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Abstract This study investigates the effect of single
and multiple hooked-end steel fibres on the mechan-
ical properties of alkali-activated slag-based concrete
(AASC) and compares its performance with a similar
strength-grade Portland cement concrete (PCC). Three
different fibre geometries, i.e. single (Dramix® 3D),
double (Dramix® 4D) and triple hooked-end (Dra-
mix® 5D) steel fibres, and three different volume
fractions, i.e. 0.25%, 0.50% and 0.75% are considered.
Compressive strength, modulus of elasticity and
stress—strain response under uniaxial compression
are evaluated. Hooked-end steel fibres have a limited
effect on the compressive strength and modulus of
elasticity of both AASC and PCC, regardless of fibre
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geometry and content. Although hooked-end steel
fibres improve the compressive stress—strain beha-
viour of both composites, higher enhancement of peak
stress, corresponding strain and post-peak response is
observed for fibre-reinforced AASC (FRAASC) mix-
tures. To predict the stress—strain response under
uniaxial compression of steel FRAASC a new analyt-
ical model is proposed and calibrated using an
extensive dataset of experimental stress—strain curves
available in the literature for both steel fibre-rein-
forced PCC and AASC. This model can predict the
compressive stress—strain behaviour of FRAASC
using the compressive peak stress and corresponding
strain of the unreinforced matrix and the steel fibre
reinforcing index (RI,) as inputs and provides excel-
lent results when validated against the data obtained in
this study for FRAASC.

Keywords Hooked-end steel fibres - Alkali-
activated fibre-reinforced concrete - Slag concrete -
Mechanical properties - Stress—strain behaviour

1 Introduction

Alkali-activated slag concrete (AASC) has been the
subject of in-depth research in recent years as a more
environmentally friendly alternative to Portland
cement (PC) as a binder for concrete [1-7]. Alkali-
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activated slag concrete exhibits comparable or even
better mechanical and durability performance than
traditional PC concrete (PCC), such as higher early-
age strength and higher stability in aggressive envi-
ronments [1, 4, 7-13]. Despite its promising nature,
AASC exhibits more brittle behaviour than cement-
based concrete [14, 15], which can be attributed to the
higher autogenous shrinkage-induced micro-cracking
of AASC [1, 6, 11, 12, 15-18]. This restricts the
applicability of AASC in areas requiring high flexural
and tensile capacity. Several studies [9, 11-13, 18-21]
demonstrated that the addition of randomly distributed
steel fibres is an effective way to overcome the
brittleness of the alkali-activated slag-based matrix.
Transferring stresses across the cracked surfaces and
increasing the energy needed for crack growth, fibres
mitigate crack formation and propagation. The crack
bridging capacity of the fibres enhances the ductility,
fracture toughness and post-cracking load-bearing
capacity of the composite [11, 18]. The efficiency of
fibre bridging ability largely depends on the fibre-
matrix interface bond [20, 22-24]. Thus, novel
multiple hooked-end fibres have been developed to
improve the fibre’s mechanical anchorage, tensile
strength and ductility. Unlike the old generation of
single hooked-end steel fibres, generally known as 3D
fibres, novel multiple hooked-end steel fibres are
characterised by improved geometry, i.e., additional
bends at both ends of the fibre, resulting in double (4D)
and triple (5D) hooked-end steel fibres. Several studies
investigated the pull-out behaviour [24-26] and the
influence of novel hooked-end steel fibre geometry on
the post-cracking behaviour of cementitious compos-
ites [23, 27-30]. Lee et al. [27] and Abdallah et al. [29]
demonstrated that the incorporation of 3D, 4D and 5D
fibres up to a volume fraction of 1% has a limited
effect on the compressive strength. However, fibre
geometry and volume fraction significantly affect the
flexural behaviour of the composite, with 4D and 5D
fibres showing higher flexural strength than 3D fibres.
Although several studies investigate the effect of the
addition of multiple hooked-end steel fibres on the
mechanical properties of cementitious composites,
very few investigations focus on the incorporation of
these fibres in alkali-activated slag-based concrete.
Shaikh [20] investigated only the pull-out behaviour
of 3D, 4D and 5D fibres in alkali-activated fly ash-
based and alkali-activated fly ash-slag mortars. El-
Hassan and Elkholy [6] evaluated the effect of hybrid

steel fibre reinforcement in blended alkali-activated
concrete, i.e. different proportions of 3D, 4D and 5D
fibres were added in an alkali-activated slag-fly ash
matrix. However, the effect of each fibre geometry on
the performance of alkali-activated slag-based con-
crete has not been evaluated. The understanding of the
effect of novel hooked-end steel fibres on the
compressive and tensile stress—strain behaviour of
alkali-activated slag concrete is still lacking. Evaluat-
ing the full-range stress—strain response of the com-
posite under both compression and tension is
fundamental to fully characterise newly developed
construction materials such as fibre-reinforced AASC
(FRAASC) and derive constitutive models for design
and field applications.

Different analytical models have been developed to
predict the behaviour of steel fibre-reinforced Portland
cement concrete (FRPCC) under uniaxial compression
[31-35]. The majority of these models are based on the
model proposed by Carreira and Chu [36] for plain
concrete and modified by Ezeldin and Balaguru [35]
for steel FRPCC. Equation (1) provides the general
formula of these previously mentioned models while
the available analytical models for steel FRPCC are
summarised in Table 1.

Oc _ ﬁ(sc/gc,max(FRC)> (1)
ﬂ -1+ (86/80,max(FRC))ﬂ

where o, is the compressive Stress, 0. max(Fre) iS the
maximum compressive stress (compressive strength),
& is the uniaxial strain, & max(Fre) i the uniaxial strain

O ¢, max(FRC)

corresponding t0 ¢ maxFrc) and B is a material
parameter. Most of the models summarised in Table 1
were fitted on a small set of experimental results,
making each model strictly dependent on the test
conditions [7] and the characteristics of both the
matrix and the steel fibre type investigated. Further-
more, many models provide a single equation to
describe the entire compressive stress—strain curve
without considering the different effects of fibre
geometry and volume fraction on the pre- and post-
peak branch of the stress—strain curve. Only Ruiz et al.
[37] and Lee et al. [38] developed a model based on
two separate equations to describe the stress—strain
curve under compression and take into account the
different effects of steel fibre incorporation on the
material behaviour. Although the equation proposed
by Ruiz et al. [37] for & <& max(rre) can predict quite
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Table 1 Analytical models for the compressive behaviour of steel fibre-reinforced PC concrete (PCC) and plain alkali-activated fly
ash (AAFA) and fly ash-slag (AAFA/GGBS) concrete

