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� A modified pendulum impact set-up is designed and produced.
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a b s t r a c t

This paper presents the impact resistance of a sustainable UHPFRC member under pendulum impact
loadings. The modified Andreasen and Andersen model is employed for the concrete matrix design,
and two pendulum impact set-ups are utilized in the experiments: ‘‘Charpy Impact Device” and
‘‘Modified Pendulum Impact Device”. For the Charpy impact test, the obtained results show that the fibre
length plays a dominating role in improving the energy dissipation capacity of the sustainable UHPFRC.
With a constant total steel fibre amount, a higher proportion of short straight fibres decrease the energy
absorption capacity of the concrete sample. However, the results obtained from the ‘‘Modified Pendulum
Impact Device” demonstrate that, compared to the concrete with single sized fibres, the addition of
hybrid steel fibres is more beneficial for improving the energy dissipation capacity of the sustainable
UHPFRC under pendulum impact. Subsequently, the inconsistent results obtained from both investigated
test methods are analysed and discussed. Based on the obtained experimental results, it can be concluded
that there is an urgent need for a systematic standard for evaluating the impact resistance of UHPFRC.

� 2016 Published by Elsevier Ltd.
1. Introduction

Since the beginning of the last century, due to civil safety and
military purposes, the dynamic properties of concrete based mate-
rials under impact loadings have attracted much attention of
researchers [1–3]. Nevertheless, as commonly known, both normal
and high strength concretes are brittle, where the degree of brittle-
ness increases as their strength increases. The conventional
method to strengthen concrete against impact loading is by using
continuous steel reinforcement bars (re-bars). The steel re-bars
are effective in preventing the mass separation of the concrete tar-
get, keeping it intact and maintaining the structural integrity [4].
Nevertheless, with the development of the concrete industry, this
approach was demonstrated to be ineffective in reducing penetra-
tion depth under projectile impact [5,6]. Therefore, some other
methods were proposed to improve the energy dissipation capac-
ity of concrete in recent decades. According to the outcome from
the available literature [7–11], a strong concrete matrix and a large
amount of steel fibres are beneficial for improving the impact resis-
tance capacity of the concrete, since the damage of concrete matrix
and pullout of steel fibres can absorb a large quantity of energy
released during the impact process. Nowadays, with the develop-
ment of concrete and chemical admixtures, a series of new materi-
als (advanced superplasticizers, nanosilica, etc.) can be utilized to
produce concrete with superior properties. Not only new materials
but also new insights into the particle packing and the influence of
the particle packing on the mechanical properties allowed the
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Nomenclature

List of symbols
D particle size (lm)
DAB distance between A and B (as shown in Fig. 12) (cm)
DCD distance between C and D (as shown in Fig. 12) (cm)
Dcamera–hammer distance between camera and hammer (cm)
Dcamera–board distance between the camera and the mesh board

(cm)
Dmax maximum particle size (lm)
Dmin minimum particle size (lm)
Eabsorbed absorbed energy by the sustainable UHPFRC slab (J)
Eloss energy loss amount during the hammer swing process

(J)
Etotal-absorbed total absorbed energy by the sustainable UHPFRC

slab (J)
g gravity of earth constant (9.81) (m/s2)
hhammer maximum height of the hammer (m)

Mhammer mass of impact hammer (kg)
Mslab mass of concrete slab (kg)
n shock numbers when entire damage of concrete slab

happens (�)
Pmix composed mix (�)
Ptar target curve (�)
P(D) a fraction of the total solids being smaller than size D

(�)
q distribution modulus (�)
R2 coefficient of determination (�)
RSS sum of the squares of the residuals (�)
Vhammer initial impact velocity of the hammer (m/s)
Vhammer-residual slab velocity after impact (m/s)
Vslab residual velocity of hammer after the impact (m/s)
Vtested tested hammer impact velocity (m/s)
Vtheoretical hammer theoretical impact velocity (m/s)
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design of concrete mixes that have higher strength and deforma-
tion capacity than normal strength concrete (NSC). Considering
the requirements of a strong concrete matrix and a large amount
of steel fibres, the newly developed (at the beginning of 1990s)
ultra-high performance fibre-reinforced concrete (UHPFRC) could
be a good candidate to be utilized in protective structures.

