
Flexural tensile behaviour of alkali-activated slag-based concrete
and Portland cement-based concrete incorporating single and
multiple hooked-end steel fibres

Laura Rossi a,b,*, Maria Paula Zappitelli c, Ravi A. Patel a,b, Frank Dehn a,b

a Institute of Building Materials and Concrete Structures (IMB), Karlsruhe Institute of Technology (KIT), 76131, Karlsruhe, Germany
b Material Testing and Research Institute Karlsruhe (MPA), Karlsruhe Institute of Technology (KIT), 76131, Karlsruhe, Germany
c Department of Civil Engineering, Engineering College, National University of La Plata (UNLP), Street 1 and 47, La Plata, Argentina

A R T I C L E I N F O

Keywords:
Multiple hooked-end steel fibres
Alkali-activated concrete
Residual flexural tensile strength
fib model code 2020
FEM

A B S T R A C T

In this study, three-point bending tests on notched beams according to EN 14651 have been
performed to evaluate the flexural post-cracking behaviour of alkali-activated slag-based concrete
(AASC) and Portland cement-based concrete (PCC) incorporating single (3D) and multiple (4D,
5D) hooked-end steel fibres in different volume fractions up to 0.75 %. According to the exper-
imental results, the post-cracking residual flexural strength increases with the increase in the fibre
volume fraction for each fibre and concrete matrix type. AASC mixes incorporating 3D and 4D
fibres show higher values of residual flexural strength for the same crack opening than PCC mixes
with the same fibre type and dosage. Only for the mixes incorporating 5D fibres, steel fibre-
reinforced PCC (SFRPCC) mixes outperform steel fibre-reinforced AASC (SFRAASC) mixes in
terms of post-cracking behaviour. According to EN 14651, the values of the residual strengths fR1
and fR3, corresponding to a crack mouth opening displacement (CMOD) of 0.5 mm and 2.5 mm,
respectively, and their corresponding characteristic values fR1k and fR3k, respectively, can be
derived from the experimental load-CMOD curves. Following the fib Model Code 2020, each mix
can then be classified according to the values of fR1k and the fR3k/fR1k ratio. As a result, empirical
models have been developed for SFRPCC to predict the values of fR1 and fR3 and the applicability
of such models to SFRAASC is evaluated in this study. Once the values of fR1k and fR3k are known,
tensile constitutive models can be derived according to the fibModel Code 2020 and used as input
parameters for finite element modelling. In this study, the accuracy of the code-based constitutive
model to predict the flexural behaviour of SFRAASC and SFRPCC is evaluated using the concrete
damage plasticity (CDP) model available in ABAQUS. The numerical model based on the tensile
stress-strain curve in the fib Model Code 2020 can qualitatively capture the post-cracking
behaviour of SFRAASC and SFRPCC incorporating 3D, 4D and 5D at 0.25 % fibre volume frac-
tion, despite overestimating their tensile strength. For higher fibre volume fractions, the CDP
model, in conjunction with the mode I parameters derived from the fib Model Code 2020, is
unable to adequately describe the post-hardening behaviour exhibited by the composites.
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1. Introduction

One of the most effective ways to reduce the brittleness of Portland cement-based concrete (PCC) and to enhance its ductility and
energy absorption capacity is the use of randomly distributed steel fibres. Steel fibres hinder crack propagation and provide stress
transfer by bridging the cracked sections of the concrete member [1–3]. The performance of steel fibre-reinforced cement-based
concrete (SFRPCC) depends mainly on the characteristics of the concrete matrix, fibres and their bond properties [2,4,5]. Single
hooked-end steel fibres (generally named 3D) have been used widely in applications requiring high tensile strength and modulus of
elasticity, such as tunnel linings, joint-less industrial concrete floors, and irrigation and wastewater systems [2,3,5,6]. To improve the
crack-bridging efficiency of steel fibres in concrete, multiple hooked-end steel fibres, i.e. double hooked-end (4D) and triple
hooked-end (5D) fibres, have been recently developed and commercialised. The additional bends at both ends of the fibres enhance the
fibre-matrix interface bond, resulting in higher resistance to fibre pull-out and therefore higher tensile and flexural performance of the
composite [3,7,8]. Despite being relatively new, 4D and 5D steel fibres and the effect of their novel geometries on the performance of
normal- and high-strength traditional cement-based concrete have been the subject of several studies [2,3,9–11]. According to Chen
et al. [2], the better fibre-matrix anchorage provided by the multiple hooks at the end of 4D and 5D fibres provides a significant
increase in the post-cracking behaviour of steel fibre-reinforced PCC in comparison to PCC incorporating 3D fibres. Venkateshwaran
et al. [11] reported a limited effect of the number of hooked ends of the steel fibre on the flexural strength of the composite, but an
enhancement of post-cracking residual flexural strength of 9–12 % was observed when 3D fibres were replaced by 5D fibres.

Although steel fibre-reinforced cement-based concrete (SFRPCC) has been widely used for structural and non-structural applica-
tions in the last decades, the high embodied CO2 emissions and energy consumptions related to Portland cement production require the
development of more environmentally friendly alternative binders, such as alkali-activated slag-based concrete (AASC) [12–16]. AASC
can outperform PCC in terms of mechanical and durability performance [1,13,14,17,18]. However, alkali-activated slag-based con-
crete can exhibit a more brittle behaviour and higher autogenous shrinkage than PCC, limiting its resistance to crack formation and
propagation [1,13,15,19]. Different fibre types have been added to alkali-activated concrete matrices to investigate their effect on the
material response under various loading conditions [1,12,15,20–41]. However, studies evaluating the effect of single and multiple
hooked-end steel fibres on the composite performance are limited with no research investigating the influence of 4D and 5D steel fibres
on the post-cracking behaviour of steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC). El-Hassan and Elkholy [19]
focused on alkali-activated slag-fly ash blended concrete reinforced with hybrid steel fibre reinforcement, i.e. a combination of single
and novel multiple hooked-end steel fibres in different volume fractions. Even though the main mechanical performances, i.e.
compressive strength, modulus of elasticity, splitting and flexural tensile strength, were evaluated experimentally, the post-cracking
flexural behaviour of the composites was not investigated. Koenig et al. [34] evaluated the flexural performance of alkali-activated
slag-based concrete (AASC) and cement-based concrete (PCC) incorporating a steel fibre mix of 1/3 short straight fibres and 2/3
single hooked-end steel fibres in different volume fractions by performing three-point bending tests according to EN 14651. Both
composites exhibit a post-cracking softening behaviour when reinforced with a fibre volume fraction of 0.60 %. Although SFRAASC
shows a higher drop in load than SFRPCC after the peak is achieved, the residual flexural load increases with the increase in CMOD
values, while it decreases for SFRPCC. Despite providing new insights on the post-cracking flexural behaviour of steel fibre-reinforced
alkali-activated slag-based concrete, the study of Koenig et al. [34] does not evaluate the effect of single hooked-end steel fibres or
novel steel fibres on the performances of the composite. Shaikh [42] evaluated the pull-out behaviour of 3D, 4D and 5D fibres in
alkali-activated slag-fly ash-based and cement-based mortars. Although alkali-activated slag-fly ash blended mortar exhibits a higher
maximum pull-out load, toughness and bond strength than cement-based mortar, the flexural performance of such composites is not
investigated.