References Matrix ~ Fibre  Fibre Fibre Analytical model and coefficients
type type  geometry content
(s /dy)
Carreira and PCC - - - o Bl(ee/temawer)
Chu [36] Ocmax(REF) B=1+ (e /ac_mx(REF))ﬁ
p=—F—">—
- ¢, max(REF)
("’c.m:\x(REF) Eit(REF) )
&¢,max(REF) = (4'886c.max(REF) + 168)1075
Ezeldin and PCC HE 50/05 30 kg/ oo Blec/remnime))
Balaguru [35] 60/0.8 Hl3 Temax(FRC) /3—|+(E¢ /gc.me\x(FRC))/‘
30/0.5 4Skel p=1.093+0.7132(R1,) "
m
60 keo/ 0¢ max(FRC) = Oc,max(REF) + 3'51(R1w)
g _
m3 &c,max(FRC) = &c,max(REF) +446x10 6(RIW)
Nataraja et al. PCC C 27.5/0.5 39 kg/ o _ B2 /2 maxtiv) )
[31] 41/0.5 m3 T, max(FRC) [371+(1:4 /& max(FRC) )/‘
kel p=0.5811+1.93(Ri,) "
m
78 Ko/ O¢ max(FRC) = Oc,max(REF) + 21604(R1n)
g
m> &c,max(FRC) = &c,max(REF) + 00006(RIW)
De Oliveira PCC HE 35/0.55 1.00% oo Blec/temre))
Junior et al. 200% TSRO ot (a/eemniwe))
[32] B = (0.0536 — 0.574v;) 0 a0
gc.max(FRC) = (000048 + 0.0]886Vf)lno'cvmax([:Rc)
Ou et al. [33] PCC HE 30/0.5 0%— o0 _ B2 /2 mxtive) )
30/0.6 3.40%  Ocmax(FrC) 1+ (e, /Ec.max[FRC))ﬂ
35/0.5 p= O.71(RIV)2 — 2.00RI, +3.05
50/0.5 Ocmax(FRC) = Ocmax(REF) + 2-35(R1,)
50/1.0 &cmax(FRC) = €c,max(REF) + 00007(RIV)
60/1.0
Abbas et al. PCC HE 40/0.62 0.50% 0 _ B(ee/temaxrre))
[34] 50/0.62 1.00% 7m0 pet (o foemairnc))
60/0.75 1.50%  f = 1.401(RI,)* — 1.56RI, + 2.42
O¢ max(FRC) = Oc¢,max(REF) + 559(RIV)
&c,max(FRC) = €c,max(REF) +0.000261 (RIV)
Lee et al. [38] PCC HE 50/1.05 0.50% N Aee/temniime))
Oc = Ocmax(FRC) 7 -7, B
35/0.55 1.00% Al (ec/temantrrc) )
30/0.38 150% A =B = ¢/ ma(rre) < |
2.00% - <’c.max(FRc) E, (FRC))

A =1+0.723(RL,)™"%

¢,max 0.064 . , &/ 8¢, > 1
B= (%) [1 +0.882(RI, )52 / & max(FRC)

Ec,max(FRC) = (00003(R1v) + 0~0018)GcAmax(FRC)0‘12
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Table 1 continued

References Matrix  Fibre  Fibre Fibre Analytical model and coefficients
type type  geometry content
(s /dr)
Ruiz et al. PCC o Sc/gc max(FRC) ) — 80/8c max(FRC :
[37’44] ( : ( )) ( : ( )) ) 86/8(‘.max(FRC) S 1

O ¢ max(FRC)

o= 1,05 & max(

— 1+ (’J - 2) (8('/86,m(1.\’(FRC))

1

1= (1= o) (2e/ccmar(rre) = 1’
Ec(rre)

FRC) O max(FRC)

Ec/gc,mux(FRC) >1

ok = 0.8279 + 0.3888 [;(35.03 v¢- 1), If=I;/30
O¢ max(FRC) = O’c‘max(REF)(l +4. 17I:Vf)
Cemax(FRC) = femax(rep) |1 + 048234(ve — 0.00260617)]

A = fibre aspect ratio

Hardjito et al.  AAFA - - -

[39] Oc = Oc max(REF)

n (CL / £c,max(REF) )
n—l+ (81 /e max(REF) )”k

n=0.8 + (Gc.m;ix7[REF))

|

Noushini et al. AAFA -

0.67 + (

) 8(:/8(',max(REF) <1

O¢ max(REF
#), S("/Ef\"MX(REF) >1

n(& /e max(REF) )

[41] O max(REF)

|

w = C(124 — O-Olsac.max(REF))7

—0.45
n = [102 - 1~17(Esec(REF)/Ec(REF))}
ny =ny + (o + 28(),

"
n—1+ (E: /€. max(REF) )

Sr/gc,max(REF) <1
Sc/ec,max(REF) > 1
0.5

C = 0.836(791I/JC.nmx(REF))

Cong et al. [42] AAFA/ - - -

"’(SL /Sc.nmx(REF) )

GGBS O¢,max(REF)

7
me»(S‘ /Ec.mnx(m—_k‘))

m=2.0+ (E—‘l'ggF))

/)’:S—HO( 84 )

¢, max(REF)

HE = hooked-end steel fibres, C = crimped steel fibres, E(rrc) and E;ger) = initial secant modulus at 40% of the peak stress for
fibre-reinforced and plain concrete, respectively; E (zrc) and E.rer)= modulus of elasticity for fibre-reinforced and plain concrete,
respectively; I¢ = fibre length; v¢ = fibre volume fraction; RI,, and RI, = reinforcing index (/s /dy e v¢) calculated using the fibre weight

and volume fraction, respectively; Ocmax(Frc) and O max(REF)

compressive strength of fibre-reinforced and plain concrete,

respectively; & max(ere) and & max(REF) = Strain corresponding to peak stress of fibre-reinforced and plain concrete, respectively

accurately the pre-peak ascending branch of the
stress—strain curve of steel FRPCC, the parabolic
equation describing the post-peak descending branch
is not able to represent the real compressive response
of the composite, characterised by exponential soft-
ening behaviour. Lee et al. [38] proposed a two-
equation model governed by two material parameters.
In the pre-peak phase of the stress—strain response
under uniaxial compression, the two parameters have
the same value and the model corresponds to the one
proposed by Ezeldin and Balaguru [35]. In the post-

peak phase, the model parameters have different
values linked to the fibre reinforcing index RI,
(defined as the product of the fibre aspect ratio
(It /dy) and the fibre volume fraction (v)) to take into
account the fibre-bridging effect once cracks start
growing and propagating.

