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Abstract: Slurry-infiltrated fiber concrete (SIFCON) is a sort of strain hardening cement-based composite material, typically
made with 5%-20% steel fibers. This study focused on a novel type of SIFCON in which hooked-end steel fibers were replaced
by arc-shaped steel fibers. The quasi-static compressive properties of the SIFCON were first measured. Test results suggested
that using arc-shaped steel fibers in lieu of hooked-end steel fibers increased the quasi-static compressive strength by 47.1% and
the strain at peak stress by 56.3%. We attribute these improvements to new crack-resisting mechanisms, namely “fiber cross-
lock”, “dual bridging”, and “confinement loops”, when the arc-shaped steel fibers are introduced into SIFCON. As high impact
resistance is a special property of SIFCON that is of practical significance, the dynamic compressive properties of arc-shaped
steel fiber SIFCON were studied by using an 80-mm-diameter split Hopkinson pressure bar (SHPB). The results showed that
the dynamic compressive strength, dynamic increase factor (DIF), and dynamic toughness of SIFCON all increased with the
strain rate. The SIFCON incorporating arc-shaped steel fibers proved to have significant advantages in structural applications
requiring high impact resistance.

Key words: Slurry-infiltrated fiber concrete (SIFCON); Arc-shaped steel fiber; Quasi-static compressive properties; Spilt

Hopkinson pressure bar (SHPB); Dynamic compressive properties

1 Introduction

Slurry-infiltrated fiber concrete (SIFCON) is an
ultra-high performance cementitious composite with
significant strain-hardening properties first developed
in the early 1980s (Kar, 1984). SIFCON contains 5%-—
20% steel fibers due to a casting process that differs
from that of traditional steel fiber reinforced concrete
(SFRC) which contains about 2% steel fibers. SIFCON
is created by preplacing steel fibers in the mold to
form a fiber network that will be infiltrated with ce-
mentitious paste or mortar. The tensile and compres-
sive properties of SIFCON are superior to those of
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conventional concrete, with a tensile strength of 35 MPa
and a compressive strength of 210 MPa (Homrich and
Naaman, 1987; Naaman et al., 1992). It also has ex-
cellent toughness characteristics and outstanding duc-
tility and energy absorption properties (Lankard, 1985;
Naaman et al., 1992; Reinhardt and Naaman, 1992).
The desirable mechanical properties of SIFCON ren-
der it a favourable material for pavement rehabilita-
tion, structural strengthening, and seismic or blast re-
sistant structures (Lankard, 1984; Elnono et al., 2009).

The mechanical performance of SIFCON is de-
termined mainly by the fiber type and volume frac-
tion, as well as the performance of the brittle matrix
(Naaman et al., 1992; Drdlova et al., 2016; Soylu and
Bingol, 2019; Khamees et al., 2020; Renuka and
Rajasekhar, 2021). The cement paste volume has a
considerable influence on the performance of high-
performance concrete (Piasta and Zarzycki, 2017). A
large paste volume decreases the compressive strength
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of the concrete (Kolias and Georgiou, 2005; Chu,
2019). Some recent studies (Chu, 2021; Kong et al.,
2022) have reported a new type of fiber reinforced
concrete called infilled cementitious composite (ICC).
It has a minimal paste volume while ensuring high
fresh and hardened performance. In addition, the func-
tion of the steel fibers is derived mainly from the
bond that exists between the fibers and the matrix, the
frictional resistance that has to be overcome during
the fiber pull-out process, and the mechanical inter-
locking force generated by “fiber interlock”, especially
when the fiber volume content is high (Homrich and
Naaman, 1987). The pull-out performance of steel
fiber from the cementitious matrix is significantly af-
fected by the fiber shape, fiber end geometry, and ma-
trix strength. In general, the bonding performance of
hooked-end steel fibers is often superior to that of
straight fibers (Tuyan and Yazici, 2012). Homrich and
Naaman (1987) found that the compressive strength of
SIFCON reinforced with hooked-end steel fibers was
higher than that of SIFCON reinforced with crimped
steel fibers. Ipek and Aksu (2019) found that the flex-
ure strength of a SIFCON beam could reach 44 MPa
when it was filled with hooked-end steel fibers. The
hooked-end steel fibers significantly improve the com-
pressive strength, ductility, and toughness of fiber re-
inforced concrete (Wu et al., 2018; Kim et al., 2020;
Shi et al., 2020; Naji et al., 2021). Therefore, better
mechanical properties might be obtained by using fi-
bers that have a stronger bond with the cementitious
matrix. In view of the above, this study focused on
arc-shaped steel fibers, which would provide a signifi-
cantly higher bond strength than hooked-end steel fi-
bers and conventional straight steel fibers (Won et al.,
2015a; Kim et al., 2021). Won et al. (2015b) studied
the flexural properties of cementitious composites
reinforced with arch-type steel fibers (similar to arc-
shaped steel fibers). They found that arch-type steel
fiber reinforced cementitious composites had higher
flexural strength than cementitious composites with
the same volume content of hooked-end steel fibers.
Hence, we hypothesized that replacing traditional steel
fibers with arc-shaped steel fibers would have great
potential to enhance the mechanical performance of
SIFCON.

