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direct tension in terms of loading–unloading response 
and post-peak regime. In this view, the study aims at 
further pushing forward the adoption of HPFRC in 
the design of structures, thanks also to the increasing 
awareness fostered by the most recent standards.
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1  Introduction

Sustainability is one of the keywords of the present 
century, this being instrumental in the view of a cir-
cular economy framework. In the last decades and, in 
particular, in the most recent years, big efforts have 
been made in improving the environmental impact of 
the whole construction industry value chain, mainly 
working at the material production level with reduc-
tion of the raw materials consumption and of the 
overall carbon footprint. In parallel, a further virtu-
ous path addresses the issue at the structural level 
targeting a significant extension of the service life of 
structures and infrastructures, with a reduced need 
for maintenance and restoration interventions. This 
translates in demanding a higher material and struc-
tural durability, which, as a matter of fact, allows to 
reduce the cost and the environmental impact when 
the whole structural life cycle is considered [1–3].

Abstract  The need of more sustainable struc-
tures pushes ahead the formulation of new advanced 
cementitious materials which can significantly 
improve the structural durability, thus resulting into a 
longer service life with reduced maintenance. Within 
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(this being instrumental also for the durability esti-
mation in the cracked state). In the present study, 
starting from the results of 4-Point Bending Tests on 
small beams, an inverse-analysis identification proce-
dure has been implemented in order to evaluate the 
response in direct tension in terms of stress–strain 
and stress-crack opening laws. The procedure has 
been implemented for three different HPFRC mixes 
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This purpose represents the core goal of the 
Research Project ReSHEALience (GA 760824), 
launched in 2018 within the framework of the 
Research and Innovation Programme Horizon 2020, 
with the main objective to develop a durability-
oriented structural approach for both ordinary and 
extremely aggressive environments. The explicit 
evaluation of key durability parameters is expected 
to foster a far more efficient exploitation of the huge 
benefits brought in by the most recent advanced 
cementitious materials [4, 5].

To this end, High and Ultra-High Performance 
Fibre-Reinforced Concrete (HPFRC and UHPFRC) 
represents a powerful tool on the hands of the design-
ers, thanks to the positive interaction of reduced 
crack-opening and autogenous self-healing, which 
can lead to significantly increase the long-term 
performance in the cracked state, in ordinary and 
extremely aggressive environments.

FRCs, HPFRCs and UHPFRCs have been rather 
extensively studied in the last decades, concerning the 
behaviour at the Ultimate Limit State (ULS) [6–13], 
the effect of fibre orientation [14–17] durability in the 
un-cracked state, pumpability [18] and rheology [19, 
20], while information is still needed at the Service-
ability Limit State (SLS), especially regarding dura-
bility performance in the cracked state.

As it is well known, the tensile response of 
HPFRC and UHPFRC can be characterized by hard-
ening behaviour in bending and/or in direct tension 
(deflection-hardening and strain-hardening behaviour, 
respectively), thanks to the stable propagation of mul-
tiple cracks after the onset of the first crack [21, 23] 
(and before the localization of a single unstable crack 
takes place). Such extensive multiple cracking char-
acterized by very small cracks makes it very effec-
tive the autogenous self-healing processes, as attrib-
uted, among other reasons, to the delayed hydration 
of anhydrous binder particle available. This is likely 
to provide huge benefits in terms of durability also 
in the cracked state [23–25], which, as a matter of 
fact, is the ordinary service-life condition of concrete 
structures already at SLS [26–30].

In this context, the identification of the stress–strain 
law in direct tension of HPFRC and UHPFRC mixes 
is of utmost importance, and a few approaches can be 
found in the literature [31–37], despite the difficulties 
linked to the inherent redundancy of the most com-
mon adopted indirect tension tests (see also [38]). As 

it is well-know, in fact, the stress-redistribution taking 
place in a section subjected to bending makes it dif-
ficult the identification of key parameters such as first 
cracking stress or localization stress.

In the present paper, the approach adopted for the 
characterization of the tensile constitutive behaviour 
of three HPFRCs and for the identification of the 
main mechanical parameters is described, based on an 
inverse-analysis procedure applied to 4-Point Bend-
ing Test (4PBT) on small beams. The outcome is then 
compared with the results of Double Edge-Wedge 
Splitting (DEWS) tests [39]. Such procedure has been 
implemented with the final aim of assessing the effect 
brought in by two types of fibres and cement.

Three different HPFRC mixes have been studied, 
using straight steel or amorphous metallic fibres, and 
CEM I or CEM III cement types. In this regard, it is 
worth noting as CEM III has been attracting more and 
more attention in the last years [40–43] because of 
the lower content of Portland Cement (thanks to its 
partial replacement with slag), this being advanta-
geous in the view of concrete sustainability. CEM III 
also lead to denser cement matrix and lower perme-
ability, to the advantage of concrete durability, even 
in very aggressive environments [44, 45].

Within the framework of increased sustainability, 
also amorphous metallic fibres are showing interest-
ing properties in terms of both mechanical perfor-
mance  [46–48] and sustainability [49–54], thanks to 
the lower energy consumption and CO2-emissions 
required in the production phase with respect to con-
ventional deformed steel fibres [54]. Furthermore, 
the production process based on rapid cooling down 
of molten metal brings to a microstructure based on 
irregular arrays of atoms which leads to a lower spe-
cific gravity and very high corrosion resistance, even 
higher than stainless steel fibres [55]. The excellent 
mechanical performance reported in the literature, 
however, can be jeopardized by the hydrophobic 
behaviour of the surface of amorphous alloy fibres 
[56], which may lead to poor mechanical performance 
of the cement paste surrounding the fibres [57, 58].

