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Abstract  Very-High-Performance Concrete 
(VHPC) are defined as concrete capable of reaching 
compressive strength higher than 80 MPa. These per-
formances can be reached thanks to its compact and 
extremely dense microstructure, as a result of a proper 
mix. Together with their great durability properties, 
these concretes may lead to reduce cross sections of 
structural elements and thus save material and built 
volumes. The addition of synthetic fibers allows to 
significantly increase the toughness and crack open-
ing resistance, beyond the tensile strength. These 
benefits can easily be traduced in an improved dura-
bility of the VHPC concrete. the aim of this research 
activity is to enlarge the experimental database of 
high-performances concrete reinforced with synthetic 
fibers having different size. In fact, contrary to the 
case of steel fibers, few works are report ed in litera-
ture regarding the types of fibers investigated herein. 
In the present work three Very High-Performance 
Fiber Reinforced Concrete (VHPFRC) mixes have 

been studied and characterized in laboratory. The 
mixes were realized with the same VHPC concrete 
matrix and different types of synthetic fibers: 10 mm 
straight polyvinyl alcohol (PVA) fibers; 30 mm waved 
polypropylene (PP) fibers; 40  mm waved polypro-
pylene (PP) fibers. The first mix was realized using 
PVA fibers only, the second with 30  mm PP fibers 
and the last one was obtained by mixing PVA fibers 
and 40 mm PP fibers. A further VHPC mix with no 
fibers has been also realized and tested as reference 
material. Compression tests on both cylindrical and 
cubic specimens and modulus of elasticity tests have 
been performed for each mix. The VHPFRC tough-
ness have been determined by means of three-points 
bending tests according to EN 14651. The bending 
parameters obtained from the experimental test have 
been compared between all the mixes and an analysis 
of the fracture energy has been performed. Moreover, 
each mix has been tested at bending with four-points 
setup in order to verify the efficiency of this test type 
for VHPC reinforced with synthetic fiber. The results 
provided in the paper highlight the different effects, 
in terms of mechanical response, caused by fibers of 
different size at different cracking stages of the tested 
materials.
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1  Introduction

Very-High-Performance Fiber-Reinforced Concrete 
(VHPFRC) are defined as concrete capable of reach-
ing compressive strength higher than 80 MPa with a 
discontinuous reinforcement of fibers (such as steel, 
basalt, glass, carbon, polypropylene, e.g.) immersed 
in the matrix. Their beneficial mechanical proper-
ties are mainly due to a compact and extremely dense 
microstructure that also provides to increase their 
resistance to aggressive liquid and gases penetration 
by reducing the presence of pores in concrete matrix 
[1]. Together with their great durability properties 
that reduce maintenance costs, the high compressive 
strength of these concrete allows to reduce cross sec-
tions of structural elements and thus save material 
[2].

As in case of plain concrete, crack width control 
plays a primary role in VHPC structures, since there 
is a close relationship between mean and maximum 
crack widths and the durability of the structure in 
terms of penetration of aggressive agents [3]. At this 
aim, fibers randomly distributed in concrete matrix 
showed to be effective in arresting cracks at both 
micro and macro-levels. At the microscopic scale, 
fibers prevent the initiation and growing of cracks, 
meanwhile at the macroscopic scale the “bridge 
effect” of the fibers allow to control the unstable 
cracks propagation and thus enhance concrete tensile 
strength, toughness and ductility [4–6]. The ability 
of fibers to withstand the cracks formation, opening 
and propagation in concrete depends on many factors, 
such as their material (modulus and tensile strength), 
aspect ratio, shape, content, and direction, etc. [7].

In construction industry, the two most used types 
of fibers are steel fibers and polymeric synthetic fib-
ers. From the first research activities to the newest 
applications, steel fibers randomly distributed in the 
matrix lead to a significant impact on the mechani-
cal properties of concrete when added in its mix 
design. In particular, it has been shown that steel fib-
ers effectively controls cracks generation and devel-
opment, improving the concrete tensile, flexural and 
impact strength and toughness [4, 8, 9]. Thanks to 
their mechanical properties, steel fibers have been dif-
fusely used in civil and military concrete structures, 
including ports, cross-sea bridges and tunnels [10]. 
Steel fibers are generally protected from corrosion in 
presence of oxygen inside concrete by a compact thin 

film shield that guarantees the excellent performance 
of fiber-reinforced concrete. However, the presence 
of an aggressive chloride environment may cause the 
failure of this protection film and corrode the steel 
fibers, causing concrete durability degradation [11, 
12]. At this purpose, several studies have been made 
regarding the durability of steel fibers reinforced 
concrete under aggressive environments. It has been 
observed that pitting or uniform corrosion of steel fib-
ers led to a significantly decrease of the actual tensile 
strength of the fiber and, in case of pitting, to a brittle 
failure [13]. This clearly led to significant decrease in 
the mechanical strength of concrete reinforced with 
steel fibers [14, 15]. Moreover, steel are conductive in 
electric and magnetic field and thus their content in 
concrete had to be limited in structures such as tun-
nels and continuous slabs for high-speed railway sys-
tems, where the communication systems based on the 
transmission of electro magnetics waves can be dis-
turbed [16].