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is
a relatively new construction material, which is a combination of
high performance concrete matrix and fibre reinforcement [12].
It can be treated as a combination of three concrete technologies
to a greater extent: self-compacting concretes (SCC), fibre rein-
forced concretes (FRC) and high performance concretes (HPC)
[13]. Due to the relatively high binder content, low water to binder
ratio and high fibre dosage, UHPFRC has superior mechanical prop-
erties and energy absorption capacity [14–16]. The stress–strain
curves depicted in Fig. 1 clearly show that the energy adsorbed
by UHPFRC in straining is extensive. The consumed energy is rep-
resented by the area under the stress–strain curve. This high
potential of energy absorption capacity makes UHPFRC suitable
for applications where high energy is released. This is the case
for all mechanical impact loads acting on structural members.
These impact loads can be caused by: (1) vehicle impacts, (2) defla-
gration of inflammable chemicals, (3) detonation of explosives and
(4) ballistic impacts. Here, UHPFRC can be used for strengthening
and protection of already existing buildings or the design of new
structural members.
Fig. 1. Mechanical properties of conventional concrete and UHPFR
In the available literature, several investigations regarding
dynamic performance of UHPFRC under different types of impact
can be found. For example, Bindiganavile et al. [7] demonstrated
that UHPFRC has higher impact resistance than other types of con-
cretes. Their impact tests were carried out with a 60 kg drop-mass,
hitting a variable span beam specimen from heights of up to 2.5 m.
To cover a large range of loading rates, Parant et al. [9] employed
two dynamic impact tests using a four-point bending set-up on
thin UHPFRC slabs with three quasi-static loading rates
(3.3 � 10�6, 3.3 � 10�4 and 3.3 � 10�3 s�1) and a block-bar device
with a bar velocity of 5.55 m/s. Their results showed that with an
increase in the strain rate, the modulus of rupture and the uniaxial
tensile strength increase. Habel and Gauvreau [10] presented an
experimental and analytical study of the load rate-dependent char-
acteristics of UHPFRC. The obtained results showed a significantly
increased strength and fracture energy of the dynamically loaded
plates when compared to quasi-static loading. Lai and Sun [11]
studied the dynamic behaviour of UHPFRC with different steel fibre
volume fractions under impact using the split Hopkinson pressure
bar device. It was proven that, at high strain rates, the unreinforced
specimens fracture into small parts while the fibre reinforced ones
only have fine cracks on the edges. Máca et al. [18] and Sovják et al.
[19] investigated the impact resistance of UHPFRC against bullets
fired. It was experimentally verified that the optimal fibre content
in the UHPFRC mixture is 2% by volume. No improvement in all
damage parameters was observed when the fibre volume fraction
C under compressive load (left) and tensile load (right) [17].



Fig. 2. Steel fibres used in this study.

Table 1
Information of materials used.

Materials Type Specific density
(kg/m3)

Cement CEM I 52.5 R 3150
Filler Limestone powder 2710
Fine sand Microsand 2720
Coarse sand Sand 0–2 2640
Superplasticizer Polycarboxylate ether 1050
Pozzolanic material Nano-silica (nS) 2200
Fibre-1 Long straight steel fibre (13/0.2) 7800
Fibre-2 Short straight steel fibre (6/0.16) 7800
Fibre-3 Hook ended steel fibre (35/0.55) 7800

Table 2
Oxide composition of employed cement, limestone powder and nano-silica.

Substance Cement (mass%) Limestone
powder (mass%)

Nano-silica (mass%)

CaO 64.60 89.56 0.08
SiO2 20.08 4.36 98.68
Al2O3 4.98 1.00 0.37
Fe2O3 3.24 1.60 –
K2O 0.53 0.34 0.35
Na2O 0.27 0.21 0.32
SO3 3.13 – –
MgO 1.98 1.01 –
TiO2 0.30 0.06 0.01
Mn3O4 0.10 1.605 –
P2O5 0.74 0.241 0.15
Cl� 0.05 – 0.04
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was increased from 2% to 2.5% or 3%. Similarly to that, Wu et al.
[20] investigated the impact resistance of UHPFRC under projectile
impact with the velocity of 510–1320 m/s. The experimental
results confirmed that UHPFRC has excellent projectile impact
resistance, by reducing the depth of penetration and the crater
Table 3
Recipes of the developed sustainable UHPFRC.

No. OPC LP MS S nS
kg/m3 kg/m3 kg/m3 kg/m3 kg/m

1 594.2 265.3 221.1 1061.2 24.8
2 594.2 265.3 221.1 1061.2 24.8
3 594.2 265.3 221.1 1061.2 24.8
4 594.2 265.3 221.1 1061.2 24.8
5 594.2 265.3 221.1 1061.2 24.8
6 594.2 265.3 221.1 1061.2 24.8
7 594.2 265.3 221.1 1061.2 24.8
8 594.2 265.3 221.1 1061.2 24.8

OPC: cement, LP: limestone powder, M-S: microsand, N-S: normal sand, nS: nano-silica,
hook ended fibre, Ref.: reference sample without fibres.
dimensions of the rigid projectile, as well as by deforming and
deviating the terminal ballistic trajectory of the abrasive projectile.
However, it can be noticed that all these tested UHPFRCs are nor-
mally produced with a large amount of cement or binders, which
is not in line with the sustainable development concept and some-
times limits its wider application. In the authors’ previous research
[21–24], it has been demonstrated how to produce a UHPFRC with
relatively low cement amount, mineral admixture and an opti-
mized particle packing, employing modified Andreasen and Ander-
sen particle packing model. Moreover, it is demonstrated that this
developed UHPFRC has a reduced environmental impact compared
to the conventional UHPFRCs. However, the research focusing on
impact resistance of the sustainable UHPFRC is scarce, and it is
unclear whether such UHPFRC would be sufficient for protection
purposes.