Evaluating the flexural post-cracking behaviour of SFRAASC experimentally is essential to understand and predict its behaviour as
well as to derive tensile constitutive models, i.e. stress-strain (σ − ε) or stress-crack opening (σ − w) relationships, which are funda-
mental for the preliminary design and dimensioning of concrete structural members. The ideal approach to derive the tensile stress-
strain (σ − ε) relationship for steel fibre-reinforced concrete is to perform direct uniaxial tensile tests. However, direct tensile tests are
difficult to perform accurately [43] and the reliability of the results is highly influenced by the fibre type, dosage and orientation. Due
to their ease of execution, three-point bending tests on notched beams according to EN 14651 are generally preferred to evaluate the
post-cracking behaviour of steel fibre-reinforced composites. From the flexural post-cracking behaviour, several authors [43–46] and
design codes, such as the fibModel Code 2020 [47], proposed simplified or more accurate tensile constitutive models can be derived for
preliminary design or numerical simulations, respectively.

This paper evaluates experimentally the flexural post-cracking behaviour of alkali-activated slag-based concrete and Portland
cement-based concrete incorporating single (3D) and multiple (4D and 5D) hooked-end steel fibres in different fibre volume fractions
up to 0.75 %. From the experimental Load-CMOD curves the values of the residual flexural strengths fR1 and fR3 and their corre-
sponding characteristic values fR1k and fR3k are derived to classify the composites according to the fib Model Code 2020
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recommendations. The applicability to SFRAASC of currently available empirical models for SFRPCC to derive the values of the re-
sidual flexural strength fR1 and fR3 is investigated and a new recalibrated model is proposed for SFRAASC. Finally, the applicability of
the linear tensile constitutive laws available in the fib Model Code 2020 for SFRAASC and SFRPCC is evaluated. Such tensile
constitutive models are used as input parameters for numerical simulations by finite element modelling using the Concrete Damage
Plasticity (CDP) model available in ABAQUS.

2. Experimental programme

2.1. Materials

The alkali-activated slag-based concrete matrix was made from ground granulated blast furnace slag (GGBS), water, sodium hy-
droxide (SH), sodium silicate (SS), and fine and coarse aggregates. To obtain an alkaline solution with a total concentration of 5.3 %
Na2O (expressed as a percentage of slag weight), SH (50 % solid content), SS with a molar ratio Ms = 3.4 [mol/mol] and water were
pre-mixed 24 h prior casting to reduce heat release [19,34] and prevent fresh concrete rapid setting. CEM I 42.5R was used to produce
a reference Portland cement-based concrete. Table 1 shows the chemical composition of the binders.

Glued steel fibres were supplied by NV Bekaert SA. The selected fibres are classified as single hooked-end (Dramix® 3D 65/60 BG),
double hooked-end (Dramix® 4D 65/60 BG) and triple hooked-end (Dramix® 5D 65/60 BG) depending on the number of bends at the
fibre ends (Fig. 1).

The properties of the steel fibres are given in Table 2. Four different fibre volume fractions – 0%, 0.25% (20 kg/m3), 0.50% (40 kg/
m3) and 0.75 % (60 kg/m3) – were added to the reference concrete matrices.

The mix proportions of the plain reference AASC and PCC concrete matrices are given in Table 3. The same binder content,
aggregate type, and proportions were used to achieve a similar slump flow class (F4) and 28-day mean compressive strength (Table 3).
The twenty mixes, ten for each concrete matrix, are designated as X-YDZ, where X denotes the matrix type (AASC or PCC), YD rep-
resents the fibre geometry (3D, 4D or 5D) and Z the fibre volume fraction (0.25 %, 0.50 % and 0.75 %). The reference mixes without
fibres are designated as AASC-REF and PCC-REF for alkali-activated slag-based concrete and Portland cement-based concrete,
respectively.

2.2. Mixing and sample preparation

The same mixing procedure was followed for all the mixtures. First, the binder was mixed for 90 s with fine and coarse aggregates.
Then, the liquid component – the pre-mixed alkaline solution for AASC and water for PCC – was added to the dry components and
mixed for two additional minutes to achieve a homogeneous mixture. Finally, before the freshly made concrete was poured into the
moulds, steel fibres were added and thoroughly mixed to achieve a total mixing time of 7 min. The equipment used to cast the samples
is shown in Fig. 2.

Three cylinders of diameter of 150 mm and height of 300 mm and six 150 mm × 150 mm × 550 mm beams (Fig. 3) were cast for
each mixture to assess its 28-day mean compressive strength and flexural response under three-point bending, respectively. The
samples were cast from different batches of the same concrete mix. To allow setting and reduce drying shrinkage, plastic covers, damp
jute, and plastic foil were placed on the fresh concrete-filled moulds for the first 24 h. After demoulding, the SFRPCC samples were
cured underwater (20± 2) ◦C, while the SFRAASC specimens were wrapped in foil [48] and stored in a climate room at (20± 2) ◦C and
65 % relative humidity until the testing date. After a 21-day curing period, a notch measuring 5 ± 1 mm in width and 25 ± 1 mm in
depth was sawed at the mid-span of the side face of each beam in accordance with EN 14651.

2.3. Experimental procedure

The 28-mean compressive strength of SFRAASC and SFRPCC was assessed on three cylinders with a diameter of 150 mm and a
height of 300 mm, according to EN 12390–3. The post-cracking flexural behaviour was evaluated on six notched beams according to
EN 14651. Two rigid steel frames equipped with linear variable differential transducers (LVDTs) were installed at the mid-width of the
beam specimens to measure the crack mouth opening displacement (CMOD) at the bottom of the notch on both sides of the beam. The
experimental setup is shown in Fig. 4.

Table 1
Chemical composition of GGBS and CEM I.

Binder CaO [%] SiO2 [%] Al2O3 [%] Fe2O3 [%] MgO [%] P2O5 [%] K2O [%] Na2O [%]

GGBS 41.84 35.91 10.74 0.39 6.99 0.47 0.40 0.31
CEM I 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10
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Fig. 1. Single and multiple Dramix® hooked-end steel fibres: (a) 3D, (b) 4D and (c) 5D.

Table 2
Properties of 3D, 4D and 5D hooked-end steel fibres.

Fibre type Length (lf ) [mm] Diameter (df ) [mm] Aspect ratio (lf/df ) Fibre tensile strength (σf ,u)a [MPa] Strain at ultimate strength [%]

3D 65/60 BG 60 0.90 65 1160 0.8
4D 65/60 BG 60 0.90 65 1600 0.8
5D 65/60 BG 60 0.90 65 2300 6.0a

a Provided by the fibre manufacturer (NV Bekaert SA).

Table 3
Mix proportions (in kg/m3), slump flow class and 28-day compressive strength of the different concrete matrices reference mixes.

Mix GGBS CEM SH SS Water Fine and coarse aggregates Slump flow class 28-day Compressive strength [MPa]

0–2 mm 2–8 mm 8–16 mm

AASC 425 – 50 36 154 660 495 495 F4 50.2
PCC – 425 – – 229 660 495 495 F4 49.5

Fig. 2. Mixing and casting equipment: (a) 250-L concrete mixer, (b) weighted mix components, (c) vibration table and beam moulds (top), and
freshly mixed alkali-activated slag-based concrete (bottom).
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3. Results and discussion

3.1. Flexural tensile strength

From the experimental load-CMOD curves, the flexural strength corresponding to the Limit of Proportionality (fLOP) and the re-
sidual flexural strengths fRj corresponding to CMODj (j = 1, 2, 3, 4) can be derived for each concrete matrix and steel fibre type ac-
cording to EN 14651 as follows:

fLOP =
3 ⋅ FLOP ⋅ l
2 ⋅ b ⋅ h2sp

(1)

Fig. 3. Beam moulds (a) before casting, (b) after filling with fresh concrete and (c) with plastic covers to minimise drying shrinkage.

