate the
area of the SF at each cross-section.

4 Results and Analysis

4.1 Mechanical Properties of SFRC Specimens

Table 3 below summarises the tested ultimate compres-
sive strengths, and the respective maximum axial loading
experienced.

Figure 3 shows the comparison of compressive strength
between fibre content samples as curing age increases.
The maximum loading recorded during the 4 point bend-
ing test is summarised in Table 4. The maximum load is

Compressive test Four-point bending test

Cross-sectional SF area analysis

Standards AS1012.9:2004 ASTME72-15 N/A

Apparatus Used Tecnotest KE300/CE Nstron 5569A and MTS Exceed E45 Diamond Cutter/ High resolution Digital Camera
Loading Rate N/A 0.5 mm/min (0% SF) and 0.75 mm/min (with SF) ~ N/A

Sample Tested Cylinder Beam Beam

No. Sample Tested 24 12 2

Data obtained Compressive strength

Flexural Strength and force—displacement Curve

6 cross sections SF distribution profile on cross sections
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Table 3 Compressive testing results
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Table 5 Measured moment capacity

Steel fibre Mean compressive strength (MPa) Steel fibre Ultimate moment capacity (kNm)
Volume (%) 0.00% 0.75% 1.50% Volume (%) 0.00% 0.75% 1.50%
1 day 15.45 17.00 12.21 1 day 0.53 1.06 1.12
3 days 22.65 26.75 21.02 3days” 0.68 1.05 1.28
7 days 2578 28.20 31.05 7 days 0.77 1.36 1.64
28 days 3415 28.98 3239 28 days 0.85 1.56 204
35 o
= 20
T 30 - _
o e e — e ——— - €
=3 ’ 215
pe =
5 25 =
5 :
g 210
220 p
@ ©
5 —e . SFO £os
£ 15 o
3 - & = SF0.75
—8—SF15
10 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25
Curing Age (Days) Curing Age (Days)
Fig. 3 Compressive strength vs. curing Age Fig. 5 Maximum moment vs. curing age
Table 4 Four-point flexural testing results plotted against the displacement at mid span in Fig. 4.
Steel fibre Maximum applied load (kN) Table 5 summarises the calculated flexural capacities
based of the maximum applied loading for each sample.
Volume (%) 0.00% 0.75% 1.50%  Figure 5 presents the comparison of flexural capacities
1 day 16.82 3386 3597 between fibre content samples as curing age increases.
3 days 2188 3373 4110 Figure 3 shows that there is no clear trend on the effect
7 days 24.60 357 5550 of steel fibres on the compressive strength of concrete.
28 days 2790 49.95 6524 As curing age increases, the compressive strength of the
specimens with each fibre content specimen (control
mix, 0.75%, and 1.50%) do not deviate significantly from
the control specimen (without SF content). The find-
ings confirm previous research which found negligible
improvements in the compressive strength of concrete
due to the addition of steel fibres (Hsu & Hsu, 1994).
i Figure 4 and Table 5 indicate that both the flexural
) and post-peak performance increase with the increas-
0 N . .
P ing content of steel fibres. These observations were also
> % T reported in the literature (Song, 2004; Soroushian, 1990).
%30 T - This finding further validates the use of steel fibres as
3 = an appropriate method of reinforcement for concrete to
3 2 increase its ductility. This is essential for high strength
gm® T ——0.00% SF concrete as ductility is normally a major concern.
1o —..—0.75% SF
5 )0/
o oo 10 SE 4.2 Cross-Sectional Area of Steel
0 1 2 3 4 The process of determining the cross-sectional area

Displacement (mm)

Fig.4 A typical force/displacement plot

involves treating each of the cross-sectional image to
identify the SFs and determine the cross-sectional area
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Table 6 SF Area determined through photogrammetry analysis

(mm?)

(2021) 15:28

Steel fibre volume

Cross sections (mm?) 0.75% 1.50%
1 188.80 316.20
2 21151 345.50
3 184.05 275.60
4 152.16 32647
5 175.78 399.60
6 192.18 255.58
Mean 184.08 323.16
Standard deviation 19.63 51.31
Coefficient of variance 0.1 0.16
450

£ 400 .

£

T 350 .

% 300 ,/"‘K

IS Lo s

o 250 7 .

£ -

T 200 s -

5 8.

= 150 L

& y=216.49x .=~ e SF15

@ 100 R#=0.9883.-° e SFO.75

8 50 _,/’/ A Average

0 27 esees Tendline
0 0.5 1 15
Volume of Steel Fibre (%)
Fig. 6 Cross-sectional area of steel trend

of each fibre, which was then added to obtain the total
cross-sectional area of the steel.

