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Concrete exhibits excellent resistance to compressive forces, but is brittle and weak in tension. Various types of
fibres have been investigated by many researchers to improve the ductility and energy absorption capability of
concrete materials and structures under static and blast and impact loadings. Spiral-shaped steel fibres were recently
proposed as reinforcement in a concrete matrix and it was found that spiral fibre reinforcement can significantly
improve the ductility, crack control ability and energy absorption capacity of concrete material under static and
impact compressive loads. This paper presents an experimental study of the static and dynamic properties of steel
fibre reinforced concrete (SFRC) materials under splitting tension. SFRC materials mixed with spiral-shaped steel
fibres of different volume fractions were prepared and tested. A high-speed camera was used to capture the
deformation, failure and crack opening process of the tested specimens. The contribution of spiral fibres to the
mechanical properties and behaviour of concrete at high strain rate under splitting tension was investigated.
Analyses of the test results revealed the effectiveness of spiral fibres in improving the performance of SFRC (e.g.
crack control, energy absorption capability and more pronounced rate sensitivity under dynamic splitting loading).
Moreover, crack opening and closing (pull-back by spiral fibres) processes were observed, demonstrating the
excellent bonding and outstanding performance of spiral steel fibres in maintaining the integrity of the concrete
material, thus resulting in significant improvements in impact resistance and energy dissipation.

Notation or reflected stress

b width of load-bearing strip or transmitted stress

D diameter of specimen

E Young’s modulus of specimen

fid peak dynamic splitting tensile stress Introduction

L length of specimen Concrete is the most consumed construction material in the

P compressive load in quasi-static test world due to its widely available constituents, ease of being

Pr transmitted force in split Hopkinson pressure bar moulded to shape in the fresh state and impressive resistance
(SHPB) test to compressive loads. However, as a brittle material, concrete

R radius of SHPB pressure bar has a very limited strain capacity and low resistance to tension/

t time lag between start of transmitted stress wave bending, and thus energy absorption capability. To overcome
and maximum transmitted stress such weaknesses, short discrete fibres (e.g. natural, glass, syn-

é strain rate thetic and steel fibres) have been used to reinforce concrete and

o quasi-static splitting tensile strength subsequent improvements in the mechanical properties of fibre

G loading rate reinforced concrete materials have been widely investigated

o incident stress (Brandt, 2008). Steel fibre reinforced concrete (SFRC) is

ois stress wave at incident end of specimen in SHPB regarded by researchers and engineers as a largely superior

tests

construction material in comparison with ordinary concrete,
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and has been commonly used to build high-rise, long-span
structures and critical structures with special requirements
to resist blast and impact loads. Many types of steel fibres
(e.g. hooked-end, crimped, twisted, enlarged-end and undu-
lated fibres) have been investigated and are commercially
available.

Compared with its relatively insignificant contribution to com-
pressive strength, the addition of steel fibres produces marked
improvements in tensile strength, ductility and post-cracking
behaviour by crack bridging, and provides resistance to the
opening of cracks (Abadel et al., 2015; Hao et al., 2016; Yoo
et al., 2015). Understanding the bond characteristics between
steel fibres and a concrete matrix is essential to analyse the
mechanical properties of SFRC in tension. Comprehensive
studies on the pull-out behaviour and bond-slip relations of
steel fibres on a cementitious matrix have been conducted
(Alwan et al., 1999; Laranjeira et al., 2010a, 2010b; Naaman
and Najm, 1991; Naaman and Shah, 1976; Naaman et al.,
1991; Robins et al., 2002; Zile and Zile, 2013). It is generally
agreed that the combined action of bond components (e.g.
adhesion between fibres and matrix, the geometry of the steel
fibres, the interlocking mechanism among fibres, and the bond
component due to friction) dominates the resistance of individ-
ual fibres to pull-out, thus affecting the mechanical properties
of SFRC materials (Naaman and Najm, 1991). However, the
commercially-produced steel fibres available in the market and
those considered in most previous experimental studies are
only able to provide anchorage and a frictional bond along
one or two directions in a two-dimensional (2D) plane. Spiral-
shaped steel fibres were investigated in a recent study by Xu
et al. (2012b), who demonstrated that, unlike other deformed
fibres, a spiral fibre had a 3D anchorage bond in the concrete
matrix due to the fibre shape and a better mechanical com-
ponent of bond due to fibre deformation, as illustrated in
Figure 1.

