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is paper presents the results of the experimental data and simulation on the performance of hybrid steel �ber reinforced concrete
(HSFRC) and also normal reinforced concrete (NRC) subjected to air blast loading. HSFRC concrete mix consists of a combination
of 70% long steel hook end �bre and also 30% of short steel hook end �bre with a volume fraction of 1.5% mix. A total of six
concrete panels were subjected to air blast using plastic explosive (PE4) weighing 1 kg each at stando� distance of 0.3 meter. 
e
parameters measured are mode of failure under static and blast loading and also peak overpressure that resulted from detonation
using high speed data acquisition system. In addition to this simulation work using AUTODYNwas carried out and validated using
experimental data. 
e experimental results indicate that hybrid steel �ber reinforced concrete panel (HSFRC) possesses excellent
resistance to air blast loading as compared to normal reinforced concrete (NRC) panel. 
e simulation results were also found to
be close with experimental data. 
erefore the results have been validated using experimental data.

1. Introduction

Terrorists attack on buildings and infrastructures has become
a global phenomenon. In most cases, the terrorists used
explosives located in vehicles and blew it up at a close distance
from the target. Intensive shock waves are created by this
explosion which propagates outward at supersonic velocity
accompanied by heat and light that induce pressure on the
structural buildings and causes signi�cant damage to the
structure and loss of life. 
ere are a number of methods
to stop the terrorist attack. One of the methods is gathering
information on the terrorist and stopping the attack before it
takes place; another way is to protect buildings from damage
by incorporating blast resistance design and also retro�tting
of the existing structure [1].


is area of research is currently receivingmore attention
from many structural engineers as they began to consider
blast loading and also blast resistance materials in their
design in order to protect important buildings and structures

from such attacks. Concrete is one of the most widely used
construction materials for structures because it possesses
considerable mass per unit cost compared to other construc-
tion materials and has excellent �re resistance and is able
to absorb large amounts of energy [2]. However, one of the
disadvantages of concrete is that it has a very low resistance
against tensile stress and also possesses low ductility. From
previous research it was found that mechanical properties of
the concrete can be improved by adding �bers into the mix.
Otter and Naaman reported that the addition of �bre in the
concrete has signi�cant e�ect on strength and toughness of
concrete [3].
e test results ofNagarkar andTambe indicated
that the compressive, split tensile, and exural strength of
concrete are increased by the addition of �bre [4].


e strengthening mechanism of �bre involves transfer
of stress from matrix to the �bre by interlocking the �bers
and matrices when the �bre surface is deformed. 
e stress
is thus shared by the �bers and matrix in tension, until
the matrix cracks and then the total stress is progressively
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Figure 1: Reinforced concrete test panels.

Figure 2: Field blast test setup.

transferred to the �bers [5]. When steel �bers reinforced
beam or other structural elements are loaded, steel �bers
in the matrix will bridge the cracks. 
e bridging action
provides the steel �bre concrete with a higher ultimate tensile
strength, toughness, and also energy absorption capability as
compared with concrete without �bre [6].

Mohammadi et al. stated that the combination of two
di�erent �bers which are also known as hybrid �bre in a
concrete mix o�ers more attractive engineering properties
rather than single �bre [7]. Bentur and Mindess also found
that hybrid steel �bers with combination of short and long
�bre improved the toughness and ductility of the concrete.

is is because short �bers in the concrete mix bridge the
microcracks which lead to a higher tensile strength of the
composite, while the long �bre arrests the propagaton of
macrocracks and substantially improves the toughness and
ductility of the composite [8]. Many researchers have studied
the mechanical properties of hybrid steel �bre reinforced
concrete. However, none of the work was done on the per-
formance of the hybrid steel �bers reinforced concrete which
is subjected to air blast loading. 
is research, therefore,
plans to investigate the performance of hybrid steel �bers
reinforced concrete subjected to air blast loading.

2. Experiments

2.1. Materials and Mix Proportions. In this experiment two
types of concrete mixes were used which are, normal rein-
forced concrete (NRC) and the hybrid steel �bre reinforced

Figure 3: Pressure sensor.

concrete (HSFRC). NRC concrete consists of cement, water,
aggregate, and sand, while the HSFRC is made of cement,
water, aggregate, sand, and also mixture of two di�erent
lengths of hooked end steel �bers. 
e lengths of the �bers
were 30mm and 60mm. 
e steel �bers have a combination
of 70% long + 30% short hooked end steel �bers with the
volume fraction of 1.5%. 
ese �bers have tensile strength of
1100MPa.

