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Abstract In order to determine the compressive and
tensile strength of concrete under conditions of explo-
sive loading, and to develop a methodological frame-
work in this regard, three types of concrete have been
investigated: concrete with fine-grained granite in the
form of crushed stone having a static compressive
strength of 47 MPa, the same concrete with the addi-
tion of steel fibers and also the same concrete rein-
forced by steel bars. The samples were rods of 50 and
100 mm diameter and five to ten diameters in length.
The compressive fracture occurs at a relatively small
distance of propagation of the load pulse along the rod
and is accompanied by fast decay. The measurements
of parameters of the compression pulse at the end of
the fracture zone allowed us to determine the values
of the dynamic compressive strength of the concrete
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while measurements of the free-surface velocity his-
tory at long distances were used for determining the
dynamic tensile strength or spall strength values. The
values of the dynamic compressive strengthwere found
to be 2.5 times higher than the static strength. The steel
fibers increased the dynamic compressive strength by
about 10%. The obtained values of the dynamic ten-
sile strength are 3–8 times higher than the values of
the static tensile strength. The steel fibers increase the
tensile strength by 20–50%. The reinforced sample has
shown an increase of dynamic tensile strength by a fac-
tor of about 30.

Keywords Compressive strength · Tensile properties ·
Concrete · Fiber reinforcement · Explosive loading

1 Introduction

The problemof describing the dynamic strength of con-
crete is related to the necessity of the prediction of
the resistance of the building structures to explosion,
high-velocity impact or other intense pulsed actions.
Concrete is a brittle material and its tensile strength is
much lower than its compressive strength, and plastic
deformationprior to fracture is negligible. Thedynamic
strength of brittle materials such as ceramics, minerals
and glasses has been widely studied using the tech-
niques employed in shock-wave experiments (Kanel
et al. 2004). However, usually such experiments are
carried out with the samples having characteristic sizes
of several centimeters or even millimeters. A specific
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requirement for the concretes is the necessity of the test-
ing specimens having dimensions that aremuch greater
than the sizes of structural heterogeneities that in a prac-
tical sense means tens of centimeters or meters. In our
previous work (Savinykh et al. 2018), an attempt at the
required enlarging of the scale of dynamic tests was
made for a fine-grained concrete (rather for a mortar).
In this paper, we present the results of further testing
and development of the method (Savinykh et al. 2018).
Three types of concrete were chosen as the materi-
als to be tested: the concrete with fine-grained gran-
ite in the form of crushed stone (hereinafter, granite
crushed stone) the same concrete with the addition of
steel fibers, and the same concrete reinforced with steel
bars. In addition, one more experiment was undertaken
with concrete which has been the focus of an earlier
study (Savinykh et al. 2018).

The fibers should noticeably increase the strength
of concrete. Thus, it was found in Jiao et al. (2009)
that with the addition of 3% of the volume fraction of
steel fibers, the dynamic strength of concrete at strain
rates between 40 and 100 s−1 increased by approxi-
mately 30%. In Nili et al. (2016), it has been shown
that 1% of the volume fraction of steel fibers with
curved ends resulted in an increased resistance to the
cracking under quasi-static and dynamic loadings. In
Bazhenov (1970), the samples with the asbestos fibers
were tested, and it was found that theDynamic Increase
Factor (DIF) defining the ratio of strength of concrete
under dynamic loading to its static strength increased
by 8–12% under tension and by 20–30% under shear
stresses. On the other hand, in Coppola et al. (2011)
the study of the strength properties of mortar with the
addition of glass fibers and carbon nanotubes was con-
ducted and it was found that the DIF for these mixtures
was even lower than the DIF for the mortar having no
fibers.

2 Materials and experiments

We investigated three kinds of fine-grained concrete,
including the fiber-reinforced concrete and the concrete
with reinforcing bars. All of the samples were prepared
in the shape of rods of two different diameters, each
having a length of 10 diameters. The components of
incident mixtures were combined in the following pro-
portions: for 1 kg of cement there was 1.4 kg of sand,
2.9 kg of granite in the form of crushed stone and 0.46
l of water. Portland cement (ExtraCEM 500, Holcim

Fig. 1 a The steel wave fiber; b Steel rebar diameter: 8 mm

Group Services Ltd.) was used. The granite crushed
stone had the particle size in the range from 2 to 5 mm.
The weight of steel fibers for 1 kg of the mixture was
0.06 kg. The abovementioned proportion without the
steel fibers corresponds to the brand cementM500with
a static compressive strength∼ 47MPa. The steelwave
fibers FSV-0.3/15 shown in Fig. 1a had a diameter of
0.3 mm and a length of 15 mm. The reinforcing steel
bars shown in Fig. 1b had a diameter of 8 mm. Eight
reinforcing bars were installed symmetrically at a dis-
tance of 20 mm from the outer surface, as shown in
Fig 2.