Consequently, based on the premises mentioned above, the
objective of this study is to investigate the impact resistance of
the developed sustainable UHPFRC under pendulum impact load-
ings. The design of concrete mixture aims to achieve a densely
compacted cementitious matrix with a relatively low cement
amount with mineral admixtures and with the composition opti-
mized, by applying the modified Andreasen and Andersen particle
packing model. In addition, two types of pendulum impact set-ups
are employed to evaluate the impact resistance of the sustainable
UHPFRC.
2. Materials and methods

2.1. Materials

The cement used in this study is Ordinary Portland Cement (OPC) CEM I 52.5 R,
provided by ENCI HeidelbergCement (the Netherlands). A polycarboxylic ether
based superplasticizer is used to adjust the workability of concrete. Limestone pow-
der is used as a filler to replace cement. A commercially available nano-silica in
slurry is applied as a pozzolanic material. Two types of sand are used, one is a river
dredged sand in the fraction of 0–2 mm and the other one is a microsand in the 0–
1 mm size range (Graniet-Import Benelux, the Netherlands). Additionally, three
W SP LSF SSF HF
3 kg/m3 kg/m3 vol.% vol.% vol.%

176.9 44.2 0 0 0
176.9 44.2 2.0 0 0
176.9 44.2 1.5 0.5 0
176.9 44.2 1.0 1.0 0
176.9 44.2 0.5 1.5 0
176.9 44.2 0 2.0 0
176.9 44.2 0.5 0 1.5
176.9 44.2 0 0 2

W: water, SP: superplasticizer, LSF: long straight fibre, SSF: short straight fibre, HF:



Fig. 3. ‘‘Charpy Impact Device” used in this study (a) and its working scheme (b).

Fig. 4. Dimensions of sample for Charpy impact test (a) and configuration of its impact loading process (b) (units: mm).
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Fig. 5. Model of the ‘‘Modified Pendulum Impact Device” employed in this study
[28].
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types of steel fibres are utilized, as shown in Fig. 2: (1) long straight steel fibre (LSF),
length = 13 mm, diameter = 0.2 mm; (2) short straight steel fibre (SSF),
length = 6 mm, diameter = 0.16 mm; and (3) hook ended steel fibre (HF) length = 3
5 mm, diameter = 0.55 mm. The densities of the used materials are shown in
Table 1. The oxide compositions of the used cement, limestone powder and nano-
silica are presented in Table 2.

2.2. Experimental methodology

2.2.1. Mix design
In this study, based on the approach shown in [21–24,29–31], the modified

Andreasen and Andersen model is utilized again to design the sustainable UHPFRC,
which is shown as follows [32,33]:
Fig. 6. Working scheme of the ‘‘Mod

Fig. 7. Fresh sustainable UHPFRC in wooden mould (a) and
PðDÞ ¼ Dq � Dq
min

Dq
max � Dq

min

ð1Þ

where D is the particle size (lm), P(D) is the fraction of the total solids smaller than
size D, Dmax is the maximum particle size (lm), Dmin is the minimum particle size
(lm) and q is the distribution modulus.

The proportions of each individual material in the mix are adjusted until an
optimum fit between the composed mix and the target curve is reached, using an
optimization algorithm based on the Least Squares Method (LSM), as presented in
Eq. (2). When the deviation between the target curve and the composed mix,
expressed by the sum of the squares of the residuals (RSS) at defined particle sizes,
is minimized, the composition of the concrete is considered optimal [34].

RSS ¼
Pn

i¼1 Pmix Diþ1
i

� �
� Ptar Diþ1

i

� �� �2

n
ð2Þ

where Pmix is the composed mix, the Ptar is the target grading calculated from Eq. (1),
and n is the number of points (between Dmin and Dmax) used to calculate the
deviation.

As commonly known, the quality of the curve fit is assessed by the coefficient of
determination (R2), since it gives a value for the correlation between the grading of
the target curve and the composed mix. Therefore, the coefficient of determination
(R2) is utilized in this study to obtain the optimized mixture given by:

R2 ¼ 1�
Pn

i¼1 PmixðDiþ1
i Þ � Ptar Diþ1

i

� �� �2

Pn
i¼1 Pmix Diþ1

i

� �
� Pmix

� �2 ð3Þ

where Pmix ¼ 1
n

Pn
i¼1PmixðDiþ1

i Þ, which represents the mean of the entire distribution.
The concrete recipes are listed in Table 3. It can be noticed that the utilized bin-

der amount is relatively low in this study. In general, the developed concrete mix-
tures can be divided into two categories: (1) with only straight steel fibres
(relatively short); and (2) with hook ended steel fibres (relatively long). The total
ified Pendulum Impact Device”.

prepositioned metal inserts in the UHPFRC slabs (b).