In this context, synthetic fibers have been consid-
ered as reinforcement in VHPC to overcome these 
issues observed in steel fibers [17, 18]. Firstly, syn-
thetic fibers have a lower density compared to steel 
fibers, resulting in a higher volume of fibers when 
used in concrete. In their work, Meng et  al. [19] 
showed that high-performance synthetic fiber con-
crete has superior resistance to sulfate attack and 
freeze/thaw over the ordinary concrete due to excel-
lent anti-crack performance and low permeability. 
Together with the durability properties, the research 
activities were conducted also on mechanical proper-
ties of synthetic fibers reinforced concrete, demon-
strating that addition of synthetic fibers in concrete 
significantly enhance its tensile strength, flexural and 
shear strength and toughness [20–24]. Among the 
different polymeric fibers, polypropylene (PP) and 
polyvinyl alcohol (PVA), have attracted the attention 
of researchers and industry, because of their physical 
and mechanical advantages. In particular, the use of 
PP fibers in cement-based materials became wide-
spread due to their resistance to a variety of chemical 
agents, sustainabe costs and easy processing. In fact, 
the PP fibers are characterized by an elastic modu-
lus in the range of 1.5–12 GPa and a ultimate tensile 
strength between 240 and 900 MPa [25]. These fib-
ers can be produced in several shapes, from straigth 
to crimped, embossed and textured with both circu-
lar and non-circular cross-sections [26]. As reported 
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in [22, 23], the crimped profile exhibited the high-
est energy absorption capacity in the pull-out tests. 
Behfarnia and Behravan [27] conducted a study 
investigating the impact of PP macro-fiber content 
on the compressive strength of concrete. Their find-
ings revealed that there was no significant change in 
the compressive strength of concrete by varying fiber 
content when compared to control samples. Other 
authors [28, 29], observed that Incorporating PP 
macro-fibers into self-compacting concrete resulted in 
an improvement in compressngth, even if this result is 
not always meaningful.

Review of current studies indicated that syn-
thetic fibers have a positive impact on chloride pen-
etration and water permeability of concrete [30–34], 
which means that the service life of buildings can be 
extended.

This research introduces a novel investigation 
into the interaction of two different types of syn-
thetic fibers within a very high-performance concrete 
(VHPC) matrix, an area that has seen limited explo-
ration. Additionally, a novel aspect of this study is 
the comparison between two testing methodologies: 
the three-point bending test and the four-point bend-
ing test on unnotched specimens. This analysis pro-
vides new insights into the mechanical behaviour and 
performance of fiber-reinforced VHPC, contributing 
significantly to advancements in material engineer-
ing and testing protocols. To this aim, the mechanical 
properties of three different VHPFRC mixtures and 
a plain VHPC reference mix have been investigated. 
In particular, polypropylene (PP) and polyvinil-alchol 
(PVA) fibers has been used: one mix was realized 
with PP fibers only; the other with PVA fibers only 
and the last one with PP and PVA fibers combined. 
Compressive strength, modulus of elasticity, flexural 
strength and thougness have been measured and ana-
lyzed, including a comparison between the different 

proposed mixes. The flexural strength has been stud-
ied by performing both three-points bending and 
four-points bending tests. The results reported in this 
work show that all the mixes reached about 110 MPa 
of compressive strength. The mix with PP fibers only 
resulted to have a compressive strength and modulus 
of elasticity slightly lower than the other mixes. On 
the other hand, the flexural tests showed that short 
PVA fibers allow to better control the crack initial 
state, meanwhile the VHPFRC with long PP fiber was 
able to support high level of stress for higher value 
of crack opening. The mix realized with both types 
of fibers show an intermediate behavior, which con-
firmed the different role of the studied fibers during 
the service life of the material.

The authors developed also an analytical predic-
tion on the mechanical properties of the proposed 
VHPFRC mixes, as well as an inverse finite element 
analysis. However, the main objective of this paper is 
to present and discuss the experimental work accu-
rately in order to contribute for better understand 
some specific aspects related to FRC that still need 
further investigation. At present, a publication is 
under preparation on the impact behaviour of VHP-
FRC plates prepared with the mixes presented herein. 
A FEM analysis has been carried out to predict the 
state of damage as the fiber content and type change, 
from the experimental behavioural bonding of the 
materials.

2 � Experimental programme

2.1 � Materials and mix design

The geometrical and mechanical properties of the 
three types of fiber used in this experimental research 
are shown in Table 1. The fibers used in this work are 

Table 1   Geometrical and mechanical properties of short fibers

Fiber name Material Length [mm] Equivalent 
diameter [mm]

Aspect ratio Shape Tensile 
strength 
[MPa]

Elastic Modulus
[MPa]

MF 401 Polyvinyl alcohol 12 0.20 60 800 27000

MF 236 Polypropylene 29 0.75 38.6 450 3250

MF 246 Polypropylene 40 0.75 53.3 450 3250
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produced by Master Builder Solution®. The Master-
Fiber 401 are microfibers in polyvinyl alcohol (PVA) 
for concrete reinforcement with a length of 12  mm. 
These PVA microfibers are used to reduce crack for-
mations in concrete due to shrinkage and increase its 
flexural strength. The Master Fiber 236 and 246 are 
macrofibers in polypropylene (PP) for concrete rein-
forcement with a length equal to 30 mm and 40 mm 
respectively. The waved shape improves the bond 
with the concrete matrix and so contrasts possible 
pull-out failures and enhances mechanical proper-
ties of concretes providing improved toughness and 
ductility.