Fig. 4. Three-point bending test experimental setup: (a) testing machine, (b) arrangement of loading, (c) metal frame equipped with LVDTs, and (d)
detail of the metal frame.

L. Rossi et al. Journal of Building Engineering 98 (2024) 111090 

5 



fRj =
3 ⋅ Fj ⋅ l
2 ⋅ b ⋅ h2sp

(2)

where FLOP is the load corresponding to the Limit of Proportionality (LOP), i.e. the highest load value in the CMOD range from 0 to 0.05
mm, Fj is the load corresponding to CMODj (j = 1, 2, 3, 4), i.e. 0.5 mm (CMOD1), 1.5 mm (CMOD2), 2.5 mm (CMOD3) and 3.5 mm
(CMOD4), respectively, and l, b, and hsp are the span of the concrete beam specimen (500 mm in this study), the width of the sample
(150 mm in this study), the distance between the tip of the notch and the top of the beam (125 mm in this study). Additionally, ac-
cording to the fibModel Code 2020 [47], the values of the characteristic residual flexural tensile strengths fR1k and fR3k, corresponding
to CMOD1 = 0.5 mm and CMOD3 = 2.5 mm respectively, can be derived as follows:

fRjk = fRj − k ⋅ σ (3)

where fRj is the residual flexural strength defined in Eq. (2), k is a constant linked to the number n of samples tested (k = 1.770 when n
= 6, as in this study) and σ is the standard deviation of the mean residual flexural strength fRj.

3.2. Post-cracking flexural tensile behaviour

3.2.1. Classification according to the fib Model Code 2020
The characteristic flexural tensile strengths fR1k and fR3k and their ratio, i.e. fR3k/ fR1k, are used to classify the post-cracking flexural

tensile behaviour of steel fibre-reinforced concrete composites through a number and a letter, respectively. The number (1.0, 1.,5, 2.0,
2.5, 3.0, 4.0, 5,0, 6.0, 7.0, 8.0 [MPa]) denotes the fR1k class, corresponding to the characteristic strength at serviceability limit state
(SLS), while the letter (a, b, c, d and e) corresponds to specific values of the fR3k/ fR1k ratio, defined as follows:

Table 4
Experimental values of fc, Ec, fLOP, fRj (j = 1, 2, 3, 4), fR1k, fR3k

/
fR1k

and the classification of each mix according to the fib Model Code 2020.

Mix fc [MPa] Ec [GPa] fLOP [MPa] fR1 [MPa] fR2 [MPa] fR3 [MPa] fR4 [MPa] fR1k [MPa] fR3k/fR1k [MPa] Class

AASC-REF 40.9 (0.86) 27.6 (0.64) 5.02 (0.11) 0.30 (0.10) – – – – – –

PCC-REF 45.2 (0.64) 27.9 (0.55) 4.59 (0.23) 0.29 (0.08) – – – – – –

AASC-
3D25

43.8 (0.35) 28.1 (0.42) 6.22 (0.26) 2.93 (0.51) 3.40 (0.70) 3.45 (0.87) 3.36 (0.88) 2.03 0.94 2c

AASC-
3D50

44.8 (0.84) 28.2 (0.61) 5.92 (0.47) 5.66 (0.84) 7.00 (1.03) 6.93 (1.02) 6.65 (0.89) 4.17 1.23 4d

AASC-
3D75

48.3 (0.73) 30.0 (1.09) 5.66 (0.38) 6.88 (1.21) 8.07 (1.28) 8.03 (1.13) 7.66 (0.90) 4.73 1.27 4d

PCC-3D25 39.0 (1.11) 27.5 (0.81) 4.52 (0.31) 2.88 (0.39) 3.16 (0.41) 3.05 (0.40) 2.86 (0.39) 2.18 1.08 2d
PCC-3D50 38.5 (1.36) 26.7 (0.54) 4.66 (0.18) 5.41 (0.58) 6.29 (1.04) 6.07 (0.96) 5.66 (0.83) 4.38 1.00 4c
PCC-3D75 40.1 (0.43) 28.2 (1.15) 4.85 (0.38) 6.34 (0.77) 7.53 (0.92) 7.28 (0.82) 6.66 (0.93) 4.98 1.17 4d

AASC-
4D25

45.4 (0.76) 28.1 (0.80) 5.30 (0.27) 3.15 (1.13) 3.70 (1.12) 3.91 (1.08) 3.26 (0.62) 1.14 1.75 1e

AASC-
4D50

44.2 (0.80) 28.2 (0.50) 5.46 (0.37) 5.55 (1.23) 7.06 (1.32) 6.91 (0.87) 6.48 (0.57) 3.38 1.59 3e

AASC-
4D75

44.3 (2.45) 27.4 (0.39) 5.79 (0.25) 7.86 (0.83) 8.87 (0.38) 8.05 (0.35) 7.40 (0.47) 6.39 1.16 6d

PCC-4D25 40.3 (0.86) 27.0 (0.85) 4.13 (0.23) 2.81 (0.26) 3.90 (0.40) 4.14 (0.50) 3.98 (0.38) 2.36 1.38 2e
PCC-4D50 43.6 (1.09) 27.4 (0.30) 4.73 (0.32) 5.53 (0.91) 7.68 (1.10) 7.05 (1.00) 6.85 (1.12) 3.93 1.35 3e
PCC-4D75 45.1 (1.53) 27.7 (0.22) 4.85 (0.39) 6.16 (1.79) 7.08 (1.28) 6.66 (1.13) 5.78 (1.06) 2.99 1.56 2,5e

AASC-
5D25

45.2 (0.47) 27.7 (0.36) 5.83 (0.40) 2.44 (0.57) 2.94 (0.64) 3.07 (0.60) 3.04 (0.47) 1.44 1.40 1e

AASC-
5D50

52.6 (3.16) 28.8 (0.68) 5.84 (0.43) 6.23 (1.69) 8.44 (2.02) 7.88 (1.39) 7.02 (1.37) 3.24 1.68 3e

AASC-
5D75

48.4 (1.11) 29.4 (1.12) 5.86 (0.34) 7.66 (0.55) 8.69 (0.90) 8.30 (1.00) 7.57 (1.09) 6.74 0.97 6c