Analytical equations to predict the stress—strain
behaviour under uniaxial compression of alkali-acti-
vated concretes have been developed in recent years
and are also summarised in Table 1. Hardjito et al. [39]
evaluated the stress—strain response of heat-cured fly
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ash-based alkali-activated concrete and demonstrated
that the model proposed by Collins et al. [40] for PCC
predicts quite accurately both the ascending and
descending branch of the experimental curves.
Noushini et al. [41] investigated the compressive
response of heat-cured alkali-activated fly ash-based
concrete and proposed new material parameters to
better predict the ascending and descending branches
of the stress—strain curve. Cong et al. [42] analysed the
compressive stress—strain response of blended alkali-
activated fly ash-slag concrete and proposed new
analytical equations fitting the experimental stress—
strain curves. Despite the current availability of
analytical equations describing the stress—strain
response of alkali-activated fly ash-based concretes,
models to predict the compressive stress—strain
behaviour of AASC with the incorporation of steel
fibres are still missing. Although several studies
investigated the performance of alkali-activated slag-
based concrete reinforced with steel fibres, only a few
focused on the full-range stress—strain response under
uniaxial compression without providing any analytical
model [21, 43].

The present study fills the research gap highlighted
above and provides an in-depth understanding of the
mechanical behaviour under uniaxial compression of
alkali-activated slag-based concrete incorporating
single and multiple hooked-end steel fibres in different
volume fractions up to 0.75%. The compressive
behaviour of the plain and fibre-reinforced AASC
was characterised by the compressive strength, mod-
ulus of elasticity and stress—strain response under
uniaxial compression. The same tests are also per-
formed on traditional PCC reinforced with the same
fibre types and contents to better evaluate the
behaviour of different fibre geometries in different
concrete matrices. The experimental results obtained
for FRPCC, in combination with available literature
data for steel FRPCC and FRAASC, have been used to
propose and calibrate a new analytical model. This
model can predict the stress—strain response of both
AASC and PCC incorporating steel fibres, considering
the matrix compressive peak stress and corresponding
strain and the fibre reinforcing index RI, as the only
input parameters. The experimental data collected for
FRAASC in this study are then used to validate the
model. This allows for the verification of the suitabil-
ity of the proposed model to any fibre and concrete

type and, in particular, to AASC reinforced with single
and multiple hooked-end steel fibres.

2 Experimental programme
2.1 Materials
2.1.1 GGBS

The ground granulated blast furnace slag (GGBS) used
in this study was supplied by the Dutch company
Ecocem Benelux B.V. Its chemical composition was
obtained by X-ray fluorescence (XRF) as shown in
Table 2. The basicity coefficient K}, = (CaO + MgO)/
(SiO, + Al,03) and the hydration modulus
HM = (CaO + MgO + Al,03)/ SiO,), in % by mass,
were 1.05 and 1.66, respectively.

2.1.2 Alkaline activators

The alkaline activator used was a combination of
sodium silicate (waterglass), sodium hydroxide and
water. Sodium silicate (SS) solution was a commer-
cially available product supplied by the company
Woellner with a specific gravity of 1.37 g/em® and a
silicate. modulus Mg (the molar ratio of SiO, to
Na,0) of 3.4. The silicate modulus of the alkaline
solution was adjusted by adding sodium hydroxide
solution (NaOH with 50% solid content) to achieve
Mon= 0.5 [mol/mol] and a total concentration of
5.3% of Na,O (expressed as a percentage of the slag
weight). Additional water was added to the alkaline
solution to achieve a liquid/binder ratio of 0.48,
[kg/kg], where both the extra water and the water
included in the activators is considered as liquid
component. The different components of the alkaline
activator were pre-mixed 24 h prior casting to reduce
the heat released by the exothermic reaction between
sodium hydroxide and sodium silicate solutions [5, 8]
and avoid flash setting.

2.1.3 Portland cement

Portland cement (PC) CEM I 42.5 R produced by
HeidelbergCement with a specific surface of 319.8 m*/
kg and loss on ignition of 4.57% was used. The
chemical composition is also shown in Table 2.

PI;
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Table 2 Chemical and physical properties of GGBS and PC (% by mass)

Binder CaO SiO, Al,O3 Fe, 05 MgO P,0s5 K,O Na,O Specific gravity Blaine fineness
(%) (%) (%) (%) (%) (%) (%) (%) [kg/m’] (m*/kg)

GGBS 41.84 3591 10.74 0.39 6.99 0.47 0.40 0.31 2856.7 488.1

PC 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10 3033.3 319.8

2.1.4 Fine and coarse aggregates

Quartzite gravel from the river Rhine with different
maximum sizes, i.e. 8 mm and 16 mm, were used as
fine and coarse aggregates, respectively. Natural river
sand with a maximum size of 2 mm was also used.

2.1.5 Hooked-end steel fibres

Glued single and multiple hooked-end steel fibres,
commercially available with the name of Dramix® 3D
65/60 BG, Dramix® 4D 65/60 BG and Dramix® 5D
65/60 BG, were supplied by NV Bekaert SA. The fibre
geometry and properties are shown in Fig. 1 and
Table 3, respectively. The three different fibre types
used in this study have the same length (60 mm) and
aspect ratio (It/dy = 65) and differ from each other in
terms of fibre tensile strength (o) and the number of
bends at the fibre hooked ends.

2.2 Mix proportions

AAS and PC concrete were designed to achieve the
same strength and workability class, i.e. similar
28-day cubic mean compressive strength of 50 MPa
(C35/45) and consistency class (F3-F4). The mix
proportions for both AASC and PCC are shown in
Table 4. To better assess the effect of hooked-end steel
fibres in the different concrete matrices, the same
binder content and aggregates type and proportions
have been used for both AASC and PCC. Each fibre
type has been added to the reference mixture of

Table 4 in different volume fractions, i.e. 0.25%
(20 kg/m?), 0.50% (40 kg/m>) and 0.75% (60 kg/m”).

A total of 20 mixes, 10 for each binder type, have
been investigated. The matrix type (AASC or PCC),
the fibre geometry (3D, 4D or 5D) and the fibre volume
fraction (0.25%, 0.50% and 0.75%) define each mix.
For example, the mix AASC-4D50 refers to the alkali-
activated slag-based concrete reinforced with 4D
fibres in a volume fraction of 0.50%. The plain
concrete without fibres is referred as reference (REF).