The high impact resistance of SIFCON is one of
its beneficial properties in practical applications. Pre-
vious investigations of the dynamic properties of

SIFCON have been conducted mainly using drop-
hammer impact tests (Rao et al., 2010; Elavarasi and
Saravana Raja Mohan, 2018; Abirami et al., 2019),
projectile penetration tests (Gulkan and Korucu, 2011;
Korucu and Gulkan, 2011), and contact detonation
tests (Chun et al., 2013; Drdlova et al., 2018a, 2018b;
Morishima et al., 2020). Elavarasi and Saravana Raja
Mohan (2018) studied the response of reinforced and
unreinforced SIFCON thin slabs to low-velocity im-
pact through drop-hammer impact experiments, and
compared them with plain cement concrete (PCC) and
reinforced cement concrete (RCC) slabs. The results
showed that SIFCON slabs had a significantly higher
energy absorption capability than PCC and RCC slabs.
Rao et al. (2010) and Abirami et al. (2019) suggested
that each steel fiber in the SIFCON slab acted as a
miniature energy-absorber. Furthermore, after the ini-
tial crack appeared, stress was transferred back to the
matrix by fibers crossing the crack, resulting in the
formation of multiple cracks and hence an increased
energy absorption. Additionally, the high crack bridg-
ing stresses significantly decreased the stress intensity
at the crack tip and delayed crack propagation in slab
specimens.

In general, experimental studies of the dynamic
performance of concrete are divided into three distinct
categories: low strain rates (1-10° s™), high strain
rates (10°-10* s™), and ultra-high strain rates (10*~10°s™)
(Bischoff and Perry, 1991). A drop hammer impact
test is applicable only in the low strain rate range.
However, the high strain rate range is critical for a
variety of practical applications, such as explosion-
resistant military structures and safe vaults (Schneider,
1992) and the lining of tunnels excavated by means of
the drill-and-blast method, whereby a high strain rate is
generated by blasting (Persson et al., 1993). However,
studies on the compression properties of SIFCON at
high strain rates are lacking. To test the dynamic per-
formance of materials at high strain rates, the split
Hopkinson pressure bar (SHPB) can be used (Kolsky,
1949; Ogawa, 1984). Though impact testing of con-
ventional mortar and concrete has been performed with
SHPBs (Ross et al., 1989; Su et al., 2014), they have
not been used to test SIFCON.

Based on the above discussion, our research study
consisted of two parts. Firstly, to examine the positive
influence of arc-shaped steel fibers on the mechanical
performance of SIFCON, the quasi-static compressive



performance of SIFCON made with hooked-end steel
fibers and arc-shaped steel fibers was compared experi-
mentally. Secondly, the dynamic compressive proper-
ties of the arc-shaped steel fiber SIFCON were exam-
ined with SHPB to study the impact performance in
various strain rate regimes. The effect of different
strain rates on the failure patterns, stress-strain curves,
compressive strength, and dynamic toughness of the
cementitious matrix phase (brittle matrix) and the
SIFCON are also presented and discussed in this paper.

2 Experimental details
2.1 Experimental materials and mixture proportions

Two types of steel fibers were used in this exper-
iment, namely ordinary hooked-end steel fibers and
arc-shaped steel fibers (Fig. 1). The overall length of
the hooked-end steel fibers was 30 mm, with a hook
of about 4 mm in length at each end. Table 1 lists their
geometrical and physical properties. Each arc-shaped
steel fiber consisted of a circular arc segment and two
end-anchored segments; it represented a bent version
of the hooked-end steel fiber described above. Refer-
ring to the terminology of an arch structure, the “span”
of the arc-shaped steel fiber was about 18 mm and the
“rise” about 11 mm. Therefore, the two types of steel
fibers differed in shape, but had the same length and
performance parameters.

18 mm

(a)
11 mm

b) _ i

.