Il Adhesive and
frictional bond

! Adhesive and
} frictional bond

v
Vi

Anchorage bond

Anchorage bond

Figure 1. Anchorage bond and frictional bond between fibres
and concrete matrix (not to scale)

During their service life, concrete structures may be subjected
to high-rate loadings as a result of an accidental explosion,
natural hazard or vehicle impact. For design and analysis of
SFRC structures against blast and impact loads, understanding
the dynamic behaviour and properties of SFRC materials is
essential. It is worth mentioning that, under dynamic com-
pression, concrete reinforced with hooked-end steel fibres was
reported not to exhibit a significant increase in uniaxial com-
pressive strength although it possessed better post-peak duct-
ility than plain concrete, but the post-peak ductility was absent
at strain rates higher than 50 s™' because fragments of concrete
were no longer able to bond onto the steel fibres (Lok and
Zhao, 2004). With a 3D anchorage bond and a better mechan-
ical bond component due to the shape and stretching capa-
bility of spiral steel fibres, the fibre addition is expected to
contribute more significantly to the impact resistance, deform-
ability/ductility and energy absorption capability of SFRC
materials and structures. Drop-weight impact tests on concrete
specimens reinforced with 1% spiral steel fibres demonstrated
significantly improved mechanical properties in terms of the
impact loading resistance capacity, ultimate compressive
strength, post-failure strength and energy absorption capability
(Xu et al., 2012b). Prominent bonding, ductility and toughness
of SFRC with 1% spiral fibres in splitting tension under drop-
weight impact have also been demonstrated (Xu et al., 2012a).
Cylindrical specimens (/100 x 100 mm) with the inclusion of
1% fibres were tested using an instrumented drop-weight
system by Xu et al., (2012a). For better control and prediction
of splitting cracks, 18 mm triangular notches were added. The
existence of notches results in stress concentration and strength
reduction when compared with a cylindrical specimen without
a notch, so an adjusting factor derived from static tests was
used. Although this approach enabled better control of crack
initiation and development, whether the adjusting factor was
independent of the loading rate was not demonstrated.
Therefore, the test results — especially the splitting tensile
strength of the specimens — presented by Xu et al. (2012a)
under high-rate loads using a factor that was derived from
static tests need to be further verified.

Split Hopkinson pressure bar (SHPB) tests of dynamic com-
pressive properties at different strain rates of spiral fibre
reinforced concrete material were reported by Hao and Hao
(2013). The present study extends the work reported by Hao
and Hao (2013) and Xu et al. (2012a), and further investigates
the behaviour of SFRC material mixed with spiral fibres of
different volumetric dosages under quasi-static and dynamic
splitting tension using an SHPB testing system.

