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Abstract This paper presents experimental results
on two types of concrete reinforced with steel and
polyvinyl-alcohol (PVA) fibres subjected to dynamic
tensile loading. The tests were carried out by using a
Modified Hopkinson Bar apparatus on fibre rein-
forced concrete notched-specimens under three dif-
ferent strain-rates (50, 100, and 200 sfl). From the
experiments it was found that there is a significant
enhancement in tensile strength with increasing
strain-rates. The dynamic tests on steel FRC with
the smaller loading rate (50 s~') showed a strength
similar to the one measured from static tests;
however, for increasing loading rates, a remarkable
decrease of post-peak strength and ductility occurs. In
specimens with PVA fibres, an enhancement of the
tensile strength was also observed and a significant
reduction of fracture energy and ultimate deformation
occurred. Some experimental aspects are also dis-
cussed as the specimen shape, its dimension, the
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loading rate as well as the different post-peak
behaviour from static and dynamic tests.
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1 Introduction

The use of fibre reinforced concrete (FRC) has been
continuously increasing during the last years because
of its enhanced performances in terms of toughness
and crack control. As a consequence, FRC is now
widely used for industrial pavements, in small
prefabricated elements, in shotcrete and, recently,
has been adopted also for the final lining in conven-
tional or segmental tunnels [1].

The great development of FRC and its application
in structural engineering encouraged the development
of newer high performance materials for further
structural applications and/or special loading cases.
Among these loading cases, because of the world-
wide growing concern for terrorist attacks against
civilian targets, the need to better understand the
impact resistance of FRC and how to enhance its
performances comes up [2].

The effects of high loading rates on FRC are also
an important requirements for the design of special
types of structures as tower buildings, off-shore,
sheltering structures or nuclear plants. In fact, during
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their lifetime, these structures could be subjected to
high strain-rates produced by impact loads or blast;
under all these loading conditions, the enhanced
toughness of FRC seems a promising answer to
structural requirements [3-5].

In the present paper, experimental results from a
research program focused on the mechanical charac-
teristics in tension under high strain-rates are
described. Two types of FRC were considered, the
first one was reinforced with steel fibres (S-FRC)
while the second one was reinforced with polyvinyl-
alcohol fibres (PVA-FRC).

The high strain-rate behaviour of FRC specimens
was studied by means of a modified Hopkinson bar
(MHB). In the discussion, some experimental aspects
as the specimen shape, dimension, the loading rate as
well as the different post-peak behaviour in static and
dynamic tests are considered; consequently, the
experimental results allow for a better choice of the
type of fibre required to enhance FRC ductility under
dynamic loads.

2 Materials

Both static and impact tests were performed on
specimens made of a very high strength concrete
matrix having maximum aggregate size of 1.3 mm in
addition to 1000 kg/m> of cementitious materials
(cm) with a water/cm ratio of 0.17. The concrete
matrix was initially designed for including a volume
fraction (Vi) of 2.5% (corresponding to 196 kg/mS) of
steel fibres having a length of 18 mm and a diameter
of 0.15 mm. The same concrete matrix was also used
for the same volume fraction (2.5%, corresponding to
22.5 kg/m?) of PVA fibres, having a length of 12 mm
and a diameter of 0.018 mm.

The specimens were tested after 14 days of curing
in a fog room having a temperature of 20 + 2°C and
a humidity of 90 + 5%. The compressive strength
was been measured from cylindrical specimens
having a diameter (d) and a height () of 70 mm.

3 Static tests

The tensile behaviour under static loads was studied
by using three different test set-ups [6], summarized
in the following:

— uniaxial tensile tests on dog-bone un-notched
specimens whose dimensions are shown in
Fig. la. This test set-up is usually adopted for
the characterization of hardening materials. The
specimen ends were fixed in the hydraulic clamps
by using a low pressure in order to avoid any
specimen damage; in addition, neoprene sheets
were placed between the specimen ends and the
clamps in order to better distribute the load
pressure. Two LVDTs having a gauge length of
80 mm were used to measure the deformation on
the thinner central part of the specimen. The
average strain in the thinner part was determined
as the average displacement (of the two LVDTs)
divided by the gauge length (Fig. 1a);