In the following, the three investigated mixes have 
been studied in terms of tensile mechanical response 
specifically addressing the effects brought in by the 
introduction of amorphous metallic fibres and the 
replacement of cement type CEM I with CEM III. 
The parallel study on their durability-related self-
healing performance can be found in [59].
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2 � Program of the experimental investigation

2.1 � HPFRCs design and mixing protocol

Three different HPFRC mixes have been designed 
in order to investigate the effects of cement and fibre 
types on the tensile mechanical response in terms of 
first cracking and peak strength, ductility and cracks 
pattern, as detailed in the following. In Table 1, where 
the proportions of all mixes are reported, it can be 
seen as the reference HPFRC (mix XA-CA) contains 
1100 kg/m3 of binder, namely 600 kg/m3 of cement 
type CEM I 52.5R and 500 kg/m3 of ground granu-
lated blast furnace slag, mixed with 982  kg/m3 of 
silico-calcareous sand (maximum size of 2 mm) and 
1.5% by volume of straight steel fibres. The water to 
cement and water to binder ratios are 0.33 and 0.18, 
respectively, while the binder/sand/water volume 
fractions approach the proportion 2:2:1.

Regarding the other two mixes, in the first one, 
steel fibres have been replaced with metallic amor-
phous fibres in the same volume fraction (mix XA-
CA-Amf), while in the second one, CEM I has been 
replaced with CEM  III (mix XA-CA-CEMIII). 
Straight steel fibres are characterized by a length 
lf = 20  mm and a diameter df = 0.22  mm (aspect 
ratio λf = 91 and single-fibre volume υf = 0.76 mm3), 
while amorphous fibre by a length lf = 15  mm, a 

width wf = 1  mm and a thickness tf = 0.024  mm 
(equivalent diameter deq = 0.18  mm, aspect ratio 
λf = 86 and single-fibre volume υf = 0.36  mm3). It 
can be observed that the aspect ratio of the two fibre 
types is rather similar (100 and 86), while single-
fibre volume is very different (0.76 and 0.36  mm3) 
this leading to a larger number of fibres for a given 
fibre-to-concrete volume fraction in the case of 
amorphous metallic type.

The mixing protocol consisted in mixing the 
solid parts, adding 200  l/m3 of water together with 
the superplasticizer. Crystalline admixture Penetron 
Admix® has been also introduced in the content of 
4.8 kg/m3 (0.8% by cement mass) as a stimulator of 
the autogenous healing capacity [59, 60].

In Table  1, compressive strength measured 
on 100  mm-side cubes at the reference time t0 
(= 90 days after casting = beginning of testing cam-
paign) is reported. The mix with amorphous fibre 
proved a decrease of about 20% with respect to the 
two mixes with steel fibre, probably due to the com-
bination of two detrimental aspects:

•	 higher flaw-effect brought in by fibres in the for-
mer case due to the  almost 2-times higher num-
ber of fibres per unit volume of concrete and to 
the nearly 5-times higher specific lateral surface;

Table 1   Mix composition of the investigated HPFRCs

* Compressive strength on 100 mm-side cubes at time t0 (= 90 days after casting = beginning of testing campaign)

Constituents XA-CA XA-CA-Amf XA-CA-CEMIII

[kg/m3] [% by vol] [kg/m3] [% by vol] [kg/m3] [% by vol]

CEM I 52.5 600 19.5 600 19.5 – –

Straight steel fibres

Amorphous metallic fibres

CEM III 52.5 – – – – 600 19.5

Slag 500 17.5 500 17.5 500 17.5

Water 200 20.0 200 20.0 200 20.0

Steel fibres 120 1.5 – – 120 1.5

Amorphous fibres – – 111 1.5 – –

Sand (0–2 mm) 982 38.0 982 38.0 982 38.0

Superplasticizer 33 3.3 33 3.3 33 3.3

Crystalline adm 4.8 0.2 4.8 0.2 4.8 0.2

fcm,cubes [MPa]* 137 107 136
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•	 the hydrophobic behaviour of the surface of amor-
phous alloy fibres [56], which may leads to poor 
mechanical performance of the cement paste sur-
rounding the fibres and thus to a decrease of the 
compressive strength, as also observed in [57, 58].

2.2 � Test setups and specimen geometries

The mechanical characterization has been performed 
via 4-Point Bending Tests (4PBT) on un-notched 
small beams, with two different geometries described 
in the following. 4PBT on un-notched specimens is 
preferred (with respect to 3PBT on notched prisms) 
in order to investigate multiple cracking in the con-
stant-moment central region (Lo in Fig. 1). During the 
test, both the vertical deflection and the Crack-Open-
ing Displacement—COD across the central region of 
the specimen have been monitored via two LVDTs 
each (see Fig. 1).

Vertical LVDTs have been mounted on an alu-
minium frame simply supported on the specimens 
itself in correspondence of the two supports, while 
horizontal LVDTs have been fixed to metal platelets 
directly glued to the specimens. Tests have been per-
formed in stroke-displacement control at 90 days after 
casting (= t0), in order to allow the major part of long-
term cementitious/pozzolanic reactions in cement and 
slag to be concluded.

Most of the 4PBTs have been performed under 
monotonic loading (thus constantly increasing 
the stroke displacement), while a few have under-
gone unloading-loading cycles so to investigate 
the variation of the unloading/loading stiffness for 

increasing values of the total deflection and crack 
opening as well. In the following, the former type is 
called monotonic test and the latter is referred to as 
cyclic test.

For each mix, six 100 × 100 × 500mm3 specimens 
(referred to as deep beams in the following) and 
twelve 100 × 25 × 500mm3 specimens (referred to as 
thin beams in the following) have been tested. For 
both geometries, the span over thickness ratio is larger 
than 4, thus they can be both considered as slender 
beams, thus allowing the plane-section assumption.

