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ABSTRACT

The compressive behavior of steel-fiber-reinforced-concrete (SFRC) is dependent on the loading
rate. This research investigates, experimentally and analytically, the effect of loading rate on the
compressive behavior of SFRC designed to be used in prefabricated urban protective furniture. For
this purpose, cylinder SFRC specimens were subjected to modified instrumented-drop-weight-
impact tests at four dropping heights and quasi-static tests with four different strain rates. The
inertia force was analytically obtained and also experimentally measured. The results demonstrate
that by increasing the strain rate, elastic modulus, compressive strength, and energy dissipation
capacity have increased. Three different models were proposed for predicting each mechanical
characteristic, one in the range of quasi-static and the others in the range of impact correspond-
ing to the split Hopkinson pressure bar and drop-weight-impact tests. The experimental dynamic
to static ratios obtained for SFRC properties were discussed and compared with those proposed
by present study and from other researchers. Three proposed models significantly improve the
prediction the dynamic increase factor values in terms of compressive strength, modulus of elasti-
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city and toughness.

1. Introduction

Concrete has become the most used construction material in
the industry [1]. However, its relatively low tensile strength
and deformability up to cracking, and its brittle nature
under impact loadings, require the use of reinforcements
disposed appropriately. This is a laborious task with signifi-
cant influence on the final cost of certain construction sys-
tems, mainly those with some geometric complexity, such is
the case of some safety protection systems [2]. Relatively
short fibers have been used, as an extra concrete mixture
constituent, alternatively to conventional continuous rein-
forcements. The aim is mostly to control the crack width
and increase the load and deformation capacity after crack
initiation, by taking advantage of the fiber pullout resisting
mechanism, resulting in a composite generally designated by
fiber reinforced concrete (FRC) [3, 4]. The energy dissipated
due to the fiber pullout and/or tensile rupture causes a sig-
nificantly higher performance of FRC under high strain rate
loading comparing to the normal concrete [5].

Several types of fibers have been used in FRC, but steel
fibers are still the predominant, in the so-called steel fiber
reinforced concrete (SFRC), whose structural potentialities
are extensively documented based on research [6-8] and
real applications [9, 10]. Many studies report that steel fibers
can also significantly increase the impact resistance and

energy dissipation capacity of concrete elements [11, 12].
Therefore, SFRC has been considered a suitable material for
construction systems potentially subjected to impact loads in
service conditions, such as the case of bridge decks and
industrial, airport and harbor pavements [13, 14], as well as
those specifically designed for protective systems to resist
impact or explosive loadings caused by human attacks and
extreme events [15, 16].

Concrete exhibits different properties under dynamic and
static loading. The strain rate sensitivity of the compressive
behavior of plain concrete was investigated by Bischoff and
Perry [17]. They used different test approaches to determine
the dynamic properties of the tested materials. Most of the
studies established on the evaluation of the dynamic charac-
terizations of SFRC are on the basis of experiments, and dif-
ferent experimental approaches have been developed for
studying the mechanical characteristics of SFRC under
impact loading. Several researchers [11, 18-24] have investi-
gated the effect of strain rate on the mechanical behavior of
FRC. Wang et al. [20] used the split Hopkinson pressure bar
(SHPB) test to investigate the effect of strain rate on the
compressive behavior of plain concrete and FRC with steel
and polyethylene (PE) fibers. By executing SHPB tests at
strain rates from about 10 to 300s™ ', they verified that by
increasing the strain rate the SFRC’s compressive strength
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has enhanced. Moreover, by increasing the strain rate, the
failure mode of the steel fibers in the SFRC has changed
from pull-out to tensile rupture. Therefore, the maximum
impact force has increased with the number of ruptured
steel fibers, but the ductility of SFRC has decreased, due to
the smaller energy absorption of tensile rupture over pull-
out of the fibers. In another study, Wang et al. [21] carried
out compressive tests on both SFRC and plain concrete
specimens containing three different volume fractions (1.5%,
3% and 6%) of very short straight steel fibers. The results
revealed that the compressive strength of SFRC increased
with both the volume percent of steel fiber and the strain
rate. Furthermore, the energy absorption in compression
(compressive toughness, area under the obtained compres-
sive stress-strain diagram) at higher strain rates has
increased by using up to 3% of steel fibers volume frac-
tion [21].

Lok and Zhao [19] and Lok et al. [18] used the SHPB
test setup with a device’s diameter of 75mm to apply the
compressive load at different high strain rates (from 20 to
110s™") in specimens made by hooked-end SFRC with 0.6%
fiber volume fraction. The compressive strength of SFRC
has considerably increased by increasing the strain rate,
while the gradient of load decay in the post-peak force-
deflection phase has increased with the strain rate.
Accordingly, a maximum strain rate was suggested up to
which this structural softening response is not detrimentally
affected from the toughness behavior point of view. Hao
and Hao [25] conducted an experimental study on the
dynamic compressive behavior of spiral SFRC at different
strain rates (from 50 to 200s '), by executing SHPB tests
with a device’s diameter of 75mm. The results showed that
the toughness of SFRC has increased with the volume frac-
tion of fibers, due to the higher number of fibers controlling
the cracking propagation process, decreasing the number
and length of cracks and fragments.

Although there is no standard test recommended for
determining the relevant properties of SFRC under compres-
sive impact loading, instrumented drop weight tests have
been used with standard SFRC cylinders for this purpose by
Xu et al. [15]. In their experimental study, cold-rolled,
hooked end, synthetic fibers, flattened, undulated, and two
new spiral shape steel fibers were used. The study showed
that FRC with new spiral fibers presents higher ultimate
stress and energy-absorption capacity than other types of
FRC specimens tested. They concluded that the shape of the
fiber affects the mechanical properties and the strain rate
sensitivity of FRC under compressive impact loading. The
dynamic increase factor (DIF), which is the ratio between a
material property evaluated in dynamic and static loading
conditions, has been considered by many researchers as the
main parameter for quantifying the influence of the strain
rate on the compressive behavior of SFRC [12, 20, 21, 26-
28]. Several models have been suggested for predicting the
DIF for the concrete compressive strength [19, 21, 25, 26,
29, 30], but the one proposed by fib model code [30] is,
maybe, the most used:

Reliable experimental data for assessing the predictive
performance of existing models on the DIF of the relevant
properties of SFRC in compression is still scarce. Therefore,
the present research aims to investigate the effect of strain
rate on the compressive behavior of SFRC with hooked end
fibers by using standard specimens and the instrumented
drop weight impact setup recommended by ACI Committee
544 [31]. Qualitative information, such as failure patterns
and fracture surfaces, and quantitative data, such as com-
pressive strength, strain at compressive strength, and energy
absorption capacity are obtained for the evaluation of the
compressive behavior of SFRC at the different loading rates.
In addition, the inertial force during impact loading is also
determined, due to its relevance for analytical modeling of
the dynamic behavior of SFRC elements subjected to high
strain rate loading conditions.