— uniaxial tensile tests with freely rotating platens
on prismatic specimens (100 x 200 x 40 mm)
having a notch with a depth of 35 mm and a
width of 4 mm (Fig. 1b). The free rotation of the
platens was obtained by means of two spherical
hinges placed at 150 mm from the glued surface
that allowed to localize the centre of rotation at
the specimen ends. Four LVDTs with a base
length of 45 mm were placed across the notched
section to evaluate the relative displacement and
rotation of the sections at each side of the crack
surface. The average measure of the two LVDTs,
placed astride the notch, was assumed as crack tip
opening displacement (CTOD);

— bending tests (four-point loading) on specimens
having the same crack surface of the uniaxial
tensile tests. The notched beams have a size of
100 x 320 x 40 mm (the same notch of the
uniaxial tensile tests) and were tested with a span
length of 300 mm and a distance between the
load points of 100 mm (Fig. 1c¢). Three LVDTs
were used to measure the vertical displacement at
mid-span and under the load points while two
LVDTs were placed at the notch tip to measure
the CTOD. Furthermore, a clip gauge was placed
across the notch to measure the crack mouth
opening displacement (Fig. 1c).

The main experimental results from static tests are
summarized in Fig. 2 and in Table 1 in terms of
nominal stress (load/cross-sectional in pure tension or
moment/bending modulus) versus crack opening
displacement (COD) or CTOD. All the results show
the remarkably tougher behaviour provided by the
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steel fibres (S-FRC) with respect to the PVA fibres
(PVA-FRC).

From the uniaxial tensile test on dog-bone
specimens (Fig. 2a), one can notice that, for a
deformation of about 0.005, the adopted volume
fraction of PVA fibres is not longer able to control
the fracture process; on the contrary, in specimens
with steel fibres, after cracking the load can still
increase with an hardening branch due to the

development of a multicracking process (the crack
onset was expected to be the same in specimens
having the same concrete matrix). The maximum
strength of S-FRC is nearly 80% higher than that
of PVA-FRC.

The uniaxial tensile tests on notched specimens
evidence a significant higher performance of S-FRC
in terms of both maximum load and fracture energy

(Fig. 2b).
-
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Fig. 2 Experimental (a)
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Table 1 Experimental results from static tests
Tests Mechanical characteristics PVA-FRC STEEL-FRC
Uniaxial dog-bone test Tensile strength (MPa) 3.04 £ 0.93 6.96 £ 1.74

Fracture energy (J/m?) - 14613 £ 2620
Uniaxial notched test Tensile strength (MPa) 524 £ 0.14 16.73 £ 1.39
Four point bending test Tensile strength (MPa) 12.70 £+ 1.49 25.70 £ 0.42

Fracture energy I/m?) 1156 £+ 18 16677 + 3409
Reference test for impact tests Tensile strength (MPa) - 5.24
Compression Compression strength (MPa) 161.9 £ 5.1 185.1 £ 3.1

Density (kg/m>) 2233 + 12 2427 + 6

The bending tests confirm the higher toughness of
concrete with steel fibres; the maximum tensile
strength of S-FRC is twice the one obtained from
PVA-FRC (Fig. 2¢). In the PVA-FRC specimens a
small tensile branch develops up to a CTOD of
0.2 mm, beyond which the contribution of PVA

fibres becomes negligible. With steel fibre reinforce-
ment, it is possible to obtain a flexural strength
ranging from 25 to 30 MPa. The brittle behaviour of
concrete with PVA fibres found herein is probably
related to the use of a high strength concrete matrix
that was originally designed for including steel fibres.
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4 Experimental set-up for dynamic tests

The study of the high strain-rate behaviour of the
FRC materials is essential in order to better under-
stand the actual resistance of structures subjected to
impact and blast. In fact, when a structure is stressed
by an impulsive load, the energy does not act
immediately on all parts; the deformations and
stresses caused by the impulsive load propagate
through the structure in the form of disturbances like
stress and strain waves. The mechanical response of
the impacted structure depends strictly on the stress
wave propagation because the latter establishes the
load distribution over the structure. This is the most
evident difference between the so called quasi-static
load and the impact load, which must be taken into
account by designers for stress analysis under
impulsive loads; similarly, it also helps the choice
of the proper loading devices and instrumentation
used in the impact tests.

