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Abstract

An investigation on fibre concrete slabs subjected to low velocity projectile impact was carried out to assess impact resistance.
The main variables of the study were type of fibre and volume fraction of fibres. The types of fibres chosen were polyolefin, polyvinyl
alcohol and steel. The volume fraction of fibres examined were 0%, 1% and 2%. A total of 10 square slabs of size 1 m and 50 mm
thickness were cast and tested. Impact was achieved by dropping projectile of mass 43 kg from a height of 4 m, by means of an
instrumented impact test facility. Test results indicate that hooked-end steel fibre concrete slabs have better cracking and energy
absorption characteristics than slabs reinforced with other fibre types. Slabs reinforced with polyvinyl alcohol fibres exhibited higher
fracture energy values compared to slabs reinforced with polyolefin fibres. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords: Fibre concrete; Slab; Impact; Projectile; Steel; Polyolefin; Polyvinyl alcohol

1. Introduction

Fibre reinforced concrete is widely used in many
structural and non-structural applications, e.g., airport
runways, slabs on grade, shotcrete for slope and tunnel
stabilisation, pre-cast concrete products, coastal struc-
tures, machine foundations, defence shelters, etc.
Worldwide usage of this composite is presently reported
[1] at 150,000 metric tonnes annually. It has been re-
ported that adding fibres to concrete increased its
toughness and impact resistance among many of its
other engineering properties. Different types of fibres
from natural to metallic and polymeric are being used
[2-4].

Use of steel fibres has certain associated problems
that are yet to be resolved. Steel fibres present in close
proximity to the surface of concrete are prone to cor-
rosion and hence brown spots appear on the concrete
surface after sometime. Interest in the use of polymeric
fibres is fairly recent. Owing to the inert and non-cor-
rosive nature of the polymeric materials, they are emi-
nently suitable for use in chemically aggressive
environments such as concrete lining for septic tanks,
coastal structures, and structures in a hot and wet
tropical climate.

* Corresponding author.

Apart from the usual static loading and other types of
dynamic loading, concrete structures may also be sub-
jected to impact loads during their life span [5]. This
might be due to tornado-generated projectiles, aircraft
crashes, fragments of failed turbines and pipe work, and
accidental drop-weights. Impact loading of structural
members involves a complex process where both struc-
tural and material parameters can influence their per-
formance. In an attempt to address the problems
associated with impact loading, numerous research
programmes have been undertaken leading to the de-
velopment of various test methods.

ACI Committee 544 [6] proposed a repeated drop-
weight testing apparatus for testing fibre concrete ma-
terials. In this test, a 4.5 kg (10 1b) steel ball is dropped
repeatedly through a height of 457 mm (18 in.) onto a
standard concrete disc type specimen. The concrete
specimens used are 63.4 mm (2.5 in.) thick and 152 mm
(6 in.) in diameter. The steel ball is dropped consecu-
tively, and the number of blows causing the first visible
crack on the impact surface and ultimate failure of the
disc specimen recorded. This technique has been used to
compare the relative improvements in impact resistance
of different fibre concrete mixes [6,7] including fibre re-
inforced lightweight concrete [8].

A rotating impact machine used generally for
investigating metal specimens has also been used to
conduct tests on fibre reinforced cement concretes [9].
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The high strain rate behaviour of cement composites in
uniaxial tension and compression has been studied using
the split Hopkinson bar test [10,11]. Another test, the
Charpy impact test, originally recommended for metals,
has also been employed to evaluate impact performance
in terms of the energy absorption capacity of steel fibre
reinforced concrete [12,13]. The modified instrumented
Charpy impact test developed by Gopalaratnam et al.
[14] has been used for studying impact behaviour of steel
and glass fibre reinforced cement composites. Ito et al.
[15] used a compressed air-gun facility to study the im-
pact resistance and residual strength of pre-stressed
concrete beams. Various instrumented drop-weight im-
pact test set-ups to investigate the effect of impact
loading on fibre reinforced concrete have also been re-
ported [16-18].