2.3 Specimen preparation

To allow a better comparison between AASC and PCC
mixes, the same casting procedure has been used.
First, sand, fine and coarse aggregates and binder were
dry-mixed in a 250-L concrete mixer for 90 s. The
liquid component (the alkaline solution or water, for
AASC and PCC, respectively) was then added and
mixed for additional 2 min. Finally, steel fibres were
added, and the mixing further prolonged up to a total
of 7 min, to achieve homogeneous fibre distribution in
the fresh concrete. The final mixture was then poured
into the moulds. For each mixture, 9 cylinders with
diameter of 150 mm and height of 300 mm and 3
cubes of 150 mm dimensions were prepared. To avoid
segregation of both aggregates and fibres in the
samples, the moulds were filled in a single layer and
compacted on a vibrating table for 20 s at 40 Hz. The
specimen were demoulded 24 h after casting and
cured according to the binder type. PCC samples were
cured underwater (20 £ 2 °C) for 27 days, while
AASC specimens were wrapped in foil and placed in a

(a) (b)

()

Fig. 1 Configurations of the different hooked-end steel fibres: a double bend (3D), b triple bend (4D), and ¢ quadruple bend (5D).

Arrows show the number of fibre bends

PIEM
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Table 3 Hooked-end steel fibres properties

Fibre type  Length (/f) Diameter (dy) Aspect ratio Fibre tensile strength (o7,)" Strain at ultimate strength®
(mm) (mm) (le/ds) (MPa) (%)
3D 65/60 60 0.90 65 1160 0.8
BG
4D 65/60 60 0.90 65 1600 0.8
BG
5D 65/60 60 0.90 65 2300 6.0
BG
“Provided by NV Bekaert SA [45]
Table 4 Mix proportions of AASC and PCC
GGBS CEM1 Sodium Sodium Water  Sand Fine aggregates Coarse aggregates
(kg/m*  (kg/m*) hydroxide (kg/ silicate (kg/  (kg/m®) (0-2 mm) (2-8 mm) (kg/m®)  (8-16 mm) (kg/m®)
m’) m’) (kg/m?)
AASC 425 - 50 36 154 660 495 495
PCC - 425 - - 229 660 495 495

climate room at (20 £2) °C and 65% relative
humidity until testing date. Underwater curing should
be prevented for alkali-activated concrete mixtures to
avoid the leaching effect of alkalis in water [19].

2.4 Testing procedure

The effect of hooked-end steel fibres on the compres-
sive behaviour of AASC and PCC is evaluated by the
28-day compressive strength, modulus of elasticity
and stress—strain response under uniaxial compres-
sion. To guarantee uniform distribution of the com-
pressive load between the sample surfaces and the
testing machine plates, both top and bottom surfaces
were ground the day before the testing date.

Three cubes and three cylinders were then tested to
evaluate the 28-day mean compressive strength
according to EN 12390-3. The modulus of elasticity
was determined on three cylindrical samples accord-
ing to EN 12390-13:2014 (part B), and three addi-
tional cylinders have been used to investigate the
stress—strain response under compression.

The stress—strain behaviour under compression was
evaluated using an MTS compression-tension testing
machine with 2500 kN capacity with a constant
loading head displacement rate of 0.30 mm/min. The
presence of a spherical calotte above the upper plate of

the machine guarantees that the load is always applied
in the centre of the sample surface, avoiding load
eccentricity. Four external linear variable differential
transformers (LVDTs) were installed between both
ends of the specimens, as shown in Fig. 2, to assess the
axial plate-to-plate deformation and evaluate the post-
peak stress—strain response up to a strain value of 0.01
(10%o).

The plate-to-plate strain measurement can lead to
higher strain values in the pre-peak region compared
to mid-span deformation measurement, although it is
not disturbed by the cracking of the sample surfaces.
This results in a better reading of the post-peak
descending branch [46, 47], where the effect of
hooked-end steel fibres on the compressive response
is more pronounced. Therefore, axial plate-to-plate
deformation measurements were chosen in this study.

Figure 3a shows a generic stress—strain curve
obtained experimentally as the average of three
cylindrical samples. The non-linearity at the origin
(in the red circle) is usually due to the specimen versus
testing machine stiffness and micro-cracking at the
aggregate-matrix interfaces [36].

Due to the test setup, it is not possible to derive from
the stress—strain curve the modulus of elasticity Ej.
The modulus of elasticity is typically calculated by
measuring the deformation in the central zone of a
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’—kiTesting machine

150 mm

300 mm

LVDT LVDT|

]

I] D le——————Machine metal plate

l«———Machine metal plate

Fig. 2 Test set-up to evaluate the stress—strain response under uniaxial compression

A O

'o AR

c,max|

Stress (0,)

8<:.peak Ec

Strain (g,)
(a)

~ s

¢ o,

c,peak Ecu=0!0035 sc
Strain (g,)
(b)

€

Fig. 3 General experimental stress—strain curve obtained as an average of three samples a and b definition of the compressive
parameters Ej (initial secant modulus at 40% of the peak stress) and E. (secant modulus)

loaded cylinder, which is widely assumed to be
subjected to a near-uniform uniaxial compressive
stress due to the negligible frictional restraint at the
specimen-plate interfaces [48]. When measuring the
deformation of the central zone of the sample under
uniaxial compression, the modulus of elasticity £y can
be derived from the experimental stress—strain curve
as the slope of the linear section 0A (Fig. 3b).
However, measuring the plate-to-plate deformation
results in an underestimation of the modulus of

-

elasticity, due to the frictional restraints and resulting
complex state of compressive stresses at the end of the
sample [48]. Thus, for comparison purpose, the
parameters Ej; and Es, i.e. the initial secant modulus
and the secant modulus, respectively, are defined for
each experimental average stress—strain curve. The
initial secant modulus represents the slope the linear
region OA up to a stress corresponding to 40% of the
peak stress. The secant modulus is defined as the slope
of the line connecting the origin with the maximum
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stress (OB). From the definition of Ey, Ej; and E, it is
clear that Ey > Ej; > Eg..

3 Results

3.1 Compressive strength and modulus
of elasticity

Figure 4 shows the mean compressive strength of both
cubic and cylindrical samples and the modulus of
elasticity for AASC reinforced with 3D, 4D and 5D
fibres at 0%, 0.25%, 0.50% and 0.75% fibre volume
fractions. AASC mixes incorporating hooked-end
steel fibres show enhanced cubic and cylindrical
compressive strength compared to the reference
unreinforced mix, regardless of fibre geometry and
volume fraction.