Based on the test results of SFRC specimens, the dynamic
to static properties ratios of SFRC are discussed and com-
pared with those recommended by CEB-FIP model code
[30]. In addition, at different strain rates, the variation of
the acceleration and the inertia force (as the main gap of
knowledge in literature for SFRC under compressive impact
loading) are analytically investigated and also experimentally
measured at the mid-height of the curved outer surface of
SFRC cylinders. The relation between strain rate, impact
load, and inertia force is evaluated and discussed. Finally, in
order to improve the prediction of DIF, some innovating
empirical relationship is proposed for each mechanical char-
acteristic considering the effect of test approach to explain
the strain rate sensitivity of SFRC. Three different models
are proposed for predicting each mechanical characteristic,
one model in the range of quasi-static and two models in
the range of impact correspond to the SHPB and drop
weight impact tests.

2. Experimental program
2.1. Materials

Throughout the experimental program, one type of SFRC
was studied, where the binder was composed by cement
type-1 (42.5R) according to EN 197-1 (2011) with a specific
density of 3.15g/cm’, and EN 450-1 (2012) type-II fly ash.
The coarse and fine aggregates with maximum size of
12mm (D,,,,) used were natural river sand and gravel,
whose saturated surface dry densities were 2.64 and
2.60 g/cm’, respectively. The aggregates were graded follow-
ing BS-EN 933-1 (2012). The SIKA ViscoCrete 5920 super-
plasticizer was used. The mix design was calculated
following the volume approach recommended by ACI-544-
IR [6] for determining the proportion of the SFRC ingre-
dients, Table 1. A volume fraction of 1% of the hooked-end
steel fibers, whose geometric and mechanical properties are
indicated in Table 2, was used. In the present study, it was
assumed that the steel fibers in the mixture are uniformly
distributed and randomly oriented.



Table 1. Mix proportions of SFRC per m>.
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Water-cement Fine aggregate Coarse aggregate Superplasticizer Steel
Cement [kg] Fly ash [kg] content ratio 0-4mm [kg] 4-12mm [kg] [kg] fibers [kg]
400 200 0.3 942 628 4.8 78.5

Table 2. Characteristics of used steel fiber.

Volume [%)] Mass [kg/m°] Diameter (dy) [mm]

Length (/) [mm]

Idd¢ Modulus of elasticity [GPa] Tensile strength [MPa]

1 7850 0.38 30

80 210 2300

2.2. Test program

2.2.1. Quasi-static tests

Experimental tests were conducted according to EN 12390-3
recommendation to evaluate the compressive strength and
modulus of elasticity of SFRC. Cylindrical specimens with
100mm diameter and 200 mm height were chosen, so that
the smaller dimension of the specimen is at least three times
larger than I and D, in order to avoid fiber orientation
effect and aggregates segregation. Three specimens were
tested for each strain rate level. The grinding method was
used to smooth out the surface of hardened SFRC speci-
mens. To perform the compressive tests under quasi-static
loading, a servo hydraulic machine with load capacity of
3000kN was adopted. Three linear variable differential
transducers (LVDTs) were installed at the mid height of the
specimen to measure the average compressive strain and
modulus of elasticity under static loading (lowest loading
rate of quasi-static tests). In quasi-static compressive tests,
three strain gauges were used to measure the strain rate and
compare it with the displacement rate measured with the
LVDTs with length of 200mm. The applied compressive
force was measured by a load cell with capacity of 1000 kN
installed on the loading machine. When the loading rate is
increased, a higher recording rate (2-50 data per second),
that is able to record the fast-response data, is selected in
the data acquisition system.

The effect of strain rate on the compressive behavior of
SFRC was investigated on cylindrical specimens. Relevant
parameters, such as compressive strength, elastic modulus,
and energy absorption capacity were measured for each
loading rate. Figure 1 shows the position of the strain
gauges (SG) on the specimens prepared for compression
tests, as well as the test setup. As listed in Table 3, four dif-
ferent series of compression tests were carried out, which
correspond to four different strain rates in the range of
quasi-static loading. In this table, the distinctive designation
of the specimens consists of two parts. The first part repre-
sents the type of the loading: “S” for the static loading, “Q”
for quasi-static loading, and “HS” for high strain rate load-
ing (impact). The following number for quasi-static and
high strain rate loadings is the applied displacement rate
and drop height of impactor, respectively. To determine the
DIF of strain rate effect, all results obtained in the experi-
ments conducted at different strain rates were related to the
static strength measured at a specific quasi-static strain rate.
For applying static load with the strain rate of 30 x 10 ° s™"
recommended by CEB-FIP model code [30] as a reference
static strain rate, the displacement rate of 1 mm/min was

applied. The maximum displacement rate possible to be
applied by the adopted equipment was 500 mm/min, which

matches a strain rate of 5.6 x 1072 s\

2.2.2. Instrumented drop weight impact test

An instrumented drop-weight setup was used for applying
compressive impact loads which has the capacity to drop
different masses from different heights, shown in Figure 2a.
It can drop a maximum mass of 292kg from a height of
9.1m, corresponding to a theoretical contact velocity of
13.36 m/s. To ensure uniform load application throughout
the entire cylinder’s surface, in addition to smoothing the
surface of each cylindrical SFRC wusing the grinding
machine, its position was thoroughly verified both before
and during testing using a high-speed video camera. The
impact forces on bottom (reaction force) and top (impact
force) of the specimens were recorded by two load cells with
capacity of 2000 and 1000 kN, respectively. The inertia force
may be calculated from the difference between the measures
in these load cells, which were recorded by a data acquisi-
tion system connected to a PC. As multiple channels are uti-
lized at the same time, this control card has a recording rate
capacity of 50,000 data per second. A high-speed video cam-
era was used to measure the deformation and failure process
of specimens. The deformation measurements in the speci-
mens during the impact loading process were used for cal-
culation of strain and strain rates values. Three strain gauges
at the mid-height of cylinders were also installed to directly
measure strain and strain rates values, Figure 2a. In add-
ition, two accelerometers were installed on the external sur-
face of a cylinder specimen, with 90° angular distance
between them, Figure 2b.

Due to the short time of impact loading, measuring and
recording data are more complex than static loading, and
the results recorded may be dependent on the approach
used to measure the data. In the present study, to enhance
measurement accuracy and quantity of the obtained results,
three approaches were used to measure the specimens’
deformation: (1) a high-speed video camera, (2) three strain
gauges, and (3) two accelerometers. In the first method, a
PHOTRON APX-RS camera with the recording capability
up to 50,000 frames per second (fps) was used for measur-
ing surface deformations of cylinders. The halogen lights
were also placed to provide the lighting needed for record-
ing high-speed videos. The high-speed video camera has
recorded the impact process with a rate of 15,000 frames
per second. Because of the camera’s limitations, the record-
ing window was decreased to 128 x 256 pixels (correspond
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Figure 1. Test setup and monitoring system of a compression test: (a) Schematic representation including the position of the strain gauges (SG #1 to SG #3); and

(b) image of the compression test and instrumented specimen.