Experimental programme

Selection of testing methods

For determining the quasi-static tensile properties of SFRC
materials, it is generally agreed that it is difficult to apply a
pure tension force free of eccentricity in a direct tensile test.
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When the specimen is anchored by grips, compression from
the grips is combined with tension from the testing machine,
and the distribution of compressive stress is dependent on
the geometrical factors of the specimen. The combined force
has been shown to lead to failure or fracture at stress levels
below either the maximum tensile or compressive strength
(Kupfer et al., 1969). While some researchers have strived
to conquer these difficulties and develop a direct tensile
testing method with eliminated/minimised influence from grip-
ping devices and eccentricity (Graybeal and Baby, 2013;
Swaddiwudhipong et al., 2003; Zheng et al., 2001), ASTM has
given recommendations to determine the quasi-static tensile
properties by conducting third-point bending tests on SFRC
beam specimens with or without a notch at the mid-span
(ASTM, 2006). The fib Model Code recommends conducting
three-point bending tests on notched beam specimens and
using reverse calculation to determine the tensile properties
of SFRC materials (Taerwe and Matthys, 2013). However,
flexural tests tend to overestimate the strength by assuming
a linear stress distribution along the cross-section. Moreover,
in high-speed dynamic tests, inertia resistance from a beam
specimen is large and difficult to quantify, which makes
accurate determination of the material strength difficult.
Attempts have also been made to justify the applicability
of splitting tension to determine the tensile strength of SFRC
materials; however, this testing method does not provide
suitable data for post-cracking behaviour (Denneman et al.,
2011).

Numerous studies have indicated that the strengths of cementi-
tious materials are strain rate dependent; that is, the strength
increases with strain rate (Bischoff and Perry, 1991; Cotsovos
and Pavlovi¢, 2008; Hao et al., 2013; Malvar and Ross, 1998).
SFRC material is no exception, since the strength of the con-
crete matrix is dependent on strain rate and the loading
rate influences the pull-out behaviour of steel fibres from the
matrix (Banthia and Trottier, 1991; Kim et al., 2009). The
strain rate dependency of SFRC has been observed in many
studies using different testing methods (Hao and Hao, 2013;
Lok and Zhao, 2004; Xu et al., 2012a, 2012b). The ratio of
dynamic to quasi-static strengths, termed the dynamic increase
factor (DIF), is widely used to describe a material’s strength
increment at high strain rate in numerical models. The fib
Model Code suggests DIF versus strain rate relations for plain
concrete material that can be used in design and analysis of
structures subjected to blast and impact load (Taerwe and
Matthys, 2013). Although the splitting tensile test does not
give reliable post-cracking data, the derived strengths are more
consistent than those determined by direct tensile and bending
tests (Davies and Bose, 1968). Due to the consistent results
and ease of implementation for conducting SHPB tests,
splitting tensile tests were adopted in the experimental pro-
gramme described here as the primary aim of the study was
to derive tensile DIF relations of SFRC material with spiral
fibres.

Preparation of specimens

The spiral steel fibre used to reinforce concrete is shown in
Figure 2. The fibres were fabricated by coiling steel wires and
being cut into short lengths, and they were loosely presented.
Different volume fractions of fibres — namely 0-0% (plain con-
crete), 0-5%, 1:0% and 1-5% — were used to prepare specimens
to investigate the influence of fibre volume fraction. The
nominal length of each spiral fibre was 15 mm while the diam-
eter of the wire was 0-56 mm, giving an aspect ratio (length to
diameter) of 27. The strength and geometric dimensions of the
fibres are summarised in Table 1. Ideally, the specimen size
should be around three times the size of each constituent in a
composite material. The reasons for selecting the fibre and
specimen sizes were as follows.

m If the specimen size was too large, it was very difficult to
achieve stress uniformity under dynamic impact loading
and the material properties at relatively high strain rate
could not be obtained.

m If the fibre length was too short, its effectiveness in increas-
ing the material ductility, post-yield crack stopping and so
on could not be fully achieved.

The specimen size was thus chosen to be 2-5 times larger than
the fibre size — a compromise for achieving higher strain rates
in the tests. The strength of the spiral fibre was 1300 MPa. The
cement used in the present study was ordinary Portland
cement grade 33 with a density of 315 g/em® and minimum
compressive strength of 33 MPa after 28 d of curing. Details
of the mixture proportions are listed in Table 2.