NRC and HSFRC were mixed using a proportion of

cement : water : aggregate : sand at 358 : 190 : 1167 : 752 kg/m3.
In the production of concrete, initially, the aggregate and sand
were added into the mixer and mixed for 2 minutes and then
the cement and water were poured into the mixer and mixed
for another 5 minutes. At the end of the process, the �bers
were added and mixed for 10 minutes. 
e �bers were added
in small amounts to avoid �bre balling and to produce the
concrete with good material consistency and workability.


e freshly mixed steel �bre reinforced concrete was
poured in two equal layers of mould to cast a standard
150mm × 150mm × 150mm cube and 150mm × 300mm
cylinder concrete specimen for a compressive strength test
and a split tensile test. For the exure strength test, a
100mm × 100mm × 500 beam mould was used. Each layer
was evenly vibrated for 50 seconds using a vibrating table
and was le� in a room temperature for 24 hours and then the
specimen was removed from the mould and cured in water
for 28 days.

Finally the NRC and HSFRC were poured separately into
the mould of 600mm × 600mm × 150mm to make them
into test panels.
ese panels were reinforced on both tension
and compression face with 10mm diameter steel at 200mm
centre-to-centre in both ways. 
e NRC and HSFRC panels
were later removed from the mould a�er consolidation and
cured with wet gunny sacks for 28 days before the actual �eld
blast test. A total of six numbers of NRC and HSFRC panels
were fabricated for the blast testing.

2.2. Field Blast Testing Program. A �eld blast test was con-
ducted on the NRC and also HSFRC panels to investigate the
performance of the concrete panels under blast loading. 
e
�eld blast was conducted at an undisclosed military facility.

e concrete test panels used for the testing are shown in
Figure 1.
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Figure 4: (a) Failure mode of NRC. (b) Failure mode of HSFRC. (c) Bridging e�ect of steel �bers in HSFRC cube.

Table 1: Mechanical properties of NRC and HSFRC.

Average strength (MPa) NRC HSFRC

Compressive 31.6 38.2

Flexural 4.1 7.7

Split tensile 3.0 5.0


e panels were placed on the site at a proper steel frame
testing rig like a table which was fabricated at the Fabrication
Laboratory of the Faculty of Engineering, Universiti Perta-
hanan Nasional Malaysia. 
e size of the blast testing rig
in the plan is 700mm, face turned towards the blast. 
e
height of the test frame is 1000mm, including a 150mm thick
concrete base. 
e testing rig provides support along two
sides of the specimen. 
e panel has been set up as a two
way slab design with a span of 600mm. A wooden timber
supporting the explosive was erected to hold the charge. Both
NRC and HSFRC concrete panels were tested using 1 kg of
plastic explosive (PE4) at a stando� distance of 300mm.
e
�eld blast test setup is shown in Figure 2.

In this experiment high speed data acquisition system
with sampling rate up to 2MHz and eight hardware-timed
digital I/O lines were used tomeasure the structural response
towards blast loading. 
e results of the experiment were
displayed using LabVIEW program. 
e data acquisition
system and instrumentation were located inside a protected
concrete building approximately 30 meters from the blast
testing site. Pressure sensor was used to capture the blast peak
overpressure. 
is sensor was �xed at the edge of the testing
jig and connected via cable to the data acquisition system
module. 
e pressure sensor is shown in Figure 3.

3. Experimental Results and Discussion

3.1.Mechanical Properties of Hybrid Steel Fibre. 
ecompres-
sive, exural, and split tensile strength were conducted on the
concrete specimens to determine the mechanical properties
of the concretemix.
e test results formechanical properties
of NRC and HSFRC are shown in Table 1.


e result shows that the addition of hybrid steel �bers
into the concrete mix increases the compressive, exural, and
also tensile strength of the concrete mix.

(a)

(b)

Bridging action of 
steel �bres

(c)

Figure 5: (a) Failure mode of NRC beam under exural loading. (b)
Failure mode of HSFRC beam under exural loading. (c) Bridging
action on steel �bers in the HSFRC beam.

3.2. Failure Mode of Hybrid Steel Fiber Concrete under Static
Loading. 
e failure mode of the NRC and HSFRC concrete
cubes under compression is shown in Figures 4(a) and 4(b).