Ocm 1 2 3 4

Fig. 1 Steel fibers used: (a) arc-shaped steel fiber; (b) hooked-
end steel fiber
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Table 1 Performance parameters of steel fibers

Length, Diameter, Aspect Tensile Density
Type . strength ]
L (mm) d(mm) ratio, L/d (MPa) (kg/m’)
Hooked-end  30.0 0.50 60 1100 7800

In this study, Chinese standard Grade 52.5 P.1I
type Portland cement was used. As additional mineral
admixtures, fly ash and silica fume were used. The
chemical composition of the fly ash is listed in Table 2.
Fine sand with a particle size of less than 0.35 mm at
its maximum was used as the fine aggregate. A poly-
carboxylate superplasticizer (SP) with a water reduc-
tion rate greater than 35% was used. The mixing water
was laboratory tap water. Table 3 presents the mixture
proportions of the cementitious matrix and the volume
fractions of steel fiber.

Table 2 Chemical composition of fly ash

Chemical composition (%, mass fraction)
AlLO, SiO, SO, CaO K,0 TiO, Fe,0, MgO
Fly ash 40.53 40.74 1.20 7.05 123 2.09 6.10 1.07

Material

2.2 Specimen preparation

To prepare the SIFCON specimens, each mold
was first filled with steel fibers to form a fiber net-
work. Then it was weighed to obtain the total mass of
steel fibers, and the actual steel fiber volume fraction
was obtained by calculation. The calculated volume
fractions of hooked-end steel fiber and arc-shaped steel
fiber were 12.8% and 12.4%, respectively. The cemen-
titious mortar was batched and mixed thoroughly in a
mortar mixer, and then infiltrated into the fiber net-
work with micro-vibration on a vibrating table. At the
SP dosage adopted, the flowability of the cementitious
mortar was sufficient to penetrate through the dense
fiber network. The mini slump flow and V-funnel test
mentioned by Manolia et al. (2018) were used to deter-
mine the flowability of the cementitious mortar. The
spread diameter of mini slump flow was 380 mm and

Table 3 Mixture proportions of the cementitious matrix and the volume fractions of steel fiber

Mixture proportion (kg/m’)

Sample No. whb CPV () V(%) Cement Fly ash Silica fume Sand  Water SP
Brittle matrix 0.30 429 0.0 593 274 46 913 274 4.9
H-SIFCON 0.30 30.1 12.8 593 274 46 913 274 4.9
A-SIFCON 0.30 30.5 12.4 593 274 46 913 274 4.9

H-SIFCON stands for hooked-end fiber SIFCON; A-SIFCON stands for arc-shaped fiber SIFCON; w/b (water to binder ratio) is equal to water/
(cement+ly ash+silica fume); CPV represents the volume fraction of cementitious paste; V, represents the volume fraction of steel fiber
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the flow time of the V-funnel test was 8.0 s. It was then
necessary to cure each specimen for 24 h in the labo-
ratory before the mold could be removed. The speci-
mens were continuously cured in a standard curing
chamber (regulated at a temperature of (20£3) °C and
relative humidity of 295%) for 28 d before testing.
Cylindrical PVC tubes of different diameters were
used as the molds for the test specimens. For the quasi-
static compression test, specimens of two different
sizes were prepared. Cylinders of @100 mmx200 mm
in height were used for the quasi-static testing of H-
SIFCON (i.e., SIFCON incorporating hooked-end steel
fibers) and A-SIFCON (i.e., SIFCON incorporating
arc-shaped steel fibers). For the dynamic compression
tests of brittle matrix and A-SIFCON, cylindrical speci-
mens of ®68 mmx*34 mm in height were adopted. A
total of 24 dynamic compression specimens were pre-
pared. For each material, two groups were prepared for
testing under quasi-static loading and three impact
strain rates. There were four groups of brittle matrix
and A-SIFCON specimens, with three specimens in
each group. All specimens were finished by casting at
one time. For each group, three ®68 mmx=136 mm-
high cylinders were first prepared and, after curing for
28 d, the dynamic compression specimens were cut
into ®68 mmx34 mm-high cylinders. The two end
surfaces of these cylinders were polished using a high-
precision surface grinder. After that, the parallelism of
both ends of each processed specimen was tested using
a micrometer. It was necessary to ensure that the rough-
ness of the surfaces of the specimens was less than
0.05 mm. The appearance of an A-SIFCON dynamic
compression test specimen is shown in Fig. 2.

2.3 Quasi-static tests

A 1000-t electro-hydraulic servo universal testing
system was used for the quasi-static compression test.