Most instrumented experimental investigations are
performed using drop-weight systems, servo-hydraulic
rams, or pendulums where high energy levels are
achieved by using large masses at relatively low impact
velocities. These impact velocities, of the order of a few
metres per second, are chosen because of ease of in-
strumentation when compared to experiments involving
higher velocities. Very high strain rates could be
achieved even under low velocity impact tests by proper
choice of the dimensions of the test specimens. Thus
most impact test methods reported in available literature
are based on low velocity tests. A review of the various
available methods for impact testing can be found in the
literature [19,20]. Impact tests at high velocities are
generally carried out with non-instrumented projectiles.

Impact can be classified as soft or hard. When the
projectile deformability is large compared to the target
deformability the impact is said to be ‘soft’, and if the
projectile deformability is relatively small the impact is
termed ‘hard’. In this study hard projectile impact is
considered and this type of impact results in local
damage and also in overall dynamic response in the
form of flexural deformation. Local damage consists of
spalling of concrete at the impact face and scabbing of
concrete at the rear face together with projectile pene-
tration into the target. Overall dynamic response of the
target consists of flexural deformations resulting in
flexural or shear failure. Under impact situations the
material is required to absorb a large amount of energy
within a short duration. Under these circumstances,
quantifying the amount of energy that is needed to cause
a considerable amount of damage to the material is a
very important requirement for qualitative and quanti-
tative studies on any material.

This paper describes the effectiveness of fibre concrete
slabs containing polymeric (straight polyolefin and
straight polyvinyl alcohol) and metallic (hooked-end
steel) fibres subjected to low velocity impact loading. In
the present study slab specimens 1 m? in size and

thickness 30 mm were used. The impact was achieved by
dropping a projectile of mass 43 kg from a height of 4 m,
by means of an instrumented impact test facility. The
results obtained in this study are specific to the size of
specimen tested, the boundary conditions and the test
configuration adopted.

2. Experimental program
2.1. Materials used

The materials used were ordinary Portland cement,
natural sand and crushed granite aggregates of maxi-
mum size 10 mm. The mix proportion of ce-
ment:sand:coarse aggregate used was 1:1.3:2.1 by weight
with a water—cement ratio of 0.4. The three types of fi-
bres used were straight polyolefin, kuralon-cut polyvinyl
alcohol (PVA) and hooked-end steel fibres. The prop-
erties of the fibres are summarised in Table 1. A sul-
phonated napthalene-based superplasticizer was added
at the rate of 7.5 cc/kg of cement in order to improve the
workability of fibre concrete mixes.

2.2. Test specimens

The parameters investigated were the type and vol-
ume fraction of fibres. The types of fibres used were
straight polyolefin, polyvinyl alcohol and hooked-end
steel fibres. The volume fraction of fibres was varied as
0%, 0.5%, 1% and 2%. All the slabs were square, of size
I m and thickness 50 mm. A total of 10 specimens were
cast and tested. The details of the test specimens are
given in Table 2. The designation of slabs is explained as
follows. PC is a plain concrete slab. The alphabets
represent the type of fibre used in the slab and the nu-
merals represent the volume fraction of fibres present.
Hence, POFC, PVAFC and SFC stand for polyolefin,
PVA and steel fibre reinforced concrete slab, respec-
tively. The numerals 05, 10 and 20 represent 0.5%, 1.0%
and 2.0% volume fraction of fibres, respectively. For
example, POFCO0S5 indicates a polyolefin fibre concrete
slab containing 0.5% volume fraction of fibres.

Cement, aggregates and water were mixed thoroughly
in a rotary mixer. The fibres were added manually
during mixing and care was taken to avoid balling of
fibres. When fibres were used, the required amount of
superplasticizer was premixed with water. Wooden
moulds were used for casting the slabs. A table vibrator
was used to achieve proper compaction. Three 100 mm
cubes were also cast for each batch to determine the
compressive strength of the mix. The slabs were demo-
ulded after 24 h and moist cured for 28 days. They were
then air dried in the laboratory until testing.
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Table 1
Properties of fibres used

Fibre type Shape Length (mm) Diameter (mm) Tensile strength (MPa) Modulus of elasticity (GPa)
Polyolefin Straight 50 0.63 275 2.65