However, the increase in compressive strength
provided by fibre incorporation is not directly corre-
lated to the fibre volume fraction, as the highest values
of strength are not always achieved at the highest fibre
dosage for each fibre type. Only for 3D fibres, the mix
incorporating the highest fibre volume fraction
achieves the highest compressive strength values of
55.8 MPa and 48.3 MPa for cubes and cylinders,
respectively. For 4D and 5D fibres, the highest values
of compressive strength are obtained for the mixes
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AASC-4D25 and AASC-5D50, respectively. The
effects of fibre content on the compressive strength
of composites reinforced with different fibre types can
be correlated to the distribution and orientation of the
fibres in the samples [49]. Fibres aligned perpendic-
ular to the crack opening in the stress direction can
lead to higher values of compressive strength [13] due
to the fibre crack bridging and stress transferring
effect. As shown in Fig. 4a, both cubic and cylindrical
samples show similar strength variations with the
increase of the fibre volume fraction for each fibre
type. The highest values of cubic and cylindrical
compressive strength, 57.8 MPa and 52.6 MPa,
respectively, are achieved by the mix AASC-5D50,
corresponding to an increase in strength in comparison
to the strengths of the reference mix of 21.8% and
28.6%, respectively. Despite the similar trend
observed for the cubic and cylindrical compressive
strength of FRAASC, the conversion factor correlat-
ing the cubic to the cylindrical compressive strengths
differs with the fibre geometry. The correlation
between cubic and cylindrical compressive strength
for each fibre type and volume fraction is evaluated
and discussed in the supplementary information.
Figure 4b shows the 28-day mean modulus of
elasticity of AASC mixes reinforced with 3D, 4D and
5D fibres in different fibre volume fractions. The
incorporation of hooked-end steel fibres enhances the
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Fig.4 28-day mean cubic and cylindrical compressive strength a and modulus of elasticity b of AASC reinforced with 3D, 4D and 5D

steel fibres in different volume fractions

PIEM



96 Page 10 of 23

Materials and Structures (2023) 56:96

modulus of elasticity of the plain matrix, regardless of
the fibre geometry and volume fraction. The modulus
of elasticity increases with the increase of the fibre
volume fraction, regardless of the fibre type. The slight
increment of the modulus of elasticity with the
incorporation of steel fibres up to 1% volume fraction
can be attributed to the high stiffness of the fibres and
the strong fibre-matrix interaction [14, 50]. The mix
AASC-4D75 is the only exception in the present study.
The decrease of the modulus of elasticity with the
increase of the fibre volume fraction from 0.50 to
0.75% can be due to fibre distribution and orientation,
which affect the porosity of the composite [14, 50],
resulting in a negative effect on the modulus of
elasticity.

3.2 Stress—strain behaviour under uniaxial
compression

The compressive stress—strain response of fibre-rein-
forced alkali-activated concrete is linear and similar to
that of plain concrete up to a stress corresponding to
around 40% of the peak stress, as shown in Fig. 5.
Micro-cracks start forming and propagating as the
stresses increase, marginally activating the crack-
bridging capacity of the hooked-end steel fibres.
However, steel fibres have a minimal effect on the
pre-peak ascending branch of the stress—strain curve,
regardless of the fibre geometry and volume fraction.
As stresses approach the maximum stress o 4, the
isolated micro-cracks formed start propagating in an
unpredictable way, due to the material inhomogeneity
and the presence of fibres, leading to the formation of
several macro-cracks. For the unreinforced mixture,

once the maximum compressive stress is reached, the
load-bearing capacity of the material decreases
rapidly, resulting in a quasi-brittle behaviour corre-
sponding to a steep post-peak descending branch of
the diagram. Fibre-reinforced mixtures exhibit a softer
post-peak descending branch as a result of the
transverse confinement effect of the hooked-end steel
fibres [38].

Figure 5 shows the experimental stress—strain
curves obtained for AASC reinforced with 3D, 4D
and 5D fibres in different volume fraction. The
incorporation of hooked-end steel fibres, regardless
of the fibre geometry and volume fraction, enhances
both the peak stress (o, qc) and corresponding strain
(&c,max) of the composites in comparison to the
reference concrete, as also shown in Fig. 6a, b.

The compressive peak stress increment has no clear
correlation to the fibre content variation, but it follows
the same trend observed for the compressive strength
as shown in Fig. 4a. The corresponding peak strain
increases with the increase of the fibre volume
fraction, achieving the highest values at the highest
fibre volume fraction, regardless of the fibre geometry.
The incorporation of hooked-end steel fibres at a
volume fraction of 0.75% enhances the compressive
peak strain of the plain matrix by 22.5%, 28.8% and
21.6%, for 3D, 4D and 5D fibres, respectively. The
increase in value of &4, leads to a reduction of the
initial secant modulus Ej; and the secand modulus E..
in comparison to the reference mix, as shown in
Fig. 6¢c. However, the increased strain corresponding
to the peak stress coupled with the softer post-peak
descending branch of the stress—strain response
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Fig. 5 Experimental stress—strain curves obtained for AASC reinforced with a 3D fibres, b 4D fibres and ¢ 5D fibres in different fibre
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moduli

demonstrates the improved ductility of the material
when reinforced with hooked-end steel fibres.

3.3 Comparison with fibre-reinforced Portland
cement concrete (FRPCC)

3.3.1 Compressive strength and modulus of elasticity

Figure 7a shows the cubic and cylindrical compres-
sive strength of PCC mixes reinforced with different
hooked-end steel fibres at different fibre volume
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fractions. Although the PCC reference mix shows
similar mean cubic compressive strength as AASC,
49.46 MPa and 47.40 MPa, respectively, the incorpo-
ration of hooked-end steel fibres shows a different
behaviour in the two matrix types. In contrast to
FRAASC (see Fig. 4a), hooked-end steel fibres have a
limited effect on the compressive strength of PCC.
AASC mixes show an increment of strength in
comparison to the reference mix up to 21.8%
(AASC-5D50), while PCC mixes achieve a maximum
increment of only 1.54% (PCC-5D75). A similar
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Fig. 7 28-day mean cubic and cylindrical compressive strength a and modulus of elasticity b of PCC reinforced with 3D, 4D and 5D

steel fibres in different volume fractions
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behaviour for PCC was reported also by Lee et al. [27],
in which the incorporation of 3D, 4D and 5D fibres
does not significantly affect the compressive strength
values up to a volume fraction of 1%.