PCC-5D25 45.2 (2.20) 27.4 (0.52) 4.52 (0.25) 3.11 (0.53) 4.11 (0.68) 4.27 (0.83) 4.49 (0.71) 2.17 1.29 2d
PCC-5D50 44.7 (0.86) 27.4 (0.61) 4.56 (0.44) 5.10 (1.09) 6.63 (1.00) 5.98 (0.65) 5.58 (0.55) 3.17 1.53 3e
PCC-5D75 48.2 (1.39) 27.5 (0.96) 5.19 (0.58) 8.23 (1.38) 9.58 (0.88) 8.73 (0.45) 7.87 (0.59) 5.78 1.37 5e

vf = fibre volume fraction. The values in the brackets represent the standard deviation.
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Fig. 5. Load-CMOD curves and relative standard deviation of SFRAASC and SFRPCC mixes reinforced with (a, b) 3D fibres, (c, d) 4D fibres, and (e, f)
5D fibres, respectively, at different volume fractions up to a CMOD = 0.30 mm.
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Fig. 6. Average load-CMOD curves and relative standard deviation of SFRAASC and SFRPCC mixes reinforced with (a, b) 3D fibres, (c, d) 4D fibres,
and (e, f) 5D fibres, respectively, at different volume fractions.
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Fig. 7. Correlation between the fibre volume fraction and (a, b) the flexural strength fLOP, (c, d) the residual flexural strength fR1 and fR1k, and (e, f)
the residual flexural strength fR3 and fR3k, for each fibre geometry for SFRAASC and SFRPCC mixes, respectively. The dashed line in (a, b) indicates
the value of fLOP for the reference mix.
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a if 0.5 < fR3k
/
fR1k < 0.7

b if 0.7 ≤ fR3k
/
fR1k < 0.9

c if 0.9 ≤ fR3k
/
fR1k < 1.1

d if 1.1 ≤ fR3k
/
fR1k < 1.3

e if 1.3 ≤ fR3k
/
fR1k

Table 4 summarises the values of the 28-day mean cylindrical compressive strength (fc), the flexural strength fLOP, the residual
flexural strength fRj (j = 1, 2, 3, 4) corresponding to CMOD values of 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm, respectively, the char-
acteristic residual flexural strengths fR1k and fR3k, and the material class according to the fibModel Code 2020. In addition, the values of
28-day modulus of elasticity (Ec), evaluated by the authors in a previous study on samples obtained from different batches of the same
concrete mixes [48], are given in Table 4.

3.2.2. Effect of the concrete matrix properties onfLOP
According to the results summarised in Table 4, the 28-day compressive strength has a different effect on fLOP for SFRAASC and

SFRPCC. For SFRPCC, a direct correlation between the compressive strength and fLOP can be observed, i.e. fLOP generally increases with
the increase of the compressive strength. For all fibre types, the increase in compressive strength with the fibre content increases fLOP.
For SFRAASC, the opposite can be observed, i.e. the compressive strength and fLOP are indirectly correlated. For 3D fibres, the increase
in compressive strength with the increase in the fibre volume fraction corresponds to a decrease in fLOP, while for 4D fibres a decrease in
compressive strength corresponds to an increase in fLOP. For 5D fibres, variations in the compressive strength do not affect the values of
fLOP. Although for SFRPCC the highest value of fLOP corresponds to the highest value of compressive strength (PCC-5D75), the same
does not apply for SFRAASC, as the highest value of fLOP is achieved by the mix AASC-3D25, while the highest value of compressive
strength is observed for the mix AASC-5D50.

Although alkali-activated concrete generally exhibits a lower modulus of elasticity than traditional cement-based concrete [49], as
also shown in Table 4 for the reference mixes, the incorporation of hooked-end steel fibres at different volume fractions enhances the
modulus of elasticity of SFRAASC, which is higher than the one of SFRPCC for each fibre type (Table 4). However, no clear correlation
between the modulus of elasticity and fLOP can be seen. As for the compressive strength, the highest value of fLOP does not necessarily
correspond to the highest value of the modulus of elasticity. For SFRPCC the highest value of fLOP is achieved by the mix PCC-5D75,
while the highest value of the modulus of elasticity is achieved by the mix PCC-3D75. For SFRAASC the highest value of fLOP is achieved
by the mix AASC-3D25, while the highest value of Ec is observed for the mix AASC-3D75. Although the modulus of elasticity is
generally directly correlated to the compressive strength of the material, discrepancies in the correlation between the compressive
strength and fLOP and between the modulus of elasticity and fLOP could be related to the sample preparation, i.e. different concrete
batches of the same mix.

3.2.3. Effect of fibre type and volume fraction onfLOP
Fig. 5 shows the experimental load-CMOD curves up to a CMOD value of 0.3 mm to evaluate the effect of the fibre type and volume

fraction on the flexural strength fLOP of both SFRAASC and SFRPCC. Single and multiple hooked-end steel fibres generally have a
limited effect on fLOP, which is mainly dependent on the compressive strength and load-bearing capacity of the plain concrete matrix
[1]. This can be seen for SFRPCC mixes, as the fLOP decreases in comparison to the reference plain concrete for each fibre type at a
volume fraction of 0.25 %, achieving the lowest value for the mix PCC-4D25 (− 10 % in comparison to PCC-REF), while it increases
with the increase in the fibre volume fraction up to 0.75 % for each fibre type, with PCC-5D75 showing the highest value (+13.1 % in
comparison to PCC-REF). For SFRAASC, the value of fLOP is higher for each concrete mix incorporating steel fibres in contrast to the
reference mix, although different correlations between the values of fLOP and the fibre type and dosage cannot be seen. For 3D fibres,
fLOP reaches its higher value at the lower fibre content (AASC-3D25) and decreases with the increase in the fibre volume fraction. For
4D fibres, fLOP increases with the increase in the fibre volume fraction, while for 5D fibres, all volume fractions exhibits similar values
of fLOP.

Although for SFRPCC mixes the fibre type and dosage seem to have no clear and significant effect on the flexural strength fLOP, with
the concrete matrix playing a more relevant role, for SFRAASC mixes, the incorporation of steel fibres enhances fLOP, with 3D fibres
providing the highest increment (+23.9 % than AASC-REF) at the lowest fibre content.

3.2.4. Effect of the concrete matrix properties on the post-peak response
As shown in Table 4, the values of the residual flexural strengths fR1 and fR3 increase with the fibre volume fraction for each fibre

and concrete matrix type. Although the fibre geometry and dosage have a more significant effect on the post-cracking flexural

L. Rossi et al. Journal of Building Engineering 98 (2024) 111090 

10 



behaviour of the composite, a clear correlation between fR1 and fR3 and the concrete matrix properties can be seen, i.e. fR1 and fR3
generally increase with the increase in compressive strength and modulus of elasticity for SFRAASC and SFRPCC. Only for SFRAASC
incorporating 4D fibres, a decrease in compressive strength and modulus of elasticity with the fibre volume fraction results in an
increase of fR1 and fR3. However, as observed for fLOP, the highest values of compressive strength and modulus of elasticity do not
necessarily correspond to the highest values of fR1 and fR3. Once the concrete matrix achieves the peak flexural strength, the post-
cracking behaviour is mainly governed by the steel fibres, as the crack starts propagating and the stresses cannot be sustained by
the cracked concrete matrix.

3.2.5. Effect of fibre type and volume fraction on the post-peak response
Fig. 6 shows the experimental load-CMOD curves obtained for each fibre and concrete matrix type. Both plain concrete reference

mixes exhibit a brittle failure, i.e. the load abruptly drops after achieving its maximum value, due to the initial cracking of the matrix
and the absence of fibres transferring stresses through the surfaces of the crack [50].