Polyvinyl alcohol Straight 12 0.2 900 29

Steel Hooked-end 30 0.5 1275 200

Table 2
Details of test specimens

Volume fraction
of fibre (%)

Slab designation Type of fibre

PC - 0

POFCO05 Polyolefin 0.5
POFCI10 Polyolefin 1.0
POFC20 Polyolefin 2.0
PVAFCO05 Polyvinyl alcohol 0.5
PVAFCI10 Polyvinyl alcohol 1.0
PVAFC20 Polyvinyl alcohol 2.0
SFCO05 Steel 0.5
SFC10 Steel 1.0
SFC20 Steel 2.0

2.3. Test procedure

The drop-weight impact test set-up used is shown in
Fig. 1. It consisted of two square steel frames between
which the slab to be tested was clamped to prevent
bouncing of the slab away from the support upon and
after impact. The slab was simply supported on all four
sides by means of 20 mm diameter continuous steel bars
welded to both the frames. All the slabs were simply
supported over a span of 900 mm in both directions. The
bottom frame was welded and supported on rigid col-
umns. A central impact was achieved by means of a
guide. The guide in the form of a square was fabricated
using aluminium angles in which the projectile was al-
lowed to slide freely up and down. A manually operated
winch was used to lift the projectile to the required
height. Grease was applied on the rollers to reduce
friction along the guides and to ensure a controlled and
smooth fall. It has been observed that friction between
the guide pillars and the hammer may reduce the ac-
celeration of the hammer during free fall below the
earth’s gravitational acceleration of 9.81 m/s [2,21]. In
the tests carried out, all slabs were subjected to impact
by a hemi-spherical nose shaped projectile of mass 43 kg
dropped from a height of 4 m.

A schematic diagram of the instrumentation and the
data acquisition system is presented in Fig. 2. The pro-
jectile was instrumented with an accelerometer to mea-
sure the impact load. The deceleration of the projectile
multiplied by the mass of the projectile gives a measure
of the applied impact load. Accelerometers attached to

the slab were used to determine the deflection of the
slab. The accelerations were measured on the top surface
of the slabs at 150 and 300 mm away from centre of the
slab. A digital circuit in combination with laser emitters
and photodiodes designed to determine the incident and
rebound velocities of the projectile was used to trigger
the data acquisition system. When the projectile crosses

Fig. 1. Drop-weight impact test set-up.



394 K. C.G. Ong et al. | Cement & Concrete Composites 21 (1999) 391-401

A - Acceleromeler
Projectile L1 8 L2 - Loser Emilter
P18 P2 - Pholodiode

L1 P .
- L] ogra 7
Counter 0Osci
- P'z Circuit
L2
A iA
1 Slab I |

Fig. 2. Schematic diagram of instrumentation and data acquisition
system.

the second photodiode, the system gets triggered and the
data captured over a specified time interval. This cap-
turing period depends on the number of channels and
the scan rate specified. A scan rate of 1 MHz per channel
was used. A pre-trigger interval was also specified so
that no data were lost as acquisition of data proceeds.
For data acquisition, a digital oscilloscope was used and
the data analysed in a DEC workstation. Under impact
testing, electrical noise will occur due to the electronic
systems used and the mechanical system adopted. Any
physical measurement of acceleration or force under
these conditions is accompanied by random noise of
very high frequencies. In the present case, a filtering
frequency of 5 kHz was used. This was arrived at by
analysing the frequency content of the measured signal
using a FFT routine [25]. The recorded signals were
digitally filtered using a low-pass second-order Butter-
worth filter.