The test method should assure high precision of
the experimental testing results only when it allows
an undoubted resolution of stress wave propagation
inside the components of both the testing device and
the tested structure. It is scientifically well known that
the classic Hopkinson bar [7-10] are developed for
the study of the mechanical properties of materials at
high strain-rate by strictly controlling and measuring
the incident, reflected and transmitted stress wave
acting on a specimen. Moreover, the behaviour of

Fig. 3 DynaMat
laboratory: set-up for the
high strain-rate tensile tests

FRC materials under high strain-rate is also currently
studied by means of other different experimental
apparatus and techniques. Among the most common
techniques are the drop-weight test [11, 12], the
swinging pendulum, the conventional Charpy impact
machines, etc. In the field of the mechanical charac-
terization of materials at high strain-rate, the classical
Hopkinson bar has shown distinct advantages and
results especially for its capability to measure the
wave propagation in materials produced during high
strain-rates tests avoiding any filtering of signals,
which could potentially cut out important information
about the material behaviour. For these reasons, the
Hopkinson bar technique is widely used also to
determine the mechanical properties of concrete
under high loading rates [13-20]. At high strain-rate
regime, the experimental technique used for the
mechanical characterization of materials strongly
influences the results both in the accurateness and
in usability. In fact, the precision of the constitutive
law in reproducing the actual behaviour of the
materials has important consequences in the correct-
ness of design and assessment of concrete structures
subjected to impact and blast loading.

In this research program, a MHB [20] has been
used. This MHB is installed in the DynaMat labora-
tory of the University of Applied Sciences of
Southern Switzerland (SUPSI) of Lugano (Fig. 3).

The machine consists of two 20 mm diameter
aluminum half-bars (the input and output bar,

Pre-tensioned bar

— .

[gl=0]
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respectively), with the specimen sandwiched in
between. By pulling one end (the other is connected
with a blocking system) of the high strength steel bar
having a length of 6 m and a diameter of 12 mm
(named pre-tensioned bar), elastic energy is stored in
the pre-tensioned bar, which is connected with the
incident bar. The diameter of the pre-tensioned bar
has been chosen in order to have a better matching of
the acoustical impedance with the input bar. By
releasing this energy (rupturing the brittle intermedi-
ate piece), a rectangular shape wave (with 2 ms
duration) with small rise-time (about 40 ps) is
generated and transmitted along the input bar loading
the specimen to failure. This is an uniaxial elastic
plane stress wave, as the wave-length of the pulse is
long compared to the bar transverse dimensions, and
the pulse amplitude does not exceed the yield
strength of the bar.

The pulse propagates along the input bar with
the velocity Cy of the elastic wave with its shape
remaining constant. When the incident pulse (&)
reaches the specimen, part of it (egr) is reflected by
the specimen whereas another part (et) passes
through the specimen propagating into the output
bar. The relative amplitudes of the incident,
reflected and transmitted pulses, depend on the
mechanical properties of the specimen. Strain-
gauges glued on the input and output bars of the

2510*

210*

1.5 10"

load pulse [N]

110*

5000 |-

0 0.0001 0.0002 0.0003 0.0004
time [s]

Fig. 4 Not filtered input signals for the three different high
strain-rate tensile tests

PiEM

device are used for the measurement of the elastic
deformation (as a function of time) created on both
half-bars by the incident/reflected and transmitted
pulses, respectively.

The different strain-rates were produced by storing
elastic energy in the pre-stressed bar length by
statically tensioning this bar up to different stress
value (lower than its yield strength) that produce the
wanted velocity, as shown in Fig. 4 where it can be
also observed as the rise time is different for the
different velocities.

By using the theory of the elastic wave propaga-
tion in bars, and the well substantiated assumption of
specimen equilibrium attainment, the stress and strain
in the specimen as well as the history of the COD and
the strain-rate can be calculated [21]:

Ao

o(t) = Eo-en (1) (1)

2-Co t
g(n) = — er(1)dt (2)
L !

ammz—z@/@@m 3)

2-Cy
L

(1) =~ ex (1) @)

where Ej is the elastic modulus of the bars; A their
cross-sectional area; A is the specimen cross section
area; L is the specimen gauge length; Cy is the sound
velocity of the bar material; 7 is time.

These signals are acquired by a transient recorder
designed to provide high precision waveform acqui-
sition and analysis capabilities with a maximum
50 MSample/s real-time sampling rate. The data
acquisition system receives the signals from the
programmable transducer amplifiers (Fig. 5).

Figure 6 exhibits the signals obtained by the
strain-gauge station on input and output bars.