When steel fibres are introduced into the concrete matrices, a more ductile post-cracking behaviour can be observed for both
SFRAASC and SFRPCC mixes (Fig. 6). With the increment of the fibre volume fraction from 0.25 % to 0.50 %, the increased number of
fibres at the crack surface mitigates the post-peak drop of load and enhances the post-cracking response, resulting in higher residual
flexural load and corresponding strength, for each matrix and fibre type. The additional increase of fibre volume fraction from 0.50 %
to 0.75 % leads to a post-cracking deflection hardening behaviour, in which the post-cracking load drop is completely neutralised and
the fibres at the crack surface can bear and transfer the bending tensile stresses through the crack surfaces to the matrix. Steel fibre
incorporation significantly affects the post-peak descending branch of the load-CMOD curve and the values of the residual flexural
strengths. Although the increase of the fibre volume fraction from 0.25 % to 0.50 % corresponds to an almost doubled increase in the
residual flexural strength, a further increase of fibre content from 0.50 % to 0.75 % volume fraction provides a limited enhancement of
the residual flexural strengths. SFRAASCmixes outperforming SFRPCCmixes when reinforced with 3D and 4D fibres, whereas with 5D
fibres, SFRPCC mixes exhibit higher values of residual flexural strength as shown in Fig. 6 and Table 4.

Fig. 7 shows the correlation between the fibre volume fraction and the values of fLOP, fR1 and fR3, and the corresponding charac-
teristic values fR1k and fR3k, for each concrete matrix and fibre type. As shown in Fig. 9a and 9b, SFRAASC exhibits higher flexural
strength (fLOP) than SFRPCC for each fibre type and volume fraction. Single and multiple hooked-end steel fibres improve the initial
cracking load of SFRAASC due to the early activation of their crack bridging effect possibly due to micro-cracking induced by the
higher autogenous shrinkage compared to SFRPCC mixes [34]. For both SFRAASC and SFRPCC, however, the increase of fibre volume
fraction has a limited effect on the flexural strength fLOP, which slightly increases for SFRPCC and slightly decreases for SFRAASC, for
each fibre type, with the increase of the fibre dosage.

However, for SFRAASC, an improvement of fLOP in comparison to the plain reference mix can be seen already at the lowest fibre
volume fraction (0.25%) for each fibre type. For SFRPCC improvements can be seen at a higher volume fraction, i.e. 0.50%, whereas at
0.25 % fibre content, lower values of fLOP than the reference mix are observed regardless of the fibre geometry.

Table 5
Empirical equations to predict the residual flexural strengths of SFRPCC.

Author Empirical equations

Moraes Neto et al. [52] fR1 = 7.5 ⋅ (RIv)0.8

fR3 = 6.0 ⋅ (RIv)0.7

Venkateshwaran et al. [11] fR1 = Ψ ⋅
(
0.32 ⋅

(
fcm

)1/2
+ 6.214 ⋅ RIv + 0.034 ⋅ N2

)

fR3 = Ψ ⋅
(
0.30 ⋅

(
fcm

)1/2
+ 7.629 ⋅ RIv + 0.373 ⋅ N2

)

Chen et al. [2] fR1 = 0.09120 ⋅
(
fcu,0

)2/3
⋅
[
1+

(
0.0899 ⋅ lf + 1.29476 ⋅ (N)1/2

)
⋅ RIv

]

fR3 = 0.08594 ⋅
(
fcu,0

)2/3
⋅
[
1+

(
0.0382 ⋅ lf + 4.60597 ⋅ (N)1/2

)
⋅ RIv

]

Oettel et al. [53] fR1 =
1

0.37
⋅ k ⋅ vf ⋅

(
1 − k ⋅vf

)
⋅
fLOP
0.39

⋅ ζ1 ⋅ ηv

fR3 =
1

0.37
⋅ k ⋅ vf ⋅

(
1 − k ⋅vf

)
⋅
fLOP
0.39

⋅ ζ3 ⋅ ηv

Faccin et al. [51]
fR1 = 2.7 ⋅

(
fcm

)1/2 ⋅
(
lf
df

)0.8

⋅
(
vf
)0.9

fR3 = 0.5 ⋅
(
fcm

)2/3 ⋅
(
lf
df

)

⋅
(
vf
)0.85

RIv = vf ⋅
(
lf/df

)
= fibre reinforcing index, vf = fibre volume fraction [%], lf = fibre length [mm], df = fibre diameter

[mm], Ψ =
(
1+ lf/100

)1/2
= factor accounting for the fibre length, fcm = cylindrical compressive strength, N =

number of bends at the fibre ends (N = 1 for 3D fibres, N = 1.5 for 4D fibres and N = 2 for 5D fibres), fcu,0 = cubic
compressive strength of plain concrete, k =

(
lf/df

)
⋅ χ, χ = 0.3 for hooked-end steel fibres, ζ1 = 1.18 − 7.5lf/1000,

ζ3 = 0.42+ 7.5lf/1000, ηv = 1/
(
0.7 − 0.2vf

)
.
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For both SFRAASC and SFRPCC, the values of the residual strengths fR1 and fR3 increases with the increase of the fibre volume
fraction for each type of fibre, with only PCC mixes incorporating 4D fibres showing a decrease of fR3 when the fibre volume fraction
increases from 0.50 % to 0.75 %. Alkali-activated slag-based concrete mixes reinforced with 3D fibres outperform PCC mixes incor-
porating the same fibre type, with fR1 and fR3 showing higher values than SFRPCC, as also shown in Table 4. When 4D fibres are added,
SFRAASC mixes show higher values of fR1 than SFRPCC mixes for each volume fraction. For all mixes, except for the mix AASC-4D75,
SFRAASC shows lower value of fR3 compared to SFRPCC. When 5D fibres are considered, the PCC mixes outperform the AASC mixes,
with only the mix AASC-5D50 showing higher values of fR1 and fR3 than PCC. The characteristic values fR1k and fR3k follow a similar
trend as the corresponding mean experimental values fR1 and fR3 for each concrete matrix and fibre types, i.e. they generally increase
with the fibre content. However, the values of fR1k and fR3k are significantly affected by the variability of the experimentally

Fig. 8. Correlation between the experimental and the predicted values of (a) fR1 and (b) fR3 for SFRAASC incorporating 3D, 4D and 5D steel fibres.

Fig. 9. Correlation between the experimental and the predicted values of (a) fR1 and (b) fR3 for SFRAASC incorporating 3D, 4D and 5D steel fibres
obtained by using the newly calibrated correlations.

Table 6
IAE values of the currently available empirical models used to predict the residual flexural strengths fR1 and fR3 of SFRAASC.

Empirical model IAE [%]

3D 4D 5D

fR1 fR3 fR1 fR3 fR1 fR3

Moraes Neto et al. [52] 40.5 55.5 44.4 56.6 43.6 57.5
Venkateshwaran et al. [11] 10.6 11.3 13.6 9.1 19.8 21.9
Chen et al. [2] 22.3 37.1 25.2 32.2 25.9 28.3
Oettel et al. [53] 27.7 27.6 35.5 32.5 31.5 30.8
Faccin et al. [51] 19.6 31.2 25.5 33.5 21.8 31.8
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determined values of fR1 and fR3. Thus, the mixes showing the highest values of fR1 and fR3 do not necessarily show the highest values of
fR1k and fR3k. For example, PCC-3D75 and PCC-4D75 show similar values of fR1, 6.34 and 6.16MPa, respectively, while the value of fR1k
varies significantly (4.98 and 2.99 MPa, respectively). AASC-4D75 and AASC-5D75 show similar values of fR3 (8.05 and 8.30 MPa,
respectively) but different values of fR3k (7.4 and 6.5 MPa, respectively). Additional investigations are needed to evaluate the effect of
the variability of the results on the performance of the composite, as significant variability can nullify the effect of increased fibre
volume fractions.