Table 6 summarises the area of steel measured using
the image processing software for each of the twelve
cross-sections obtained from beams, six of which have
0.75% and six that have 1.50% fibre content. The standard
deviation of the cross-sectional area of steels associated
with 1.50% of fibre content is higher compared to 0.75%
fibre content, which is to be expected.

An average was then calculated as a mean of establish-
ing a trend of the cross-sectional area of steel against
volumetric fibre content. The observed trend is shown in
Fig. 6, following a presentation of the taken and treated
image of a typical cross-section in Fig. 7.

4.3 Effective Area of Steel and Flexural Analysis

The expected ultimate flexural strength of the SFRC
specimens can be estimated based on the proposed equa-
tions presented in Sect. 2. The limiting angle is calculated
to be 89.1° based on the dimensions of the fibre. The ratio
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between A and A;.. o €an then calculated by solving Egs. 8
and 9 using the integration method. The value of the
ratio was calculated to be 3.10. Solving Eq. 10 utilising the
input of gross SF area from Table 7 and specimen dimen-
sions from Sect. 3.1.1 gives the estimated ultimate
moment capacity as indicated in Table 8, comparisons of
the measured and predicted ultimate moment capacities
are presented in Figs. 8 and 9.

The reason for the M,, predicted to be relatively insen-
sitive to the curing age is due to a very small dosage of
steel fibres which results in a very small effective rein-

. . A .
forcement area. This leads to the fractional term : ;;{;y - in

c

Eq. 1 relatively small, and therefore the change in the
compressive strength of concrete does not appear to
affect the predicted values (Fig. 9). For instance, if one
takes 0.75% SFRC case as an example, in the
100 mm x 150 mm beam specimen, the effective rein-
forcement area is only 29.7 mm? This will result in the
fractional term value of only 0.0343. However, if the dos-
age of SFRC is increased to the extent that the effective
reinforcement area is equivalent to the area of the rebars,
at a balanced flexural design condition (i.e., reinforce-
ment to cross-sectional area ratio=0.0324), the rein-
forcement area should be at 486 mm? for the same beam
specimen. Assuming this value, M, predicted will observe
significant variation as a result of the change in f, as
shown in Table 9.

However, testing samples cast at this steel fibre dos-
age (i.e., at 486mm?, SF dosage of 12.6%) would result in
beams with a flexural strength beyond the testing instru-
ment’s capacity. This constitutes the limitation of the
study. The authors are considering a series of full-sized
samples to provide further validation to the proposed
model. The results reported herein should be considered
interim and not directly used for the design of flexural
members.

4.4 Effective Area of Steel in Tension

As can be observed in Fig. 6 and Table 6, the average
of the total measured area of steel for 0.75% and 1.50%
SFRC is 184 mm? and 319.83 mm? respectively. The
standard deviation and the coefficient of variation imply
that the variation in the area of steel increases as the fibre
content increases. Given the random nature of steel fibre
orientation and position, this is expected. It is worth not-
ing that the ratio between the total area of steel with 1.5%
SERC to its counterpart with 0.75% SFRC is 1.76. At per-
fectly random distribution, this ratio, however, should be
at 2. The difference could be contributed by the law of
probability, which dictates that the accuracy of the aver-
age area of steel is limited by the number of cross-section
samples measured and the volumetric content of fibres in
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Fig. 7 A presentation of the processed SF area along a cross-section

Table 7 Determined effective area of SF in resisting tension

Steel fibre Ay A, Alff
Volume mm? mm? mm?
0.75% 184.08 92.04 29.74
1.50% 319.83 159.91 51.66

the specimen. Given the inherent randomness of the steel
fibre location and orientation, with six samples for each
fibre content, an accurate average cannot be gauged. Fur-
ther, the true random behaviour of fibres can be reduced
by vibrating the specimens after moulding (Soroushian
& Lee, 1990) as the vibration causes the fibres to settle
towards the bottom and rotate towards the horizontal.
The uncertainties with determining the average area of
steel from the limited number of samples and the known
effect of the concrete vibration on the randomness of

Table 8 Calculated ultimate moment capacity

fibres highlight the difficulties in estimating the rein-
forcement area of SF in any given cross-sections. More
samples are required to produce a more accurate and
reliable trend line. However, as the authors used the
actual measured value of SF reinforcement area in their
predictive model, the inaccuracy was found to be incon-
sequential to the findings and a standard flexural analysis
can be used to reliably predict the moment capacity of
SERC. This is discussed further in Sect. 4.5.

4.5 Prediction of Ultimate Moment Capacity

This paper highlights the potential use of the classical
flexural strength analysis method, in conjunction with
an effective steel fibre area factor (k) determined through
statistical analysis. The method has the potential to
reduce the complexity in the current theoretical predic-
tions of SFRC and determine flexural capacities of SFRC
without the need for experimental testing.