From the results it was observed that the lateral surfaces
for NRC mix cube as shown in Figure 4(a) split from main
core and only the centre of the core remained intact.However,
as for the HSFRC cubes, as shown in Figure 4(b), the lateral
core still remained held together with the rest of the cube
surface. 
is is because of the bridging e�ect of the steel
�bers which interlocks �bers with the coarse aggregate. 
e
bridging e�ect of the steel �bers in the HSFRC mix is shown
in Figure 4(c).


e failure mode of the NRC and HSFRC beams under
exural loading is shown in Figures 5(a) and 5(b).

It was observed that the NRC beam broke into two parts
when it was subjected to exural loading. However, when
the load was put on the HSFRC as shown in Figure 5(b), it
withstood the loading. 
e inclusion of steel �bers, in the
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Figure 6: (a) Failure mode of NRC cylinder. (b) Failure mode of HSFRC cylinder. (c) Bridging action of steel �bers in HSFRC cylinder.

Concrete spalling 
Concrete scabbing

Figure 7: Failure mode of NRC panel subjected to blast loading.

No crack and spalling No spalling e�ect on the panel

Figure 8: Failure mode of HSFRC panel subjected to blast loading.

HSFRC, provides bridging, and dispersing of the stress on
macrocracks in the concrete until they slip o� the concrete.

is bridging e�ect of steel �bers in the concrete cubes is
shown in Figure 5(c).


e failure mode of NRC and HSFRC under tensile
loading is shown in Figures 6(a) and 6(b).


e NRC cylinder breaks into two as shown in
Figure 6(a), while the HSFRC cylinder was still intact
together and had minor cracks. 
is is because of the bridg-
ing action of steel �bers in the concrete mix which prevented
the cylinder from breaking apart as shown in Figure 6(c).

3.3. Failure Mode of Hybrid Steel Fibre Reinforced Concrete
Panels under Blast Loading. At the end of the blast test, the
failure mode of each panel was photographed and the crack
lines were marked. 
e failure mode of NRC and HSFRC
which were subjected to air blast loading is shown in Figure 7
and also Figure 8.

From the blast test conducted on the NRC concrete panel
it was noticed that spalling (spilling) occurs on the top

surface of the NRC concrete panel when it is subjected to
blast loading, while scabbing occurs at the bottom part of
the panel. 
is is because when the top surface is subjected
to air blast loading, very high pressure wave and impulse
were created that transferred through the concrete panel at
a very high velocity and air blast loading causes the spalling
(spilling) at the top surface of the concrete and scabbing
e�ect on the bottom surface of the panel. 
is phenomenon
happened because of the NRC panel’s low resistance against
blast loading. On the other hand when the HSFRC panel
was subjected to blast loading, it survived the blast with only
minor cracks and no spalling e�ect was shown at the bottom
of the panel. 
is is shown in Figure 8.

HSFRC survived the blast test, because blast overpressure
that resulted from the detonation was absorbed by the
randomly oriented steel �bers in the hybrid concrete panel
which has high energy absorption capability and also high
tensile and exural strength.

3.4. Peak Overpressure. 
e results for the peak overpressure
were obtained by using LabView program. 
e peak over-
pressure that resulted from the detonation was 14.8MPa and
it is shown in Figure 9.


ese results show that the HSFRC concrete panel is able
to withstand up to 14.8MPa of peak blast overpressure that
resulted from 1 kg of explosive at a distance of 300mm as
compared with the NRC concrete panel which has failed to
resist the peak overpressure resulted from the detonation.

is provides evidence that HSFRC has an ability to resist
blast loading.

4. Numerical Simulation


e simulation works on the NRC and HSFRC panels
subjected to blast loading were carried out using ANSYS
AUTODYN 2D simulation program. 
e simulation results
were compared with the experimental data. Concrete, air,
and also explosive were modeled by using Euler subgrid. A
mesh size of 600mm × 1000mm was selected for the model.

e element number is 300 × 500, resulting in total element
number of 150,000. 
e 2D model for simulation model is
shown in Figure 10.


e concrete was modeled with RHT material model.

ismaterialmodel was developed by Riedel, Hiermayer, and

omas (therefore called the RHT model) [9]. 
is is the
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Figure 9: Peak overpressure resulted from 1 kg of plastic explosive
at a distance of 300mm.
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Figure 10: 2D model for simulation works.

standard material model for concrete in the material library
of AUTODYN that describes the behavior of concrete.