3. Method of analysis 22

It has been well established that due to the specimen
inertial effects under high rates of loading [20-23], the
experimentally observed load, P,(¢), is not the true
bending load, P,(¢). Since cement-based materials are
usually brittle, the true bending load may only be a
fraction of the experimentally observed load. Depending
on the rate of loading and the brittleness of the material,
a large part of the impact event may occur while the
specimen is still being accelerated. The acceleration of
the specimen gives rise to inertial force and this force is
distributed throughout the specimen. The projectile
impact considered here, acts as a concentrated load at
the centre of the slab. There are two ways of dealing
with the problem of inertial loading: first, by reducing
the stiffness of the contact zone [23] and second, by
measuring the inertial forces by placing accelerometers
on the specimen [21]. In the latter a generalised form of
the inertial load is used in correcting the observed load.
The virtual work principle [21] is used in calculating the
generalised inertial load, P,().

Consider the simply supported slab shown in Fig.
3(a) subjected to a concentrated load at its centre. For
this problem, it may be assumed [24,25] that the accel-
erations, velocities, and displacements at any point in
the slab, at any instant of time, ¢, are sinusoidal along
both x- and y-axis (Fig. 3(b)). In order to replace the
distributed inertial load in the slab by a generalised in-
ertial load, P,(¢), the virtual work done by all the dis-
tributed inertial loads may be equated to the virtual
work done by P,(#) alone. Thus the generalised inertial
load, P(1), is obtained [26] as

R(e) =  pabl (), (1)

where p is the density of the slab material, a the length of
the slab along x-axis, b the length of the slab along y-
axis, / the thickness of the slab and w,(¢) is the accel-
eration at the centre of the slab at any time, ¢.

Considering the loads P,(¢), P(t) and P,(¢), and ide-
alising the slab impact problem as a single degree of
freedom system, the bending load exerted on the slab,
Py(t), can be found using the equation of dynamic
equilibrium as

Py(1) = Po(t) — B(0). 2)

The bending load obtained above using Eq. (2) may be
regarded as an equivalent static load for the purpose of
analysis. The displacement at the centre of the slab,
w,(t), was obtained numerically by double integrating
the extrapolated acceleration at the slab centre with
respect to time. Energy absorbed during the impact

Py

a
(a)
a
a/’2
o(®)
\L/I/ I ;vmio(t)
(b)

Fig. 3. (a) Simply supported slab under a transverse impact load. (b)
Assumed plate deflections and the application of virtual work principle
to calculate the generalised inertial load.
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event was calculated based on the area under B, (¢)
versus w,(t) curve.

4. Results and discussion

The performance of the slabs containing polyolefin,
polyvinyl alcohol and steel with 0.5%, 1% and 2% vol-
ume fraction of fibres are discussed in the following
sections. All slabs were subjected to single impact by
hemi-spherical nose shaped projectile of mass 43 kg
dropped from a height of 4 m. The observations are
specific only to the size of specimen tested, the boundary
conditions and the test configuration adopted.

4.1. Cracking behaviour

The failure of the plain concrete (PC) slab under
impact was catastrophic as seen in Fig. 4. The projectile
completely perforated the slab with the formation of a
frustum-shaped fracture zone and the slab shattered into
pieces. The failure of the slab may be envisaged as fol-
lows: On striking the slab, the projectile penetrated the
slab and during the contact period, very high stresses
developed in the vicinity of impact point which led to
the formation of shear cone shaped fracture zone. The
slab losing integrity and gaining momentum experienced
large displacements inducing more damage due to radial
crack formation. With 0.5% volume fraction of fibres
(Fig. 5), slabs with polyolefin (POFCO05) and PVA fibres
(PVAFCO05) were also perforated by the projectile.
However, the slab reinforced with steel fibres (SFCO05)

was not perforated and suffered less damage. Slabs
POFCO05 and PVAOS5 broke into few pieces while slab
SFCO05 maintained its integrity even after impact. At 1%
and 2% volume fraction of fibres, the slabs containing
PVA fibres (PVAFC10 & PVAFC20) were perforated by
the projectile and also broke into few pieces. Although
the polyolefin fibre reinforced slab (POFC10) suffered
damage similar to PVAFCI10 and PVAFC20, the poly-
olefin fibres present helped in holding the fractured parts
together. The steel fibre reinforced concrete slabs
(SFC10 & SFC20) showed significantly superior per-
formance in terms of multiple cracking and shear cone
formation and slab integrity after impact. Typical crack
patterns of slabs containing 2% volume fraction of fibres
is shown in Fig. 6.