Four VHPC mixtures have been studied, casted 
and tested; the mixes investigated had the same recipe 
shown in Table  2. Three mixtures have been added 
with fibers and the remaining one has been used as 
control mix.

As can be seen from Table 2, the mix VHPFRC_1 
was composed by PVA microfibers only, VHPFRC_2 
was realized adding 30  mm length PP macrofibers 
only and in the last mix, named VHPFRC_3, both 
PVA microfibers and 40  mm length PP macrofibers 
were used.

A higher dosage of the superplasticizer (i.e. 4% by 
weight of cement) was used in VHPFRC mixes aim-
ing to achieve a flow of 60 cm or greater to guarantee 
the requirements of an SCC (Self-Compacting Con-
crete) also with the addition of fibers. A cylindrical 
compressive strength higher than 85 MPa is expected 
to be reached with this recipe (Fig. 1).

2.2 � Specimens and test setup

A total of 67 VHPFRC specimens has been casted 
and tested within this experimental study. Each 
mix was tested under compression both with cubic 
(150 mm side) and cylindrical (150 mm diameter and 
300 mm heigh) specimens. In particular, three cubes 
and five cylinders were tested for each mix. These 
tests were performed according to the standard UNI 
EN 12390–3 [35]. The test of modulus of elasticity, 
according to UNI EN 12390–13 [36], were performed 
on three cylindrical samples for each VHPC mixture 
before the compressive strength tests.

On the other hand, the flexural strength tests were 
done both with three-points bending test (3PBT) and 
four-points bending test (4PBT) setup. The 3PBT 
were performed on five notched beams for each Ta
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mixture using an INSTRON® 3389 hydraulic servo-
controlled testing machine, in accordance with the 
UNI EN 14651 [37] standard. The tests were per-
formed under crack mouth opening displacement 
(CMOD) control, with the following procedure:

An initial loading rate of 0.5 mm/min was applied 
until reaching 80% of the maximum load peak.
The loading rate was then reduced to 0.05 mm/min 
and maintained until the crack occurred.
Finally, the rate was increased to 0.2 mm/min and 
sustained until the total CMOD reached 4 mm.

Fig. 1   a MasterFiber 401; b MasterFiber 236; MasterFiber 246
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This stepwise approach ensured precise control 
of the crack propagation during the test. In par-
ticular, as can be seen from Fig. 2a, the CMOD has 
been measured by means of a linear variable dis-
placement transducer (LVDT) positioned below the 
notch of the beam. From the measures w given by 
the LVDT it was possible to calculate the CMOD 
values with the formula:

where H is the heigh of the beam (150 mm) and i is 
the distance between the bottom surface of the beam 
and the axis of the LVDT that has been measured for 
each specimen.

As suggested by the technical standard, the results 
of these tests are represented as flexural strength vs. 
CMOD graphs (Fig. 2b), where the flexural strength 
is determined as:

in which P is the load measured by the load-
ing machine, l is the span between the cylindri-
cal supports (500  mm), b is the width of the cross 

CMOD = w ⋅ (H∕(H + i))

ffct,L =
3Pl

2bh2
sp

Sect. (150 mm) and hsp is the distance between the tip 
of the notch and the top of the specimen (125 mm).

The test setup used for 4PBT is shown in Fig. 2c. 
These tests were performed on five unnotched beams 
for each mix with a cross section of 100  mm x 
100 mm and a span length of 450 mm. As reported 
in the ASTM C1609 [38], these tests were performed 
under displacement controls. In particular, the net 
deflection has been increased by 0.05  mm/min until 
the peak load was reached. After that, the rate of 
increase net deflection has been set to 0.2  mm/min 
up to the end of the test. Two LVDTs were positioned 
at the mid-span on the two sides of the specimen in 
order to measure the displacement δ. With the load P 
given by the universal testing machine it was possible 
to obtain the equivalent bending stress f:

where L is the span between the cylindrical supports 
(450 mm), b is the width of the cross section of the 
beam (100 mm) and h is specimen height. As shown 
in Fig. 2d, the results have been displayed by means 
of load-net deflection graphs and the parameters cal-
culated according to the method shown in [38].

f =
PL

bh2

Fig. 3   Water permeability test setup according to UNI 12390–8 [39] (dimensions in mm)
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Finally, the tests of permeability were run in order 
to check the durability of this new concretes; in this 
perspective, three cubic samples (150 mm sided) have 
been tested, for each VHPFRC mix, under water pres-
sure conditions according to UNI EN 12390–8 [39]. 
The test setup defined in the standard is illustrated in 
Fig.  3. The cubic specimens were positioned in the 
testing device providing hermeticity at the borders to 
assure the water pressure application only at the bot-
tom side. Controlled pressure water at 500  kPa was 
applied onto the specimen for 72  h continuously. 
Once the specimen has received the water pressure 
for the specified time, the specimen is retired from 
the testing device and the excess water is clean out. 
Thereafter, the specimen is split in half to measure 
the water penetration depth.