Johnson Cook material model was used to describe the
behavior of the steel reinforcement inside the concrete [10].

is is the standard material model for steel reinforcement
in the material library of AUTODYN that describes the
behavior of steel reinforcement, subjected to explosion. 
e
yield strength for both control mix concrete and also hybrid
steel �ber concrete steel bar reinforcement was taken as
460MPa based on the high strength steel bar materials
strength properties obtained from BS 8110: Part 1: 1997 [11].

Air was modeled as an ideal gas. 
e air density used is

� = 1.225 kg/m3 and air initial internal energy used is 2.068×
105 kJ/kgwhich is obtained fromAUTODYNmaterial library.
Jones-Wilkins-Lee (JWL) equation of state was used tomodel
the rapid expansion of high explosive detonation of plastic
explosive [12]. 
e material properties of plastic explosive
(PE4) were obtained from AUTODYNmaterial library.

Major deformation at the support and middle span of the concrete panel

Steel reinforcement deformed

(a)

Major cracks at the support and middle span of the panels

(b)

Figure 11: (a) Simulation results for NRC panel. (b) Experiment
results for NRC panel.

5. Simulation Results and Discussion

5.1. Simulation Results for NRC Panel. 
e comparison of
crack areas that are obtained from simulations with those
with experimental test results for NRC panel is shown in
Figures 11(a) and 11(b). In the simulation works the crack
location on the concrete panels can be identi�ed through the
deformation pattern on the concrete panels.

From the simulation results as shown in Figure 11(a) it
was shown that there is major deformation on the NRC panel
at the support and also midspan of the concrete panel. In
addition to this, the steel reinforcement also has deformed or
was bent at the centre of the panel. 
is indicates that there
is high possibility of cracks occurring at the deformation area
when concrete is deformed. Further to this, the location of
the deformed or cracked area is found to be at the same
location as seen in the experimental results which are shown
in Figure 11(b). 
erefore the simulation results agreed well
with the experimental work.

5.2. Simulation Results for HSFRC Panel. 
e simulation and
also experimental results for HSFRC panel are shown in
Figures 12(a) and 12(b).

From the simulation results as shown, there is a minor
deformation near the midspan of the concrete panel. 
is
indicates a high possibility of minor cracks occurring at the
deformed areawhen concrete is deformed.
e location of the
deformedor cracked areawas found to be at the same location
as seen in the experimental results. 
erefore the simulation
results agreed well with the experimental work.

5.3. Peak Overpressure Results. 
e simulation and experi-
mental results for the peak overpressure at 0.3 meter from the
point of blast are shown in Figure 13.
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Minor deformation near midspan of reinforced concrete panel

(a)

Minor cracks near the mid span of concrete  panels

(b)

Figure 12: (a) Simulation results for HSFRC panel. (b) Experiment
results for HSFRC panel.
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Figure 13: Result for peak overpressure resulted from 1 kg of plastic
explosive at 0.3 meter stando� distance.

With reference to Figure 13, it was observed that in the
simulation, the recorded peak over pressure is 12.7MPa,while
the �eld blast test result shows the peak overpressure of
14.8MPa. 
e results show a di�erence of only 14.86% for
pressure between simulation and experimental results.
ere-
fore the simulation result agreed well with the experiment.

6. Conclusions


eresearcher investigated the �eld blast test on performance
of NRC and also HSFRC concrete panel subjected to air blast

loading. In addition, a simulation modelling using ANSYS
AUTODYN was also performed to validate the experimental
data. 
e main conclusions that can be derived from the
research are as follows.

(1) 
e incorporation of hybrid steel �bers in the normal
concrete mix improved the mechanical properties of
the concrete mix.

(2) Hybrid steel �bers with the combination of 70%
long and 30% short steel �bers at volume fraction of
1.5% in concrete mix of (HSFRC) provide resistance
towards the blast loading as compared with normal
concrete mix without �bers (NRC). It was observed
that incorporating the hybrid steel �bers has reduced
the e�ect of spalling and scabbing on the concrete
panel.

(3) 
e simulation results using AUTODYN so�ware
were found to be close with experiment results.

erefore the results have been validated using the
experimental data.
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