800 L 4000

Arc-shaped steel fiber

Matrix

Fig. 2 A-SIFCON dynamic compression test specimen

Each cylindrical specimen was loaded at a rate of
0.5 mm/min under displacement control. The corre-
sponding quasi-static compressive strain rate was 4.17x
107 57" (Kim and Choi, 2006).

2.4 Dynamic tests

Fig. 3 shows the SHPB test system with an
80-mm-diameter pressure bar for dynamic compression
testing. The lengths of incident, transmitted, strike, and
absorbed bars were respectively 4000, 2500, 800, and
1500 mm. The pressure bar was made of 35CrMnSiA
steel with a yield strength higher than 1.2 GPa, and
was supported on a ball bearing base with a total
length of 12 m. Two BX120-5AA strain gauges (each
5 mm long and 3 mm wide) were symmetrically at-
tached to the middle position of the transmitted and
incident bars. The strain gauges were connected to hy-
perdynamic strain gauges. A half-bridge was used to
connect the strain gauges, which were attached a mod-
erate distance from the sample to ensure that the inci-
dent wave and reflected wave did not interfere with
each other. We assumed that the waveform of a one-
dimensional stress wave would not distort during

) 2500 1500

\

Gas gun

Strike bar  Pulse shaper Incident bar ~ Specimen

Strain gauges

| Damper
Transmitted bar  Absorbed bar

Dynamic strain meter

P
% Z
.
Computer

Oscilloscope

Fig. 3 Split Hopkinson pressure bar (SHPB) test setup (unit: mm)



propagation along the SHPB. Therefore, the stress
waveform measured by strain gauges at any position
along the bar would be consistent with that at the sur-
face of the sample. The sample was clamped between
the transmitted and incident bars during the test, and
some vacuum grease was added to the surface of the
sample to reduce any possible end friction effect.

The strike bar was driven by nitrogen and laun-
ched to collide with the incident bar, generating inci-
dent stress waves. When the incident wave reached
the interface of the sample, reflection and transmis-
sion stress waves would be generated. The hyperdy-
namic strain gauges attached to the bar were used to
obtain the wave signals from the incident, reflected,
and transmitted pulses. The strain signals were ampli-
fied by the bridge amplifiers connected to the data ac-
quisition system and digitized by the oscilloscope.
The collected data were then processed to derive the
dynamic stress (o), strain (g), and strain rate (&), as per
the following formulae:

2

A 2C C,
Llee

ziE =
o A, 0Ews € L,

t
Oj e.dt, =
0

where 4 and A, are the cross-sectional areas of the bar
and the specimen, respectively, C, and E, are the elas-
tic wave speed and the elastic modulus of the bar, re-
spectively, L, is the length of the specimen, and ¢, and
g, are the strains of the transmitted pulse and reflected
pulse, respectively.

The incident stress waveform could be controlled
by adjusting the air pressure, such that the strain rate
of the material could be altered accordingly. Three sets
of air pressures (0.450, 0.738, and 1.000 MPa) were
applied for each material. The corresponding strain
rates ranged from 22.7 to 190.4 s™', which span from
low strain rate to high strain rate regimes.

3 Results and discussion
3.1 Quasi-static compressive properties

Fig. 4 shows the quasi-static compressive stress-
strain curves of H-SIFCON and A-SIFCON speci-
mens. The compressive strength and strain at peak
stress of the A-SIFCON (169.6 MPa and 5.0%, respec-
tively) were much greater than those of the H-SIFCON
(115.3 MPa and 3.2%). To put it another way, at
peak stress of SIFCON the compressive strength was
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increased by 47.1% and the strain by 56.3% by re-
placing hooked-end steel fibers with arc-shaped steel
fibers and keeping the matrix strength unchanged.
Fig. 5 shows a comparison of quasi-static compressive
stress-strain curves between the A-SIFCON and other
H-SIFCON from the literature (Homrich and Naaman,
1987; Kim and Choi, 2006; Kim et al., 2020). The
quasi-static compression properties of A-SIFCON
outperform those of H-SIFCON reported elsewhere.

225 — Brittle matrix

200 =-=:= A-SIFCON, V;=12.4%
-=== H-SIFCON, V=12.8%
175

150 !
125 - i

L .
100 j .

