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h i g h l i g h t s

� The hybrid use of rebars and fibers on impact properties of concrete was studied.
� The reinforcement mechanism of the influences of steel rebars and different fibers on failure impact energy was explained.
� The penetration depth for each mixture was analyzed.
� The hybrid use of rebars and fibers provided positive composite effect on failure impact energy.
� The distribution of the number of blows to the first crack and to the failure followed Weibull distribution.
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a b s t r a c t

In this study, the impact behavior of ten types of high performance self-compacting concrete (HPSCC)
was explored using the drop-weight method. The HPSCC specimens were reinforced with steel rebars
and different fibers for comparison with plain concrete. The reinforcement mechanism of the influences
of steel rebars and different fibers on failure impact energy was explained. The composite effects of
hybrid use of steel rebars with different fibers on the failure impact energy were also compared. The pen-
etration depth for each mixture was analyzed. Test results showed that the macro fibers could greatly
improve the failure impact energy both in plain and reinforcement concrete. Moreover, the toughness,
penetration depth, stress redistribution could be improved obviously due to the positive hybrid effect
of rebars and macro fibers in reinforced concrete. The statistical analysis technique was introduced to
evaluate the experimental data, and the goodness of fit tests showed that the distribution of the blow
numbers to the first crack and up to the final failure followed the two-parameter Weibull distribution.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Many concrete elements of infrastructure may experience
impact loads such as bridge planks, road pavements and precast
concrete piles. For bridge planks and road pavements, due to pass-
ing vehicles, they often endure repetitive impact loads produced by
surface irregularities [1]; for precast concrete piles, during the
driving process, the most obvious cause of damage is spalling of
the head of the pile (see Fig. 1). Certain impact events are charac-
terized by low impact velocity and high projectile mass which can
cause significant damages [2]. According to investigation of Düring
et al. [3], the actual impact velocity can reach up to multiple 10 m/s

for low-velocity impact, therefore, the impact events occurred in
the bridge planks, road pavements and precast concrete piles usu-
ally come under the low-velocity impact.

The impact resistance is considered to be one of the significant
properties of concrete for applications in civil engineering [4].
Some investigations indicated that the randomly distributed steel
fibers can enhance the mechanical properties of concrete, such as
toughness, post crack behavior, impact resistance and fatigue
properties noticeably [5–14]. Apart from steel fibers, synthetic
macro fibers such as macro polypropylene(PP) fibers have been
widely used in civil engineering, and considerable improvements
can also be obtained regarding the post-cracking residual strength,
toughness, cracking control of the concrete [15–21]. Additionally,
compared to steel fibers, the macro PP fibers may show advantages
in density and corrosion resistance. Although some investigations
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have been conducted to study the fiber effect on the impact prop-
erties of concrete, the focus was on the different concrete matrixes
[2,10,18,22–24], or on the reinforcement effects of various fibers
[9,25–32]. Nowadays, the structures are usually constructed by
conventionally reinforced concrete, and the studies on the compos-
ite effect of rebars and different macro fibers on the impact prop-
erties of high performance self-compacting concrete (HPSCC) are
still limited.

Several experimental methods have been suggested to investi-
gate the impact properties of fiber reinforced concrete [33]. Charpy
impact test and drop-weight test have been used for low velocity
impact experiments; split Hopkinson pressure bar (SHPB)test,
explosive and projectile impact test were used for middle and high
velocity impact experiments. Among them, the drop-weight
impact test method [34] has been widely adopted by researchers
as it is regarded as proper, simple and economical to simulate
the real impact loading behavior of concrete. But, some investiga-
tions showed that the testing results can be remarkably scattered
[28,35–36]. The large scatter in test results may be induced by
the manual procedure since it is hard to control the height and
loading point of the drop hammer precisely. In view of the charac-
teristics of the impact resistance, some statistical methods have

been suggested to analyze the test results and the fiber effects on
concrete [22–23,27–29,37].

In order to reduce the errors caused by human factors, a modi-
fied device is presented, see Fig. 3(b). With the aid of this device,
[36] compared the number of blows to the first crack and to the
failure of concrete specimens reinforced with steel fibers or/and
steel rebars. Based on the investigations of [36], besides a series
of drop-weight impact experiments, we further studied the rein-
forcement mechanism of the influence of different fibers (macro
PP fiber, and macro steel fiber)and steel rebars on failure impact
energy, compared the composite effects of hybrid use of steel
rebars with different fibers on the failure impact energy, analyzed
the penetration depth for each mixture. At the end, the statistical
analysis technique was introduced to evaluate the experimental
results. The results may offer an effective way to improve the
impact behavior of conventionally reinforced concrete.

2. Experiments

2.1. Materials

The designed compression strength of the HPSCC without fiber
addition was 60 MPa. The basic mix proportion was illustrated in
Table 1. The binder was made of Portland cement (P�O 52.5R)
and fly ash. The coarse aggregates were crushed gravel with parti-
cle size 5–10 mm. The fine aggregates were natural river sand with
the particle size 0–5 mm. For investigating of the composite effect
of rebars and different macro fibers on the impact properties of
HPSCC, macro PP fibers, macro steel fibers and A 12 steel rebars
have been added into the HPSCC. Fig. 2 demonstrated the different
macro fibers and steel rebar applied in this program. The proper-
ties of macro PP fibers and macro steel fibers were presented in
Table 2.

Table 3 showed the arrangement of steel rebars and different
macro fibers with different dosages added into the HPSCC
specimens.

2.2. Samples preparation

For each mixture, three cubes (150 � 150 � 150 mm) were
casted for the compressive strength test, three beams
(100 � 100 � 400 mm)were prepared for the flexural performance
test, and six cylinders (150 mm in diameter and 75 mm in

Nomenclature

HPSCC high performance self-compacting concrete
NC plain HPSCC for C60
PP macro PP fiber reinforced HPSCC
PP4 macro PP fiber reinforced HPSCC with fiber content of

4 kg/m3

PP6 macro PP fiber reinforced HPSCC with fiber content of
6 kg/m3

SF macro steel fiber reinforced HPSCC
SF20 macro steel fiber reinforced HPSCC with fiber content of

20 kg/m3

SF35 macro steel fiber reinforced HPSCC with fiber content of
35 kg/m3

N1 number of repeated impact to the first crack
N2 number of repeated impact to the failure
f1 first-peak strength
fp peak strength
f600 residual strength at deflection of L/600

FRC fiber reinforced concrete
RC steel rebar reinforced HPSCC
RC + PP4 hybrid steel rebar and 4 kg/m3 macro PP fiber

reinforcedHPSCC
RC + PP6 hybrid steel rebar and 6 kg/m3 macro PP fiber reinforced

HPSCC
RC + SF20 hybrid steel rebar and 20 kg/m3 macro steel fiber

reinforced HPSCC
RC + SF35 hybrid steel rebar and 35 kg/m3 macro steel fiber

reinforced HPSCC
W1 first crack impact energy
W2 failure impact energy
L span length of the beam
f150 residual strength at deflection of L/150
T150 area under the load vs. deflection curve 0 to L/150

Fig. 1. Impact failure at the head of the pile.
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