Beglarigale et al. [51] demonstrated that alkali-
activated slag composites reinforced with hooked-end
steel fibres exhibit superior bond strength compared to
traditional PCC. The improved fibre-matrix interac-
tion can be attributed to the higher shrinkage
behaviour of AASC in comparison to PCC. The
higher shrinkage in AASC matrix generates a hydro-
static pressure around the fibre, improving the fibre-
matrix bond [51]. In addition, the stresses generated by
the shrinkage-induced micro-cracking provide an
early activation of the steel fibres, resulting in
improved mechanical performance of AASC when
compared to PCC. As for FRAASC (Sect. 3.1), the
correlation between cubic and cylindrical compressive
strength of PCC reinforced with single and multiple
hooked-end steel fibres is evaluated and discussed in
the supplementary information.

Figure 7b shows the 28-day mean modulus of
elasticity of PCC mixes reinforced with single and
multiple hooked-end steel fibres in different volume
fractions. Although the PCC-REF mix shows similar
modulus of elasticity as AASC-REF, 27.91 GPa and
27.58 GPa, respectively, hooked-end steel fibres have
a different effect on the two matrices. For AASC, the
modulus of elasticity increases with the increase of the
fibre volume fraction (Fig. 4b), with AASC-3D75
achieving the highest value of 29.96 GPa (+ 8.6%
than AASC-REF). For PCC mixes, the incorporation
of steel fibres leads to a reduction of the modulus of
elasticity in comparison to the reference mix, with
only the PCC-3D75 mix showing an increase of
1.15%. The modulus of elasticity is mainly dependent
on the coarse aggregate type and content and the
compressive strength of the matrix, with fibres playing
a minor role [52]. However, hooked-end steel fibres
have a more positive effect on the modulus of
elasticity of AASC than PCC. As the coarse aggre-
gates type and amount is kept constant in AASC and
PCC mixtures, the increase of modulus of elasticity
provided by the hooked-end steel fibres in AASC
composites can be related to the enhanced compres-
sive strength of the composite caused by the stronger
fibre-matrix bond and to the higher shrinkage of the
AASC matrix in comparison to traditional concrete
[51], as previously explained.

3.3.2 Stress—strain under uniaxial compression

Figure 8 shows the experimental stress—strain curves
obtained for PCC mixtures reinforced with 3D, 4D and
5D fibres in different volume fractions and the direct
comparison with AASC. Hooked-end steel fibres have
a limited effect on the compressive peak stress and
corresponding peak strain of PCC composites, with
only the mixtures reinforced with 0.75% fibre volume
fraction showing minimal improvements. For lower
fibre contents the fibre incorporation has a negligible
or even negative effect on these parameters in
comparison to the reference plain concrete. However,
a significant enhancement of the residual stress at
higher strain values can be seen for PCC matrix for all
the fibres types, with the higher fibre volume fraction
and fibre bends providing the highest residual com-
pressive stress at ultimate strain, corresponding to a
softer post-peak descending branch in the stress—strain
diagram.

Figure 9a, c show the correlations between the peak
stress and the corresponding strain of both PCC and
AASC mixes with the fibre reinforcing index RI,,
respectively. Although the peak compressive stress
increases with the increase of the fibre reinforcing
index from 0.167 to 0.50 (Fig. 9a) for both AASC and
PCC, AASC mixes show higher values than PCC,
regardless of the fibre geometry. When the strain
corresponding to the peak stress is considered
(Fig. 9¢c), PCC mixes show higher values than AASC
at RI, = 0.50. However, to evaluate the contribution of
hooked-end steel fibres on the compressive stress—
strain response of both AASC and PCC mixes, the
O-c,max(FRC)/o-c,max(REF) and the 8c,max(FRC)/Sc,max(REF)
ratios need to be considered. 0 max(FRC)/ T max(REF)
represents the ratio between the peak stress of the mix
incorporating steel fibres (0¢ max(Frc)) and the peak
stress of the reference concrete (0¢max(rer))> While
&c,max(FRC) / &c.max(REF) Tepresents the ratio of the value
of the strain corresponding to the peak stress of fibre-
reinforced and reference mixes, respectively. As
shown in Fig. 9b, hooked-end steel fibres have a
positive effect on the compressive peak stress of
AASC, as the 0¢max(FrRC)/ Ocmax(REF) Tatio is higher
than 1, regardless of the fibre geometry and reinforcing
index. For PCC mixes, only the mixes containing 4D
and 5D fibres in volume fractions higher than 0.25%
show values of o max(FrC) / 0cmax(REF) higher than 1.
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The incorporation of 3D fibres in volume fractions up
to 0.75% has no beneficial effect on the compressive
peak stress of the PCC matrix.

As shown in Fig. 9d, the incorporation of hooked-
end steel fibres has a beneficial effect on the
compressive strain corresponding to the peak stress,
as the value of the ratio between the strain corre-
sponding to the peak of the mixes incorporating steel
fibres and the reference mix (&¢ max(FRC)/ €c max(REF)) 18
higher than 1 for both PCC and AASC, regardless of
the fibre geometry and volume fraction. However, in
comparison to PCC, AASC mixes show a higher
increment of strain corresponding to peak stress in
comparison to the reference matrix when steel fibres
are added, indicating a higher ductility. The higher
ductility of the steel fibre-reinforced AASC mixes in
comparison to PCC can be better seen in Fig. e, f.
The value of the stress corresponding to the ultimate
strain of 0.0035 (o, yrre)) (Fig. 9¢) gives an indica-
tion of the slope of the post-peak descending branch of
the stress—strain curve, where higher values of
O u(FrC) correspond to softer descending curves and
higher ductility. To isolate the effect of fibre geometry

and reinforcing index on the ductility of the compos-
ite, the values of 6. yrrc) are normalised to the values
of the reference mix (o, yrer)) and are shown in
Fig. 9f. Although the values of the G, yFrc)/Oc u(REF)
ratio are higher than 1 for both AASC and PCC, AASC
mixes show a higher increment of ductility in com-
parison to the reference mix for each fibre type and
volume fraction than PCC.