Stress (MPa)

751 ¥
50 f ¥
25

0
Strain (%)

Fig. 4 Quasi-static compressive stress-strain curves of
SIFCON incorporating different steel fibers

225 ——ZASFCON, V=124%
200} H-SIFCON, V=12.0% (Homrich and Naaman, 1987)
---- H-SIFCON, V;=10.0% (Kim and Choi, 2006)
175 H-SIFCON, V=6.0% (Kim et al., 2020)
= 150
o
S 125
e etV
¢ 100 4 "
4] A S i
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=TT .
0
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Fig. 5 Comparison of quasi-static compressive stress-strain
curves between A-SIFCON and other H-SIFCONSs

Fig. 6 depicts the typical failure modes of SIFCON
under a quasi-static load. The compression failure mode
was observed for H-SIFCON specimens, whereas the
shear failure mode was found for A-SIFCON speci-
mens. During the test, small transverse cracks were
generated and developed with the increase of load
near the middle part of the H-SIFCON specimens. A
large amount of matrix detached and steel fibers in
the lower part of the specimens were pulled out,
while the other parts remained intact. The specimens
exhibited large compressive deformation, and obvious
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Compression failure

Shear failure

Fig. 6 Failure modes of SIFCON under quasi-static
compressive tests

compression cracks appeared in the middle region.
These results are consistent with those of Kim and
Choi (2006). During the testing of A-SIFCON speci-
mens the matrix and the arc-shaped steel fibers de-
formed integrally at first. As the load continued to in-
crease, a small number of micro-cracks appeared in
the diagonal plane of the specimens. The bond be-
tween the fiber and matrix was then weakened, re-
sulting in the spalling of some matrix. When the
load further increased, the specimens slipped along a
diagonal plane and an obvious shear cracking zone
was visible, eventually leading to failure (Fig. 6).

3.2 New mechanisms associated with arc-shaped
steel fibers

The “fiber interlock™ effect between hooked-end
steel fibers was considered to be the main reason for
the excellent mechanical properties of SIFCON (Hom-
rich and Naaman, 1987). However, the preparation of
SIFCON using arc-shaped steel fibers could give rise
to a number of new crack-resisting mechanisms. Com-
pared with hooked-end steel fibers, arc-shaped steel
fibers could better enhance the mechanical properties
of SIFCON in the following ways:

(1) The interlocking force produced by the “cross-
lock™ of arc-shaped steel fibers is theoretically much
greater than that generated by the “fiber interlock™ be-
tween hooked-end steel fibers, rendering it difficult for
the arc-shaped steel fibers to be pulled out from the
SIFCON. Moreover, the “fiber cross-lock” allows the
load to be transmitted further when subjected to com-
pression force, thereby mobilizing a larger volume
of SIFCON to participate in resisting the external force.

(2) It is possible that the arc-shaped steel fibers
realize “dual bridging” over the crack surface, thereby

enhancing the crack bridging efficiency of arc-shaped
steel fibers compared with hooked-end steel fibers,
which allow only “single bridging” over the crack
surface.

(3) The arc-shaped steel fibers can effectively con-
fine a crack opening by creating “confinement loops”.
A minimum of only two arc-shaped steel fibers are
needed to form an enclosed area to control the devel-
opment of cracks, whereas a hooked-end steel fiber
requires three or more fibers. Consequently, the cracks
can be closed more effectively to slow down the prop-
agation rate. This increases the time and energy re-
quired to damage the concrete.

The combined action of the above mechanisms
can effectively suppress crack development, and hence
significantly improve the compression performance
of SIFCON. Fig. 7 compares the action mechanisms
of hooked-end steel fibers and arc-shaped steel fibers.
Fig. 8 shows the “fiber cross-lock” which can be visu-
ally observed on the crack surface of an A-SIFCON
specimen.

3.3 Dynamic compressive properties

The test data of strain rate, dynamic compressive
strength, dynamic increase factor (DIF), and strain at
peak stress of the brittle matrix and A-SIFCON speci-
mens under dynamic load are listed in Table 4.

3.3.1 Dynamic failure patterns

Fig. 9 shows the failure patterns of brittle matrix
at various strain rates. The brittle matrix tended to be-
come more fragmented when the strain rate was high,
because more cracks have to form to dissipate the en-
ergy. Increasing strain rates resulted in more severe
damage to the brittle matrix.

Fig. 10 shows the failure patterns of A-SIFCON
at various strain rates. A-SIFCON remained intact and
only a few fragments became detached from the sur-
face of the specimen at relatively low strain rates (e.g.,
28.0 s7'). In contrast, at medium strain rates (e.g.,
98.2 s, the surface of A-SIFCON was broken and
mortar spalling occurred, accompanied by the detach-
ment of a small amount of arc-shaped steel fibers. Fi-
nally, at relatively high strain rates (e.g., 164.1 s™),
many arc-shaped steel fibers in the A-SIFCON were
exposed, and the mortar at the side surface had com-
pletely peeled off. Obviously, the degree of dam-
age to A-SIFCON increased with the strain rate.