Table 3. Groups of compression tests at different loading rate.

Specimen ID Displacement rate [mm/min] Drop height of impactor [mm] Contact velocity [m/s]
S 1 - -

Q10 10 - -

Q100 100 - -

Q500 500 - -

HS1000 - 1000 4.42

HS1500 - 1500 5.42

HS2000 - 2000 6.26

HS2500 - 2500 7.00

to surface of 70 x 35mm” at the middle of cylinder), as
shown in Figure 3, which depicts typical 1500 mms impact
processes for specimen HS1500. Digital image correlation
(DIC) was performed by GOM Correlate software to analyze
the recorded videos. In addition to the average strain and
strain rate acquired from the high-speed camera recordings,
strain histories were also recorded by the strain gauges as
mentioned above, which can be utilized to calculate the
strain rate histories of the respective specimens.

In the second method, three strain gauges were placed
around the mid height of cylindrical specimen, with 120° of
angular distance, Figure 2a. Then, the strain gauges were
connected to the data acquisition system. In the third
method, the hammer velocity throughout the impact process
[6(t)] was achieved by integrating the recorded acceleration
by the accelerometers [J(¢)], Eq. (2). Afterward, average
compressive deformation [0(#)] was calculated by integrating
of the velocity history, Eq. (3).
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Strain gauges

Bottom Load cell

(b)

Figure 2. (a) Image of the drop weight impact device and (b) image of the cylinders before the impact test.

3(0) = [ W

5(t) = j5<t>d<t> @)

Totally, 17 cylindrical specimens have been tested under
four different dropping heights, namely 2500, 2000, 1500,
and 1000 mm, correspond to contact velocities of 7.00, 6.26,
5.42, and 4.43m/s, respectively. The different drop heights
were selected for determining the strain rate effect on the
modulus of elasticity and compressive strength, and also for
evaluating the variation of maximum acceleration and iner-
tia force. In addition, the experimental data was also
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compared to the proposed DIFs by CEB-FIP codes [29, 30]
and other researchers [21, 25, 32, 33] that investigated the
topic.

The deformation of a zone with 35 mm width and 70 mm
height at the middle of the cylinder surface was measured.
Analyzing the data collected showed that the deformation
distribution along the 70mm middle height of cylinder
could be assumed linear and can be generalized for the
height of cylinder (200 mm). Other researchers [34] also
reported the same results. Since the deformation distribution
shape follows the velocity and acceleration distribution, the
assumption of the linear deformation distribution along the
cylinder’s height (by DIC results) can be also investigated by
evaluating the acceleration distribution (by accelerometers).
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0.882ms 0971 ms 1.059 ms

0.794 ms
Figure 3. Typical captured frames using high-speed camera (cylinder HS1500-2).

Eight different points along the height of cylinders were
considered to analyze the variation of acceleration, Figure
4a. Afterwards, using two accelerometers, the accelerations
were sequentially measured in these eight points of speci-
men’s height. The specimen was tested using a 20kg
impactor dropped from a height of 10cm. Due to the lim-
ited number of accelerometers and the limited space
required to use them, the values of acceleration at two
points with same height (two sides of specimens,
Accelerometer #1 and #2 in Figure 4a) are measured in each
test. It means that, in total, 8 different tests are performed,
and each was repeated five times. The average value of
obtained accelerations at each height was considered to indi-
cate the acceleration distribution along the cylinders™ height.
Though the results show an insignificant non-uniform axial
acceleration, as shown in Figure 4a. Following the trend
depicted in Figure 4a, a linear reduction acceleration was
assumed from the top to the bottom of specimen along the
axial direction. According to the acceleration and deform-
ation distribution along cylinder’s height, the value of accel-
eration at its mid-height was considered as the average
acceleration, Figure 4b. Two acceleration values were consid-
ered for calculating the highest acceleration values obtained
in the specimen: (a) highest acceleration at the top surface
of cylinder in the contact point between cylinder and
impactor (Smp), and (b) highest acceleration measured by
the two accelerometers at the cylinder’s mid-height
(8 ,mia)that is assumed to be twice the value at mid height, if
a linear axial distribution and zero acceleration at the bot-
tom surface are assumed.

A linear distribution was assumed for deformation, vel-
ocity (5), and acceleration (5) from the top to the bottom of
the specimen, Figure 4b. This indicates that for a given time
increment At, (At =t, — t;), the deformation distribution is
followed by the acceleration distribution along the cylinder’s
height [11].

1.147 ms

4

1.324 ms

1.412 ms

1.235 ms 1.500 ms

3. Results and discussion
3.1. Fracture surfaces and failure patterns

As the SFRC was kept the same in all tested specimens with
two flat and smooth surfaces (without use of Teflon), the
loading strain rate applied in the performed experimental tests
is the main parameter influencing the compressive failure
mode observed. Under the quasi-static range, micro-cracks
propagated parallel to the loading direction. After expanding
the micro cracks corresponds to the nonlinear response in the
pre-peak stage, the matrix cracks were appeared, and macro
cracking occurred in the interface between the aggregate and
mortar and also inside the mortar. Then these cracks were
connected to each other along the height of cylinder. Under
static loading, cracks propagated approximately in the axial
direction and at the failure condition a shear failure mode was
observed, Figure 5a. In this mode, the cylinders failed by split-
ting in the lateral sides. When the loading rate was increased,
compressive barreling and columnar failure were also identi-
fied, in addition to the cone-shaped failure previously
observed. These new failure modes resulted on an increase in
the axial compressive force, Figure 5b-d.

Regarding impact loading, observations indicate that
many micro cracks occurred and afterwards spread along
height of the cylinders during testing. After testing, increas-
ing in the number of fractured pieces was observed when
the dropping height increases, Figure 5e-h. Increasing num-
ber of fractured pieces indicates a higher amount of energy
dissipated during fracture. Moreover, the dominant failure
mechanism was pull-out for the hooked end fibers in tested
SERC cylinders, Figure 6.