To avoid balling and achieve good dispersion in the concrete
mix, individual fibres were continuously dosed to the fluid
mix, as suggested by Shah et al. (1993). The spiral shape made
the individual fibres less movable when mixing them in the
concrete and therefore balling was less likely. The mixes were
placed into 75 x 500 mm PVC tubes and cured for 28 d.
The concrete specimens were then cut into ¢¥75 x 37-5 mm
cylinders, smoothed at both ends, dried and tested. In the
present study, 69 specimens were tested — 12 specimens for

Nominal length 15 mm

Wire diameter

0-56 mm \ Coil diameter

5mm

Coil pitch 10 mm

Figure 2. Spiral steel fibre

Downloaded10‘3|/1[%:urtin University] on [01/12/16]. Copyright © | CE Publishing, all rights reserved.



Magazine of Concrete Research

Volume 68 Issue 21

Mechanical properties and behaviour of
concrete reinforced with spiral-shaped
steel fibres under dynamic splitting

tension

Hao and Hao

Strength: MPa

Nominal length: mm

Wire diameter: mm

Coil diameter: mm

Coil pitch: mm

1300

Table 1. Specifications of spiral steel fibres

0-56

5

10

Mix w/c Vs Mix proportion: kg/m?>

Water  Cement 10 mm aggregate 7 mm aggregate <4 mm aggregate  Sand
Plain concrete  0-48 — 205 426 444 306 130 843
0-5% 048 05% 205 426 444 306 130 843
1-0% 0-48 1-0% 205 426 444 306 130 843
1-5% 0-48 1-5% 205 426 444 306 130 843

Table 2. Mixture proportions (w/c, water to cement ratio; V4,
volume fraction of fibres)

quasi-static splitting tensile tests and 57 specimens for dynamic
splitting tensile tests with the SHPB apparatus.

Quasi-static tests

The quasi-static splitting tensile tests were conducted using a
Baldwin hydraulic machine. The test setup for specimens
under splitting tensile loads is illustrated in Figure 3. The tests
were carried out at a loading rate of 0-1 MPa/s. While the
applied vertical load was recorded, two linear variable differen-
tial transducers (LVDTs), placed on either side of the tested
specimen, recorded the lateral deformation. The combination
of the recorded deformation from each side was used to rep-
resent the lateral deformation capacity (LDC). The strengths
were obtained from testing the 75 mm diameter specimens,
instead of the 100 mm diameter specimens suggested by
ASTM (ASTM, 2011). The reason for using the same speci-
men size in both static and dynamic tests was to maintain con-
sistency in order to derive more reliable dynamic material

P

Figure 3. Schematic view of quasi-static splitting tensile test setup

properties such as the DIF (the ratio of dynamic strength to
static strength). Using the same specimen size in both static
and dynamic tests is a common approach in testing dynamic
material properties (e.g. Hao et al., 2013; Ross et al., 1995).

Dynamic splitting tensile tests

The dynamic splitting tensile tests were conducted using the
SHPB test system. The test system, including the SHPB setup
and the data acquisition system, is shown in Figure 4. Both
pressure bars had the same dimensions of (75 x 2000 mm
and the absorption bar was of size (J75 x 1000 mm. Strain
gauges were glued to the middle surface of the pressure bars.
The bars were made of stainless steel with a Young’s modulus
of 200 GPa, density of 7800 kg/m®, elastic wave velocity of
5064 m/s and Poisson’s ratio of 0-3. A tapered impact ram, as
proposed by Lok et al. (2002) was used as the striker bar.
Using such a projectile has been demonstrated to be able to
initiate a half-sine loading waveform (as noted in the section
‘Stress uniformity and strain rate estimation’), and can elimin-
ate violent wave oscillation and dispersion in SHPB tests with
large-diameter pressure bars. Moreover, it permitted a signifi-
cant reduction in the length of the input bar. To capture the
failure processes of the specimens, a high-speed video camera
operating at up to one frame per microsecond (1 million
frames per second) was used in the test.