Hooked-end steel fiber

—

At least three fibers to form
confinement loops

Fiber cross-lock

Fig. 8 “Fiber cross-lock” at the crack surface of an A-
SIFCON specimen

Nevertheless, the damage was not explosive and the
specimens did not shatter.

The failure patterns of conventional SFRC at rel-
atively high strain rates tend to be more fragmented (Li
et al., 2016; Liao et al., 2020; Yu et al., 2021). Given
the less fragmented failure pattern of A-SIFCON
specimens, we deduced that the dynamic toughness
and energy absorption capacity of A-SIFCON at simi-
lar strain rates are higher than those of SFRC. This
might be due to the significantly higher fiber volume
fractions of A-SIFCON compared with other fiber re-
inforced concretes in general. When subject to im-
pact load, the large number of arc-shaped steel fibers
interconnected with each other in A-SIFCON could
effectively limit the damage to the cementitious matrix.

3.3.2 Dynamic compressive stress-strain curves

Fig. 11 shows the dynamic compressive stress-
strain curves of brittle matrix and A-SIFCON at various
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Arc- shaped steel fiber

strain rates. The stress-strain curves of brittle matrix
at three strain rates showed a consistent overall trend,
with ascending and then descending stages (Fig. 11a).
Firstly, the stress increased linearly with strain in
the ascending part of the curve. This was attributed to
the elasticity of the matrix in the initial stage. After
the peak stress was reached, it decreased rapidly with
further increase in strain.

The A-SIFCON showed the same trend in the as-
cending stage of the curve for different strain rates,
where the stress increased linearly with the strain
(Fig. 11b). However, there were two distinct kinds of
descending curves. At relatively low strain rates, the
stress dropped rapidly. This might have been due to
unstable air pressure in the SHPB leading to prema-
ture unloading of the specimen before the actual peak
stress was reached. This explanation was supported
by the lack of obvious damage to the specimens under
low strain rates. Therefore, the curve corresponding
to low strain rates might not be the real stress-strain
curve, and the measured peak stress might be lower
than the actual strength value. At higher strain rates,
the post-peak stress decreased slowly with increasing
strain, which reflected the typical strain-softening be-
havior of fiber reinforced cementitious materials.

Fig. 12 shows plots of the dynamic compressive
stress-strain curves of brittle matrix and A-SIFCON
specimens at comparable strain rates. Comparing the
peak responses, in the range of medium strain rate
around 100 s™', the dynamic compressive strength of
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Table 4 Dynamic compressive properties of brittle matrix and A-SIFCON

. _ Dynamic compressive Strain at peak stress Static compressive
Type Strain rate (™) ynstrength (I\I/)IPa) (I:A)) strength I()MPa) DIF
75.7 110.8 0.44 95.6 1.16
89.0 106.9 0.46 95.6 1.12
109.4 138.1 0.14 95.6 1.39
115.2 143.3 0.09 95.6 1.49
Brittle matrix 126.7 131.4 0.21 95.6 1.37
137.7 132.8 0.70 95.6 1.39
168.1 146.4 0.39 95.6 1.53
168.5 146.7 0.71 95.6 1.53
190.4 160.6 0.27 95.6 1.68
22.7 179.0 0.77 178.0 1.00
28.0 169.3 0.95 178.0 0.95
30.5 169.8 1.00 178.0 0.95
96.6 191.7 0.99 178.0 1.08
A-SIFCON 98.2 185.6 1.19 178.0 1.04
115.0 181.5 0.94 178.0 1.02
164.1 194.7 1.28 178.0 1.09
183.0 176.6 0.90 178.0 0.99
186.8 189.0 0.70 178.0 1.06

R ; 240 —— Brittle matrix strain rate, 75.7 s
e == Brittle matr?x stra?n rate, 109.4 s
200 - - - - Brittle matrix strain rate, 168.1 s™*
160
75.7s" 109.4 s 168.1s"'

Stress (MPa)
I}
o

Fig. 9 Failure patterns of brittle matrix specimens at various
strain rates
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Fig. 10 Failure patterns of A-SIFCON specimens at various 200 e = ASIFGON strainrte; 1644 =
strain rates i
<1601 iy
[ v e
A-SIFCON was 34.4% higher than that of the brittle % 120t f
matrix, while in the range of higher strain rate around 8 f
. . 0 f
165 s, the dynamic compressive strength of A- 8o,
SIFCON was 32.7% higher than that of the brittle ma- a0tk
trix. This could be attributed to the presence of arc-
shaped steel fibers which improved the compressive 0 1 > 3 4 5 6 7
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Fig. 12 Dynamic compressive stress-strain curves at
comparable strain rates: (a) strain rate around 100 s™;
(b) strain rate around 165 s™