Deep beams have been cast in individual plastic 
moulds, while thin slabs (1000 × 500 × 25mm3) have 
been cast and then cut to obtain the thin beams (see 
Fig. 1a). After cast, all specimens were stored in cli-
mate chamber (R.H. = 90%, T = 20  °C) until testing 
(thus for 90 days).

It is worth noting that the production process has 
some important effects on the mechanical response 
considering that, in the case of thin slabs, the cast-
ing procedure fostered the alignment of the flow of 
the fresh self-consolidating mix along the longer side 
(see Fig.  1a). Since thin beam specimens have been 
cut with their longitudinal axis parallel to the flow 
of concrete, a sizable better alignment of the fibre is 
expected if compared to that of deep beams (as also 
investigated in [61]), with peak stress in bending up 
to 50% higher in the former case.

After bending tests have been performed on thin 
beams, specimens for Double-Edge Wedge Split-
ting test (DEWS) have been obtained by cutting the 
two 100 mm ends, thus obtaining 100 × 100 × 25mm3 
specimens. The ligament cross-sections of the DEWS 
specimens are defined by cutting grooves and notches 

Fig. 1   a Scheme for specimens’ production and b DEWS and 4PBT dimensions (in mm)
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in the square tile specimens via a water-cooled dia-
mond blade (see Fig. 1a).

DEWS samples have been cut in order to have 
half of the specimens with the ligament orthogonal 
(DEWS O) or parallel (DEWS P) to the aforemen-
tioned alignment of the fibres, in order to be able to 
identify a lower and upper bound for the tensile con-
stitutive response. It is worth noting as the compre-
hensive experimental and numerical investigation 
reported in [39] comparing the results of flexural test 
and DEWS, proved as DEWS allows to reliably and 
straight forwardly identify the overall uniaxial tensile 
behaviour of HPFRC mixes (very similar to the ones 
herein presented).

2.3 � Experimental plan

The first step of the experimental campaign is repre-
sented by the mechanical characterization in tension 
of the three mixes at the reference time (t0 = 90 days 
after casting). In particular, for each mix, the six deep 
beams have been tested in 4PBT at time t0, in order 
to define the reference stress–deflection response. 
Based on these results, the inverse analysis described 
in the following has been performed to calibrate the 
reference constitutive behaviour in direct tension at 
time t0.

Six out of twelve thin beams per mix have been 
tested at time t0 also, so to evaluate the effect on the 
flexural response brought in by the different produc-
tion process and by the different geometry thanks 
to the comparison with the results related to deep 
beams.

It is worth noting that the characterization on thin 
beams has been performed addressing a specific 
structural application, namely one of the demonstra-
tors for the ReSHEALience project, consisting in 
a geothermal water tank made with precast 30  mm-
thick slabs [4, 62, 63]. In order to assess the possi-
ble detrimental effect associated to the immersion 
in geothermal water, and the subsequent sulphate/
chloride attack, six thin beams have been tested after 

additional six months (t0 + 180  days), three beams 
after having been kept under immersion in geother-
mal water for 6 months and three under immersion in 
tap water for 6 months.

As said above, at time t0, after flexural tests on 
six thin beams, twelve DEWS specimens have been 
cut, six with fibres parallel (DEWS P) and six with 
fibres orthogonal (DEWS O) to the ligament (which 
is the expected fracture plane during DEWS test). 
This enabled to evaluate a rather good approxima-
tion of the lower and upper bounds of the behaviour 
in direct tension of the mixes under investigation. As 
abovementioned, in fact, it has been proved in [39] 
as DEWS yields a good estimation of the effective 
behaviour in direct tension. In Table 2 the tests plan 
of each mix is summarized.

3 � Identification of the tensile consitutive law

3.1 � Indirect tension test and stress redistribution

As it is well known, the great benefits brought in 
by fibres in (UHP)FRC can be highly effective both 
in direct tension (truss structures), and in 1D or 2D 
bending (as in the case of beams and slabs, respec-
tively). Moving from direct tension, in which any 
point of the structural element experiences the same 
stress-state (hence, no stress-redistribution can take 
place), to 1D and, even more, to 2D bending, where 
stress-redistribution can occur at a sectional level (in 
the former case) or at a structural level (in the lat-
ter one), the overall ductility increases. As clearly 
described in [38], this allows that structures made of 
materials which show softening behaviour in direct 
tension can even exhibit a hardening behaviour in 
bending.

As mentioned in the introduction, direct tension 
tests are rarely performed due to their complexity in 
implementation, thus making flexural tests (3PBT 
or 4PBT) commonly preferred. Hence, it is clear 
that the characterization of cementitious materials in 

Table 2   Testing plan

Time t0 6 tests in 4 PB on deep beams 6 tests in 4 PB on thin beams 12 DEWS tests

t0 + 180 days 3 tests in 4 PB on thin beams after 6 months 
under immersion in tap water

3 tests in 4 PB on thin beams after 6 months 
under immersion in geothermal water
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direct tension is not trivial, due to the need of inverse 
analysis procedures. Generally speaking, the possible 
approximation introduced by such inverse-analysis is 
satisfactory considering that the most common appli-
cations for cementitious materials regard structural 
elements subjected to bending. It is worth noting, 
anyway, that these new advanced materials have been 
used in the recent decades in other structural applica-
tions involving direct tension, such as truss structures 
[64], column jacketing [65] and beam retrofit [66].

