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a b s t r a c t

This paper presents the results of an experimental study on the punching shear behavior of high perfor-
mance steel fiber reinforced concrete (HPFRC) slabs without shear reinforcement, particularly consider-
ing the effect of fiber orientation. In recent decades, high performance steel fiber reinforced concrete
(HPFRC) has been a new achievement in concrete technology. Due to its superior mechanical properties,
civil engineers can address the problem of punching shear of thin slabs that are currently widely used in
buildings. By processing some studies, researchers have found that the strength capacity of the material
before cracking and the post-cracking resistance strongly depend on the orientation of the fibers, which
heavily rely on the casting direction and casting method. While most previous studies focused on the
effect on the behavior of beams, this research particularly considers how the casting procedures as well
as the volume content of the fiber affect the punching shear behavior of flat slabs.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

High Performance Fiber Reinforced Concrete (HPFRC) is a new
generation of concrete and has great potential in construction
technology. This type of concrete has many advanced properties,
such as high tensile toughness and very high compressive strength,
high durability, resistance to corrosion and degradation, among
others [1–5]. To obtain such properties, a necessary characteristic
of HPFRC mixture is low water/binder ratio. The performance of
HPFRC can be explained by the optimization of the mix design that
creates a homogeneous and very dense cementations matrix that
offers very high strength and long term utility, whereas the main-
tenance cost is reduced compared to normal concrete [6–8]. The
properties of HPFRC are mainly affected by the quantity and prop-
erties of the fibers, the aspect ratio, their interaction with the
matrix, and the fiber distribution and orientation [1,5,7–11].

Punching shear or two-way shear of thin structural elements
(e.g., flat slab, plate, panel, etc.) without shear reinforcement is a
challenge problem for civil engineers. This failure mode is one of
the most important factors that governs the design of the flat slab
floor system. HPFRC provides an alternative for civil engineers to
conventional concrete [12–15]. In HPFRC production, steel fibers
are added to the mix to increase the strength of the matrix. HPFRC,
with its high tensile toughness, significantly increases the shear

and punching shear resistance of structural members and allows
civil engineers to design smaller, thinner and lighter structural ele-
ments while the strength is maintained or even enhanced [16–18].
However, current codes, such as ACI 318–11 [19], JSCE [20], and
the fibModel Code 2010 [21], have only been developed for normal
concrete structures, and their application to the punching shear of
the HPFRC slab is not always straightforward, particularly for an
empirical design formula [14].

While conducting experiments, researchers found that the
strength of HPFRC members before cracking and the post-
cracking resistance strongly depend on the fiber orientation, which
significantly depends on the concrete casting method [22–32]. The
research of Van Mier et al. [31] and Kang and Kim [25] showed that
the fiber orientation significantly affects the tensile behavior of the
HPFRC by using the direct tensile test, increasing the fiber orienta-
tion coefficient help improve the tensile strength and post-
cracking behavior of the HPFRC specimens. Alternatively, the fiber
orientation is related to the distance of flow from the casting posi-
tion, as presented by Grünewald [10] and Stähli et al. [32]. Because
of the ‘‘flow-ability” of self-compacting properties, fibers are dri-
ven and oriented along the direction of the casting flow, leading
to an increase of the fiber orientation coefficient and improvement
of the tensile property. Ferrara et al. [23] performed an experiment
involving HPFRC casting at one position of rectangular slabs; when
hardened, beam specimens that were 150 mm wide and 500 mm
long were cut in different directions and at different positions to
exploit the characteristics of each beam and the effects of the cast-

http://dx.doi.org/10.1016/j.engstruct.2016.10.031
0141-0296/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: Withit.P@chula.ac.th (W. Pansuk).

Engineering Structures 131 (2017) 564–573

Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier .com/locate /engstruct

http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2016.10.031&domain=pdf
http://dx.doi.org/10.1016/j.engstruct.2016.10.031
mailto:Withit.P@chula.ac.th
http://dx.doi.org/10.1016/j.engstruct.2016.10.031
http://www.sciencedirect.com/science/journal/01410296
http://www.elsevier.com/locate/engstruct


ing positions and directions to be tested using the 4-point bending
technique. The beams that were cut far from the casting position
and along the casting flow direction exhibited better bending
behavior, with high strength and hardening performance. In
another study, Barnett et al. [22] performed an experiment involv-
ing the casting of round panels in different manners so that fresh
concrete flowed in three different directions to fill the mold,
including at the center, at several points around the perimeter of
the panel, and randomly. The round panels were tested to deter-
mine the flexural behavior; and fiber distribution, and the orienta-
tion of the panels were investigated using electrical resistivity
measurements and confirmed by X-ray CT imaging. The results
showed that the fibers tended to align perpendicular to the direc-
tion of flow, and the panels that were poured from the center were
significantly stronger than the panels poured by other methods.