3.3. Empirical models to derive the residual flexural strengthsfR1 andfR3

The ability to predict the values of the characteristic residual flexural strengths fR1k and fR3k based on the concrete matrix
compressive strength and the fibre geometry and volume fraction reduces the number of experiments required to evaluate the material
performance, enabling preliminary structural design and verification in reduced time and cost. Several authors [11,43,51–53] pro-
posed empirical models to predict the residual flexural strengths fR1 and fR3 rather than their corresponding characteristic values fR1k
and fR3k by knowing the compressive strength of the reference plain concrete and the fibre geometry and volume fraction. This is
mostly because the previous version of the fib Model Code (fib Model Code 2010) required the determination of the characteristic
values fR1k and fR3k solely for material classification rather than for design purposes. Additionally, experimental data in the literature
rarely include the standard deviation from the mean values of fR1 and fR3, making calculating the corresponding characteristic values
more challenging. Table 5 summarises the currently available empirical equations to predict fR1 and fR3 developed for steel
fibre-reinforced Portland cement-based concrete (SFRPCC).

Fig. 8 shows the correlation between the experimental and the predicted values of the residual flexural strengths fR1 and fR3 for
SFRAASC calculated using the empirical equations collected in Table 5. To evaluate the accuracy of prediction of each empirical
equation, the Integral Absolute Error (IAE) is introduced as follows:

IAE=
∑

|Qi − Pi|
∑
Qi

⋅ 100 (4)

where Qi is the experimental data and Pi is the predicted value. Table 6 summarises the values of IAE for each empirical model
collected in Table 5 and for each fibre type investigated in this study. The lower the values of IAE, the more accurate the prediction. As
shown in Table 6, the correlations proposed by Moraes Neto et al. [52] and Venkateshwaran et al. [11] are the ones showing the
highest and the lowest values of IAE, respectively.

The correlations proposed by Moraes Neto et al. [52] correlate the residual flexural strengths fR1 and fR3 only with the fibre
reinforcing index RIv without considering the fibre geometry, in particular, the number of hooks at the fibre ends, resulting in an
underestimation of both the residual flexural strengths for SFRAASC incorporating single (3D) and multiple hooked-end steel fibres
(4D and 5D). The equations proposed by Venkateshwaran et al. [11] can predict the values of the residual strengths fR1 and fR3 for
SFRAASC quite accurately for each fibre type.

Although calibrated for SFRPCC, the empirical equations proposed by Venkateshwaran et al. [11] show the best accuracy of
prediction also for SFRAASC. The general form of such correlations is given in Eqs. (5) and (6), where A,B,C,D, E and F are the co-
efficients to be recalibrated using the experimental data generated in this study for SFRAASC.

fR1 = Ψ ⋅
(
A ⋅ (fcm)1/2 + B ⋅ RIv + C ⋅ N2

)
(5)

fR3 = Ψ ⋅
(
D ⋅ (fcm)1/2 + E ⋅ RIv + F ⋅ N2

)
(6)

with Ψ =
(
1+ lf/100

)1/2, fcm is the mean cylindrical compressive strength, RIv = vf ⋅
(
lf/df

)
is the fibre reinforcing index (vf = fibre

volume fraction, lf = fibre length, df = fibre diameter) and N is the number of hooked ends of the steel fibres (N = 1 for 3Dfibres, N =

1.5 for 4D fibres and N = 2 for 5D fibres).
The coefficients A – F have been recalibrated by minimising the objective function defined as the mean of the sum of the squares of

the difference between the experimental and predicted values. The Generalised Reduced Gradient (GRG) non-linear optimisation
algorithm available in Microsoft Excel® Solver add-in has been used to carry out the recalibration. The newly calibrated equations are:

fR1 = Ψ ⋅
(
0.063 ⋅ (fcm)1/2 + 10.991 ⋅ RIv + 0.064 ⋅ N2

)
(7)

Table 7
IAE values of the original and newly calibrated empirical correlations.

Empirical model IAE [%]

3D 4D 5D

fR1 fR3 fR1 fR3 fR1 fR3

Venkateshwaran et al. [11] 10.6 11.3 13.6 9.1 19.8 21.9
New correlations 7.1 8.8 3.5 6.2 3.4 15.2
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fR3 = Ψ ⋅
(
0.169 ⋅ (fcm)1/2 + 11.037 ⋅ RIv + 0.059 ⋅ N2

)
(8)

Table 7 shows the IAE values for the newly calibrated coefficients, while Fig. 9 shows the correlation between the experimental and
predicted values of fR1 and fR3 obtained by using the newly proposed empirical models. Significant improvements in the accuracy of the
prediction of fR1 can be observed for all fibre types, whereas minor improvements can be seen for fR3.

Venkateshwaran et al. [11] proposed empirical equations to derive the characteristic residual flexural strengths fR1k and fR3k based
on the same general correlations proposed in Eq. (5) and Eq. (6). Following the same approach used in this section for fR1 and fR3, the
coefficients of such equations can be recalibrated using the characteristic values fR1k and fR3k calculated from the experimental values
obtained in this study. The newly recalibrated equations can be written as follows:

fR1k = Ψ ⋅
(
− 0.103 ⋅ (fcm)1/2 + 10.466 ⋅ RIv + 0.053 ⋅ N2

)
(9)

Table 8
Values of the coefficients A − F proposed by Venkateshwaran et al. and the newly calibrated ones.

Empirical model Coefficient

fR1k fR3k

A B C D E F

Venkateshwaran et al. [11] 0.226 5.447 − 0.149 0.201 6.830 0.182
New correlations − 0.103 10.466 0.053 − 0.029 11.115 0.069

Table 9
IAE values of the original and newly calibrated empirical correlations.

Empirical model IAE [%]

3D 4D 5D

fR1k fR3k fR1k fR3k fR1k fR3k

Venkateshwaran et al. [11] 13.2 15.3 31.6 19.2 29.0 19.5
New correlations 20.9 13.0 10.2 10.0 12.5 11.9

Fig. 10. Tensile constitutive models for (a) plain concrete and (b) steel fibre-reinforced concrete according to the fib Model Code 2020. The post-
cracking bilinear tensile stress-crack opening for steel fibre-reinforced concrete is described by (c).
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fR3k = Ψ ⋅
(
− 0.029 ⋅ (fcm)1/2 + 11.115 ⋅ RIv + 0.069 ⋅ N2

)
(10)

Tables 8 and 9 summarise the coefficients A − F proposed by Venkateshwaran et al. [11] and the newly calibrated ones, and their
corresponding IAE values, respectively. As observed for the residual flexural strength fR1 and fR3, the contribution of the compressive
strength and the number of bends at the end of the fibre is less relevant for SFRAASC than SFRPCC, while the fibre reinforcing index RIv
seems to play amore significant effect. Negative values of the coefficients A and D could be the result of the limited amount of data used
for the calibration and their limited variability. The experimental data used by Venkateshwaran et al. [11] exhibit a 28-day
compressive strength ranging from 28.1 to 56.1 MPa, while in this study the 28-day compressive strength of SFRAASC ranges from
43.8 to 52.6 MPa. Thus, additional experimental data are needed to validate such conclusion.

As shown in Table 9, the values of the IAE decreases for each fibre type, proving the need of further calibration of currently existing
empirical equations for alternative binders such as alkali-activated slag-based concrete incorporating steel fibres.

3.4. Verification of the fib Model Code 2020 tensile constitutive model

3.4.1. fib Model Code 2020 tensile costitutive model
A bilinear tensile stress-crack opening constitutive model describing the tensile post-cracking behaviour of steel fibre-reinforced

concrete can be derived from three-point bending tests (Fig. 10c). According to the fib Model Code 2020 [47], the first branch of
the curve can be derived from the post-cracking response of plain concrete under uniaxial tension (Fig. 10a).