In Fig.  2, the typical behaviour in direct tension 
and in bending in case of strain-hardening materials 
is schematically reported. Three different stages can 
be detected: (1) initial perfect elastic branch ended by 
the formation of the first crack at σ = ft (green curve), 
(2) hardening branch in which the formation of mul-
tiple cracks can be observed (red curve), and (3) sof-
tening behaviour due to the localization of the defor-
mation in one single crack (black curve, starting from 
σ = ftuc in direct tension and σ = ftu,b in bending, with 
ftu,b > ftuc). Hardening behaviour in stage (2) can be 
observed just if the amount of fibre allows for increas-
ing the external load after first crack is formed thanks 
to the bridging-effect of fibres crossing the cracks. 
The minimum quantity of fibres needed for providing 
hardening behaviour decreases moving from direct 
tension to 1D and to 2D bending.

In is worth noting to recal that in Fig.  2 (as well 
as in Figs.  5, 6, 7, 8, 9), the stress is referred to as 
σ for direct tension only, since the calculated stress 
(σ = N/A) correspond to the effective stress in the 
cross-section. On the other hand, in the case of bend-
ing, the stress is referred to as nominal (or conven-
tional) stress σn, since it is calculated assuming a 
linear stress profile (σn = M/W) as conventionally per-
formed (see also [38]), thus losing the correspondence 
to the effective stress distribution in the cross-section.

3.2 � Indirect tension tests and inverse analysis

The characterization in tension of a cementitious 
material requires the identification, in particular, of ft 
and ftuc (and of the correspondent strains), since they 
define the multiple cracking stage. When mechani-
cal characterization is performed via indirect tension 
tests such as bending, however, the identification of 
such parameters is made difficult by the rather smooth 
transition among the elastic, the hardening and the 
softening branches, due to the stress redistribution 
across the specimen depth. This is the reason why 
inverse analysis must be implemented.

In the present study, such procedure has been 
implemented on 4PBTs, based on the approach devel-
oped at Universitat Politècnica de València (UPV), 
called simplified 4-Point Inverse Analysis with sof-
tening correction method (4P-IA) [34–36]. Such 
approach has been developed and validated on a wide 
dataset of 4PBTs in small beams with dimensions 
100 × 100 × 500 mm2 (see Fig. 3a).

The method is based on the assumption of a sim-
plified trilinear curve for the constitutive law in ten-
sion, identified by the following parameters (see 
Fig.  3b): elastic modulus (E), unloading modulus 
(E*), tensile strength (ft), ultimate tensile strength (ftu 
or ftuc) and its associated strain (εtu), crack opening 
at the intersection of the line that defines the initial 
slope of the crack-opening (w) descending branch to 
the w axis (namely, w0). A softening correction ftuc 
of the ftu parameter obtained from the 4P-IA [35] is 
adopted in the case of HPFRC and UHPFRC that 
exhibits strain-softening tensile behaviour (ftu ≤ ft, 
with yields ftuc = ftu in the strain-hardening case) [35]. 
Those parameters are defined based on 4 given key 
points identified in the experimental 4PBT curve (see 
Fig. 3c).

Fig. 2   Schemes of (a) σ – 
w curves in tension and (b) 
σn – δ curves in bending
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The calibrated constitutive laws in direct tension 
have been then used for “back” simulating the 4PBTs 
via both numerical and analytical calculations. For 
the latter, a method based on closed-form formula-
tions of moment–curvature relationships has been 
used, namely the so-called Hinge Model [34–36], 
where the conversion of the theoretical strain into the 
experimental COD is performed with reference to the 
LVDT gauge length under the assumption of constant 
curvature (being the bending moment constant). This 
translates into the assumption of a non-linear hinge in 
the multiple-cracking region. Outside the central con-
stant-moment region, elastic behaviour is assumed.

On the other hand, for the non-linear numeri-
cal analyses, Diana finite element package [67] has 
been used, by adopting a discrete cracking approach. 
According to this method, the constitutive law for 
HPFRC/UHPFRC in the post-localization regime 
(hence, in the σ-w domain) is implemented as inter-
face behaviour at mid-span section where a discrete 
crack is a priori defined, while the rest of the speci-
men is modelled by a smeared cracking approach 
following the constitutive law for HPFRC/UHPFRC 
in the pre-localization regime (hence, in the σ-ε 
domain). According to this modelling assumption, the 

discrete crack is activated just when crack localiza-
tion takes place, thus effectively simulating the real 
behaviour observed during the experimental tests. 
On the other hand, for tensile strains lower than εtu, 
the whole specimen behaves just according to the 
smeared crack approach. In Fig.  3d, e, the compari-
son is reported between an experimental test and the 
simulation carried out via Diana software.

4 � Results and discussion

4.1 � Experimental tests at time t0

The average values of the peak stresses observed at 
the reference time t0 in 4PBT (on deep beams—DB 
and thin beams—TB), ftu,b, and DEWS  O, ftu, are 
reported in Table 3 and in Fig. 4a, b. In Table 3 and 
Fig.  4a, b, it is reported also the outcome in terms 
of mechanical parameters evaluated via the inverse 
analyses on deep beams—DB (namely, elastic modu-
lus E, tensile strength ft, ultimate tensile strength ftu, 
ultimate tensile strain εtu and maximum crack-open-
ing w0). The typical crack pattern observed in deep 

Fig. 3   Typical setup for 4PBT on small beams (a), tensile 
constitutive law approximated by a trilinear curve (b), 4 key 
points in the experimental σ – δ curve under 4PBT for the 

application of 4P-IA (c), and comparison between a specimen 
at the end of 4 PB testing (d) and its Non-Linear FEM simula-
tion (e)
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beams and thin beams before crack localization is 
also shown (Fig. 4c, d).

In Fig.  5, the results from 4PBT are reported in 
terms of σ – δ curves, where δ is the vertical mid-span 
displacement and σn is the nominal stress evaluated as 
σn = P L / (b h2), being P the total applied load, L the 
test span and b, h specimen width and thickness. It 
can be observed that the scattering among the curves 
of the same mix is quite typical for flexural tests 
because of the differences in terms of fibre arrange-
ment among the specimens and inherent heterogenei-
ties of cementitious composites.