3.2. Compressive strain and strain rates

The ratio of the contact velocity of impactor to the length of
the specimen is, in some cases, considered as an estimation of
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Figure 4. (a) Experimental acceleration distribution and (b) assumed linear distribution for acceleration, velocity, and deformation.

strain rate [17]. This value of strain rate was not consistent
with the real strain rate developed in the specimen. Due to the
difference between the stiffnesses of the impactor and the SFRC
specimen, the specimen deformation velocity can be signifi-
cantly different from the contact velocity of impactor.
Consequently, the obtained strain rate from contact velocity of
impactor was very different from the measured strain rate by
strain gauges. For instance, Hjorth [35] reported that the strain
rate calculated using contact velocity of impactor is much larger
than the expected strain rate that can be obtained. The main
reason of this difference is that the deformation velocity of spe-
cimen is smaller than the contact velocity of impactor. In the
present study, three strain gauges were used to measure the
strain during loading and, subsequently, the strain rate for each
time step was calculated by averaging the recorded strain. In
addition, digital image correlation (DIC) was utilized to esti-
mate the strain at the mid height of the cylinders. The max-
imum compressive strain rate measured by both approaches
(SG and DIC) during loading was considered as the strain rate
of SFRC under impact loading, because the maximum strain

rate is directly related to the specimen failure. The maximum
compressive strain rate is also considered as the strain rate
under impact by other researchers [15, 25, 28]. When using
DIC, the deformation is measured in the central part of the
specimens along a vertical line with a length of 70mm posi-
tioned at middle of the specimen height. The recorded images
were processed by a commercial DIC software (GOM
Correlate-2D), using a normalized-sum-of-squared-difference
correlation algorithm with an optimized 8-tap interpolation, for
determining the strain distribution in the specimen. The aver-
age vertical compressive strain (¢,) in specimens were obtained
corresponding to average vertical compressive strain measured
by the strain gauges with 30 mm of length at the mid height of
cylinders. By calculating the vertical strain, the strain history
was obtained considering the recording frame rate of camera
(1500 fps). Figure 7a shows the strain versus time history
obtained by the DIC directly measured from the specimen
HS2500, as well as obtained by the strain gauges for specimen.
As it was mentioned before, the acceleration distribution is
non-uniform and thus the real deformation distribution is not
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Figure 5. Failure patterns of SFRC specimens under quasi-static loading (a—d) and impact loading (e-h).

uniform along the cylinder and there are differences between
the strain rates obtained with strain gauges and with DIC. As
shown in Figure 7a, due to the limitation in the recording
frame rate, the number of data obtained by DIC is lower than
the by SGs. Nevertheless, the graph presented in Figure 7b indi-
cates an acceptable correlation between the strain rate obtained
by DIC and the strain rate recorded by strain gauges.

3.3. The inertia force generated by impact loading

Figure 8 depicts the time variation of reaction and impact
forces for one representative specimen for each dropping
height.

The time delay between the onset of the reaction and the
impact forces are 80, 99, 121, and 134 ps, which correspond
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Figure 7. (a) Strain-time history estimated by DIC and from strain gauges for specimen HS2500; (b) maximum strain rates estimated by DIC and from strain gauges.

to dropping heights of 2500, 2000, 1500, and 1000 mm,
respectively. Thus, the time interval between reaction and
impact has decreased with the increase of the drop height of
the impactor. The time gap between bottom and top load cells
could be related to propagation of stress wave along the cylin-
ders. Due to limitations of load cell, the maximum impact
load in four tested samples could not be measured, Table 4.

Based on the results under impact loading, different
forces values were recorded by the bottom and top load
cells, which confirms the importance of the inertia force. As
it is known, the inertia force value depends on the acceler-
ation values along the cylinder. The results indicated that
the ratio of inertia to impact force is significantly dependent
on the acceleration, Table 4. Similar observation was also
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Figure 8. Impact and reaction forces vs. time during impact loading.
Table 4. Strain rate effect on maximum acceleration and the inertia force.
Experimental Inertia to Analytical
Reaction Impact inertia impact force . inertia force,
Specimen ID  Strain rate [s”']  Mass (m) [kg] force [kN] force [kN] force [kN] ratio (w) Omax top [97]  Omax,mid [9°]  Eq. (8) [kN]
HS1000-1 10.80 3.63 643.8 697.2 533 0.077 1662 831 20.1
HS1000-2 8.39 3.75 648.3 699.8 51.5 0.074 1974 987 247
HS1000-3 9.41 371 662.5 700.2 37.6 0.054 1482 741 18.3
HS1000-4 10.15 3.61 681.2 749.7 68.4 0.092 2026 1013 244
HS1500-1 18.65 3.75 671.8 nr nr nr nr nr nr
HS1500-2 25.18 3.68 689.5 769.6 80.1 0.105 2974 1487 36.5
HS1500-3 19.50 3.72 695.9 753.5 57.7 0.077 2678 1339 332
HS1500-4 21.22 3.75 674.4 740.8 66.1 0.090 2540 1270 31.8
HS2000-1 29.28 3.61 704.2 872.7 168.5 0.196 3148 1574 379
HS2000-2 36.17 3.72 7726 945.0 172.4 0.185 3018 1509 374
HS2000-3 34.60 3.73 714.2 933.6 219.4 0.239 3222 1611 40.1
HS2000-4 24.65 3.72 757.6 nr nr nr 3380 1690 419
HS2500-1 27.27 3.74 788.3 1146.7 358.4 0319 6346 3173 79.1
HS2500-2 37.94 3.74 8313 nr nr nr 4128 2064 515
HS2500-3 35.83 3.64 797.1 nr nr nr 5756 2878 69.8
HS2500-4 39.21 3.66 846.0 nr nr nr 6236 3118 76.1
nr: not recorded.
29 =9.81 m/s%.

stated by Xu et al. [15]. The measured accelerations using
two positioned accelerometers in the middle of the cylinders’
height indicated that values of acceleration and consequently
inertia force increase as the impactor dropping height

increases. The maximum acceleration measured is taken as
the acceleration of the specimens, since the maximum accel-
eration is closely related to the maximum inertia force. The
maximum acceleration values obtained for drop heights of



impactor of 2500, 2000, 1500, and 1000 mm, were 3173,
1611, 1487, and 1013 g, respectively, and the ratio of inertia
to impact force (w) was 32%, 24%, 10%, and 9%, respect-
ively, as shown in Table 4.

The equation of motion can be used to calculate the iner-
tia force analytically. Based on the structural dynamic the-
ory, in the relatively motion of an element from a reference,
the inertia forces are proportionate to its amount of acceler-
ation in the same axis with opposite orientation [36]. The
inertia force is directly dependent on amount of the acceler-
ation. Consequently, inertia force increases by increasing the
value of applied acceleration. Based on the motion equation,
the inertia force is a function of mass and acceleration of
specimen:

ZF:F,':Ft—Fb:msmax (3)

where F;, F;, Fy, Omax, and m are the impact force (meas-
ured on top), the inertia force, the reaction force (measured
on bottom), maximum acceleration, and mass of specimen,
respectively. The motion of particles in the instrumented
drop weight test is limited for deforming in the direction of
loading, hence only the inertia force mobilized in the load-
ing direction is calculated. An evaluation of axial inertia
effects for impact loading was given in Figure 9, by consid-
ering the impact force measured on top of the specimen
(F;), and the inertial response along the length of the
specimen.