Observations and test results

Results of quasi-static tests

The quasi-static splitting test results are briefly discussed else-
where (Hao and Hao, 2013). Since they were used as the refer-
ence to derive the tensile DIF in this study, the test results are
also reported here.
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High-speed camera

Time counter | —| PC |—| Oscilloscope

Strain meter

Figure 4. SHPB test system

Equation 1 is used to calculate the quasi-static splitting tensile
strength (o) of specimens with applied vertical compressive
load P (Tang, 1994).

-(5)

where L is the length of the specimen, D is the specimen diam-
eter and b is the width of the load-bearing strip.

3/2
1. o= 2P

" 7LD

Inter-granular fracture was observed in the static splitting tests.
Combined with records from the LVDTSs, the force-LDC
curves are compared in Figure 5. It can be seen that stretching
the spiral fibres allowed large displacement of the specimen.
During the tests it was found that although the fibres were
stretched, the bonding between the fibre segments still buried
in the concrete mix was still very strong and the specimen’s
integrity was extent. With the

maintained to some

— Plain concrete
----- 0-5% SFRC
1-0% SFRC
,'\ 0y
/ — 1-5% SFRC

\ ~A /\

Force: kN

8 10 12 14 16
LDC: mm

Figure 5. Quasi-static splitting tensile stress versus LDC for
different specimens

development of cracks, fibres in the top section were either
pulled out or fractured while fibres in the bottom section
started to be stretched and provided further support to main-
tain the specimen integrity. Besides the fibres’ strong bonding,
which contributed to the post-crack resistance, it was likely
that the fibres maintained the specimen integrity so that the
load could still be transferred by the split halves through the
fibres as shown in Figure 6. The load-transfer mechanism
through the fibres made the fibre-dosed specimens able to dis-
sipate much more energy than plain concrete. The capability of
keeping the integrity, and thus the higher energy dissipation,
was found to increase with fibre dosage.

The average splitting tensile strength of the plain concrete
specimens without fibre reinforcement was the lowest
(2:02 MPa). The tensile strengths of SFRC specimens with
volume fractions of spiral fibres of 0-5%, 1-:0% and 1-5% were
2:37 MPa, 2:87 MPa and 2-98 MPa, which are respectively
17%, 42% and 48% higher than the plain concrete splitting
tensile strength. Moreover, the energy dissipated by the SFRC
specimens was much more significant than that by the plain
concrete due to the markedly enhanced deformability.
Ultimately, in the present study, the energy dissipated by the

lP

P P P

Figure 6. lllustration of load-transfer mechanism
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1-5% SFRC specimen was more than 60 times that of the plain
concrete specimen. The material properties under quasi-static
splitting tension are summarised in Table 3, in which all the
data are averaged values from tests on three specimens of each
type. It was observed that, under a well-controlled laboratory
environment for specimen preparation, the largest discrepancy
between the mean and individual strengths varied from 3% to
6% for specimens tested for each case, as shown in Table 4.
The discrepancies were therefore in an acceptable range and
the static tests gave reliable and consistent results. Nonetheless,
further statistical analysis of the SFRC material properties
accounting for the random distribution of aggregates and
fibres, which requires a large number of experimental and
numerical tests, is suggested for a more comprehensive under-
standing of the statistical variations of material properties.

Results of dynamic splitting tensile tests

Stress uniformity and strain rate estimation

In SHPB tests, with the absence of load-bearing strips and the
assumption that the peak dynamic stress (fiq) of the splitting
cylinder is proportional to the peak transmitted stress (o),
Equation 1 can be modified as (Tedesco and Ross, 1993)

Accordingly, the loading rate (¢) and strain rate (¢) in the
specimen can be estimated from

where ¢ is the time lag between the start of the transmitted
stress wave and the maximum transmitted stress and E is the
Young’s modulus of the specimen.