4 Analytical modelling of the stress—strain
behaviour

4.1 Model description and calibration

Currently available models to predict the stress—strain
under uniaxial compression of fibre-reinforced con-
crete (Table 1) cannot be applied to PCC and AASC
reinforced with single and multiple hooked-end steel
fibres. This is because these models are derived and
calibrated using a limited number of experimental data
and they are strictly dependent on the fibre type,
dosage and matrix strength investigated. Furthermore,
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«Fig.9 Comparison of the correlation between reinforcing index
RI, and: a the peak stress ocmax(Frc), b the
Oc.max(FRC)/ Oc.max(REF) Tatio, ¢ the strain corresponding to the
peak stress & max(Fre), d the 8c,max(FRC)/8c‘max(REF) ratio, e the
stress . ,(rr) corresponding to a strain of 0.0035 and f the
Oeu(FRC)/ Tcu(rer) Tatio for both PCC and AASC

most of the available models are based on a single
equation, neglecting the difference in the effect of
steel fibres incorporation on the pre-and post-peak
response of the compressive stress—strain curves. This
provides an overestimation of the compressive
behaviour in both the pre- and post-peak phases.
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Figure 10 shows the experimental stress—strain curves
obtained for the plain AASC and the mixes reinforced
with 3D, 4D and 5D fibres at 0.75% fibre volume
fraction and the predicted curves obtained applying
the models developed to alkali-activated concrete
(Table 1). The model developed by Hardjito et al. [39]
can predict the response of plain alkali-activated slag-
based concrete quite accurately (Fig. 10a), while the
models proposed by Noushini et al. [41] and Cong
et al. [42], highly under- or overestimate, respectively,
the post-peak descending branch of the curve. How-
ever, all the models are unable to predict the post-peak
behaviour of AASC incorporating single and multiple
hooked-end steel fibres, as shown in Fig. 10b—d, as the
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Fig. 10 Experimental and predicted stress—strain curves according to current models developed for alkali-activated concrete for

a AASC-REF, b AASC-3D75, ¢ AASC-4D75 and d AASC-5D75
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effect of fibre incorporation is not considered in these
models.

For this reason, a new analytical model is proposed,
which describes the normalised ascending and
descending branches of the stress—strain curve through
two analytical expressions. In the proposed model, the
pre-peak response is based on the function proposed
by Ezeldin and Balaguru [35]. The post-peak descend-
ing branch is modelled using an exponential decay
equation, which has been commonly used in the past to

describe the post-cracking softening behaviour of
unreinforced concrete [53]. The final analytical
expression of the proposed model is given in Eq. 2.

ﬁ (80/8c,max(FRC) )

= ﬁ -1+ (S/Sc,max(FRC))
67(1*8¢-/S(.max(FRC>)

e 7 &/ Eemax(prO) < 1

O ¢,max(FRC)
8/8c,max(FRC) > 1

(2)

where o, is the compressive stress and ¢, is the
corresponding  strain,oc max(Frc) 18 the maximum
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compressive stress of the composite and & max(Frec) 18
the corresponding peak strain, f§ and y are material
parameters governing the pre-peak and post-peak
behaviour, respectively, as shown in Fig. 11. The
parameter f3 controls the ascending pre-peak branch of
the stress—strain curve, where fibres play a minimal
role. Hence the parameter f§ is only dependent on the
ratio between the secant modulus Eg.. and the initial
secant modulus Ej; of the composite. Increasing values
of f corresponds to decreasing steepness of the
ascending branch. The parameter y governs the
steepness of the post-peak descending branch. Values
of y increasing from the 0 to oo represent the variation

55
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| [-M-PCC-3D fibres
-@- PCC-4D fibres
-A\- PCC-5D fibres
5 - |- - - Proposed correlation
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|-@- AASC-4D fibres
4,5 | [A-AASC-5D fibres
Predicted data - AASC
4 [ <P 3D/4D5D fibres
@ 44
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EsecrreyEiere)
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Fig. 14 Values of the parameters a  and b y obtained by fitting
the experimental data for both fibre-reinforced PCC and AASC
and the predicted values of AASC used for the model validation.

of material behaviour from perfectly plastic to brittle,
respectively.

The proposed model was calibrated on a wide range
of stress—strain curves available in the literature for
steel fibre-reinforced PCC [32, 33, 38, 47, 54-60],
AASC composites [21, 43] and the experimental
results obtained in this study for PCC mixes reinforced
with single and multiple hooked-end steel fibres. The
objective function used for the model calibration is
defined as the absolute value of the difference between
the experimental data and the predicted values
obtained applying the proposed model equations.
Minimising this objective function provides the values
of the parameter f and y for each stress—strain curve

0,65

06-.
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> 0,45
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The shaded areas represent the 95% confidence interval of the
parameters of Eqs. (3) and (4), respectively

PIEM



96 Page 18 of 23

Materials and Structures (2023) 56:96

considered. The minimisation is carried out using the
Generalised Reduced Gradient (GRG) non-linear
optimisation algorithm available in the Microsoft
Excel® Solver add-in. The collected values of § and
y were then correlated to the parameters governing the
pre- and post-peak responses. These parameters are Ej
and E,. for the ascending branch, while for the
descending branch the fibre reinforcing index (RI,)
and the ultimate stress corresponding to a strain of
0.0035, defined in the Eurocode 2 as the ultimate
compressive strain in plain PCC (o, ). The proposed
correlations of the material parameters f§ and y with
Ey, E¢c and RI, are defined by Eq. (3) and (4) and
shown in Fig. 12.

B = (0.457 + 0.030) 6(2‘874i0A100)(Em(FRC) /EMFRC))
(R* = 0.926)

7 = (0.697 & 0.032) !~ 4320.092) (Rhvotsic /ocmirvc))
(R* =0.901)

(4)

As shown in Fig. 12a, the values of the material
parameter f3 obtained by fitting the proposed model to
the stress—strain curves available in the literature for
both steel fibre-reinforced PCC and AASC and the
experimental curves obtained in this study for PCC fall
in the range of the confidence interval of the proposed
Eq. (3). Greater variability in the values of parameter y
can be seen in Fig. 12b. Finally, correlations can be
established between 0 max(FRC)» éc,max(FrC) a0d Ejy(rre)
of the steel fibre-reinforced composite and o x(rEF)»
&c max(rEF) and Ejygpry of the reference concrete. These

Table 5 Fitted and predicted values of the parameters 5 and y
for AASC mixes reinforced with 3D, 4D and 5D fibres

Mix p-fitted  f-predicted  y-fitted y-predicted
AASC-3D25 3.982 3.696 0.607 0.558
AASC-3D50 3.713 3.789 0.419 0.449
AASC-3D75 3.946 3.764 0.317 0.358
AASC-4D25 3.194 3.696 0.637 0.558
AASC-4D50  3.648 3.789 0.344 0.449
AASC-4D75 3.725 3.764 0.366 0.358
AASC-5D25  4.007 3.696 0.615 0.558
AASC-5D50  3.870 3.789 0.487 0.449
AASC-5D75  5.077 3.764 0.381 0.358