The stress-crack opening relationship is described as follows:

σct =
{

fctm ⋅ (1 − 0.8 ⋅ (w/w1),w < w1
fctm ⋅ (0.25 − 0.05 ⋅ (w/w1),w1 < w ≤ wc

(11)

where w1 = GF/fctm and wc = 5 ⋅ GF/fctm are the crack openings at σct = 0.20 ⋅ fctm and σct = 0, respectively, and fctm and GF are the
tensile strength and the fracture energy, respectively. For plain concrete, fctm and GF can be derived as follows:

fctm = 1.8 ⋅ ln(fck) − 3.1 (12)

GF =85 ⋅ (fck)0.15=85 ⋅ (fcm − 8)0.15 (13)

where fck and fcm represent the characteristic and mean cylindrical compressive strength of the plain concrete, respectively. The second
branch of the tensile constitutive model is defined by the fib Model Code 2020 for steel fibre-reinforced cement-based concrete
(SFRPCC). The linear post-cracking stress-crack opening correlation represents the behaviour of SFRPCC at the serviceability limit
state (SLS), which is assumed to be elastoplastic in uniaxial tension and elastic in uniaxial compression. At the ultimate limit state
(ULS), the compressive stress is concentrated at the upper part of the cross-section and a crack opening of 2.5 mm at the lower part is
considered [54].

As shown in Fig. 10b, the post-cracking stress-crack opening relationship depends on the characteristic values of the residual
flexural tensile strengths fR1k and fR3k, corresponding to a crack mouth opening displacement (CMOD) of 0.5 mm (CMOD1) and 2.5 mm
(CMOD3), respectively.

Once the values of the characteristic values fR1k and fR3k have been calculated, the tensile stress-crack opening relationships ac-
cording to the fib Model Code 2020 can be derived, introducing the residual flexural strengths fFts and fFtu. The first represents the
residual flexural strength corresponding to the serviceability limit state (SLS), i.e. the post-cracking strength for serviceability crack
opening of 0.5 mm, while the latter represents the residual flexural strength corresponding to the ultimate limit state (ULS), i.e. the
post-cracking strength for ultimate crack opening of 2.5 mm. The values fFts and fFtu can be calculated as follows:

fFts = 0.37 ⋅ fR1k (14)

fFtu = fFts −
wu

CMOD3
(
fFts − 0.57 ⋅ fR3k + 0.26 ⋅ fR1k

)
≥ 0 (15)

where wu =maximum crack opening accepted in structural design. In this study, a value of wu equal to 2.5 mm is used, thus, Eq. (15)
can be rewritten as follows:

Table 10
CDP model parameters available in the literature for plain PCC and the values used for SFRPCC and SFRAASC.

Parameter Plain PCC (from the literature) SFRPCC and SFRAASC (this study)

σb0/ σc0 1.12 1.16
Kc 0.64 ≤ Kc ≤ 0.80 0.6667
Φ 25◦ ≤ Φ ≤ 40◦ 50◦

e 0.1 0.1
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Fig. 11. Experimental and numerical Load-CMOD curve for each concrete matrix and steel fibre type.
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Fig. 12. Bilinear stress-strain tensile relationships for SFRAASC and SFRPCC. The dashed lines indicate the correlations obtained from the fibModel
Code 2020 while the bold lines represent the correlations used for the numerical simulations.
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fFtu = 0.57 ⋅ fR3k − 0.26 ⋅ fR1k (16)

Once the values of the residual flexural strengths fR1 and fR3 and the corresponding characteristic values fR1k and fR3k are known, the
tensile constitutive laws proposed by the fibModel Code 2020 can be derived for each fibre and concrete matrix type and used as input
parameters for numerical simulations. From the stress-crack opening relationships, stress-strain curves can be derived according to the
following equations:

εSLS = 0.5 mm/lcs (17)

εULS=wu/lcs (18)

where lcs is the characteristic length, which is assumed to be 125 mm in this study for each concrete matrix and fibre type.

3.4.2. Numerical simulations
The Concrete Damage Plasticity (CDP) model available in ABAQUS Software has been chosen for numerical simulations. The CDP

model combines isotropic damage elasticity and isotropic compressive and tensile plasticity, allowing the prediction of the behaviour
of unreinforced concrete. Although originally developed for plain cement-based concrete, several authors [55–58] applied the CDP
model to fibre-reinforced concrete too, considering the composite as a homogeneous continuous material and refining the model
plasticity parameters to consider the effect of fibre incorporation. These parameters, such as the ratio of the initial biaxial compressive
yield stress to the initial uniaxial yield stress (σb0/σc0), the ratio of the second stress invariant on the tensile meridian to the
compressive meridian at the initial yield (Kc), dilation angle (Φ) and eccentricity (e) can be obtained experimentally or they can be
found in the literature for traditional cement-based concrete (PCC) with and without steel fibres [56,59–61]. The same parameters
used for SFRPCC are used also for SFRAASC and they are summarised in Table 10.

Fig. 11 shows the experimental and numerical load-CMOD curves obtained for each concrete matrix and steel fibre type. For both
SFRAASC and SFRPCC, the numerical model is able to capture qualitatively the post-cracking response for each fibre type and dosage.
For the lowest fibre volume fraction (0.25 %), the numerical model can predict quite accurately the post-peak response of both
composites. However, the peak load is overestimated, suggesting an over-prediction of the tensile strength by the constitutive model.
At higher fibre volume fractions the numerical results underestimate the post-peak behaviour for both composites and all fibre types.
Improving the tensile constitutive law does not necessarily lead to better numerical predictions, as demonstrated through inverse
analysis in Appendix A. This suggests the inability of the CDPmodel to account for post-peak hardening behaviour in tension regime as
shown in Fig. 11 due to theoretical limitations. As a result, the effective post-peak tensile behaviour (dashed lines in Fig. 12) has been
approximated in most cases with a flatter slop as input parameter for numerical simulations. To capture the experimental post-peak
hardening behaviour, discrete models explicitly accounting for fibre geometry, orientation and distribution, as the one developed by
Zhang et al. [62], should be used.

4. Conclusions

This study evaluated the post-cracking flexural behaviour of steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC)
and same strength-grade steel fibre-reinforced cement-based concrete (SFRPCC) incorporating single (3D) and multiple (4D and 5D)
hooked-end steel fibres in different volume fractions up to 0.75 %. From the experimental Load-CMOD curves, the values of the re-
sidual flexural strength fR1 and fR3 corresponding to CMOD values of 0.5 mm and 2.5 mm, respectively, have been derived. Such values
have been then used to verify the applicability to SFRAASC of currently available empirical models developed for SFRPCC to predict
the values of the residual strengths fR1 and fR3 by knowing the properties of the reference concrete matrix and the fibre geometry and
volume fraction. Additionally, the values of fR1 and fR3 have been used to derive tensile stress-crack opening constitutive models for
finite element numerical simulations. The concrete damage plasticity (CDP) model available in ABAQUS Software has been used to
simulate the post-cracking behaviour of each composite. Based on the experimental and numerical investigations carried out in this
study, the following conclusions can be drawn:

• The incorporation of single (3D) and multiple (4D and 5D) hooked-end steel fibres in different volume fractions has a limited effect
on the flexural strength corresponding to the limit of proportionality (fLOP) for both SFRAASC and SFRPCC, as it mainly depends on
the mechanical behaviour of concrete matrix. However, SFRAASC mixes exhibit higher values of fLOP than SFRPCC for each fibre
type and volume fraction, resulting in higher resistance to flexural loading of the alkali-activated slag-based concrete matrix in
comparison to a similar strength-grade cement-based concrete.