In the case of polyolefin fibre concrete slabs, the
projectile perforated the slab containing 0.5% of poly-
olefin fibres. As the volume fraction is increased from
0.5% to 1% and 2%, an improvement in the resistance
against projectile perforation was observed. Also the
shear plug formed after impact was not dislodged from
the bottom surface of the slab. The number of cracks
and widths of cracks present after impact were reduced
at the top and bottom surfaces of the slab containing 2%
fibres. The other slabs with less fibres suffered more
damage with excessive slab deformation. There is no
clear difference in the final failure mode when slabs
POFCO05 and POFC10 were compared with the PC slab.
Undoubtedly, there is an improvement in the case of
slab POFC20 in terms of integrity after failure. The
failure of fibres at the fracture zones were due to both
pull-out and rupture.

Fig. 4. Failure of plain concrete slab.
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(b) PVA Fibre Concrete Slab

(c) Steel Fibre Concrete Slab

Fig. 5. Failure patterns of slabs containing 0.5% volume fraction of fibres: (a) polyolefin (top and bottom surface); (b) PVA (top and bottom

surface); (c) steel (top and bottom surface).

A comparison of the failure patterns of slabs with
polyvinyl alcohol (PVA) fibres showed that the slab with
0.5% fibres exhibited more cracks and failed by breaking
into many pieces. As the volume fraction of fibres was

increased from 0.5% to 1% and 2%, the number of
cracks and the size of the failure zone were found to
decrease reflecting a more localised failure. It may be
observed that the slab containing 2% fibres failed into
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(a) Polyolefin Fibre Concrete Slab

(b) PVA Fibre Concrete Slab

(c) Steel Fibre Concrete Slab

Fig. 6. Failure patterns of slabs containing 2% volume fraction of fibres: (a) polyolefin (top and bottom surface); (b) PVA (top and bottom surface);
(c) steel (top and bottom surface).

four pieces, but, maintained the integrity within the The addition of steel fibres to concrete slabs resulted
broken pieces. The projectile perforated all the slabs in considerable improvement in the impact resistance
reinforced with PVA fibres, and the fibres failed due to when compared to slab without fibres. Increasing the

pull-out at the fracture zone. fibre content led to an increase in the number of cracks
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at the bottom face and a reduction in the width of cracks
formed. The slab with 0.5% steel fibres failed due to the
formation of a shear plug together with radial cracks
emanating from the centre towards the corners. The size
of the shear plug was reduced as the volume fraction of
fibres added was increased from 0.5% to 1% and 2%.
The residual displacement of the slab was 24.5 mm, 12.5
mm and 4.3 mm for the slab containing 0.5%, 1% and
2% volume fraction of fibres, respectively. This trans-
lates into an effective increase in stiffness and decrease in
the degree of damage upon failure of the slabs with the
addition of steel fibres. There were no cracks observed at
the top surface of the slab as the steel fibre content was
increased to 2%. The fibres failed due to pull-out at the
fractured surfaces of the slabs.

In general, the failure pattern of the slabs was char-
acterised by the formation of a frustum-shaped fracture
zone followed by the formation of flexural cracks ema-
nating from the centre towards the corners of the slab.
Steel fibre concrete slabs showed better performance in
terms of cracking behaviour, size of shear plug formed
at failure and integrity of the slab at failure when
compared to slabs reinforced with polyolefin or PVA
fibres. Polyolefin fibres failed due to both pull-out and
rupture, whereas, PVA and steel fibres failed by pull-out
only along the fracture surfaces.

4.2. Load and displacement history characteristics

Fig. 7 shows the observed load history of PC slab
along with the inertial load history. A major part of the
initial peak in the observed load-time trace was due to
the inertial load and it was similar to the force caused by
rigid-body acceleration of the specimen from the at rest
position close to the impact velocity of the projectile.
The inertial load was calculated using Eq. (1) as ex-
plained previously. From Fig. 7 it was noted that the
inertial load was about 90% of the observed peak load.
If this large amount of inertial load is not corrected for,

100000 ——

—— Observed

80000 === Inertial

T

60000 7

Load, N

40000

20000

0 5000 10000
Time, microseconds

Fig. 7. Load vs time plot for plain concrete slab.

it would lead to erroneous values of energy calculations
especially when these values are to be compared with
static energy absorption values or with energy values
obtained at different strain rates. It was observed that
the inertial contribution was only significant during the
initial stages of impact and its effect dissipates soon af-
ter.