The average peak stress in bending on deep beams, 
ftu,b, is equal to 17, 19 and 20 MPa for mixes XA-CA, 
XA-CA-Amf and XA-CA-CEMIII, respectively 
(see Table 3), while it ranges from 21 to 25 MPa for 
thin beams. The two mixes with steel fibres, namely 
XA-CA and XA-CA-CEMIII, were expected to 

yield very similar peak stresses, since fibre dosage 
and typology is the same. This is consistent with the 
experimental evidence, and the lower value expe-
rienced by XA-CA can be ascribed to the higher 
scattering.

On the opposite, it is worth noting as mix XA-CA-
Amf also provides very similar peak stresses (at least 
regarding deep beams), nevertheless the amorphous 
metallic fibres are very different in terms of phys-
ico-mechanical properties, geometry and surficial 
features.

The most remarkable difference in the response 
of the three mixes consists in the post-localization 
phase, since mixes with steel fibres show higher duc-
tility with a smoother softening branch for both deep 
beams and thin beams. This aspect is well confirmed 
by the parameters evaluated via 4-Point Inverse Anal-
ysis, in which the ultimate strain (before localization) 

Table 3   Average values of the mechanical parameters from indirect tests and inverse analyses

(4 PB = 4-Point Bending; DB = deep beams; TB = thin beams; crack sp. = average crack spacing evaluated on DB and TB)

Mix Experimental tests at time t0 Inverse analysis at time t0

4 PB 4 PB-DB 4 PB-TB DEWS O 4P-IA on 4 PB-DB

crack sp. [mm] ftu,b
[MPa]

ftu,b
[MPa]

ftu
[MPa]

E
[GPa]

ft
[MPa]

ftuc
[MPa]

εtu
[MPa]

w0
[mm]

XA-CA 23 16.78 25.31 7.95 45.05 8.04 6.67 2.90 2.58
XA-CA-Amf 27 19.04 20.85 8.70 46.34 8.57 8.86 1.44 0.97
XA-CA-CEM III 21 20.19 25.10 8.00 47.65 8.02 8.39 3.47 2.58

Fig. 4   Mechanical parameters from experimental tests (a) and inverse analyses (b) (see also Table 3), and typical crack patterns in 
4PBT before crack localization for deep beams (c) and thin beams (d)
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of mixes XA-CA and XA-CA-CEM III is more than 
double the one of mix XA-CA-Amf, while the ulti-
mate crack width of the formers is more than 2.6 
times larger than the one of the latter.

Such outcome can be ascribed to three major 
aspects. Firstly, the larger specific lateral surface of 
amorphous fibres with respect to steel ones leads to 
a stiffer bond-slip response at fibre-matrix interface 

[68]. Secondly, it has been reported in [46, 47, 68] 
that the failure in tension of amorphous fibres can 
be observed at the cracked surface (this being possi-
bly a consequence of the stiffer fibre-matrix bond). 
Finally, the hydrophobic behaviour of the surface of 
amorphous alloy fibres [56] which may leads to a 
more brittle response at the fibre-matrix interface.

Fig. 5   Plots of σ – δ curves from 4PBT on deep beams (a–c) and on thin beams (d–f) for XA-CA (a, d), XA-CA-Amf (b, e) and 
XA-CA-CEMIII (c, f) (In magenta colour the experimental envelope of the cyclic loading curves)
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These features lead to a narrower multiple-cracking 
phase in the constitutive law and a more pronounced 
softening response after localization. This is reflected 
also by the average spacing between adjacent cracks 
(measured in all 4-point flexural tests in the central 
region where the bending moment is constant), which 
is smaller in case of steel fibres (21–23  mm) rather 
than in the case of amorphous ones (27  mm), as 
reported in Table 3.

The increased ductility provided by steel fibres can 
be observed also by comparing the results from tests 
on deep beams and thin beams. In mixes XA-CA and 
XA-CA-CEM III, the peak stress increases of 51% 
and 24%, respectively, while in mix XA-CA-Amf the 
increase is limited to 10%, due to the higher sectional 
redistribution capability of stresses allowed by steel 
fibres. Such difference can be also likely ascribed to 
a less effective alignment of amorphous fibres with 
pouring direction in the production of thin beams, 
this being, together with the scale effect [69], a major 
reason for the higher flexural strength observed with 
respect to deep beams.

Another interesting aspect can be emphasized 
looking at Fig.  6, where the results regarding 4PBT 
with unloading-loading cycles (called in the follow-
ing “cyclic loading”) are reported.

In particular, it can be noticed as unloading-load-
ing cycles proves to be rather stable in mixes XA-CA 
and XA-CA-CEM III for increasing values of vertical 
displacement δ, while in mix XA-CA-Amf they show 
a visible reduction of the slope, this being an indica-
tion of a variation in the performance of fibre-matrix 

interaction (due to fibre and/or bond failure). On the 
opposite, the overall response in bending appeared 
to be not affected by cyclic loading more than by 
monotonic loading for all the three mixes, as it can 
be observed in Fig. 5, where the grey results refer to 
monotonic loading and the magenta curves to cyclic 
loading.