Furthermore, Fig. 13 shows a comparison of dy-
namic compressive stress-strain curves between the A-
SIFCON and other concretes reported in the literature
(Lai and Sun, 2009; Wang ZL et al., 2011; Hao and
Hao, 2013; Ren et al., 2018; Sun et al., 2018; Huang
et al., 2021) at comparable strain rates. The A-SIFCON
in this study had both higher dynamic compressive
strength and greater deformation capability. This can
be explained by the new mechanisms brought about
by the use of arc-shaped steel fibers enhancing the
mechanical properties of SIFCON, as described in de-
tail in Section 3.2.

3.3.3 Dynamic compressive strength

Fig. 14 shows the dynamic compressive strength
of the brittle matrix and the A-SIFCON specimens
under various strain rates. The dynamic compressive
strength of the brittle matrix increased markedly as the
strain rate increased, revealing a noticeable strain rate
enhancement effect. As the strain rate increased from
75.7 to 190.4 s, the dynamic compressive strength
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Fig. 14 Plot of dynamic compressive strength of brittle
matrix and A-SIFCON versus strain rate

increased by 44.9%. This shows that the brittle matrix
is a material that is sensitive to strain rate.

In contrast, the dynamic compressive strength of
A-SIFCON increased only slightly with increasing
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strain rate. The dynamic compressive strength increased
by only 11.6% as the strain rate increased from 28.0 to
186.8 s™'. Therefore, the strain rate enhancement effect
of A-SIFCON is less significant than that of the brittle
matrix. In other words, A-SIFCON is a material that
is less sensitive to strain rate than brittle matrix.

The DIF is an essential parameter used to de-
scribe the relationship between the compressive
strength of materials and the strain rate. This concept
has been proposed for the design and analysis of con-
crete structures subject to dynamic load in engineer-
ing practice (U.S. Army Corps of Engineers NFEC,
Air Force Civil Engineer Support Agency, 2008).
Based on the ratio of dynamic to quasi-static compres-
sive strength, the DIF is calculated by

_Jo
DIF= =, )

where £, is the quasi-static compressive strength and f,
is the dynamic compressive strength of a test specimen.

The DIF values for the brittle matrix and A-
SIFCON specimens are plotted against the strain rate
in Fig. 15. The DIF values for the brittle matrix are
generally higher than those for A-SIFCON specimens.
This reflects a proportionately smaller increase in f,
relative to £, for A-SIFCON than for the brittle ma-
trix. This may be because of both a size effect and the
stress wave propagation velocity. Regarding the size
effect, the dynamic compression specimen was pre-
pared by cutting the static compression specimen and
was therefore smaller in size. For the static com-
pression specimen, the interconnection between the
arc-shaped steel fibers of A-SIFCON contributed to
the enhancement of the quasi-static compressive
strength. Conversely, the small size of the dynamic
compression specimen limited the effectiveness of the
hooking mechanism of arc-shaped steel fibers (note
that the specimen height of 34 mm was only 1.9 times
the span and 3.1 times the rise of the arc-shaped steel
fibers). Moreover, the arc-shaped steel fibers may
have been partially distorted or damaged during the
specimen cutting process, thereby weakening the in-
terlinking between the fibers. Therefore, the improve-
ment of dynamic compressive strength of the A-
SIFCON specimens would be less significant. To this
end, further research in designing a better dynamic com-
pression test method to fully reflect the contributions

of the arc-shaped steel fibers is recommended. Re-
garding the stress wave propagation velocity, consid-
ering the case of A-SIFCON, the existence of steel
fibers limits crack development. This would slow
down the crack propagation velocity. Moreover, the
high-volume content of steel fibers would facilitate
stress transfer. Hence, the stress wave would propa-
gate faster than the crack, especially at high strain
rates. The lower crack velocity would render a lower
proportional improvement in dynamic compressive
strength of A-SIFCON specimens, and hence lower
DIF values than the brittle matrix specimens (Wang
SS et al., 2011).