3 � Experimental results

3.1 � Slump flow test

The slump flow tests have been performed accord-
ing to the EN 12350–8 [40]. In particular, the cone 
was filled with the concrete mix without tamping and 
removing any surplus from around the base of the 
cone. Once the cone has been filled, it was lifted and 
the final extension of the concrete spread circle was 
measured in two orthogonal directions. The average 
values obtained for each mix have been reported in 
Table 3.

As specified in the previous section, the compari-
son between the slump values obtained with VHP-
FRC mixes and plain VHPC mix has to be made con-
sidering the higher quantity of superplasticizer used 

in mixes with synthetic fibers. In particular, it can 
be seen that the largest reduction in workability has 
been observed in VHPFRC_1 and VHPFRC_3 mixes. 
Despite the increase in superplasticizer quantity, as 
referring to the plain VHPC mix results, the concrete 
spread circle diameter has been reduced of 26% and 
34% in case of mix VHPFRC_1 and VHPFRC_3, 
respectively. On the other hand, the slump flow value 
obtained with VHPFRC_2 mix is almost the same as 
obtained with the mix without fibers.

The significative influence on the workability of 
the mix has also been observed by [41, 42]. They sug-
gests that this difference could be the results of the 
extremely high surface area of PVA fibers and their 
capacity to absorb water in the early stage in respect 
to PP macrofibers.

3.2 � Compressive strength and elastic modulus

The results of the mechanical characterization of the 
VHPC mixes introduced in the previous section are 
reported in Table 3. As defined in the previous sec-
tion, both the cubic compressive strength (Rc) values 
and modulus of elasticity (Ec) are obtained as aver-
age of three specimens, meanwhile the cylindrical 
strength (fc) results are average values of five speci-
mens. Moreover, in Table 3 there is also reported the 
ratio between the cylindrical and cubic compressive 
strength fc/Rc obtained for each concrete mix.

From the compressive strength results shown in 
Table 3, it can be seen that all the VHPC mixes were 
able to reach the 85 MPa target, referring to the cylin-
drical compressive strength. In particular, it results 
that the average cubic compressive strength of VHP-
FRC_1 with PVA microfiber was 1% lower than the 
reference mix VHPC. On the other hand, larger decay 

Table 3   Average results 
of slump flow test and 
mechanical characterization 
(CoV values in parentheses)

Slump flow 
[mm]

Compressive strength [MPa] Elastic Modulus
Ec [GPa]

Rc [MPa] fc [MPa] fc / Rc [–]

VHPC 840 121.4
(4.1%)

110.8
(4.3%)

0.91 44.23
(0.9%)

VHPFRC_1 620 119.9
(6.0%)

106.9
(4.9%)

0.89 41.45
(1.7%)

VHPFRC_2 820 108.4
(1.2%)

91.1
(17.2%)

0.84 40.41
(2.1%)

VHPFRC_3 550 111.0
(2.7%)

94.3
(16.1%)

0.85 42.31
(2.0%)
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of about 11% and 9% has been observed in case of 
VHPFRC_2 and VHPFRC_3 respectively. These 
differences can be considered as logical variability 
among the four castings, also considering the coef-
ficient of variation calculated for each concrete mix 
and reported in Table  3. In their work, [6] and [43] 
observed a slightly decrease of compressive strength 
due to the presence of macro-synthetic fibers. In par-
ticular, they reported that fibers constitute an inclu-
sion that may act as a structural discontinuity, which 
produces a lower strength under compression forces. 
According to [40] and [41], the low modulus of elas-
ticity of the reinforcing fibers and the introduction 
of small number of voids into the concrete around 
the fibers is probably responsible for the observed 
strength reduction. At the same time, in [44] observed 
that the macro-plastic fibers have no obvious effects 
on the compressive strength.

As can be seen from the elastic modulus results 
shown in Table 3 the same trend already observed for 
compressive strength results have been obtained. In 
fact, despite the low scatter between the four concrete 

mixes, also in this case the results obtained for VHP-
FRC_2 mix is slightly lower than the other two fiber 
reinforced mixtures. This observation confirms what 
has already been discussed previously regarding the 
effect of macro-polypropylene fibers in concrete. 
Finally, as compared with the reference plain VHPC 
mixture, the results obtained with mixes VHPFRC_1, 
VHPFRC_2 and VHPFRC_3 are 6%, 9% and 4% 
lower, respectively. In terms of design consideration, 
it is clear that these differences appear meaningless, 
if addressed to practitioners interested in practical 
applications.

3.3 � Three‑points bending tests on notched beams

As previously reported, three-points bending tests 
on notched beams were performed on five samples 
for each VHPFRC mix. Overall, as can be noted in 
Fig. 4, all the curves are characterized by a large load 
decay and a corresponding increase in CMOD val-
ues. However, this loss of control always ends before 
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cracks reach 0.5 mm opening and the analysis of the 
results (i.e. especially referring to fR1 values) are con-
sidered valid. Another aspect to be considered is that, 
given the high difference between concrete and fib-
ers elastic moduli, the load transfer between concrete 
matrix that reaches its tensile strength and the fibers 
appears to be retarded. This aspect is also confirmed 
by other authors in literature [24, 45], and seems to 
be an intrinsic characteristic of synthetic fibers rein-
forced concrete.