Upon impact, the slab experienced a rapid increase in
the load giving rise to the maximum load. This sudden
increase in load to the maximum value occurs within 1
ms for all the slabs tested. The multiple contacts between
the slab and the projectile was characterised by the oc-
currence of multiple peaks, referred as ‘secondary
peaks’, in the observed load history. The peak loads may
be influenced by various parameters, such as, contact
velocity, mass of the projectile, nose shape of projectile,
target thickness, target stiffness, concrete strength,
roughness of the slab surface, boundary conditions of
the slab, etc. However, in the present study, the above
parameters did not vary significantly between specimens
and hence did not affect the peak load measured. For the
slabs tested the peak load was affected mainly by the
nature of penetration of the projectile into the slab and
the type and volume fraction of fibres used. A typical
observed load history and displacement history of slabs
reinforced with 2% fibres is shown in Fig. 8.

From the observed load history and displacement
history of slabs containing 0.5% fibres, it was seen that
slab PVAOS resisted higher loads than slab POFCO05,
whereas, slab SFCO0S5 resisted higher loads than slab
PVAOS. This is true even for the slabs with 1% and 2%
volume fraction of fibres. The duration of impact was
about the same for slabs POFCO05 and PVAOS5, while,
that for slab SFC05 was about 3 times longer than the
other slabs. The initial displacement rate was about the
same for all the slabs tested.

In the slabs containing polyolefin fibres, a marginal
increase in the first peak load was observed as the fibre
content was increased. A considerable increase in the
magnitude of the secondary peaks was observed when
the fibre content was increased from 0.5% to 2%. The
duration of impact was prolonged by the addition of
fibres, about 10, 13 and 15 ms for the slabs with 0.5%,
1% and 2% of polyolefin fibres, respectively.

For slabs reinforced with PVA fibres, slab PVAFC20
resisted higher loads for a longer time duration. The
duration of impact was about 9.5, 11.5 and 20 ms for
slabs with 0.5%, 1% and 2% of PVA fibres, respectively.
The impact duration was about 2 times longer for slab
with 2% fibres compared to the slab with 0.5% fibres.

An increase in the peak loads, reduction in the
maximum displacement and reduction in duration of
impact experienced was generally observed as the vol-
ume fraction of steel fibres was increased. This indicates
a stiffer response against impact with less damage caused
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Fig. 8. Effect of fibre type on the observed load vs time and dis-
placement vs time curves at 2% volume fraction of fibres.

to the slabs. The maximum displacement was reduced by
about 36% and 56% when the volume fraction of steel
fibres was increased from 0.5% to 1% and 2%, respec-
tively. The reduction in the duration of impact was
about 50% for 2% fibres (SFC20) compared to 0.5% fi-
bres (SFCO5).

From the impulse-time plots of the tested slabs (Fig.
9), it may be seen that slabs with steel fibres were sub-
jected to higher impulse occurring over a shorter dura-
tion of time in the present study. The slabs with PVA
fibres had impulse values less than that of steel fibre
concrete slabs, but, the values were greater than those
experienced by slabs with polyolefin fibres. At 2% fibre
content, slab SFC20 showed 2 times higher impulse
when compared to slab POFC20 whereas, slab
PVAFC20 showed an increase of about 25% in the im-
pulse when compared to slab POFC20.