The Fib Model Code 2010 (2013) provides a for-
mulation to model concrete dynamic compression per-
formance based on strain rate, as follows:

.\ 0014
& . _
() , £<30s™,
&

piF=Je = [

cs

1 3)
é 3
0.012(8_) . >30s7,

s

where £, is the dynamic compressive strength at strain
rate &, which falls within the range from 3x107 to
300 s7'; £, is the quasi-static compressive strength at
quasi-static strain rate £.. £, is taken as 3x107 s,

Also shown in Fig. 15 is the DIF versus strain
rate for the Fib Model Code 2010 formulation. The
DIF values for the two materials are overestimated by
the model in Fib Model Code 2010. Therefore, an alter-
native model needs to be developed to predict the DIF
of brittle matrix and A-SIFCON, rather than directly
adopting the formula in the Fib Model Code 2010.

22

® Brittle matrix
2.0} A ASIFCON
—— Fib Model Code 2010

Strain rate (s™)

Fig. 15 Variation of DIF with strain rate of the brittle
matrix and the A-SIFCON specimens



3.3.4 Dynamic toughness

The energy absorption is an essential index to
evaluate the dynamic mechanical performance of ma-
terials. It is usually referred to as the material “tough-
ness”, which nominally is measured by determining
the area under the stress-strain curve (Gopalaratnam
et al., 1991). According to the stress-strain curves of
the brittle matrix and A-SIFCON, Fig. 16 plots the cor-
responding average dynamic toughness with regard to
the strain at peak stress versus the strain rate. According
to the results, the dynamic toughness of A-SIFCON
increases with the strain rate, while that of the brittle
matrix decreases first and subsequently increases with
the strain rate. The maximum dynamic toughness
was 1.50 MJ/m® for A-SIFCON and 0.44 MJ/m’ for
the brittle matrix. Within ranges of comparable strain
rates (96.6-115.0 s™' to 109.4-137.7 s™" and 164.1—
186.8 s to 168.1-190.4 s™), the dynamic toughness of
the A-SIFCON was 10.08 times and 3.41 times that of
the brittle matrix, respectively. The underlying reason
is that the brittle matrix had lower resistance to crack
formation and propagation, and hence cracked more
rapidly under the dynamic load. In contrast, the arc-
shaped steel fibers would be effective in resisting
crack formation and propagation. The dynamic tough-
ness of the A-SIFCON specimens was higher as a re-
sult of the arc-shaped steel fibers dissipating a signifi-
cant amount of energy.
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Fig. 16 Plot of dynamic toughness of brittle matrix and A-
SIFCON versus strain rate

4 Conclusions

Arc-shaped steel fibers were used to produce a
new class of SIFCON. To investigate the advantages
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of arc-shaped steel fibers over ordinary hooked-end
steel fibers, the quasi-static compressive properties of
SIFCON incorporating each type of steel fiber were
studied experimentally. A SHPB was also used to in-
vestigate the dynamic compressive behavior of the ce-
mentitious matrix phase of SIFCON (brittle matrix)
and SIFCON incorporating arc-shaped steel fibers.
The crack-resisting mechanisms of hooked-end steel
fibers and arc-shaped steel fibers, as well as the fail-
ure patterns, dynamic compressive strength, stress-
strain curves, DIF, and dynamic toughness of brittle
matrix and SIFCON were discussed. The following
primary conclusions may be drawn from the findings
of this research:

1. The quasi-static compressive performance of
SIFCON can be significantly improved by using arc-
shaped steel fibers in lieu of ordinary hooked-end
steel fibers at a similar fiber volume fraction and the
same fiber aspect ratio.

2. The “fiber cross-lock” mechanism, “dual bridg-
ing” over crack surfaces, and formation of “confine-
ment loops” by a minimum of two fibers for arc-
shaped steel fibers in SIFCON can effectively improve
the quasi-static compression properties. Also, note
that in the dynamic compression test, the smaller size
of the specimen and the cutting process led to a poten-
tial diminishing of the “fiber cross-lock” mechanism,
which might have limited the improvement of dynamic
compression properties. We recommend further re-
search to adopt a better dynamic compression test meth-
od to fully reflect the contributions of the arc-shaped
steel fibers.

3. Both the brittle matrix and arc-shaped steel
fiber SIFCON are strain rate-sensitive materials, in
which the dynamic compressive strength, DIF, and dy-
namic toughness increase with the strain rate. From
the test results, the DIF of the brittle matrix and arc-
shaped steel fiber SIFCON were overestimated by the
formulation in Fib Model Code 2010 at high strain
rates. Therefore, it is necessary to develop an alterna-
tive DIF model for brittle matrix and arc-shaped steel
fiber SIFCON material.

4. Compared with other fiber reinforced con-
cretes, the arc-shaped steel fiber SIFCON had greater
deformation and energy absorption capabilities at sim-
ilar strain rates. Evidently, SIFCON incorporating arc-
shaped steel fibers has desirable impact load resis-
tance for structural applications.
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