The results obtained with the VHPFRC_1 mixture 
with the short PVA fibers are reported in Fig. 4a and 
in Table  4 in terms of flexural stress corresponding 
to the limit of proportionality (LOP) and the values 
of CMOD1, CMOD2, CMOD3 and CMOD4. As can 
be seen from the graph, the dispersion of the results 
for this group of specimens was very low, contrary to 
what is expected in this type of tests. A sharp stress 
decay has been observed after the LOP from about 
7  MPa to 5.5  MPa in all specimens. As previously 
explained, this is probably due to the large difference 
between the VHPC matrix elastic modulus and the 
PVA fibers modulus. Once the first crack occurred 
in concrete matrix, in fact, in correspondence of the 
crack the load is carried only by the PVA microfib-
ers, but the lower elastic modulus delayed their 
response. The contribution of the MasterFiber 401 is 
prevalent for low values of CMOD, between 0.2 mm 
and 1.2 mm, because of the length of the fibers. For 
higher value of crack opening, in fact, the microfibers 
contribution decrease and resulted to be significantly 
lower than in case of PP fibers.

The results obtained with the specimens prepared 
with VHPFRC_2 are shown in graph of Fig. 4b and 
in Table 4. As previously observed for VHPFRC_1 
mix, also in this case a low dispersion of the results 
is obtained. The stress decay that occurred after 

the first crack formation in the concrete matrix is 
sharper than in case of VHPFRC_1 as the flexural 
stress decrease from about 7  MPa to 4.5  MPa. In 
this case, both the greater length and the waved pro-
file of the fibers significantly contributed to increase 
the tensile flexural stress also for high CMOD val-
ues. In fact, despite the lower mechanical proper-
ties of the MF 236 fibers respect to the MF401 
(Table  1), the higher bond with the VHPC matrix 
allowed to transfer higher stresses within the crack. 
The result confirmed what observed in [22], where 
the interface toughness and pullout load of struc-
tural macro-synthetic fibers were highly improved 
when they had a crimped profile.

On the other hand, Fig.  4c shows the results 
obtained on mix VHPFRC_3 realized with both PVA 
microfibers MF401 and PP macrofibers MF246. 
Unfortunately, the experimental data of specimen 
VHPFRC_3_3 have gone lost after the test, mean-
while the test of specimen VHPFRC_3_1 stopped 
after reaching CMOD value of 2.5  mm for an error 
occurred on the software of the testing machine. As 
can be seen from the graph and from the experimen-
tal values reported in Table 4, this mix exhibited an 
overall behavior that is included between a lower and 
upper limit defined by the results of VHPFRC_1 and 
VHPFRC_2 specimens group, respectively. In fact, 
after the LOP and the load decay already observed 
in the other mixes, the PVA microfibers allowed to 
quickly recover the load. In the second phase of the 
test, when the crack mouth opening is larger than 
1 mm the stresses decreased as happened with VHP-
FRC_1 mix (Fig.  4a) since the MF401 fibers were 
no longer able to carry the load for the reasons pre-
viously discussed. At this point, the load decreasing 
seemed to reach an asymptote thanks to the contribu-
tion of the PP macrofibers.

Table 4   Average results of 3PBT on notched beams (CoV values in parentheses)

MIX LOP [MPa] fR1 [MPa] fR1k [MPa] fR2 [MPa] fR3 [MPa] fR3k [MPa] fR4 [MPa] fR3k / fR1k [–]

VHPC 6.71
(2.8%)

– – – – – – –

VHPFRC_1 6.77
(2.4%)

6.77
(3.8%)

6.30 4.38
(7.5%)

2.03
(10.2%)

1.66 1.11
(10.9%)

0.3

VHPFRC_2 6.54
(4.0%)

5.83
(11.0%)

4.68 7.97
(11.5%)

8.43
(12.8%)

6.50 8.13
(13.2%)

1.4

VHPFRC_3 7.04
(4.8%)

5.97
(20.8%)

3.73 5.82
(24.0%)

4.87
(24.4%)

2.73 4.63
(31.6%)

0.7
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Finally, in Fig.  4d there are shown the results 
obtained with the reference VHPC mix without fibers. 
For the specimen VHPC_3 CMOD data recorded are 
not available due to an error in the readings of the clip 
gauge, for this reason this specimen is not included 
in the graph. Anyway, it is clear that the absence of 
fibers resulted in a totally brittle behavior without any 
post-cracking stage, as expected form theory.

In Fig.  5 representative specimens for each mix 
are shown after failure. In particular, Fig. 5a shows a 
specimen with only PVA microfibers that are barely 
visible due to their small section and length. Almost 
all the MF401 fibers that across the final crack 
resulted to be integer, meaning that the fibers were 
pulled-out from the concrete as previously discussed. 
Again, this observation confirms that the lower bond 
between PVA fibers and the concrete matrix pre-
vented from fully exploiting their high mechanical 
properties. On the other hand, the PP macrofibers 
are clearly visible from Fig. 5b. In this case it can be 
noted that there are many fibers that were pulled-out 
from the concrete matrix and the remaining part that 
reached the tensile failure. This confirms the good 
bond developed between the waved MF236 and the 
VHPC. Finally, in Fig. 5c the VHPFRC_3 specimen, 

containing a mix of PVA and PP fibers, after failure is 
shown. The observation of the cracked surface of this 
specimen confirmed what has already been seen in 
the other pictures: the PVA microfibers are all pulled-
out, meanwhile the MF246 are partially integer (slip-
page from concrete) and partially failed in tension.