• The post-peak residual flexural strengths fR1 and fR3, corresponding to a CMOD of 0.5 mm and 2.5 mm, respectively, increase with
the increase in the fibre volume fraction for each fibre and concrete matrix type. SFRAASC mixes incorporating 3D fibres show
higher values of residual flexural strengths in comparison to SFRPCCmixes incorporating the same fibre type and dosage. Although
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SFRAASC and SFRPCCmixes incorporating 4D fibres in different volume fractions exhibit similar post-cracking behaviour, SFRPCC
mixes incorporating 5D fibres outperform SFRAASC mixes incorporating the same fibres in the same volume fractions.

• The currently available empirical models for SFRPCC predicting the residual flexural strengths fR1 and fR3 generally overestimate
the values of residual flexural strengths of SFRAASC and therefore need to be recalibrated. The empirical equations proposed by
Venkateshwaran et al. [11] show the highest accuracy in predicting the residual flexural strengths of SFRAASC, thus, the equations
coefficients have been recalibrated using the experimental data generated in this study and new empirical correlations have been
proposed.

• The Concrete Damage Plasticity (CDP) model available in ABAQUS Software together with the fib Model Code 2020 qualitatively
captures the behaviour of SFRAASC and SFRPCC composites incorporating single and multiple hooked-end steel fibres. However,
the model proposed by the fib Model Code 2020 overestimate the composite peak stress. Additionally, the numerical model un-
derestimates its post-peak behaviour, when fibre volume fractions higher than 0.25 % are used as post-cracking hardening
behaviour is not accounted for in the CDP model. In summary, for higher fibre content the numerical model fails to quantitatively
capture the experimental results. This is due to inherit theoretical limitation of the CDP model to account for the tensile post-
cracking hardening behaviour.

This study is a first step in evaluating and understanding the post-cracking behaviour of steel fibre-reinforced alkali-activated
concrete (SFRAASC) highlighting its potential as an alternative to SFRPCC for structural applications. However, further investigations
are needed. Single and multiple hooked-end steel fibres should be incorporated in alkali-activated slag-based concretes of different
strength grades to evaluate the effect of the concrete matrix properties on the performance of the composite. Furthermore, the fibre-
matrix bond interaction should also be investigated to evaluate its effect on the flexural response of the composite. The post-cracking
response of the composite, the concrete matrix properties and the fibre-matrix bond strength can then be used as input parameters for
numerical simulations. Modelling each steel fibre explicitly can help to alleviate shortcomings of code-based constitutive models, as
shown in this study.
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Appendix

Numerical inverse analysis

After evaluating the applicability of the tensile constitutive model proposed by the fib Model Code 2020 to SFRAASC, inverse
analysis was also used to derive a new tensile stress-displacement relationship as input parameter for finite element simulations to
improve the accuracy of prediction. A trilinear tensile softening relationship was used for inverse analysis, as shown in Figure A.1.
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Fig. A.1. Tensile post-cracking trilinear stress-displacement curve used for (a) plain and (b) fibre-reinforced concrete, for both SFRPCC
and SFRAASC.

The trilinear softening law is defined by non-dimensional parameters (gi) obtained by normalising the tensile stress σ with the
tensile strength ft . Each segment of the trilinear curve is defined by two parameters, ai and bi, which represent the slope of the segment
and its intercept with the y-axis, respectively.

The equations describing each segment are presented in Eq. (A.1) [43,63]:

gi(u) =
σi(u)
ft

= bi − ai ⋅ u =

⎧
⎨

⎩

1 − a1 ⋅ u, 0 ≤ u ≤ u1
b2 − a2 ⋅ u, u1 ≤ u ≤ u2
b3 − a3 ⋅ u, u2 ≤ u ≤ u3

(A.1)

The parameters to be optimized are bi (i= 2, 3) and ai (i= 1, 2, 3) for plain concrete. For steel fibre-reinforced concrete, the slope of
the third segment is considered zero [68] and the displacement u3 is increasing to a value du. To improve the definition of the bounds in
the optimisation, bi (i = 2, 3) parameters are not directly optimized. Instead, the parameters a, b and c (Fig. 2) are introduced. Clearly:

a+ b+ c = 1 (A.2)

The number of optimisation parameters can be further reduced by introducing additional parameters α and β, correlating the
parameters a, b and c as follows:

α=
a
b

β=
b
c

(A.3)

Thus, replacing equation (A.2) and (A.3) in (A.1), bi can be written depending on α and β (Eq. (A.4)):

b2 = 1 − α ⋅
(

1
1+ α + β

)

b3 = 1 − (α + β) ⋅
(

1
1+ α + β

)

(A.4)

Only the parameters α, β, ai (i = 1, 2, 3) and du need to be optimized through inverse analysis. Global optimisation is performed
using a differential evolution algorithm of the SciPy package [69]. The objective function for minimization is the difference between
the load-CMOD curve obtained from numerical simulations and experiments. To have meaningful results bounds for the parameters to
be optimized are given as follows:

a1 ∈ [1, 1000], a2 ∈ [0.1, 10], α, β ∈ [0.1, 0.95], du ∈ [3,5], and ft ∈ [2,4]

The experimental three-point bending tests performed for each concrete type (AASC and PCC) incorporating different fibre types
(3D, 4D and 5D) at different volume fractions (0 %, 0.25 %, 0.50 % and 0.75 %) are modelled in ABAQUS/Explicit, considering
symmetry in the middle of the notched beam. Horizontal and vertical displacements are constrained in the supports at the ends of the
beam. The loading is applied as a vertical displacement along the symmetry axis of the beam. The performed analysis was quasi-static,
thus, mass scaling was included to accelerate the analysis time. A quadrilateral mesh with CP4SR (four-node bilinear plane stress
quadrilateral, reduced integration) elements was used. The element spacing considered was 8 mm, resulting in 662 elements.

Figure A.2 shows the output from inverse analysis and its comparison with the experimental load-CMOD curves obtained for
SFRAASC and SFRPCC. The results obtained from inverse analysis are able to qualitatively capture the experimental curves for both the
pre-and post-cracking phases. In terms of quantitative evaluation, the model predictions and the experimental results agree well for the
reference mix and the mixes incorporating 0.25 % fibre volume fraction for both SFRAASC and SFRPCC. For higher fibre contents,
significant differences exist between the numerical model and the experimental load-CMOD curves. This is mainly due to the
assumption in the CDP model of a homogeneous material, i.e. the steel fibres and the concrete matrix are not modelled separately.
Furthermore, continuum damage mechanics suffers from theoretical limitation due to the assumption of monotonically decreasing
values for the post-peak tensile stress-displacement function. This is contradictory to the real behaviour of SFRAAC and SFRPCC with
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higher fibre volume fractions, for which a post-cracking hardening behaviour can be observed.

Fig. A.2. Experimental and numerical (dashed lines) load-CMOD curves for SFRAASC and SFRPCC mixes incorporating (a-b) 3D, (c-d) 4D, and (e-f)
5D steel fibres in different volume fractions.
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