4.1 Specimen for impact test

The specimens have been obtained by drilling from
cube a core specimen with a diameter of 20 mm that
corresponds to the diameter of the aluminum bars; the
specimen is then glued with an epoxy resin (tensile
strength > 30 MPa) to the aluminum bar. Aluminum
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Fig. 6 Not filtered input and output pulse versus time curves
of PVA-FRC high strain-rate test

was chosen as the bar material since its acoustical
impedance is not far from that of concrete; this
minimizes the constraint to transverse deformation of
the concrete specimen that depends on the ratio
between Poisson and Young modulus. In order to
avoid multiple fractures and to focus the analysis to a
single fracture, a pre-notch was applied in the
specimens so that the section was reduced to
15 mm in diameter, as shown in Fig. 7.

In order to obtain reference values for the dynamic
tests, a series of quasi-static tests were performed in

Trigger & load pretension bar control

Results and Report
@ Data visualization and Analysis
% cquisition data by Transient recorder

Amplifier

A
>
&

Output signal

Fig. 7 FRC specimen used in impact tests

an universal machine with a strain-rate of 10™% s™*,

as shown in Fig. 8.

5 Tensile high strain-rate results

The behaviour under impact loading of steel and PVA
FRC has been studied in three different strain-rates:
50, 100 and 200 s~'. The results are collected in
Table 2 that reports the average values of tensile
strength, fracture energy (obtained by the load-
displacement curves after the subtraction of the
elastic part) and of the strain measured at higher
strength.

Figure 9 shows some examples of stress versus
time curves for the three strain-rates and the two
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Fig. 8 FRC specimen used in quasi static reference tests after
failure

materials. In particular, in Fig. 9a one can observe
how the maximum strength is reached for the three
strain-rates in different time due to the imposed stain-
rate. In the case of PVA-FRC, the duration of the
fracture process is about 60, 100 and 200 ps for 200,

Table 2 High strain-rate results

100 and 50 s_l, respectively; while for the S-FRC,
for the same strain-rate, it has been obtained 150, 700
and 1300 ps.

Figure 10 shows the PVA-FRC and S-FRC spec-
imens after the dynamic failure; it can be observed as
the steel fibres are pulled-out from the materials (this
could originate the difference in terms of fracture
energy), while the majority of PVA fibres were
subjected to tensile failure.

In Fig. 11 the stress versus COD curves of the
same tests at the three strain-rates are shown, while in
Fig. 12 all experimental curves are reported (note that
the COD scales for the PVA fibre is larger than that
of the steel fibre).

As already observed in recent experimental studies
on the compressive behaviour of S-FRC at 20 and
100 s7! [22], where it was pointed out that at higher
strain rates the post-peak ductility is absent, also in
tension tests this post-peak ductility seems to disap-
pear. It should be considered that, in these tests, only
one section is tested and the pull-out process is
frictional and not much sensitive to rate.

Materials
PVA-FRC S-FRC PVA-FRC S-FRC PVA-FRC S-FRC
Strain-rate (s~ ') 50 100 200
Tensile strength (MPa) 114 £ 34 12.0 £ 3.2 13.9 £ 2.8 125 £52 127 £ 2.3 16.0 &+ 6.8
Fracture energy (J/m?) 682 + 74 11638 + 4597 558 + 165 6672 + 1836 417 £ 65 6915 + 1030
Ultimate strain (pe) 921 + 505 3603 + 1952 820 + 328 3404 + 2516 630 + 378 2700 + 993
Fig. 9 Stress versus time (a) (b)
curves for three strain-rates: 20 T ; T 30 T T T T
a PVA-FRC; b S-FRC ——200 s-1 ——200 s-1
-=--100 s-1 o5 L) | 100 s-1
wLo N 50s1 | 4t | 50 s-1
= T 20 1
o o A
£ = :
10 4 1
» 7 10 ]
5 e, 1
il "'--4".. 5 . ¥ e ',..-'m_..__’__q d
R L LN ; T W
ol My aall™ of Yeir T,
0 510 0.0001  0.00015  0.0002 0  0.0002 0.0004 0.0006 0.0008 0.001
time [s] time [s]

PiEM
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Fig. 10 PVA-FRC (a) and
S-FRC (b) specimens after
impact tests

Fig. 11 Stress versus (a)
CTOD curves for three 20

different strain-rates:
a PVA-FRC; b S-FRC

stress [MPa]

----- 100514

stress [MPa]

0 005 0.1 0.15

For the PVA-FRC one can observe a decrease of
fracture energy that indicates an embrittlement of the
composite materials. The tensile strength of the
S-FRC increases with the strain-rate while the tensile
strength of PVA-FRC seems to be less sensitive to the
strain-rates even though it remarkably increases with
respect to the static values.