Together with the mean values obtained from the 
tests, in Table 4 there are reported the characteristic 
values fR1k and fR3k calculated according to Euroc-
ode 0 [46] and their ratio used by Model Code 2010 
[47] for fiber reinforced concrete characterization. In 
particular, according to the Model Code, fiber rein-
forcement can substitute (also partially) conventional 
reinforcement at ultimate limit state, if fR3k / fR1k is 
higher than 0.5. Given the results shown in Table 4, 
this applies only to VHPFRC_2 and VHPFRC_3 mix 
design.

3.4 � Four‑points bending tests on unnotched beams

The results obtained with the four-points bending 
tests on unnotched specimens are shown in Table  5 
and in graphs of Fig. 6. In particular, the numerical 
results are expressed in Table 5 in terms of peak load 
PP, net deflection at peak load δP, peak strength fP, 

Fig. 5   Notched beam specimens after 3PBT failure: a VHPFRC_1; b VHPFRC_2; c VHPFRC_3

Table 5   Average results of 4PBT on notched beams (CoV values in parentheses) – ASTM C1609 [38]

MIX PP [kN] δP [mm] fP [MPa] P600 [kN] f600 [MPa] P150 [kN] f150 [MPa] T150 [J]

VHPFRC_1 26.7
(5%)

0.11
(31%)

12.0
(5%)

15.1
(25%)

6.8
(25%)

2.7
(29%)

1.2
(29%)

31.2
(18%)

VHPFRC_2 23.5
(9%)

0.08
(16%)

11.0
(6%)

18.6
(11%)

8.4
(11%)

21.7
(15%)

9.8
(15%)

61.2
(10%)

VHPFRC_3 22.2
(9%)

0.08
(21%)

10.1
(9%)

18.8
(21%)

8.5
(21%)

8.8
(21%)

6.2
(21%)

49.9
(21%)
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residual load P600 and strength f600 at the net deflec-
tion L/600, residual load P150 and strength f150 at the 
net deflection L/150 and toughness T150 calculated 
as the area under the load–deflection curve up to the 
net deflection of L/150. All the tests were considered 
valid since in all the specimens the cracks appeared in 
the constant moment zone. Moreover, from the curves 
reported in Fig.  6 it can be seen that, except speci-
men VHPFRC2_4, in all the tests the first peak load 
P1 resulted to be equal to the peak load PP (Fig. 2d).

The results obtained with VHPFRC_1 are shown 
in Fig. 6a other than in Table 5. The flexural behav-
iour observed in the mix realized with only PVA 
microfibers is characterized by different stages. After 
the first elastic stage, the first crack occurred and the 
stress sharply decrease as also observed in three-
points bending tests. This deep decay in flexural stress 
is partially recovered in the following post-cracking 
stages. In fact, the stress increased until the deflection 

recorded reached about 1  mm and then decrease 
again up to the failure. This behaviour appeared to 
be significantly brittle as compared with the results 
obtained with the other two VHPFRC mixes.

In fact, as can be seen from Fig.  6b, the VHP-
FRC_2 specimens realized with only PP macrofib-
ers were able to totally recover the maximum flex-
ural stress after the first crack occurred. This can be 
observed also from Table  5 in which P600 and P150 
values are almost equal to PP. Moreover, the VHP-
FRC_2 mix specimens were able to carry the load 
for higher deflection showing a global more ductile 
behaviour.

Finally, as in case of three-points bending tests, the 
results obtained with VHPFRC_3 seemed to be the 
average of the previously discussed mixes. In fact, in 
the flexural stress vs. displacement curves of Fig. 6c 
there are evident both the contributes of PVA micro-
fibers and PP macrofibers.
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The differences between the three mixes are also 
confirmed by the toughness values T150 reported in 
Table  5. In particular, the area under the load-net 
deflection curves in case of VHPFRC_2 mix resulted 
to be twice the respective values obtained in case of 
VHPFRC_1 mix. Finally, the T150 value of VHP-
FRC_3 specimens resulted to be almost the average 
value between the other two VHPFRC mixes.

3.5 � Water permeability tests

Water permeability tests were run in order to reveal 
the effects of the low porosity of such concrete tar-
geted, which are targeted to be considered “zero 
maintenance”. After the application of water under 
pressure for 72 h the specimens were splitted into 
and no water penetration depth was detected under 
the wet surface. This means that it was not possible 
to define a water penetration depth profile for the four 
mixes, both with and without synthetic fibers since 
the water permeability can be considered negligible. 
This can be easily explained since the composition 
of the VHPC mix design was characterized by a very 
low percentage of void and didn’t allow the water to 
penetrate inside the specimens although applied in 
pressure continuously for a long period.

These results confirmed what already observed 
by other authors. In particular, in their work Sun and 
Xu [30] reported that PP fibers significantly alter the 
microstructure of concrete by reducing the amount, 
size and orientation of CH crystals and micro voids. 
This can be traduced in a global reduction of the 
voids and micro-cracking at the interfacial transition 
zone between the aggregates and the cement paste.