Fig. 8. Constructed hammer, (a) hammer head; and (b) hammer arm in the set-up.

Fig. 9. Maximum height of the hammer (a) and the concrete slab central point impacted by the hammer (b).

Fig. 10. Meshed board used to calculate all the velocities of hammer and samples.

208 R. Yu et al. / Construction and Building Materials 107 (2016) 203–215
steel fibre amount is 2% by the volume of concrete for all the mixtures. Due to the
dimensions difference between these two types of steel fibres, the size of cast con-
crete samples are different, which will be clarified in the following content.

2.2.2. Mixing procedure
In this study, the concrete matrix is produced following the method described

in [25]. Before the hybrid fibres are added into the concrete mixture, they are
pre-mixed together for one minute. The mixing is always executed under laboratory
conditions with dried and tempered aggregates and powder materials. The room
temperature while mixing and testing is constant, about 21 �C. Based on the results
from previous research [21–25], the slump flow of the developed sustainable
UHPFRC is about 85 cm, and its compressive strength at 28 days is about 135 MPa.

2.2.3. Dynamic performance evaluation
Considering the effect of different fibres on the sample dimensions, two pendu-

lum impact set-ups are employed here: one is ‘‘Charpy Impact Device”, and the
other one is ‘‘Modified Pendulum Impact Device”.

The ‘‘Charpy Impact Device” (as shown in Fig. 3) is employed to test the energy
dissipation capacity of the sustainable UHPFRC with only straight steel fibres (No.
2–6 in Table 3), referencing the ASTM E23 [26]. Its maximum kinetic energy output
is 147.1 J. The dimension of specimen and the configuration of the loading for the
Charpy impact test are presented in Fig. 4, following [27]. After curing in water
for 28 days, the hardened samples are prepared for the impact test. After embed-
ding the specimen, the pendulum is released from a height H1 and swings through
the specimen to a height H2, as shown in Fig. 3(b). Assuming a negligible friction
and aerodynamic drag (about 1% of the total impact energy), the energy absorbed
by the specimen is equal to the height difference multiplied by the weight of the
pendulum. During the testing, at least five specimens are tested for each concrete
composition.

Fig. 5 illustrates a down-scaled model of the ‘‘Modified Pendulum Impact
Device” designed by Verhagen [28]. In this study, this device is employed to evalu-
ate the energy dissipation capacity of the sustainable UHPFRC with hook ended
steel fibres (mixtures No. 7 and 8 in Table 3). The ‘‘Modified Pendulum Impact
Device” consists of two main parts, assembled together: the sample part (‘‘A”
shown in Fig. 6) and the hammer part (‘‘B” shown in Fig. 6). As can be noticed, this
set-up is different from the normal pendulum impact device, in which the sample is
commonly fixed on the frame. When the sample is fixed on the frame, a large



Fig. 11. Recorded hammer movement during 0.02 s by the used camera.

Fig. 12. Relevant mechanisms to calculate the real impact velocity of the hammer.

Fig. 13. Fractions of the samples after Charpy impact test: (a) comparison of the
reinforced and non-reinforced sample after impact loading; and (b) fractured
surface of the reinforced sample after impact loading and the pulled out fibres.
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amount of energy may be consumed by the oscillation of concrete slab and dissi-
pated into the test set-up during the impact process, which limits the test’s preci-
sion. Hence, in this study, the concrete sample is freely hung on the frame. As
shown in Fig. 6, before the impact test, the hammer is firstly lifted to a maximum
height (about 3.2 m). Then, it is released from the original height and follows the
swing direction to the concrete slab centre. When the hammer swings to the lowest
point, it has the highest impact velocity (Vhammer). After the impact occurs, the con-
crete slab will swing away with a velocity Vslab and the hammer with a residual
velocity (Vhammer-residual). Therefore, the energy absorbed by the UHPFRC slab during
this impact can be calculated as follows:

Eabsorbed ¼ 1
2
MhammerV

2
hammer �

1
2
MslabV

2
slab �

1
2
MhammerV

2
hammer-residual ð4Þ

where the Eabsorbed is the absorbed energy by the sustainable UHPFRC slab (J); Mham-

mer and Mslab are the masses of impact hammer and concrete slab (kg), respectively;
Vhammer is the initial impact velocity of the hammer (m/s); Vslab is the slab velocity
after impact (m/s); Vhammer-residual is the residual velocity of hammer after the impact
(m/s).