For the validity of SHPB tests, as well as Equations 3-5, the
stress uniformity in the specimen is essential. To obtain the
stress wave at the incident end of the specimen in SHPB tests,
Equation 6 needs be used and compared with the stress wave
at the transmitted end of the specimen to check the equili-
brium of stress

6. o1s = 01 + OoR

2Py o i o
2. fa =ZLD in which the stress at the incident end of the specimen is
denoted by o015 and incident and reflected stresses are rep-
. . resented by o1 and og, respectively.
in which

3. PT = 71'R20'T

is the transmitted force and R is the radius of the SHPB
pressure bar.

Typical stress histories in the SHPB tests are shown in
Figure 7(a), while a comparison of 015 and or is given in
Figure 7(b). As shown in Figure 7(b), the difference between
ors and or is negligible, indicating the validity of the SHPB
test results reported in the present study.

Material Dry density: kg/m® Tensile strength: MPa Energy dissipated: J
Plain concrete 2201 2-:02 16
0-5% SFRC 2229 2:37 232
1-0% SFRC 2247 2-87 854
1-5% SFRC 2286 2-98 1031

Table 3. Averaged properties and energy dissipation

Material Strength: MPa Standard deviation Coefficient of variation
Plain concrete 197 2:04 2-:06 0-039 0-019
0-5% SFRC 2-31 239 242 0-047 0-020
1-0% SFRC 277 2:91 2:92 0-068 0-024
1-5% SFRC 2-87 3-02 3-05 0-079 0-027

Table 4. Material properties obtained from quasi-static tests
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Figure 7. (a) Typical stress histories in SHPB tests. (b) Comparison
of stresses at incident and transmitted ends of specimen

Comparison of failure processes and modes

With the assistance of a high-speed camera, the failure pro-
cesses of specimens under dynamic splitting tension were
recorded for detailed investigation. Figure 8 compares the
failure processes of plain concrete and 0-5% SFRC specimens
under a similar stress rate of around 150 GPa/s. The initial
image was chosen as the reference for comparison in this study,
and the time instant that the specimen started to be stressed
was set to zero. The high-speed camera had to sacrifice resol-
ution to reach a higher frame rate, and therefore the illustrative
snapshots are only 192 x 192 pixels. Image analysis by means
of counting the pixel numbers between top and bottom points
(points A and B as indicated in Figure 8) was conducted at
different time instants to estimate the crack opening displace-
ment (COD) given in each photo. The number of pixels
between points A and B before the specimen was stressed was
set as the reference, representing the diameter of the specimen,
namely Lyg =75 mm. Due to the limitation of the high-speed
camera, the resolution of the image analysis results was only
0-48-0-51 mm for different specimens. In other words, the
COD could only be very roughly estimated as integral multipli-
cation of around 0-5 mm in Figure 8 and Figure 9.

Concrete specimen
Stress rate 156-65 GPa/s

0-5% SFRC specimen
Stress rate 143-45 GPa/s

COD: 0-50 mm

COD: 3:55 mm COD: 2:48 mm

COD: 12-16 mm

COD: 7:95 mm

Figure 8. Comparison of failure processes of concrete and 0-5%
SFRC specimens under a stress rate around 150 GPa/s

Figure 8 shows that, at 50 us, major cracks had developed in
both specimens. At 170 us, both specimens were completely
split into two halves. Regarding the COD development over
time, it was found that the width of the crack in the 0-5%
SFRC specimen was 4:21 mm smaller than that in the plain
concrete specimen at 170 us, indicating that the 0-5% fibre
addition effectively reduced the crack opening velocity.