4 � Analysis and discussion of test results

4.1 � Bending tests results comparisons

In order to compare the results obtained on bend-
ing tests on the three VHPFRC mixes, the aver-
age curves of the experimental results of each mix 
obtained from both the bending test configurations 
are illustrated in Fig. 7. The differences already dis-
cussed become clearer by observing these graphs. 
In fact, it can be seen that the first linear elastic 
stage is the same for the three mixes in terms of 
both the LOP and the slope of the initial branch. 

Once the crack occurred, it can be seen how the 
PVA microfibers allowed to better control the load 
decay and to recover the load quicker than the other 
mixes. Finally, the evident differences in the post-
cracking behaviour for high value of crack opening 
width can be seen. The PP macrofibers included in 
mix VHPFRC_2 allowed the specimens to carry 
higher load from CMOD equal to 1 mm to the end 
of the tests. On the other hand, the mix VHPFRC_3, 
prepared with both PVA microfibers and PP mac-
rofibers, seemed to stay in the middle between the 
other two VHPFRC mixes. Despite the contribution 
of the PVA microfibers appeared not so evident in 
this mix since no significant differences are seen for 
low CMOD values, the influence of MF246 can be 
noted for larger CMOD when the curve is compared 
with that one of VHPFRC_1.

As noted in the previous section regarding the 
results of three-points bending tests on VHPFRC 
mixes, in all the tensile flexural stress vs. CMOD 
experimental curves a deep stress decay has been 
observed after reaching the LOP. As also observed 
in [22], this phenomenon is probably linked to the 
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difference between the VHPC matrix elastic modu-
lus and the synthetic fibers and to the non-optimal 
adhesion forces between fibers and concrete matrix. 
At this purpose, in Fig.  8 there are reported two 
graphs aiming to analyze the load decay observed 
for the several mixes during the three points bend-
ing tests. In particular, in Fig.  8a two points of 
each average curve are reported corresponding to 
the LOP value and the lowest point after the stress 
decrease, meanwhile in Fig.  8b the difference 
between those two values is reported.

As regards the MF 401, in the previous section it 
has been just reported that the VHPC matrix mod-
ulus resulted to be higher than 40 GPa meanwhile 
the elastic modulus of PVA is equal to 27 GPa, that 
is about 33% lower. This means that once the first 
crack occurred in concrete matrix the load should 
be instantly carried by the PVA microfibers, but the 
lower elastic modulus delayed their response and 
this causes the load drop.

In the case of PP macrofibers this difference is 
even higher than the case of PVA microfibers. In 
fact, as shown in Table 1, the nominal elastic mod-
ulus of fibers MF236 is equal to 3.25 GPa that is 
more than one order of magnitude lower than the 
VHPC matrix elastic modulus. These observations 
explain why the stress decay is slightly reduced in 
case of VHPFRC_1 mix, as can be seen from Fig. 8. 
In fact, this mix has been prepared with PVA micro-
fibers only and their higher modulus of elasticity 
allow to better control the load losses after the for-
mation of the first crack.

Overall, considering the statistical variability 
reported in graph of Fig.  8b, this difference seems 
to be minimal despite the large scatter between the 
elastic moduli. This can be explained by the fact that, 
together with the fiber elastic modulus influence just 
discussed, the load recovery after the peak strictly 
depends also on the fibers volume and their bond 
with concrete matrix. In this case, VHPFRC_1 mix 
fiber volume is lower than in case of VHPFRC_2 and 
VHPFRC_3 (Table 2) and the crimped profile of PP 
is known to offer an higher bond capacity between the 
concrete matrix and the fiber.

4.2 � Fracture energy

In order to analyze the post-cracking behavior of the 
three-points bending tests experimental results, the 
fracture energy has been calculated for each specimen 
according to the procedure defined in the Rilem Rec-
ommendation TC-50 [48]. In this recommendation 
the fracture energy is defined as the amount of energy 
necessary to create one unit area of a crack, mean-
while the area of a crack is defined as the projected 
area on a plane parallel to the main crack direction. In 
order to calculate the fracture energy the curves of the 
three-points bending tests shown in Fig. 4 have been 
converted into load F vs. deflection δ curves by means 
of the conversion criteria from CMOD to δ reported 
in [37]. The fracture energy GF,j has been calculated 
for different δj corresponding to the CMODj (j = 1, 2, 
3, 4). In particular, as suggested by the Rilem Recom-
mendation the following equation was used:
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where W0,j is the area obtained from load vs. δ curves 
up to the corresponding δj value; m is the weight of 
the specimen; g is the gravity acceleration; δj are the 
deflection valued corresponding to CMODj (j = 1, 2, 
3, 4) previously defined; Alig is the area of the liga-
ment (i.e. specimen cross section minus the area of 
the notch).