Steel fibre 0.75% 1.50%

Curing age (days) 1 3 7 28 1 3 7 28

f'- (MPa) 17 26.7 28.2 289 12.2 210 310 324
Mu Predicted (kNm) 1.115 1.115 1.115 1.115 1.937 1.937 1.937 1.937
Mu measured (kNm) 1.058 1.054 1.362 1.561 1.124 1.284 1.641 2.039
Calculated /Measured 1.05 1.06 0.82 0.71 1.72 1.51 1.18 0.95
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Fig. 9 Comparison between predicted and measured ultimate
moment capacity at each measured date-1.50% SFRC

Table 9 Variation of M, predicted as a function of fé for a higher
dosage of SFRC

fC/(MPa) 17.0 26.7 28.2 29.0

M, predicted (kNm) 16.02 234 241 244

Based on the measured compressive strength (Table 3)
and the effective area of steel resisting the tensile stress,
the ultimate moment capacity was calculated (Table 8). It
was found that the flexural capacity of SFRC with discrete
and definable reinforcement locations can be applied
when reinforcement area and location are averaged from
a distribution.

It can be seen from Fig. 8 and 9 that, with the increase
in compressive strength of concrete, the measured ulti-
mate moment capacities increases while the predicted
capacities only rise slightly due to the insensitivity of
the prediction to changes in the compressive strength

of concrete. During the early age of concrete, increasing
compressive strength is the only defined change. The
increasing trend of the measured moment capacities is
associated with the bond-slip effects of the SFs. During
the early ages (1-7 days), the bond between the SF and
concrete paste is not fully developed, causing a weaker
link at the interface of the concrete and the fibres.

Table 8 indicates that the prediction of ultimate
moment capacity is the closest to the measured value
for 0.75% SERC at day 1 and furthest at day 28. Con-
versely, for the 1.5% SFRC, the closest estimation is on
the 28th day after casting whilst at day one, the ulti-
mate flexural capacity is over-predicted by 72.29%.
Based on the above observation, it is plausible that the
prediction for the 1.5% SFRC is more accurate as indi-
cated in Sect. 2, i.e., the larger the number of “trials’,
the closer the sample mean is to the expected value of
the population. With more fibre content, the number
of trials increases; therefore, the average reinforcement
area provided through the cuts in 1.5% SFRC samples
should yield a better indication of the expected value.
Hence more accurate result in strength prediction at
28 days’ curing age can be expected, where bond-slip
effect is no longer pronounced at the time.

The difference between the predicted and measured
ultimate moment capacity is plotted against the con-
crete age to investigate the time-dependent proper-
ties of bond-slip effect, as indicated in Fig. 10. If the
first point of the SF 0.75% series is ignored, the gen-
eral trend of the SF 0.75% and SF 1.5% series have
very similar equations and appears to be almost par-
allel to each other, indicating the bond-slip effect is
homogenous in the two cases. Furthermore, the trends
observed are shown to be in close resemblance to the
strength gain of concrete over time, implying that the



Zhong et al. Int J Concr Struct Mater (2021) 15:28

bond-slip effect has a close relationship to the maturity
of concrete, which is a sensible deduction considering
its mechanism.

It should be noted that the flexural capacity of SF con-
crete (as presented in this paper) is a relatively small step
towards the adoption of a comprehensive model account-
ing for the presence of fibres and their resultant position
in the matrix. A confident translation of this model con-
sidering the maturity of concrete, which will affect bond
properties of fibre in the matrix will require considerable
additional data. This will constitute the logical extension
of the proposed approach and is assumed a limitation to
the current model.

5 Conclusion

This study proposes a simplified prediction method to
estimate the effect of SF on the flexural strength of con-
crete beams. The method is based on a combination of
the classical stress distribution model and probability dis-
tribution. The flexural strength of SFRC specimens with
0.75% and 1.50% volumetric concentrations are estimated
and compared to laboratory-measured values. The result
shows that, as expected, the ultimate strength increases
proportionally to the volumetric content of SE.

The proposed model can provide a reliable prediction
of concrete beams tested in early ages. This is especially
the case of the concrete with 1.50% volumetric concen-
trations which is a sensible observation considering the
law of statistics. With regards to early age concrete, due
to a complex bond-slip interaction, the model comes
short of predicting the flexural capacity. Further investi-
gation into the differences between the measurement and
predicted value of the ultimate moment capacity indi-
cates a homogeneous and logarithmic trend of the bond-
slip effect over time for the two sets of samples tested in
the current study. The logarithmic shape of the bond-slip
effect resembles the trend of concrete maturity.

Overall, by assuming a perfectly random distribution
of steel fibres, this study has highlighted the applicability
of the standard flexural analysis method together with SF
factor indicating the effective cross-sectional area of steel
fibres to predict the ultimate moment capacity of SFRC.
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