During the impact process, all the velocities are recorded by a camera. The
repeating rebound strikes of the hammer onto the sample are manually avoided
in this study. If the UHPFRC slab is not damaged after one impact, then the hammer
is released from the original height again, triggering another impact. Until the con-
crete slab is entirely damaged, the total energy absorbed by the concrete slab can be
roughly calculated by adding the absorbed energy in each individual impact:

Etotal-absorbed ¼
Xn�1

1

Eabsorbed ð5Þ

where n represents the strike numbers until the entire damage happens. Due to the
fact that the last applied impact can cause the damage of the concrete sample and
the velocities of the fragments are difficult to be measured, the absorbed energy
from the ultimate impact is not possible to be quantified.

In this study, the fresh concrete is cast in the mould with the size of
500 mm � 500 mm � 100 mm. Two metal inserts are installed on the side of the
mould (as shown in Fig. 7), which can help to lift the concrete slab later. The dis-
tance between these two metal inserts is 300 mm. To improve the accuracy of
the results obtained from the ‘‘Modified Pendulum Impact Device” and minimize
some potential experimental errors, a series of technical issues should be addressed
here. For instance, to flexibly adjust the impact energy, the mass of the hammer
should be freely adjustable (Fig. 8a). In addition, considering the fact that it is very
important to keep the hammer impacting horizontally on the centre of the target,
the location of the added weight should be flexibly adjustable (Fig. 8b). Moreover,
during the impact experiments, the distance between the two frames should
remain constant. For each impact, the hammer is lifted to the maximum height
(about 3.2 m), as shown in Fig. 9a, and the hammer always impacts at the centre
of the concrete slab (as shown in Fig. 9b). The velocities of the hammer and the
samples are recorded by a camera and calculated with the help of a meshed board
(as shown in Fig. 10).



Fig. 14. Variation of the absorbed impact energy of the sustainable UHPFRC with
different short fibre volume fractions (Xs), total fibres amount is 2% (vol.).
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At the beginning of the tests, the hammer impact velocity is calibrated. As
shown in Fig. 11, the time gap between these two pictures is 0.02 s, and the move-
ment of the hammer is about 19 cm. Nevertheless, due to the fact that the used
camera cannot be always perpendicular to the impact hammer and there is a gap
between the hammer and meshed board, the real movement of the hammer during
this 0.02 s should be less than 19 cm. As the mechanism presented in Fig. 12, the
hammer movement recorded by the camera is the distance between A and B, but
the real movement of the hammer should be the distance between C and D. There-
fore, based on homothetic triangle theory, it is easy to calculate the real movement
of the hammer, which is shown as follows:

DCD

DAB
¼ Dcamera—hammer

Dcamera —board
ð6Þ

where DAB is the distance between A and B (as shown in Fig. 12) (cm), DCD is the dis-
tance between C and D (as shown in Fig. 12) (cm), Dcamera–hammer is the distance
between camera and hammer (cm), Dcamera–board is the distance between the camera
and the mesh board (cm).
Fig. 15. Dynamic behaviour of UHPFRC matrix (U
In this study, the DAB, Dcamera–hammer, and Dcamera–board are 19 cm, 151 cm and
185 cm, respectively. Hence, the real movement of the hammer (DCD) during the
0.02 s is about 15.5 cm, which means the impact velocity (maximum velocity) of
the hammer yields about 7.75 m/s. As mentioned before, the maximum height of
the hammer is about 3.2 m and the mass of the hammer is about 40 kg. Hence,
assuming that there is no energy consumed in the hammer swing process, the the-
oretical impact velocity of the hammer can be calculated as:

V theoretical ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ghhammer

q
ð7Þ

where Vtheoretical is the hammer theoretical impact velocity (m/s), g is the gravity of
earth constant (9.81 m/s2) and hhammer is the maximum height of the hammer (about
3.2 m).

Here, the calculated theoretical hammer impact velocity is about 7.92 m/s.
Hence, the energy loss during the hammer impact process can be calculated as
follows:

Eloss ¼ 1
2
MhammerðV2

theoretical � V2
testedÞ ð8Þ

where Eloss is the energy loss during the hammer swing process (J), Mhammer is the
hammer mass (kg), Vtested is the tested hammer impact velocity (m/s).

In this research, the energy loss can be attributed to friction, air resistance and
frame damping. Based on the equations listed above, the total energy loss amount
is estimated at 53.3 J, which is about 4.4% of the initial hammer impact energy. Con-
sequently, it can be stated that then constructed ‘‘Modified Pendulum Impact
Device” has relatively low energy loss during the impact process and is suitable to
be utilized to test the sustainable UHPFRC samples with relatively large dimensions.