By assuming a linear displacement profile (or uniform
strain) along the specimen, the strain is just time dependent,
[¢(t)]. Accordingly, the inertia force in an element (A. dx) is:

OF; = pAdx (Smax, top) <%>

where p, A, and h are the mass density, the cross section
area, and the height of the cylinder, respectively [17].
5max, top is the maximum values of acceleration at the top of
cylinder, contact between cylinder and impactor that was
extrapolated by the value measured in the accelerometer

placed at middle height of the cylinder and assuming null

(4)
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acceleration in the bottom of the specimen, Figure 9. A vir-
tual displacement at the top of the specimen (du;) is
imposed where the compressive force is applied. The virtual
work (W) performed by the inertia force on the element
(A.dx) is:

dx

o 5max, top X) (51’11‘ x) _
dw = pAdx( p L) =
(5)

and then the total virtual work done by the inertia force
along the entire length of the specimen can be given by:

,0A5max, top ouy x*
h2

h . .
W _ JpAémax, top 5”1‘ x2 dx — pAhémax, top 5”1‘
h? 3

(6)

0

Then, the inertia force can be obtained by Eq. (8), based
on the virtual work principle (F; du):

F; = pA(h/3)0 max, top ?)

For evaluation the relation between maximum acceler-
ation and inertia force, the maximum acceleration at the cyl-
inder’s mid height (5max,m,'d =0.5 Smax,,op) was considered,
as an input to the motion equation. The analytical inertia
force has been calculated assuming a linear acceleration dis-
tribution along the cylinders’ height, Eq. (8). By comparing
the experimental to calculated analytical inertia forces, it can
be found that by increasing the strain rate (or impactor
dropping height), the analytical equation underestimates the
inertia force, Figure 10a. This means that when the contact
velocity is high (higher drop height of the impactor), the
acceleration distribution along the cylinder’s height is non-
linear. In another word, in the higher contact velocity, the
effect of the measurement location of acceleration on the
maximum acceleration is higher. The obtained profile accel-
eration along recorded zone by DIC (middle 70 mm of cyl-
inder’s height) approves increasing of non-linearity of
acceleration distribution along the cylinder’s height with
contact velocity, Figure 11. The values of acceleration (aver-
age of four specimens for each drop height of impactor)

F, Displacement at top surface
X /l’ﬁﬁ\ Top surface g(t)=6mdx.t0p /, \ Smax,cop OUs Smax.top
\_/ & e " e I
1 ! !
41414 ! 4 !
i 1 ! !
1 1 1 1 ! !
' 1 1
F, | [ ) '
! dx & M
h h : L [
Lot
: '
]
1 !
| X ,' i X
: fl 8ma.‘c,top(ﬁ)
b v v _E_(t_).' i l’
f K Af Bottom surface 0<x<h
11 1
11
Pyt
1 I
Fp

Figure 9. Evaluation of inertia effect for impact loading.
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Figure 11. Normalized acceleration distribution to middle acceleration along recorded zone by DIC at different dropping heights of impactor.

were normalized to the middle maximum acceleration for
each drop height of impactor to make a better comparison.
This non-linearity acceleration distribution is more obvious
in specimens of HS2000 and HS2500, Figure 11. As a result,
a real non-linear acceleration distribution can be assumed to
modify the inertia force value calculated by the motion
equation.

When the maximum acceleration increases, the inertia to
impact force ratio increases in an approximately linear
trend, as shown in Figure 10b. The effect of inertia is ampli-
fied with increase of the impactor dropping height. Similar
findings have been reported in Banthia and Mindess [11]
and Xu et al. [15].

3.4. Stress-strain curve at different strain rates

The compressive stress-strain curves measured in all the
SFRC cylinders tested in the range of quasi-static were dem-
onstrated in Figure 12. To omit the effect of inertia on
material properties, the reaction force was used in this study
to calculate the compressive strength of SFRC under impact
loading, which is consistent with Xu et al. [15] and Bischoff
and Perry [17]. Therefore, the compression stress was calcu-
lated considering the force recorded by the bottom load-cell,
and the compression strain was determined by taking the

average value obtained from the three installed strain gauges
at the middle of the SFRC cylinders height.

In the impact tests, the reaction force was considered to
obtain the compressive stress neglecting the effect of inertia.
For deriving the stress-strain curve, first, the time delay
between the recorded reaction force and the measured strain
was removed. Then the average of three strain curves
(obtained from SG#1 to #3) up to peak strain was consid-
ered and the post peak stage of recorded strain history was
ignored. Because the compressive loading was applied in
one direction and decreasing the value of strain cannot be
acceptable. Afterward, for each time step, both stress and
strain were available. Subsequently, the stress-strain relations
of SFRC for the different dropping height of the impactor
were obtained by synchronizing the stress-time curve and
the average strain-time curve, Figure 13. Since during meas-
ured strain history the value of stress experiences a peak, the
results have shown some post-peak stage in the stress-strain
curve.

The loading time at peak strain for the impactor drop-
ping heights of 1000, 1500, 2000, and 2500 mm is shown in
Figure 14, where it is visible that it decreases with the
increase the dropping height of the impactor. This is due to
an increase of both the contact velocity and the deformation
rate along the specimen.
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Figure 12. Stress-strain curves registered in the quasi-static loading tests at different displacement rates.

3.5. Effect of strain rate on the compression behavior of
SFRC

3.5.1. Compressive strength and Young’s modulus

In the present research, the maximum reaction force was
considered in the calculation of the SFRC compressive
strength. The compressive strain was obtained by computing
the average of the aforementioned three strain gauges. The
mechanical results obtained for the specimens tested at the
lowest strain rate are shown in Table 5. Three specimens
were tested at the quasi-static compressive strain rate of
1.33E — 055" '. In the present study, toughness is the total
area under the stress-strain curve up to failure.

Twenty-nine cylinders were tested to determine the strain
rate effect on the modulus of elasticity and compressive
strength. The results obtained are shown in Table 6. They
evidence that the compressive strength, the modulus of elas-
ticity, and the toughness of SFRC specimens are sensitive to
the imposed strain rate. The DIF of compressive strength
(DIF¢), modulus of elasticity (DIFy), and toughness (DIFr)
for each specimen were calculated and compared with exist-
ing DIF models to investigate which one can better predict
the effect of strain rate on the properties of the developed
SERC.

The modulus of elasticity and compressive strength
increased with the strain rate. In Figure 15, the values of
strain rate are represented in a logarithmic scale, and the
relationship between DIF and strain rate was demonstrated
utilizing a log-linear graph. For the considered range of
quasi-static strain rates, an almost linear relationship was
obtained between the logarithmic values of strain rate
applied and the corresponding DIF values for the modulus
of elasticity and compressive strength of SFRC.
Furthermore, the evolution of DIF is different for modulus
of elasticity and compressive strength. The models proposed
by CEB-FIP [29, 30], which are applicable to both plain con-
crete and SFRC, describe quite well the DIF of compressive
strength of SFRC, at the measured strain rate range, but
underestimate the modulus of elasticity at the higher strain
rates. It must be noted that both CEB-FIP models [29, 30]
use the same equation to estimate the DIF of the modulus
of elasticity.

The DIF values for the compressive strength were also
evaluated considering the models proposed by Hao and Hao
[25], Fujikake et al. [33], and Krahl et al. [37], Table 7. Hao
and Hao [25] proposed a model based on experimental
results obtained with spiral fibers and SHPB testing.
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Figure 13. Typical stress and strain histories and stress-strain curve at different drop heights of impactor.