In order to better evidence the strength enhance-
ment of S-FRC, Fig. 13 shows the trend of the
dynamic increase factor (DIF), that is the ratio
between the dynamic and static strength, with the
strain-rate increase.

6 Discussion

The previous considerations aim to open a debate on
several aspects concerning the experimental behav-
iour of FRC. In general the first question is: “how to
measure the high strain-rate FRC behaviour?”, “what
techniques?”, “what specimen (geometry, dimension,

02 025 03
COD [mm]

15 2 25 3
COD [mm]

etc.)?” and, last but not least, “how to measure the
high strain rate FRC structures behaviour?”

6.1 Strain-rate of FRC

A specification is necessary about the strain-rate
obtained during dynamic tests with a Hopkinson bar
where the strain-rate is not constant because of the
loading process. For the metallic or ductile materi-
als, where the plastic zone is well defined, the stain-
rate is obtained as an average of the strain-rate value
along the abovementioned zone. For the cementi-
tious materials, or in the general case of brittle
materials, the strain-rate has been measured when
the maximum value of the strength is reached [21].
Figure 14 shows the comparison between the strain-
rate and the stress versus time, where it is easy to
observe the strain-rate obtained for the impact test
(in this case is 65 s™'). When considering other
experimental techniques, how the strain-rate is

measured?
m;



1292

Materials and Structures (2009) 42:1283-1294

Fig. 12 Stress versus COD
curves for S-FRC and PVA-
FRC, respectively, at

200 s~ (a), 100 s~! (b),
and 50 s7! (¢)
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6.2 Dimension and type of the specimen

The high strain-rate tests needs small specimen in
order to reach higher velocity but this is in contrast

with the representative volume of materials. As a
results, it is necessary to define the shape and
dimensions of the FRC specimen, and if a notch is
required or not [23].
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Fig. 13 Dynamic increase factor versus strain-rate for the
S-FRC
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Fig. 14 Strain-rate and stress versus time curves of high
strain-rate test

6.3 Type of fibre

From these preliminary tests on FRC specimens,
different failure modes can be observed. In fact, in
the S-FRC specimens the fibres were pulled out,
while in the PVA-FRC specimens a large number of
PVA fibres were subjected to tensile failure (Fig. 15).
On the basis of the experimental results presented
above, when steel fibres are used, the dynamic

response after cracking is softening (brittle), while
it results hardening under static loads. Therefore,
although the fracture energy remarkably increases
with the strain-rate, a question rise up: “are the usual
fibres suitable for impact and blast loadings?” The
answer could suggest the development of new types
of fibres in which a nano-indentation is developed to
increase their pull-out resistance.

7 Concluding remarks

Fracture behaviour of high performance of concrete
reinforced with steel and PVA micro-fibres, under
static and impact loading, is presented.

FRC specimens were made of a concrete matrix
having a high strength and a high volume fraction
(2.5%) of steel or PVA fibres.

Uniaxial tensile tests on notched and un-notched
specimens, as well as bending tests on small notched
beams having the same fracture area of the specimens
for the uniaxial tests, were performed to study the
static behaviour of FRC by using different specimen
geometries and different strain gradients in the
fracture area. Experimental results from the whole
set of tests show that toughness provided by steel
fibres is significantly (about ten times) higher that
that provided by PVA fibres.

Impact tests were performed by using a MHB.
Experimental results show that the ratio between the
dynamic and static strength (DIF) remarkably
increases with the strain-rate but that the materials
become more brittle; this underlines the need of
further research towards new fibres and new matrices
for optimizing the material response at high strain
rates.

However, FRC is a composite material that
requires a proper mix design where all the compo-
nents should be properly proportioned for a specific
application. As a consequence, a proper matrix for
steel fibres is generally different than that for
synthetic fibres; this underlines that a comparison
between different fibres in the same concrete mix
may not be completely satisfactory because the
optimum matrix for steel fibres may not be the best
one for PVA fibres (or vice versa). Beside the lower
performance of the fibre itself, the latter could be a
possible explanation of the lower performance of
PVA fibres, as evidenced in the experimental results
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Fig. 15 Photo of the
fracture surface of the
PVA-FRC (a) and S-FRC
specimen (b)

presented in this paper; a meaningful comparison
should be performed between the same volume
fraction of fibres included in properly designed
concrete matrices.
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