3. Experimental results and discussion

3.1. Sustainable UHPFRC under impact from ‘‘Charpy Impact Device”

Fig. 13 shows the fractions of the sustainable UHPFRC and refer-
ence samples after the Charpy impact test. It can be noticed that the
broken sustainable UHPFRC samples are always mainly composed
of three cuboid-like fractions, while the fractions of reference sam-
HPC without fibres) during the first impact.
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ples are smaller and more irregular, as shown in Fig. 13(a). More-
over, after the impact loading, not only the concrete matrix of the
sustainable UHPFRC sample is destroyed, but also all the embedded
steel fibres are pulled out (Fig. 13(b)). Therefore, it can be summa-
rized that the impact energy absorption of the sustainable UHPFRC
specimen shouldmainly include two parts: the energy consumed in
breaking the concrete matrix and the energy spent to pull out the
fibres embedded in the broken cross sections.

To quantify the energy dissipation capacity of concrete, the
variation of the impact energy absorption of the sustainable
UHPFRC with different short straight fibre (SSF) volume fractions
(Xs, which is defined as the short straight fibre volumetric percent-
age in the total fibre volume) is investigated, and shown in Fig. 14.
As can be noticed, with an increase of the short fibre volume frac-
tion the absorbed impact energy by the sustainable UHPFRC at 7
and 28 days decreases linearly. When the short fibre volume frac-
tion increases from 0 to 1, the impact energy absorption of the sus-
tainable UHPFRC reduces from about 45.6 J and 69.1 J to about
22.3 J and 28.4 J at 7 and 28 days, respectively. Furthermore, the
slope of the decreasing line at 28 days is even higher than that at
7 days, which reflects that the addition of short straight fibres
(SSF) has a significant effect on the sustainable UHPFRC with rela-
tively high impact energy absorption capacity. Hence, based on the
obtained experimental results, it can be concluded that the long
straight fibres play a dominant role in improving the energy dissi-
pation capacity of the sustainable UHPFRC. With a constant total
steel fibre amount, the increase of short straight fibres content
can cause a significant decrease of the energy absorption capacity
of the sustainable UHPFRC.

In general, it can be concluded that the long straight fibres are
more important than the short straight fibres in improving the
Fig. 16. Cracks development in the sustainable UHPFRC with single sized steel fibres (HF
after the first, second, third and fourth impact, respectively.
energy dissipation capacity of the sustainable UHPFRC. However,
for the Charpy impact test, only straight steel fibres are utilized,
and the dimensions of the tested samples are relatively small,
which is not fully representative for the normal concrete structures
in practice. Hence, to further clarify of the dynamic properties of
the developed sustainable UHPFRC under pendulum impact, rela-
tively large sized samples (with relatively long steel fibres) should
be tested.

3.2. Sustainable UHPFRC under impact from ‘‘Modified Pendulum
Impact Device”

The energy dissipation capacity of the sustainable UHPFRC with
hook ended steel fibres is evaluated by employing the ‘‘Modified
Pendulum Impact Device”. In general, three types of different con-
crete sample are cast: (1) sustainable UHPFRC matrix without
fibres (mixture No. 1 shown in Table 3); (2) sustainable UHPFRC
with hybrid steel fibres (mixture No. 7 shown in Table 3); and
(3) sustainable UHPFRC with only hook ended steel fibres (mixture
No. 8 shown in Table 3). Therefore, based on the dynamic perfor-
mance of these concrete samples under pendulum impact loadings,
it would be possible to assess the effect of different steel fibres cat-
egories on the energy dissipation capacity of the sustainable
UHPFRC and clearly understand the difference of impact resistance
between UHPFRC and UHPC. Here, the dynamic performances of
concrete concern the cracks development, absorbed impact energy
and fracture morphology of concrete samples.

3.2.1. Cracks development
As shown in the previous sections, the impact energy of the

used hammer is about 1200 J. After the first impact, the UHPC
) after each impact: (a), (b), (c) and (d) means the concrete rear surface appearance
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(without fibres) has already been seriously damaged (as shown in
Fig. 15), which should be attributed to the fact that this concrete is
relatively brittle and the cracks growth cannot be well restricted.
The cracks are created at the central part of the concrete target
and then develop towards the edges. In addition, a clear circular
scabbing at the rear surface of the sustainable UHPC can be
observed (as shown in Fig. 15b). According to the obtained exper-
imental results, it can be concluded that the energy dissipation
capacity of a plain concrete target (without steel fibres) is rela-
tively low. Due to the fact that it is difficult to measure the veloc-
ities of all the fragments during the impact process, the absorbed
energy by the sustainable UHPC is difficult to be quantified.