Fujikake et al. [33] proposed a constitutive model for the
dynamic compressive strength of concrete materials under
high-strain rates. Krahl et al. [37] proposed an alternative
model based on experimental results obtained using smooth
steel fibers. The experimental DIF values for the compressive
strength of SFRC ranged between 1.02 and 1.48. The results

registered in HS2500-5 specimen are out of this range, as
shown in Figure 15a, and therefore this specimen was con-
sidered as an outlier. The maximum DIF obtained for the
modulus of elasticity was 1.63. As shown in Figure 15, the
CEB-FIP models [29, 30] predict the increase of compressive
strength more precisely than the other considered models,
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Figure 14. Compressive strain histories at different dropping heights of impactor.

Table 5. Cylindrical specimens tested at quasi-static strain rate (1.33E-05 s7).

Type ID Compressive strength [MPa] Modulus of elasticity [GPa] Toughness [k)/m?]
S-1 73.07 41.72 99.96

S-2 76.72 42.40 124.24

S-3 67.09 40.55 126.28
Average 72.29 (5.5) 41.56 (1.8) 116.83 (10.2)

Note: Values in parentheses are the coefficient of variation (in percentage).

Table 6. Summary of quasi-static and impact test results of SFRC specimens.

Type ID Strain rate [s”'"] Compressive strength [MPa] Modulus of elasticity [GPa] Toughness [kJ/m?] DIF (f,) DIF () DIF (T)
S (average) 1.33E — 05 72.29 41.56 116.83 1.000 1.000 1.000
Q10-1 1.33E— 04 75.65 42.21 102.74 1.047 1.080 0.879
Q10-2 1.33E— 04 74.83 42.39 122.28 1.035 1.086 1.047
Q10-3 1.33E — 04 73.68 43.06 125.14 1.019 1.103 1.071

Q100-1 1.33E - 03 76.97 43.04 120.45 1.092 1.170 1.031

Q100-2 1.33E - 03 75.55 42.08 114.24 1.045 1.146 0.978
Q100-3 1.33E - 03 7791 43.32 127.75 1.078 1.179 1.093

Q500-1 6.67E — 03 76.03 43.83 126.40 1.093 1.194 1.082

Q500-2 6.67E — 03 74.58 44,51 137.93 1.170 1.212 1.181

Q500-3 6.67E — 03 79.53 4419 130.10 1.100 1.204 1.114
HS1000-1 10.80 81.98 52.70 141.40 1.125 1.268 1.210
HS1000-2 8.39 82.55 53.00 153.90 1133 1.275 1.317
HS1000-3 9.41 84.36 52.10 156.70 1.158 1.254 1.341

HS1000-4 10.15 86.74 55.60 154.70 1.190 1.338 1.324
HS1500-1 18.65 85.58 61.40 166.50 1.174 1.478 1.425
HS1500-2 25.18 87.83 59.63 207.40 1.205 1.435 1.775
HS1500-3 19.50 88.64 52.40 185.50 1.217 1.261 1.588
HS1500-4 21.22 85.87 58.80 163.40 1.179 1.415 1.399
HS2000-1 29.28 89.71 59.26 212.53 1.231 1.426 1.819
HS2000-2 36.17 98.43 63.29 285.03 1.351 1.523 2.440
HS2000-3 34.60 90.98 65.46 216.58 1.249 1.575 1.854
HS2000-4 24.65 96.46 60.30 215.40 1324 1.451 1.844
HS2500-1 27.27 100.42 60.91 227.79 1.378 1.466 1.950
HS2500-2 37.94 105.89 67.77 286.51 1.453 1.631 2452
HS2500-3 35.83 101.54 61.47 240.67 1.393 1.479 2.060
HS2500-4 39.21 107.72 65.70 296.90 1.478 1.581 2.541

HS2500-52 41.34 143.08 67.82 240.74 1.961 1.629 2453

“The obtained results from specimen HS2500-5 were considered as outliers.

both in quasi-static and in impact range of strain rate. The
differences among the proposed models can be attributed to
the fact that the strain rate sensitivity of SFRC is rather
influenced by parameters such as fibers shape, fibers volume
fraction, fibers aspect ratio, tensile strength of steel fibers,
and type of test for compressive loading (either
Instrumented Drop Weight Test or SHPB test).

Figure 16 compares the experimental results obtained in
the present research and those found in the literature [15,

18, 19, 21, 25, 28, 37, 39-47]. The obtained results are, in
general, in agreement with the ones obtained by other
authors, where after a smooth increase of the compressive
strength up to a strain rate of about 1 and 20s™', an abrupt
increase was observed correspond to the obtained results
using drop weight impact and SHPB, respectively.
Nevertheless, more experimental results are required for
assessing the effect of the shape and volume fraction of the
steel fibers on the DIF of the compressive strength of SFRC.
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Figure 15. DIF of (a) compressive strength and (b) modulus of elasticity of SFRC.
Table 7. Previously proposed empirical models for dynamic increase factor.
Parameter Reference Model
DIF () CEB-FIP design code [29] (?_C>1-°26“’ i <305
_ Ecs
DIF(f,) = o 1
( ) . be>30s
ICS
(5+0. 9 !, log () = 6.1560 — 2, é¢s = 30 x 107557
| 0014
CEB-FIP model code [30] , £ <3057
DIF(f, 3“ i =30 % 10657
0012 a . &c>30s7"
ES
Hao and Hao [25] 0.0672(log éc) + 1.2688, vf = 0.0%
DIF(f, 0.0679(log éc) + 1.2716, v¢ = 0.5%
0.0907( log Sc) +1.3628, vi =1.0%
=1
Krahl et al. [37] DIF(f, (0 89 + v; () 49
Fujikake et al. [33] 0.006] Iog (&)
DIF(f,) = (g—) i =12x 1065
DIF (E.) CEB-FIP model code [30] DIF(E.) = (}L«)”26 b =30 x1076s7"

&c and & are applied strain rate and reference strain rate correspond to static loading, respectively. fc is the compressive strength. vy, /,

and d are volume fraction, length, and diameter of steel fiber.

The results obtained from the compressive quasi-static, drop
weight impact, and SHPB tests, show that in addition to the
range and values of strain rate, the type of test setup (the
way the load is applied) plays an important role in the effect
of strain rate on the compressive characteristics of SFRC
such as compressive strength, modulus of elasticity, and
toughness. As can be seen in Figure 16, the values of strain
rate obtained from SHPB tests are often higher than drop
weight impact test and the lowest obtained strain rate in the
impact range in the SHPB test is also higher than drop
weight impact test. Furthermore, due to different approaches
for applying impact loading, the increasing trend of modu-
lus of elasticity and compressive strength with the strain rate
using the SHPB test is not the same as the drop weight
impact test, Figure 16. As a result, the proposed relations
must consider the type of loading (test approach) in add-
ition to the strain rate and accordingly predict the values of
compressive strength and modulus of elasticity. For this pur-
pose, in this study, an empirical relationship was proposed
for each type of load and each mechanical characteristic to
explain the strain rate sensitivity of SFRC. Three different
models were proposed for predicting each mechanical char-
acteristic; one model in the range of quasi-static and two

models in the range of impact correspond to the SHPB and
drop weight impact tests.