4.2 � Inverse analysis and numerical/analytical 
simulations at time t0

As described in previous sections, inverse analysis has 
been performed on 4PBT on deep beams according to 
the simplified 4-Point Inverse Analysis with softening 
correction method (4P-IA), and the obtained parame-
ters are presented in Table 3. The procedure has been 
implemented on the results on deep beams only (thus 
excluding the tests on thin beams), since 4P-IA has 
been validated for such specific geometry [34–36]. 
The constitutive laws in tension estimated via inverse 
analysis are reported in Fig. 7 in terms of stress–strain 
curves, σ-ε, and stress-crack opening curves, σ-w, 
in the pre- and post-localization stage, respectively 
(in black colour for each single specimen, and in red 
colour for the average curve of each mix). The com-
parison among the three investigated HPFRCs high-
lights that all of them show an almost plastic behav-
iour in tension (slightly softening for mix XA-CA 
and slightly hardening for mixes XA-CA-Amf and 
XA-CA-CEMIII), with a strain-at-localization around 
2.9–3.5‰ for the mixes with steel fibre and about 
1.4‰ for the mix with amorphous fibre.

Fig. 6   Plots of σ – δ curves from 4PBT under cyclic loading on deep beams (a) and thin beams (b) for XA-CA, XA-XA-Amf and 
XA-CA-CEMIII
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It is worth noting that, also in the case of strain-
softening, the response between the attainment of 
ft, with the formation of the first cracks, and ftuc can 
be described in σ-ε domain (instead of σ-w domain), 
because it can be still considered as a microcracking 
phase. Macrocrack localization only starts to develop 
when ftuc level is reached, since the corresponding 
equivalent deformation (strain) εtu represents the con-
dition in which fibre efficiency is maximum on aver-
age and debonding process has reached fibre end on 
average (as also happens in strain hardening). This is 
consistent with the observed average crack spacing of 
21–27 mm reported in Table 3, which is compatible 
with microcracking.

The constitutive laws obtained via inverse analy-
ses are also compared in Fig. 8 with the experimen-
tal results yielded by the DEWS tests, in terms of σ 
– COD curves. In the plots, COD is the crack open-
ing displacement measured by the LVDTs placed 

across the main crack with a base length of 50 mm, 
while σn is the nominal stress evaluated as σn = α P/
(tlig hlig), being α the coefficient taking into account 
the inclination of the notch and the loading blade-
to-specimen friction (with α = 0.89 for the adopted 
setup [39]), P the total applied load and tlig, hlig the 
thickness and the height of the ligament.

It is worth recalling that 4PBT Inverse Analysis 
is based on a “hinge model”, which is technically 
a simplified approach to reproduce the behaviour 
of un-notched prismatic specimens. Based on this 
model, it was derived a simplified procedure to 
estimate the tensile response of the material in the 
flexural loading versus deflection behaviour of un-
notched prismatic specimens (4P IA). 4P-IA has 
been validated in the presented form only in the 
case of deep beams. Thus, the presented comparison 
with thin beams (TB) or DEWS do not assume to 
consider that the fundamentals of the methodology 

Fig. 7   Plots of σ – ε and σ – w curves in direct tension (inverse analysis) for XA-CA (a), XA-CA-Amf (b) and XA-CA-CEMIII (c), 
and comparison of the average curves of the 3 mixes (d)
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are the same but represent a first attempt to cross-
compare the results.

Furthermore, in comparing the experimental 
results of DEWS with the tensile law obtained by 
applying 4P-IA to 4PBT on deep beams, two main 
aspects must be recalled. First of all, constitutive laws 
are expected to be closer to DEWS O, in which fibres 

are orthogonal to the ligament, so effectively activat-
ing their crack-bridging capability, while in DEWS P 
the matrix alone response is almost observed, since 
fibre are just negligibly working. Secondly, as already 
mentioned for the case of thin beams, the better fibre 
alignment fostered by their production procedure 
(with respect to deep beams) brings to a higher peak 

Fig. 8   Plots of σ – COD curves from DEWS for a XA-CA, 
b XA-XA-Amf and c XA-CA-CEMIII and d–f comparison 
among one experimental curve in 4 PB on deep beam and the 

correspondent analytical/numerical curves obtained via Hinge 
Model and FEM simulations
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stress and a more pronounced ductility. Despite these 
two aspects, the consistency between the results of 
the DEWS  O and the integration of the constitutive 
laws obtained via 4P-IA is satisfactory.

A higher gap can be observed for mix XA-CA-
CEMIII probably due to a less effective alignment of 
the fibres in the DEWS specimens, this higher disper-
sion resulting in a lower peak stress (compared to mix 
XA-CA) and in a far lower gap between the tests with 
fibres orthogonal or parallel to the load (DEWS O 
versus DEWS P). This hypothesis was corroborated 
by the visual inspection of the cracked surface of 
DEWS specimens after testing.

Regarding, in particular, mixes XA-CA and XA-
CA-Amf for which the agreement proves to be very 
good, the integration of the 4P-IA is representative 
of the behaviour in direct tension. The steep slope of 
the softening branch obtained via 4P-IA curves can 
be ascribed to the fact that, as above mentioned, they 
were calibrated on the base of 4PBT on deep beams, 
where the worse alignment of the fibres with respect 
to thin beams and DEWS O, yields to a lower ductil-
ity in tension. Such preliminary, but very promising, 
comparison and cross validation between the results 
of 4P-IA performed on 4PBTs and DEWS will be the 
basis for future more systematic investigations built 
on a larger data set.

Considering the overall consistency of experi-
mental results and inverse analyses, it is clear that, 
similarly to flexural tests, steel and amorphous 
fibres lead to comparable values of peak stress in 
direct tension (all comprised in the range 8–9 MPa), 
but markedly higher ductility is guaranteed by steel 
fibres with a higher value of strain at localization εtu 
(2.9–3.5‰ for XA-CA and XA-CA-CEMIII against 
1.4‰ of XA-CA-Amf) and a less steep post-localiza-
tion behaviour. Guaranteeing a strain at localization 
higher than 2.1–2.5‰ (namely the strain at yield-
ing for commonly used steel reinforcement bars) is 
advantageous for the durability performance of fibre-
reinforced concrete structures, since crack opening 
at SLS can be maintained within the limits provided 
by the standards also if the yielding of the rebars is 
attained.