Compared to the plain concrete, the developed sustainable
UHPFRC with single sized fibres (HF) and hybrid fibres (HF + LSF)
shows much better energy dissipation capacity during the pendu-
lum impact tests. Particularly the mixture with hybrid steel fibres,
Fig. 17. Cracks development of the sustainable UHPFRC with hybrid steel fibres (HF + LSF
appearance after the first, second, third, fourth, fifth, sixth and seventh impact, respecti
which is damaged after 8 times full impacts, while the one with
only hook ended steel fibres (HF) needs 5 times full impact to be
destroyed. At the front surface of these two types of concrete, the
created crater area is relatively small, and the generated cracks
are not easy to be observed after the impact. Nevertheless, at the
rear surface of these concrete targets, with the increase of shock
numbers, the cracks number and size simultaneously increase.
When the embedded steel fibres cannot resist the growth of cracks
and hold the concrete slab together, the sustainable UHPFRC target
is broken into two pieces. In Figs. 16 and 17, the creation and
development of cracks at the rear surface of the sustainable
UHPFRC with different fibres after each individual impact are illus-
trated. As can be observed, after the first impact, some crossed
cracks can be noticed at the rear surface of the sustainable UHPFRC
with single sized fibres (HF). After the subsequent 3 times impacts,
the growth of the created cracks at the concrete rear surface can be
) during each impact: (a), (b), (c), (d), (e), (f) and (g) means the concrete rear surface
vely.
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clearly observed. After the fourth impact, the concrete slab has
already seriously bended, but the main concrete parts are still con-
nected by the steel fibres. Similar results can also be noticed in the
case of the sustainable UHPFRC with hybrid steel fibres (HF + LSF),
in which clear cracks can be found on the concrete rear surface.
However, compared to the sustainable UHPFRC with single sized
fibres, more cracks can be observed in the mixture with hybrid
steel fibres (as shown in Fig. 17f), which is beneficial for improving
the energy dissipation capacity of the sustainable UHPFRC.

The phenomena described above can be attributed to the rea-
sons as follows: (1) compared to plain concrete, the addition of
steel fibres can well hold the concrete matrix together and restrict
the growth of cracks; (2) the short fibres can bridge the micro-
cracks while the long fibres are more efficient in preventing the
development of macro-cracks, which cause that the stress in the
hybrid fibres reinforced concrete can be better distributed; and
(3) compared to the sustainable UHPFRC with single sized fibres,
more cracks are created in the mixture with hybrid fibres, which
means more energy is needed for the growth of cracks. Hence, to
better resist the pendulum impact (as shown in this study), the
sustainable UHPFRC with hybrid steel fibres is a good choice.
3.2.2. Absorbed impact energy
Based on the results shown in the previous section, it can be

concluded that the sustainable UHPFRC with hybrid steel fibres
has a better energy dissipation capacity under the pendulum
impact than the one with only single sized fibres. To quantify the
absorbed impact energy during the impact process, relevant calcu-
lations are executed and presented in this section.

As shown in Section 2.2.3, to calculate the energy absorbed by
concrete slab, the hammer impact velocity, hammer residual veloc-
Fig. 18. An example of the impact
ity and the concrete target velocity should be measured. With the
help of a camera and the meshed board, all these velocities can be
computed. One example is shown in Fig. 18. During the 0.02 s time
gap, the hammer movement after the impact is about 6 cm, and the
concrete slab movement is about 10 cm. Yet, due to the effect of
the gap between the hammer and the meshed board (as shown
in Fig. 12), the real movements during the 0.02 s are about
4.9 cm and 8.2 cm, for hammer and concrete slab respectively.
Therefore, the calculated hammer residual velocity and the con-
crete slab velocity after the impact are about 2.45 m/s and
4.10 m/s, respectively. Based on Eq. (4), during this impact, the
absorbed energy by the concrete target is about 565.3 J, which is
about 47% of the total impact energy (1201.3 J).

Afterwards, according to the method shown above and Eq. (5), it
is possible to calculate the total energy absorbed amount (Etotal-
absorbed) of the developed sustainable UHPFRC. Nevertheless, due
to the fact that it is impossible to calculate the absorbed impact
energy of the ultimate impact (when concrete slab is broken into
pieces), the obtained Etotal-absorbed is the minimum energy absorp-
tion capacity of the developed concrete before being seriously
defragmented. In this study, the calculated Etotal-absorbed values for
the sustainable UHPFRC with single sized fibres and hybrid steel
fibres are 2248.5 J and 3951.8 J, respectively. These results quanti-
tatively demonstrate that the addition of hybrid steel fibres is ben-
eficial for improving the impact resistance and energy absorption
capacity of the developed sustainable UHPFRC.
3.2.3. Fracture morphology
The fracture morphologies of the concrete samples after

impact tests are presented in Fig. 19. It can be noticed that the
plain concrete (without fibres) is always broken into many pieces,
process recorded by camera.



Fig. 19. Fracture morphologies of the designed concrete samples after impact tests: (a) sustainable UHPC matrix (without fibres); (b) sustainable UHPFRC with single sized
fibres (HF); (c) sustainable UHPFRC with hybrid fibres (HF + LSF).
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while the sustainable UHPFRCs are normally broken into two
pieces. This difference can be attributed to the fact that the added
steel fibres can well bridge the created cracks during the impact
process. With the addition of steel fibres, the cracks growth can
be significantly resisted and a large amount of energy is needed
to pull the fibres out during the impact process. Particularly when
the hybrid steel fibres are included, the stress can be homoge-
neously distributed and many small cracks are created (as shown
in Fig. 19c) under impact loadings, which is positive for improving
the energy dissipation capacity of the developed sustainable
UHPFRC.