Ax1073
& . .
DIFQuasifsmtic = < ) > &¢ S Egr (8)

Ecs
DIFDropwezght =B X 10_7( ) +C i >éy (9)
Ecs

DIFgypp = & > &y

(10)

D.[log (éc/ées)]” + E.[log (éc/ées)] + F

where DIFqQuasi—staticc  DIFpropweights and DIFsypg are the
dynamic increase factor correspond to the quasi-static, drop
weight impact, and SHPB tests, respectively. It is worth not-
ing that these relationships are valid in the proposed range
of strain rates. However, the experimental results obtained
so far confirm these strain rate ranges. The transition strain
rate (&) is clearly dependent on the type of test and range
of strain rate. The value of 15~ was proposed for transition
strain rate (¢,) between quasi-static and impact range cor-

respond to drop weight test. While the value of 20s™' was
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Figure 16. DIF for compressive strength of SFRC registered in the executed
experimental program and in the literature.

Table 8. Coefficients in proposed DIF formula for SFRC.

Parameter A B C D E F
DIF (f,) 12 1.67 1.16 0.20 —1.48 2.37
DIF (E,) 10 0.96 1.26 0.50 —5.64 16.75
DIF (T) 12 2.74 1.05 6.88 —85.83 270.52

proposed for transition strain rate (&) between quasi-static
and impact range correspond to SHPB test, Table 8.

As shown in Figure 16, the values of modulus of elasticity
for in the impact range using the drop weight impact test
are greater than the SHPB test. Figure 17 shows the com-
parison of DIF (f.) obtained from proposed models by other
research and the present study with the experimental results.
Evaluation of the proposed model in the present study was
performed in the three different test approaches; quasi-static,
drop weight impact, and SHPB. Figure 18 depicts the experi-
mental DIF (E.) obtained from three different test setups
and their comparison with existing models and the proposed
model in the present study. As shown in Figure 18, the pro-
posed model can appropriately follow the trend of obtained
DIF (E.). While CEB-FIP model code [30] proposed a
model for both range of quasi-static and impact. In the
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current study, not only the effect of type of loading (quasi-
static and impact) was considered, but also the effect of the
test approach in the range of impact on the mechanical
characteristics was evaluated.

To evaluate the accuracy of the models, mean absolute
deviation (MAD) and mean absolute percentage error
(MAPE) are used, according to Egs. (11) and (12),

1 N
MAD = (N) zl:|pre,- — exp| (11)
MAPE — (l> i: Prei = &Pil 100 (12)
VY 7 exp;

where pre is the model prediction, exp is the experimental
result, and N is the total number of specimens. The values
of MAPE and MAD were calculated for each parameter and
each test approach. Table 9 shows both MAPE and MAD
values for the prediction of DIF (f.) by different models.
The results have shown that the model proposed by Hao
and Hao [25] with MAPE and MAD of 8.65% and 0.09,
respectively, has the biggest errors values in the range of
quasi-static. While in the range of impact using drop weight
test, two models proposed by Fujikake et al. [33] and Krahl
et al. [37] predicted the experimental DIF (f.) with the
MAPE of 21.23% and 24.70% and MAD of 0.35 and 0.33,
respectively. Regarding the results obtained from SHPB test,
the model proposed by Fujikake et al. [33] show the highest
MAPE and MAD of 6.91% and 0.09, respectively. While the
prediction of the DIF (f.) was improved by the proposed
model with the lowest MAPE and MAD values, Table 9. It
is realized that the proposed model in the present study pre-
dicts the DIF (f,) more accurately considering the effect of
both strain rate and test approach.

Two parameters of MAPE and MAD were also calculated
for each test approach to evaluate the accuracy of the pro-
posed models for the prediction of DIF (E.), Table 10.
Comparison of the obtained error values shows that the pre-
diction of DIF (E.) values is significantly improved by the
proposed model. For instance, the values of MAD and
MAPE that result from the model proposed by CEB-FIP
model code [30] for the DIF (E.) in the quasi-static range
are 0.06 and 5.41%, respectively. While these values for the
proposed model are 0.02 and 2.09%, respectively. Similarly,
for impact tests using the drop weight impact and SHPB
tests, the experimental DIF (E.) can be predicted more
accurately by the proposed model. While the model pro-
posed by CEB-FIP model code [30] does not follow the
trend of experimental results, especially for results obtained
from the SHPB test. The proposed model in the present
study can be used for the appropriate prediction of
DIF (E,).

3.5.2. Energy absorption capacity (toughness)

Toughness parameter is used to characterize the energy
absorption capacity of SFRC in compression, and as larger it
is, as ductile is the failure mode of SFRC structures failing
in crushing [48]. Under quasi-static loading, it is considered
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Figure 17. Empirical DIF relations for SFRC's compressive strength using different test methods.
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Table 9. MAPE and MAD values for prediction of DIF (f,) by different models.

Quasi-static Impact-drop weight Impact-SHPB
Reference MAPE  MAD MAPE MAD MAPE  MAD
Proposed model 268  0.03 8.19 0.12 3.18 0.04
CEB-FIP [29] 302 003 1337 0.21 417 0.06
CEB-FIP [30] 2.74 0.03 14.46 0.23 3.81 0.05
Hao and Hao [25] 865  0.09 13.80 0.20 2.56 0.04
Krahl et al. [37] 7.48 0.08 21.23 0.35 3.74 0.06
Fujikake et al. [33]  5.71 0.06 24.70 033 6.91 0.09

Table 10. MAPE and MAD values for prediction of DIF (E) by different
models.

Quasi-static Impact-drop weight Impact-SHPB
Reference MAPE  MAD MAPE MAD MAPE ~ MAD
Proposed model  2.09 0.02 7.46 0.12 8.87 0.10
CEB-FIP [30] 5.41 0.06 8.19 0.14 16.37 0.17
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Figure 19. (a) DIF of toughness of SFRC, (b) comparison of the obtained experi-
mental DIF of toughness with the model proposed by lbrahim et al. (38].

that the failure point in the compressive stress-strain curve
corresponds to a strain value of 0.005.