The failure processes of the 1:0% and 1-5% SFRC specimens
under a stress rate of about 150 GPa/s are shown in Figure 9:
they are significantly different from the failure processes of the
specimens shown in Figure 8. At the instant of crack initiation,
the COD in the 1:5% SFRC specimen was 0-49 mm less than
that in the 1-:0% SFRC specimen, indicating a smaller crack
opening velocity. It is interesting to note that, at 130 us, the
CODs in the two specimens reduced by 049 and 0-48 mm,
respectively, as compared with those at 90 us, indicating that
the spiral fibres actually partially recovered crack opening in
the two specimens. At 170 us, a second crack across the aggre-
gate was formed in the 1:0% SFRC specimen, whereas the
second crack in the 1-:5% SFRC specimen did not form until
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1-:0% SFRC specimen 1-5% SFRC specimen 16 1
stress rate 148-8 GPa/s stress rate 151-4 GPa/s 14 —— Plain concrete
----- 0-5% SFRC
12 1-0% SFRC
— 1:5% SFRC

COD: 3:39 mm

Figure 9. Comparison of failure processes of 1:0% and 1-5%
SFRC specimens under a stress rate around 150 GPa/s

240 us, indicating that the increased fibre content slowed crack
development under splitting tension. Compared with the COD
in the plain concrete specimen of 12:16 mm at 170 us, the
reductions of COD in the 0-5%, 1:0% and 1-5% SFRC

Stress: MPa
[o0]

6
4 A
2 A \/
0+ : : : : : : )
0 50 100 150 200 250 300 350 400
Time: us

Figure 10. Loading histories of plain concrete and 0-5%, 1-0%
and 1-5% SFRC specimens

14
12 4 ~—@— Plain concrete
<o+ 0.5% SFRC
10
c 1.0% SFRC
£ 84 A —m— 1.5% SFRC
& .
@)
|

200 250 300 350 400 450

Time: us

0 50 100 150

Figure 11. Comparison of CODs under a stress rate of around
150 GPa/s

specimens were 35%, 76% and 92%, respectively. The corre-
sponding loading histories and a comparison of crack width
histories for all the specimens are given in Figure 10 and
Figure 11, respectively.

Figure 12 shows typical damaged specimens after testing. As
shown in the figure, under a splitting stress rate of around
150 GPa/s, the failure patterns of the plain concrete and 0-5%
SFRC specimens showed no apparent difference except that
the spiral fibres were exposed along the crack, indicating fibre
pull-out. With an increase in fibre volume fraction, it can be
seen that the spiral fibres in the 1:0% SFRC specimen
(Figure 12(c)) were still able to hold the split halves together,
and the split parts of the 1:5% SFRC specimen (Figure 12(d))
after impact were held even more firmly by the spiral fibres; no
fibre pull-out or fibre fracture was observed in these specimens.
This again demonstrates the excellent capability of spiral-
shaped fibres in maintaining the structural integrity of SFRC
material.
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(@

Figure 12. Comparison of failure patterns under a stress rate of

around 150 GPa/s: (a) plain concrete; (b) 0-5% SFRC; (c) 1-0%

SFRC; (d) 1-5% SFRC
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71 .
o Plain concrete
6 4 4 0-5% SFRC
= 1-0% SFRC
5 1 ® 1-5% SFRC
L
3 47
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Figure 13. DIFs and best-fit curves

1

102

Discussion on dynamic increase factors

The DIFs with respect to strain rate obtained from the SHPB
tests are plotted in Figure 13. The general tendency of the DIF
data is clear — the strain rate sensitivity of plain concrete was
the least among the materials tested, and increased with fibre
content of the spiral fibre reinforced concrete specimens. The
concrete mixture with 1-5% fibre addition showed the most sig-
nificant rate sensitivity. It has been suggested in available ex-
perimental and analytical studies that there is a direct relation
between the tensile behaviour of SFRC and the pull-out behav-
iour of single fibres from a concrete matrix. It is believed that
general fibre pull-out is integrated with the contribution of
each fibre to the corresponding tensile resistance of SFRC. For
instance, it has been reported that changing the loading rate
would result in changing the maximum pull-out load, the pull-
out energy and the failure mode (Banthia and Trottier, 1991).
Several factors are considered to primarily affect the pull-out
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Plain concrete 0-5% SFRC 1-0% SFRC 1-5% SFRC

0-8284 0-7405 0-8109 0-8392

Table 5. Correlation coefficients

behaviour, including the matrix strength, the material charac-
teristics of the fibres and especially the fibre-matrix interfacial
strength (which governs the adhesive bond strength), frictional
resistance to slipping and fibre anchorage capability. Banthia
et al. (1994) reported that fibre reinforced concrete composites
were found to be stronger and tougher under impact, and this
improvement was even more pronounced at higher fibre
volume dosages. Therefore, the rate sensitivity of fibre pull-out
response and the volumetric fraction of fibres play important
roles in the sensitivity of composites to strain rate, which
explains the different DIF behaviours of specimens with differ-
ent fibre volume fractions in the present study.