3.3. Comparison of the results obtained from different pendulum
impact tests

In this study, two different pendulum impact set-ups have been
utilized in the experiments. The dynamic impact test results
obtained from ‘‘Charpy Impact Device” show that the fibre length
plays a dominating role in improving the energy dissipation capac-
ity of the sustainable UHPFRC. With a constant total steel fibre
amount, the addition of short fibres decreases the energy absorp-
tion capacity of concrete. However, from the results obtained from
the ‘‘Modified Pendulum Impact Device”, it is demonstrated that
the addition of hybrid steel fibres is more efficient than single sized
fibres in increasing the energy dissipation capacity of the sustain-
able UHPFRC.

The difference between the obtained results should be mainly
attributed to the fibre categories and sample dimensions. As men-
tioned before, the impact energy absorbed by the sustainable
UHPFRC is mainly composed of two parts: the energy used to break
the concrete matrix and the energy used to pull out the fibres
embedded in the broken cross sections. For the Charpy impact test,
due to the fact that the used concrete sample is relatively small and
the impact energy is relatively high, all the targets are broken after
one time impact (as shown in Fig. 13). Hence, the concrete matrix
can be broken immediately, and more energy is consumed in pull-
ing fibres out. Considering the fact that the used SSF is relatively
short and easy to be debonded from the concrete matrix, an
increase of short fibres (SSF) proportion in the total fibre dosage
(2% vol.) can decrease of the energy absorption capacity of the con-
crete target.

On the contrary, in the case of the tests executed by the ‘‘Mod-
ified Pendulum Impact Device”, the employed sample dimensions
are relatively large, which cause that the concrete target cannot
be broken after the first impact (as shown in Fig. 17). Therefore,
the formation of cracks plays an important role in resisting the
impact loadings. Due to the fact that the stress in the hybrid fibres
reinforced concrete can be better distributed than that in single
sized fibres reinforced concrete, more small cracks are created in
the sustainable UHPFRC with hybrid steel fibres, which simultane-
ously means that more energy is consumed in the formation of
cracks and also growth of these cracks. This can be demonstrated
by the results shown in Fig. 17, in which the first four times impact
mainly causes the creation of cracks and increases the crack num-
bers. Hence, to effectively apply the sustainable UHPFRC in the pro-
duction of protective structure, the one with hybrid steel fibres
(HF + LSF) is a better choice.

Based on the experimental results obtained here, it can be
noticed that the dynamic experimental results of UHPFRC largely
depend on the test set-ups and sample dimensions, which implies
that there is an urgent request for a systematic standard for eval-
uating the impact resistance of UHPFRC.
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4. Conclusions

This paper addresses the impact resistance of a sustainable
UHPFRC under pendulum impact loadings. The modified A&A
model is employed for the concrete matrix design, and two pendu-
lum impact set-ups are utilized in the experiments: ‘‘Charpy
Impact Device” and ‘‘Modified Pendulum Impact Device”. Based
on the obtained results the following conclusions can be drawn:

� For the Charpy impact test, the fibre length plays a dominating
role in improving the energy dissipation capacity of the sustain-
able UHPFRC. With a constant total steel fibre amount (2% vol.),
a higher proportion of short fibres (SSF) decreases the energy
absorption capacity of the concrete target.

� The results obtained from the ‘‘Modified Pendulum Impact
Device” demonstrate that the developed sustainable UHPFRC
has much better energy dissipation capacity than UHPC (with-
out fibres). In addition, compared to the concrete with single
sized fibres (HF), the addition of hybrid steel fibres (HF + LSF)
is more beneficial for improving the energy dissipation capacity
of the sustainable UHPFRC under pendulum impact.

� The different experimental results obtained from ‘‘Charpy
Impact Device” and ‘‘Modified Pendulum Impact Device” can
be attributed to the sample sizes and impact energy. For the
Charpy impact test, a large amount of energy is consumed in
pulling fibres out, while the creation of cracks plays an impor-
tant role in resisting the impact for the sample under modified
pendulum impact test. Hence, due to the fact the stress in the
hybrid fibres reinforced concrete can be better distributed than
that in single sized fibres reinforced concrete, the hybrid steel
fibres reinforced sample is more efficient in resisting pendulum
impact than the concrete with single sized fibres.

� Based on the experimental results obtained here, it can be
noticed that the dynamic experimental results of UHPFRC lar-
gely depend on the test set-ups and sample dimensions, which
implies that there is an urgent need for a systematic standard
for evaluating the impact resistance of UHPFRC.
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