PIEM

correlations between unreinforced concrete and the
fibre-reinforced composite are summarised below and
shown in Fig. 13:

Esec(FRC) = O-C,max(FRC)/gc,amx(FRC) (5)

O¢.max(FRC) = Oc,max(REF) T 4.8853RlI, (6)
(R* = 0.935)

Ee.max(FRC)/ €e.max(ReF) = 1.064RIZ — 0.689RI,
+1.109 (7)
(R* = 0.915)

Ejrre) = 70.0000114E52€C<FRC) + 1.418E e (kr)
+2625.13
(R* = 0.929)

(8)

Furthermore, the value of o, ,rrc) is defined as
follows:

GC,LI(FRC) = 0-9927ac,maX(FRC) —2.317 (9>
(R* = 0.977)

Figure 13 shows the fitted correlations for
&c,max(FRC)> Eir(rre) and oy (rre)- Despite the limited
amount of data for alkali-activated slag-based con-
crete available in the literature, the proposed correla-
tions (Egs. (6)—(9)) are able to capture the values
obtained for both PCC and AASC reinforced with
steel fibres, especially the values obtained experimen-
tally for PCC reinforced with novel hooked-end steel
fibres.

4.2 Model validation

Figure 14 shows the values of the parameters f§ and vy
obtained by fitting the experimental stress—strain
curves of both fibre-reinforced PCC and AASC and
the predicted values of f and y for fibre-reinforced
AASC obtained by using the proposed model.
Although the predicted values of Egec(rre)/Ei(rre)
for fibre-reinforced AASC is slightly underestimated
by the proposed correlation (Fig. 14a), the predicted
values of f§ fall in the range of the fitted values, i.e.
between 3.2 and 5.1.

Due to the lack of available experimental stress—
strain curves for steel FRAASC, the fitted values of the
parameter Y do not fall in the confidence interval
proposed (Fig. 14b). Table 5 shows the fitted and
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predicted values of the parameters § and y for AASC
reinforced with single and multiple hooked-end steel
fibres in different fibre volume fractions.

As shown in Fig. 14 and Table 5, only three
different values of the parameters f§ and y are used to
predict the compressive stress—strain response of the
AASC mixes reinforced with three different fibre
types investigated in this study. Although 3D, 4D and
5D fibres differ for the number of bends at both ends of
the fibre, they have the same aspect ratio (I¢/dy),
resulting in the same values of fibre reinforcing index
((I¢/dr) @ v¢) for each fibre type. Although the fibre

geometry is not taken into account, the proposed
model is able to predict the compressive stress—strain
response of steel fibre-reinforced AASC mixes quite
accurately.

Knowing only the behaviour of the plain reference
concrete under uniaxial compression and the fibre
volumetric reinforcing index, the proposed model can
predict the compressive response of steel fibre-
reinforced composites, regardless of the matrix type
and the fibre geometry and content. To verify this, the
experimental stress—strain curve obtained in this study
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for AASC are predicted using the proposed model and
the results shown in Fig. 15.

Although the proposed model can predict quite
accurately the compressive response of fibre-rein-
forced AASC, additional experimental data might be
needed to better differentiate the model parameters for
alkali-activated slag-based concrete reinforced with
different steel fibres geometries.

5 Conclusions

This study investigated experimentally the compres-
sive behaviour of alkali-activated slag-based concrete
reinforced with single and multiple hooked-end steel
fibres, i.e. 3D, 4D and 5D, at different volume
fractions up to 0.75%. The behaviour of steel fibre-
reinforced AASC was compared with the same
strength grade Portland cement concrete reinforced
with the same fibre types and dosages. Finally, an
analytical model is proposed and calibrated using the
compressive stress—strain curves obtained for PCC,
steel fibre-reinforced PCC and AASC available in the
literature to predict the compressive response of steel
FRAASC under uniaxial compression. The proposed
model does not differentiate between matrix type (i.e.
PCC and AASC) and fibre geometries. The following
conclusions can be drawn from this study:

e The incorporation of single and multiple hooked-
end steel fibres, regardless of the fibre geometry,
provides a higher compressive strength increment
for AASC (with a maximum of 21.8% for AASC-
5D50) than PCC (with a maximum of 1.5% for
PCC-5D75).

¢ Single and multiple hooked-end steel fibres have a
limited effect on the modulus of elasticity of both
AASC and PCC, with a maximum increment of up
to 3 MPa. However, the incorporation of fibres in
AASC shows a higher increase in the modulus of
elasticity (with a maximum of 8.7% for AASC-
3D75) than PCC mixes (with a maximum of 1.2%
for PCC-3D75).

e The incorporation of single and multiple hooked-
end steel fibres in AASC and PCC enhances the
material ductility, which can be described by the
gc,max(FRC)/gc,max(REF) and Gc,u(FRC)/Gc,U(REF)
ratios. In comparison to the reference mix, both
AASC and PCC show an increase of strain

PIEM

corresponding to the peak stress and stress at
ultimate strain, resulting in softer post-peak
descending branches of the compressive stress—
strain curve. However, the improvement provided
by the steel fibre incorporation is much more for
AASC than PCC for all fibre geometries and
volume fractions that were studied.

A model is proposed and calibrated on the stress-
strain curves available in the literature for steel fibre-
reinforced PCC and AASC in combination with the
experimental data obtained in this study for PCC
reinforced with 3D, 4D and 5D fibres in different
volume fractions. The experimental compressive
stress-strain curves obtained for AASC have been
only used to validate the model, demonstrating the
ability of the model to predict the stress-strain
response under compression of steel fibre-reinforced
AASC for different fibre content and fibre geometry.
Only by knowing the compressive peak stress and
corresponding strain of the concrete matrix and the
fibre reinforcing index, all the model parameters can
be calculated and the stress-strain curve predicted. It
should be emphasised that due to the lack of available
data in the literature for steel fibre-reinforced AASC,
the calibration of the model proposed in this study
mainly relies on the data for steel fibre-reinforced
PCC. In addition, due to the lack of a significant
amount of datasets on both AASC and PCC incorpo-
rating 4D and 5D steel fibres, the effect of the fibre
geometry is not considered in the proposed model.
With a wider amount of available datasets, this
assumption may be revisited.
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