The results obtained are shown in the histogram 
of Fig. 9. The results of the fracture energy allowed 
to have a measurement of the toughness of the 
VHPFRC mixes investigated. As can be clearly seen 
from Fig.  9, the fracture energy results confirmed 
what already observed from the comparison made 
regarding the average curves reported in Fig.  7. In 
particular, the fracture energy resulted almost the 
same for CMOD equal to 0.5 mm since in the first 
stage of the test is mainly governed by the VHPC 
matrix. The values determined for VHPFRC_1 mix 
were slightly higher than the others since the con-
tribution of the PVA microfibers is relevant in this 
first stage of crack formation. This trend is inverted 
for the fracture energy values determined at crack 
mouth opening equal to 2.5 mm. In fact, despite the 
little differences, the VHPFRC_2 fracture energy 
values overcome those obtained on VHPFRC_1 
and VHPFRC_3. This is due to the fact that in this 
stage the PP macrofibers contribution started to 
significantly increase meanwhile the PVA micro-
fibers effects decreased. The same trend continued 
until the end of the tests since the fracture energy 
of VHPFRC_2 mix increased until it became almost 

GF,j =
(

W0,j + mg�j
)

∕Alig
the double of that one measured for VHPFRC_1 
mix. On the other hand, the fracture energy of 
VHPFRC_3 mix specimens realized with 20 kg/m3 
of PVA microfibers and 10  kg/m3 of PP macrofib-
ers followed about the same trend of VHPFRC_1 
except for the slightly higher increase for CMOD 
values 2.5 mm and 3.5 mm thanks to the contribu-
tion of MF246 fibers.

5 � Conclusions

An extended experimental campaign has been con-
ducted to investigate the mechanical properties of 
very high-performance fiber reinforced concrete 
(VHPFRC) incorporating different types and combi-
nation of synthetic fibers. The study involved three 
types of synthetic fibers: two types of waved polypro-
pylene macro-fibers with crimped profiles and lengths 
of 30 mm and 40 mm, respectively, and straight poly-
vinyl alcohol microfibers with a length of 12  mm. 
The same VHPC concrete mixture was used as con-
crete matrix and three different mixes were defined: 
one with only PVA microfibers (L = 12  mm), one 
with only PP macrofibers (L = 30 mm), and one with 
a combination of both fiber types (PP L = 40  mm). 
The characterization at the hardened state included 
tests for compressive strength, modulus of elastic-
ity, water permeability, tensile flexural strength, and 
toughness through three-point and four-point bending 
tests. The role of synthetic fibers was investigated by 
analyzing the post-peak behavior of the bending tests, 

Fig. 9   Fracture energy 
analysis of three-points 
bending tests according to 
[48]
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specifically by calculating the fracture energy accord-
ing to RILEM guidelines.

Based on the experimental results herein shown 
and discussed, the following conclusions can be 
drawn:

•	 The presence of the short fibers in all cases 
brought beneficial effects since the toughness and 
fracture energy of VHPFRC were always higher 
when compared to VHPC matrix.

•	 All VHPC mixes achieved the target compres-
sion strength of 100  MPa. Notably, the average 
cubic compressive strength of VHPFRC_1, which 
included PVA microfibers, was slightly lower by 
1% compared to the reference mix VHPC. In con-
trast, larger reductions of approximately 11% and 
9% were observed in the case of VHPFRC_2 and 
VHPFRC_3, respectively. This minimal impact 
of the macro-propylene fibers on compressive 
strength aligns with findings from previous stud-
ies.

•	 As regards the three-points bending tests, it has 
been observed that once the crack occurred, the 
PVA microfibers allowed to better control the 
nearly post-peak behavior. At this stage an imme-
diate load decay occurs, and PVA fibers were able 
to recover the load quicker than the other mixes. 
Additionally, notable distinctions in post-cracking 
behavior were observed, particularly for higher 
values of crack opening displacement. The mix 
incorporating PP macrofibers exhibited the ability 
to carry higher load from CMOD equal to 1 mm 
to the end of the tests. Finally, the mix realized 
with both PVA and PP fibers resulted in an inter-
mediate mechanical response between the other 
two mixes.

•	 The results of the four points bending tests con-
firmed the same trend observed in three-points 
bending tests. In particular, the residual load 
at L/150 net deflection resulted to be very low 
in case of VHPFRC_1 mix and comparable 
to the first peak load of VHPFRC_2. The mix 
VHPFRC_3prepared with both macro and micro 
synthetic fiber types confirmed to have a post-
peak behavior which falls in between respect to 
VHPFRC_1 and VHPFRC_2.

The results of the study revealed a different role 
in terms of toughness and crack control of synthetic 

fibers that can be incorporated into a concrete matrix. 
The nature of the fibers, their dimensions and their 
shapes can be considered important variables in order 
to design a proper mix, that can be optimized respect 
to the expected service conditions.

The tested VHPFRC materials demonstrated also 
to be non-permeable to water, which is an important 
requirement for the purpose of extending the life-
cycle of buildings and reduce their maintenance. For 
this reason the proposed mixes can be considered for 
both pre-cast or on-site applications, assuring high 
sustainability due to high durability, and enhanced 
toughness and cracking control. In this perspective 
these materials are inspired to a class of “zero mainte-
nance” concrete which should be considered manda-
tory in future design applications.

Future research in the field would include new 
fibers dosages, testing on real scale reinforced slab 
for each mix under punching shear load, in order 
to evaluate the fibers contribution also on concrete 
shear strength. Moreover, the authors are running 
FEM analysis to calibrate an accurate prediction of 
the experimental results, starting from an inverse 
analysis.
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