4.3. Energy absorption characteristics

Fig. 10 shows typical bending load and fracture
energy values plotted against displacement for slabs
containing 2% volume fraction of fibres. The bending
load was calculated using Eq. (2) after making the
inertial correction to the observed load and the fracture
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Fig. 9. Effect of V; and fibre type on the impulse vs time curves.
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Fig. 10. Variation of bending load and fracture energy with dis-
placement for slabs reinforced with 2% volume fraction of fibres.

energy was obtained using Eq. (6). For the same volume
fraction of fibres, it was found that steel fibre concrete
slabs resisted higher loads resulting in higher fracture
energy values than slabs containing polymeric fibres.
For the latter type of slabs tested, slabs containing PVA
fibres absorbed more energy than those containing
polyolefin fibres for the same volume fraction. In gen-
eral, for any type of fibre examined, there was increase
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in the bending loads and fracture energy with increase in
the volume fraction of fibres.

Based on the results of the present study, the fracture
energy of the various slabs up to a displacement of 20
mm was used for comparison. The corresponding values
for the observed load and bending load are reported in
Table 3 and are also shown in Fig. 11. For 0.5% volume
fraction of fibres, the slab with polyolefin fibres ab-
sorbed about 1.6 times energy (based on the bending
load) as that absorbed by PC slab, whereas, the slabs
with PVA fibres and steel fibres absorbed about 1.8 and
2.2 times that absorbed by PC slab. Increasing the vol-
ume fraction of fibres to 1%, POFC10 had a fracture
energy value of 246.04 N m., which is 59% higher when
compared to PC, while, PVAFC10 and SFC10 showed
2.1 and 3.2 times the fracture energy, respectively, that
of plain concrete slab. The increase in fracture energy of
slabs with 2% fibres compared to plain concrete slab was
about 93%, 153% and 356% for slabs POFC20,
PVAFC20 and SFC20, respectively.

Slabs reinforced with 0.5% and 1% polyolefin fibres
had about the same energy absorption while a 21% in-
crease in fracture energy was noted when the volume
fraction of fibres was increased to 2%. An increase in the
energy absorption capacities of 14% and 38% was ob-
served, when the volume fraction of PVA fibres was
increased from 0.5% to 1% and from 1% to 2%, re-
spectively. In the case of slabs containing steel fibres,
slab SFC10 had 1.5 times the fracture energy compared
to SFCO05 and SFC20 had 1.4 times the fracture energy
compared to SFCI10.

Similar observations could also be made for the
fracture energy plots obtained using the observed load.
As mentioned earlier, the fracture energy obtained after
making the inertial correction to the observed load
should be used when comparing with fracture energy
values obtained at different strain rates. This would

Table 3
Fracture energy values based on observed and bending loads

Slab designation Fracture energy (N m)

Using observed Using bending

load load
PC 240.89 154.40
POFCO05 275.37 240.99
POFCI10 288.61 246.04
POFC20 326.50 297.95
PVAFCO05 327.03 283.20
PVAFCI10 358.41 321.95
PVAFC20 426.39 391.34
SFCO05 372.47 336.42
SFC10 538.42 493.02
SFC20 750.77 703.58
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Fig. 11. Effect of V; and fibre type on the fracture energy: (a) fracture
energy by observed load; (b) fracture energy by bending load.

provide a proper representation of performance of the
material subjected to high rate of loading.

5. Conclusions

Steel fibre concrete slabs showed superior perfor-
mance in terms of cracking characteristics, resistance to
shear plug formation, energy absorption and integrity
upon impact when compared to slabs reinforced with
polyolefin and PVA fibres. Considering up to 20 mm
displacement, at 0.5%, 1% and 2% volume fraction of
fibres the steel fibre concrete slabs had about 40%, 100%
and 136% higher fracture energy values, respectively,
compared to polyolefin fibre concrete slabs, while about
19%, 53% and 80% higher fracture energy values, re-
spectively, compared PVA fibre concrete slabs. It was
also seen that the energy absorption capacities of PVA
fibre concrete slabs were higher than the polyolefin fibre
concrete slabs for the same volume fraction. The slabs
with 0.5%, 1% and 2% volume fraction of PVA fibres
had fracture energy higher by about 18%, 31% and 31%,
respectively, compared to polyolefin fibre concrete slabs.
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Polyolefin fibres failed by both pull-out and rup-
ture, whereas, PVA and steel fibres failed by pull-out
alone.
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