To date, despite the large number of studies that have
attempted to exploit the effect of fiber orientation and distribution,
the casting procedure, as well as the volume fraction of fiber on
behavior of structures, the punching shear behavior has not been
determined. As a result, the main objective of this paper was to
analyze the relationships between the casting positions and direc-
tions, the fiber volume ratios, the slab thickness and the reinforce-
ment ratios on the punching shear capacity of thin HPFRC slabs.
The tests emphasized the effects of the casting direction on the
punching shear strength of HPFRC slabs by casting the concrete
at three positions, including at the center, a side and a corner of
the slabs. To ensure good casting repeatability and to align the
fiber orientation before entering the mold, a 1.6-m long chute
was used before casting concrete to the mold.

2. Experimental program

2.1. Material mix-design and specimens

The material used in this research was HPFRC, with the mix
design shown in Table 1. The mix design was the same as the typ-
ical mix of HPFRC [33,34] and is quite similar to the mix design in
the previous study of Jongvivatsakul et al. [35]. A number of trial
mixes were casted to obtain a suitable mix design of HPFRC for this
study; the mix had to be able to flow along the chute and give the
accepted compressive and tensile strength. The slump flow and V-
funnel test was tested based on EFNARC [36] and EN 12350-9 [37]
to check the fresh state performance of the mix. On average, the
slump spread of the mix was approximately 700 mm and the V-
funnel test time was approximately 20 s.

The water binder ratio was w/b = 21%, and the admixture binder
ratio was ad/b = 2%. The steel fibers volume ratios of these slabs
varied with values of 0, 0.8, and 1.6%, and the proportion of sand
in the mixture was changed with the corresponding steel fibers
volume ratio. The type of steel fibers used in this study was Dramix
OL 13/0.20, with a length of 13 mm and a diameter of 0.20 mm and
a tensile strength of not less than 2000 MPa.

The experimental program contained a number of tests on 8
thin HPFRC slabs that were subjected to a concentrated load at
the center of the slabs. The specimens had a square shape with
dimensions of 1000 mm � 1000 mm, and the thickness of the slabs
was 60 mm. The slabs were designed based on ACI 318-11 in met-

ric units [19]. Fig. 1 gives the reinforcement details and the dimen-
sions of the 8 HPFRC slabs; of these slabs, 1 slab was not reinforced
by any rebar and 7 slabs were reinforced with nine bars of 12-mm
diameter, deformed standard steel rebar in each direction with an
equal spacing of 100 mm. The average reinforcement ratio was
2.54%. To obtain the strain of the steel rebar, for each slab, 5 strain
gages were tightly attached to the middle bar of seven slabs in two
directions.

To obtain the material properties of HPFRC, such as the com-
pressive strength and splitting tensile strength, each particular
mixture proportion of the slabs had a representative cylindrical
specimen to test its material properties after 28 days in the curing
process. The cylinders had dimensions of 150 mm in diameter and
300 mm in height. The compressive and splitting tensile test was
based on the ASTM C39 [38] and ASTM C 496 [39] standard test
methods, respectively.

The modulus of elasticity can be calculated by Eqs. (1)–(3)
reported by Ma et al. [40], ACI 363R [41], and Graybeal [42],
respectively.
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In this study, the stress-strain curves obtained from the cylinder
tests are used to determine the chord modulus of the elasticity of
the HPFRC slabs. Table 2 summarizes the most important features
of the 8 slabs.

2.2. Mixing and casting procedure

To achieve good performance of HPFRC, the mixing and casting
process must follow a certain procedure. In this research, the mix-
ing and casting procedures were based on the mixing protocol
derived from the research of Lee and Chisholm [43], and the cast-
ing procedure of all of the specimens was observed. During con-
crete mixing, the time was measured and noted for later works.
In fact, for the normal laboratory conditions and at room tempera-
ture, the times for concrete mixing in this study are given in Table 3
below.

The casting method was the key point for the fiber orientation.
As mentioned previously, three positions were proposed, positions
A, B and C. Position A is at the center of the slab, position B is at one
side of the slab, and position C is at one corner of the slab, as shown
in Fig. 2. The concrete spreads from the pouring location until it
fills the formwork. Due to the geometric symmetry of the slabs,
the location can be chosen at any side or corner of the slab. The
positions are marked on 8 slabs to differentiate among them.

To ensure good casting repeatability and align the fiber orienta-
tion before entering the mold, a chute was used in this research.
The chute was made of steel and had an inclined angle of 20
degrees with respect to the horizontal plane. The chute length is
approximately 1.6 m long. The arrangement of the equipment for
casting is shown in Fig. 3.

Table 1
Mix proportions for 1 m3 of HPFRC (unit: kg).

Cement Silica fume Super plasticizer Water Steel fiber Sand

954.1 73.8 20.6 215.9 0 1078.2
62.8 1058.1
125 1038.1
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