Xu et al. [15] reported that due to a limitation in the dis-
placement of hooked end fibers and the local damage that
takes place near the hooks, the hooked end fiber has a rela-
tively weaker mechanical bond to concrete than other steel
fibers under impact loading. This limitation in the displace-
ment of the fiber leads to a decrease in the ultimate strain
of the SFRC and thus a lower toughness rather than other
types of steel fibers is obtained (at the same strain rate in
the range of impact). Consequently, the toughness under
impact loading of SFRC with hooked end fibers mainly
depends on the anchorage contribution of the fibers [49]. It
should be noted that the efficiency of hooked end fibers in
SFRC relies on the mechanical bond with concrete and the
two end anchorages. The contribution of each in the energy
dissipation can vary, depending on the strain rate considered
[49]. Moreover, some experimental studies [24, 50] have
investigated the effect of displacement rate in steel fiber
pull-out test. They have shown that in the pull-out test, the
rate sensitivity of the hooked end fibers is lower than the
smooth fibers. Tarifa et al. [50] reported that this behavior
of hooked end fiber is caused by the prevalence of the
anchorage provided by the hook over the physicochemical
bond. It makes the viscous-elastic/plastic response of the
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Figure 20. Comparison of the obtained experimental DIF of toughness with the
literature results.

concrete not completely develop, and consequently, the
hooked end fibers have less sensitivity to the displacement
rate. Considering previous research in this field that was dis-
cussed in the last paragraph, both the bond behavior and
mechanical properties of hooked end fiber are the most
important parameters influencing SFRC toughness, especially
under impact loading. Likewise, the pull-out load and the
mechanical properties of hooked end fibers are also deter-
minant on the toughness of SFRC specimens subjected to
different loading rates. In the present study, one type of
hooked end fiber with specific mechanical properties was
used for all the specimens.

The ratio of dynamic to static toughness for all SFRC
specimens was listed in Table 6. The values presented show
that the strain rate can significantly influence the toughness
of SFRC. The maximum DIF for toughness presented in
Table 6 is 2.54. Figure 19 shows the DIF values associated to
toughness for the loading rates tested within the present
research, and compares these with the results obtained with
the model proposed by Ibrahim et al. [38]. This model
underestimates the experimental results obtained in the pre-
sent study. This can be attributed to the fact that this model
has been derived from the experimental study performed by
Ibrahim et al. [38] in which they used hybrid fibers (steel,
polypropylene, and Kevlar fibers), and performed SHPB test-
ing, while SFRC and the drop weight impact testing were
the option in the current study. As shown in Figure 19, by
increasing the strain rate, the difference between the results
obtained from the model proposed by Ibrahim et al. [38]
and the experimental results obtained in the present study is
more visible.

The experimental results obtained in the current study
and the results obtained in the experimental studies
described by other research [15, 25, 28, 37, 38] on the DIF
of toughness of SFRC specimens were plotted in Figure 20.
As it is shown, the toughness value was more sensitive to
the strain rate in the range of impact than in the range of
quasi-static (Figure 21). Also, there are two main aspects to
be noted when the current experimental results are com-
pared with the previous studies. First, different toughness
values are obtained at any strain rate. These differences
increase with strain rate value and, in the impact range, are
more obvious than in the quasi-static range. Second, the
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Table 11. MAPE and MAD values for prediction of DIF (T) by different models.

Quasi-static Impact-drop weight Impact-SHPB
Reference MAPE  MAD MAPE MAD MAPE ~ MAD
Proposed model 2.95 0.03 21.82 0.35 1058 043
Ibrahim et al. [38] 4.58 0.05 35.02 0.69 2846  1.22

strain rates applied under impact loading are generally lower
than the ones applied in the previous research, which means
that the current work focuses on the lower strain rates range
of impact. Considering these aspects, three empirical models
were proposed to improve the prediction results of tough-
ness considering the effect of both strain rate and test
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approach, Egs. (9)-(11). Table 8 has shown the coefficient
in proposed DIF formula for SFRC toughness.

MAPE and MAD values were calculated for each test
approach to evaluation the accuracy of the proposed models
for prediction of DIF (T), Table 11. Comparison of the
obtained error values shows that the prediction of DIF (T)
is improved by the proposed model. For instance, in the
range of quasi-static, the model proposed by Ibrahim et al.
[38] does not follow the trend of experimental results and
the values of MAD and MAPE that result from the model
proposed by Ibrahim et al. [38] for the DIF (T) in the
quasi-static range are 0.05 and 4.58%, respectively. While
these values for the proposed model are 0.02 and 2.09%,
respectively. Similarly, for impact tests using the drop weight
impact and SHPB tests, the experimental DIF (T) can be
predicted more accurately by the proposed model, Table 11.

The scatter in the prediction of DIF (T) using proposed
models by Ibrahim et al. [38] and present study was shown
in Figure 22. The proposed empirical formula can be used
to estimate the DIF in the numerical and analytical predic-
tion of SFRC structure responses under high strain rate
loadings. It should be noted that proposed models are
derived from test data for the strain rates up to 313.4s~ " for
three different test approaches. Beyond this range and the
use of another testing approach, the proposed model can be
modified for them.

4. Conclusions

The current study investigated the effect of strain rate on
the compressive behavior of steel fiber reinforced concrete
(SFRC) in both range of the quasi-static and impact. For
this purpose, an experimental study was performed on 29
SFRC cylinders under compressive loading. Compressive
strength, modulus of elasticity and toughness were evaluated
under eight different strain rates, ranging from quasi-static
(between 10 ° and 10> s ) to impact level (between 1 and
50s~"). The paper also investigated the inertia force effects
during compressive impact process and its relationship with
the acceleration. The study on the strain rate effect is based
on the dynamic increase factor (DIF), and this parameter
was analyzed and calculated for compressive strength,
modulus of elasticity and toughness. In addition, the calcu-
lated DIFs based on the experimental results were compared
with DIF proposed models by present study, by CEB-FIP
codes and by other researchers. This comparison was aimed
at evaluating the applicability of the different models in pre-
dicting the effect of high strain rates on the above-men-
tioned SFRC characteristics. Based on the results and
observations of this study, the following conclusions were
reached:

1. The maximum acceleration at the mid height of the
cylinder and subsequently the inertia force increase as
the strain rate increases. The difference between experi-
mental and analytical inertia forces also increases with
strain rate. Also, a non-linear acceleration distribution
along the specimen is expected, and the assumption of

linear distribution is not applicable for all ranges of
strain rate studied.

2. By increasing the strain rate, modulus of elasticity, com-
pressive strength, and toughness of SFRC increase. The
strain rate effect in the range of impact is more signifi-
cant than in the range of quasi-static loading.

3. Corresponds to the maximum strain rate obtained,
maximum DIF values of 1.58, 1.48, and 2.54 were
achieved for the modulus of elasticity, compressive
strength, and toughness, respectively. The maximum
DIF values of these parameters show that the strain rate
can significantly influence the mechanical properties of
SERC.

4. In addition to the strain rate, the effect of test approach
was considered by proposed models. Three different
models were established for predicting each mechanical
characteristic of SFRC at the different strain rates; one
model in the range of quasi-static and two models in
the range of impact correspond to the SHPB and drop
weight impact tests.

5. The DIF models of modulus of elasticity, compressive
strength, and toughness proposed by present study can
predict DIF values of SFRC more accurately than the
other models considered.
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