Finally, as a further confirmation of the over-
all consistency in the results, the constitutive laws 
obtained via 4P-IA have been considered as input for 
simulating the bending tests via both the Hinge Model 
and FEM analyses. In Fig.  8d–f the comparison 

among experiments (on which 4P-IA was based) and 
analytical/numerical results is provided for one speci-
men per mix, showing a very good agreement which 
confirms the effectiveness of the inverse analysis pro-
cedure. For each of the three 4PBTs back simulated in 
Figs. 8d–f, the correspondent constitutive law derived 
from the same specimen has been used as input for 
the analytical/numerical simulation.

On the other hand, in Fig. 5, the results of the sim-
ulation of 4PBT on both deep beams and thin beams 
via the 1D analytical approach (Hinge Model) had 
been reported in red curves. For those simulations, 
the average values of the mechanical parameters 
evaluated via 4P-IA (red curves in Fig. 7d) have been 
used as input for each of the three mixes.

Comparing numerical and experimental curves in 
Fig. 5, it is worth noting, once again, as the effect of 
beam thickness is clearly evident in the tests, since a 
nominal peak stress generally 10–50% higher than in 
the case of deep beams is obtained from the tests on 
thin beams. This evidence can be ascribed to (1) the 
well-known scale-effect [69] and, to a major extent, to 
the above described (2) role played by beam produc-
tion on fibre alignment. As highlighted in Sect.  2.2, 
the production procedure of thin beams, in fact, leads 
to a far better alignment of the fibre and improved 
response in bending, thus making not always rec-
ommended the adoption of a general law in tension 
for all specimen types (differing for both geometry, 
production process and consequent fibres orienta-
tion producing different fibres efficiency). This is the 
reason why the red curves of Fig. 5 represent a very 
good estimation for 4PBT in deep beams, while are 
closer to be a lower bound for thin beams. Despite 
this critical point, however, the overall consistency 
remains rather satisfactory, even more considering 
the simplicity of both the 4P-IA and the 1D ana-
lytical simulation (hinge model) implemented. This 
final evidence is very promising for the adoption of 
the described procedure to beam geometries dif-
ferent from the initial database on which the 4P-IA 
has been calibrated and validated (namely 4PBT on 
100 × 100 × 500 mm3 specimens).

For the investigated mixes, performing 4PBT on 
“classical” 100 × 100 × 500 mm3 beams together with 
the implementation of 4P-IA proved to be representa-
tive also for rather different geometries (such as bend-
ing on thin beams or tension on DEWS) also if entail-
ing different production procedures affecting fibre 
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alignment, for which the recommended orientation 
factors have to be improved. Finally, it is worth noting 
as 4P-IA is conceived as a practitioner-friendly tool 
which, thanks to the choice of a trilinear approxima-
tion for the constitutive law in direct tension, can be 
considered as already Standards-oriented.

4.3 � Experimental tests at time t0 + 180 days

Considering the final application in the ReSHEALi-
ence project [4, 62, 63] for the three mixes herein 
investigated, a further experimental compari-
son has been carried out. For each mix, three thin 
beams have been tested in 4 PB after six months (at 
t0 + 180  days) under immersion in geothermal water 
(where chlorides also were present) and other three 
nominally identical thin beams after six months (at 
t0 + 180  days) under immersion in tap water. These 
tests have been carried out to assess the stability of 
the mechanical performance under the conditions the 
materials are expected to experience in the demon-
strator of the project, consisting in a geothermal water 
tank.

In Table 4, the values of peak stress from 4PBT in 
thin beams, ftu,b, for the reference condition at time t0 
and for the two curing conditions, have been shown 
together with their variation with respect to the ref-
erence (namely, the 4PBT on thin beams at time 
t0 reported in Table  3 and in Fig.  5). In Fig.  9, the 
experimental curves are reported for the three mixes 
for the two curing conditions in grey colour, while the 
blue-shaded area represents the results of the 4PBT in 
thin beams in the reference conditions at time t0.

The mix with amorphous alloy fibres featured a 
higher stability in aggressive environment, herein 
represented by the curing period of 6  months under 
immersion in geothermal water, as it can be observed 

comparing the peak stress after six months in tap or 
geothermal water (see Fig.  9 and Table  4). Mixes 
XA-CA and XA-CA-CEM III show a decrease of 23 
and 11%, respectively, while mix XA-CA-Amf even 
reports an increase of 9%.

The better performance provided by XA-CA-Amf 
is likely made possible by the high corrosion resist-
ance provided by the microstructure of amorphous 
fibres, as already reported in the literature [44–56]. 
On the opposite, in the case of steel fibres (mixes 
XA-CA and XA-CA-CEMIII), the superficial cor-
rosion of the fibres, even though not sufficient to 
jeopardize their strength, may induce a decay of the 
fibre-matrix pull-out force, with the consequent loss 
in terms of overall flexural performance of the mixes 
[70, 71].

It is, however, interesting to observe that, as 
expected, bending strength increases moving from 
time t0 to time t0 + 180  days in tap water for mixes 
XA-CA and XA-CA-CEM III (in the extent of 26 
and 30%, respectively) thanks to the improved fibre-
matrix bond allowed by the delayed hydration process 
rightly favoured by the continuous presence of water 
[70, 72, 73]. On the other hand, for mix XA-CA-Amf, 
peak stress is almost constant in time, probably due to 
a different fibre-matrix interaction.

For steel fibre, in fact, fibre-matrix failure is driven 
by bond, while in case of amorphous fibre the inter-
action is probably driven by fibre collapse (as can be 
also argued in [68]), this explaining why the improve-
ment in fibre-matrix bond allowed by 6 months water 
curing seems not bringing in any advantage in case of 
the mix with amorphous fibres.