Researchers tend to agree that there is a linear relation
between DIF and logarithmic strain rate for strain rates
smaller than 1-2 s~'. When the strain rate exceeds this thre-
shold, a sharp increase in DIF is normally observed. Besides
the linear relation for strain rates less than 1—-2 s™!, popular
ways to quantify the sharply increasing DIF with respect to
strain rate (>1-2 s~ ') include linear (Tedesco and Ross, 1998),
bi-linear (Hao and Hao, 2014), higher-order polynomial (Hao
et al., 2012) and power law (Malvar and Ross, 1998) relation-
ships. The present study uses the relatively simple but most
commonly used linear relation for quantifying DIF data at
strain rates higher than 2 s~'. Based on all available test data
obtained in the present study, the best-fit curves for DIFs of
the different materials with respect to the logarithmic value
of strain rate are given in Figure 13, while the correlation co-
efficients are listed in Table 5. The fitted formulae for DIF
versus strain rates between 2 s~' and 20 s™! in Figure 13 are

7. TDIFc = 3-0701 logé +0-7085 for 2s7' <&<20s”!

8.  TDIF,sy = 3-4471 logé + 1-3493 for 257! <£<20s7!

9. TDIF, gy = 3-1296 logé + 22996 for 2s ' <&<20s"!

10.  TDIF, .5 = 4-0106 logé + 23491 for 257! <¢<20s”!

where TDIF represents the dynamic increase factor for tensile
strength, and the subscripts C, 0-5%, 1:0%, and 1-5% represent
specimens made of plain concrete and 0-5%, 1:0% and 1-5%
SFRC, respectively.

Concluding remarks

This paper extends an experimental study of spiral-shaped steel
fibre reinforced concrete (SFRC) specimens under impact
loads considering different volume fractions of fibres. Using a
high-speed camera, the crack opening and closing processes of
SFRC specimens under impact loading were observed. The
images obtained demonstrate the outstanding performance of
spiral-shaped fibres in controlling crack propagation and main-
taining the structural integrity of SFRC under high-speed
impact loads. Based on the results from laboratory tests, the
main findings in this study can be summarised as follows.

m Under quasi-static loadings, adding spiral fibres to a
concrete mixture improved the splitting tensile strengths.
The addition of 1-5% spiral fibres improved the splitting
tensile strength by almost 50%. It was found that fibres in
the post-cracking stage were able to maintain the integrity
of the specimen, thus forming a load-transfer system to
continuously resist the applied load, which resulted in a
significantly improved energy absorption capacity.

m A comparison of the failure processes and failure patterns
from high-speed camera images demonstrated the excellent
bonding of spiral fibres to the concrete matrix. The split
halves of the specimens continued to resist load and dissi-
pate energy due to the maintained integrity. Image analysis
demonstrated that, at the same time instant, the crack
opening displacement in an SFRC specimen dosed with
1-5% spiral fibres could be as small as 8% of that of a
plain concrete specimen. The ability to maintain the integ-
rity and thus the energy absorption capacity of SFRC
specimens was improved with an increase in fibre content.

m Dynamic increase factor (DIF) data were derived from lab-
oratory test results. A comparison of DIFs for tensile
strength showed that the rate sensitivity of cementitious
materials investigated in the present study increased with
fibre content. The DIF versus strain rate relations were
described by empirical formulae.
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