Inverse analysis has not been performed in this 
case, since tests on deep beams have not been car-
ried out. However, comparing grey and blue shaded 
areas of Fig. 9, representing the reference tests at time 

Table 4   Average values of the mechanical parameters from indirect tests and variation of ftu,b in bending depending on curing condi-
tions

(4 PB = 4-Point Bending; DB = deep beams; TB = thin beams; t0 = time t0; t0 + 6 T = t0 + 180 days in tap water; t0 + 6G = t0 + 180 days 
in geothermal water)

Mix 4 PB-TB t0 4 PB-TB t0 + 6 T 4 PB-TB t0 + 6G ftu,b 4 PB-TB 
t0 + 6 T /
ftu,b 4 PB-TB t0

ftu,b 4 PB-TB 
t0 + 6G/ftu,b 4 PB-TB 
t0 + 6 T

ftu,b [MPa] ftu,b [MPa] ftu,b [MPa]

XA-CA 25.31 31.88 24.42 1.26 0.77
XA-CA-Amf 20.85 21.01 22.86 1.01 1.09
XA-CA-CEM III 25.10 32.59 28.91 1.30 0.89
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t0 and after 6  months curing, respectively, it can be 
observed that the main difference seems to consist 
in the flexural peak stress, while the shape of the 
post-localization stage appears the same, this sug-
gesting that the variation in the flexural performance 
is meanly due to a variation in the ultimate tensile 
strength ftu of the direct tensile response.

5 � Concluding remarks

The study herein presented focuses on the mechanical 
characterization in tension of three High-Performance 
Fibre-Reinforced Concretes (HPFRCs) conceived 
for specific structural applications in extremely 
aggressive environments within the framework of 

Fig. 9   Plots of σ – δ curves from 4PBT on thin beams after 
six months under immersion in tap water (a–c) and in geother-
mal water (d–f) for the three mixes, in grey colour, and results 

of 4PBT on thin beams at t0 in blue-shaded areas (t0 = time t0; 
t0 + 6T = t0 + 180  days in tap water; t0 + 6G = t0 + 180  days in 
geothermal water)
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the Research Project ReSHEALience (funded by the 
Horizon 2020 program).

The tensile characterization has been performed 
through a combined identification procedure based 
on experimental 4-Point Bending flexural tests and 
indirect tensile tests (Double Edge Wedge Splitting—
DEWS) and the simplified 4-Point Inverse Analysis 
with softening correction method (4P-IA). The con-
stitutive laws obtained from inverse analysis have 
been used as input for numerical/analytical analyses 
to back simulate bending tests on both thicker and 
thinner specimens (referred to as deep beams and thin 
beams, respectively) and on DEWS so to check the 
overall consistency of the approach.

The study focuses on three different HPFRC 
mixes, made of either CEM I or CEM III, containing 
1.5% by volume of either straight steel fibres or amor-
phous metallic fibres. Based on the results obtained, 
the following conclusion can be summarized:

•	 The identification procedure confirms an almost 
perfect-plastic tensile constitutive response of the 
investigated mixes. In particular, the reference mix 
XA-CA, with CEM I and steel fibres, showed a 
slightly softening behaviour, while the mix with 
amorphous fibre (and CEM I) XA-CA-Amf and 
the mix with CEM III (and steel fibres) XA-CA-
CEMIII both proved a slightly hardening response 
after first cracking.

•	 The two mixes with steel fibre yield a sizably 
higher value of strain-at-localization, this being 
around 2.9–3.5‰ according to the inverse analy-
sis, while amorphous fibre leads to a more brit-
tle response with a value of strain-at-localization 
close to 1.4‰. This outcome is rather relevant 
recalling as 2.1–2.5‰ represents the yield strain 
of ordinary steel, value of deformation which 
could be abundantly overpassed in the case of 
steel fibres, while amorphous fibres did not allow 
to reach such threshold. This aspect is very impor-
tant at the Serviceability Limit State, since it 
guarantees that no crack-localization of concrete 
is attained at steel rebar-yielding, with the subse-
quent advantages for the optimization of reinforce-
ment amount in terms of durability performance. 
The lower strain capacity allowed by amorphous 
fibre is probably caused by the stiffer and more 
brittle fibre-matrix bond and by the occurrence 
of fibre failure in correspondence of cracks, all 

aspects leading to a lower ductility in the overall 
response in tension of the fibre-reinforced con-
crete mix.

•	 The values of first cracking stress (ft) and ultimate 
tensile strength (ftu) in direct tension of the three 
mixes are rather similar, their average values being 
comprised in the range 8–9  MPa and 7–9  MPa, 
respectively.

•	 In the 6-month curing in tap water, the mixes with 
steel fibre showed a significant increase of the flex-
ural capacity, probably thanks to the improvement 
of the fibre-matrix bond, while in the mix with 
amorphous fibre no significant variation has been 
observed. On the contrary, specimens cured for six 
months in geothermal water proved a non-negligi-
ble reduction in flexural capacity (with respect to 
curing in tap water) for the mixes with steel fibre, 
probably due to the degradation of fibre-matrix 
bond because of surface fibre corrosion, while no 
significant variation has been observed for the mix 
with amorphous fibres thanks to their very high 
resistance against corrosion.

•	 It is worth remarking the very similar response 
of the two mixes with steel fibres, proving the 
very good performance of CEM III which also 
has a lower environmental impact with respect to 
CEM I.

The promising mechanical response in tension 
provided by the three mixes together with the effec-
tiveness in the identification of the main constitutive 
parameters via inverse analyses are the bases for the 
following step, namely the design of the full-scale 
demonstrators of the Project and the following valida-
tion of the developed procedure.
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