The resulting mixture was poured into plastic pipes
with diameters of 46 or 104 mm and lengths of 0.5
and 1 meter, respectively, after that all the workpieces
of concrete mixtures were subjected to the vibration.
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Compressive and tensile strength 131

Fig. 2 The scheme of a reinforcing frame. Dimensions in figure
are in mm

Fig. 3 The photo of the cross section of concrete rod of 104 mm
in diameter

The samples were kept for more than 28 days in plas-
tic pipes to prevent excessively rapid drying. Before
the experiment, the pipe was removed and the rod ends
were mechanically treated. The measured density of
the concrete was 2.37 g/cm3 for the basic concrete and
2.44 g/cm3 for the fibrous concrete. The calculated den-
sity for reinforced concrete was 2.63 g/cm3. Figure 3
shows a photograph of the cross section of a concrete

rod which demonstrates the uniform distribution of the
components and some moderate residual porosity of
the material.

Figure 4 presents the scheme of the experiments.
Detonation of the explosive lens with a diameter of
100 mm generated compressive pulses in the rod sam-
ples. The lens was placed in a steel ring in order to
increase the load duration and uniformity. The ini-
tial load corresponds to uniaxial strain conditions. But,
while the load pulse propagates along the rod the mate-
rial is subjected to radial unloading and, as a result, at a
sufficient distance from the input end the deformation
mode of the rod in the compressive pulse approaches
the uniaxial stress conditions. The measured output
pressure of shock compression in the PMMA base-
plate was 3.8 GPa; the shock pulse duration was longer
than 10 μs. A polarization detector of shock wave was
placed between the baseplate and the sample in order
to measure the pulse front propagation velocity. In the
experiments, the velocity histories of the free rear ends
of the rod samples were recorded by means of laser
Doppler velocimetry in the form of the velocity inter-
ferometer system for any reflectors (VISAR) (Barker
and Hollenbach 1972). In order to initiate and maintain
the reflectivity of the sample end, aluminum foil of 400
μ thickness was glued onto the output surface.

3 Compressive strength of concrete

Figures 5 and 6 present the free surface velocity histo-
ries for the concrete rods having two different diam-
eters with and without steel fibers. Since no resid-
ual deformation was observed near the output ends of
recovered rods, we assume that the compression wave
becomes completely elastic at this distance. A reason
for the long rise time of the compression wave is obvi-
ously associated with the wave scatter in the inhomo-
geneous material. The compression wave is followed
by the unloading wave which causes a decrease in the
velocity. Interaction of incident and reflected unload-
ing waves leads to the generation of tensile stresses and
spall fracture inside the rod. As a result, only a small
initial part of unloading is recorded which is limited by
the spall strength value. The stress relaxation at frac-
ture creates a compression wave which appears on the
free surface velocity history and causes the velocity
increase.
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Fig. 4 The scheme of
experiments on the
explosive loading of
concrete rod samples

Fig. 5 The free surface velocity histories of concrete rods with
the diameter of 46 mm and the length of ∼ 230 mm. The arrows
indicate the spall pulse front

Fig. 6 The free surface velocity histories of concrete rods with
the diameter of 104mm and the length of∼ 470 mm. The arrows
indicate the spall pulse front

The experimental data have a rather good repro-
ducibility. In all of the experiments, the propagation
velocity of the compression wave front was measured
and was found to be equal to 3.99 ± 0.2 km/s for
the concrete without fibers and 4.02 ± 0.2 km/s for
the concrete with steel fibers. For comparison, Fig. 6
presents also the free surface velocity history of the
M300 concrete rod of the same sizes. In accordance
with previous work (Savinykh et al. 2018), the density
of M300 is 2.1 g/cm3 and the wave propagation speed
is 3.6±0.2 km/s. Although this concrete does not con-
tain granite particles and it may be considered as less
inhomogeneous, thewaveform for thismaterial demon-
strates a much longer rise time. Probably, different rise
times are the result of different viscosities due to the
water content (Guo et al. 2017; Ožbolt et al. 2011). We
used twice asmuchwater per kilogram of final material
for making M300 samples compared with M500. As a
result, the porosity and perhaps residual water content
were greater for M300.

Figures 7 and 8 show the photos of the sample rods
that were recovered after the tests. The rear parts of the
rods consist of several pieces separated by the abrup-
tions or cracks, which are approximately perpendicular
to the axis of the rodwhile the parts adjacent to the input
end are formed by the inclined cracks which are typical
for compressive fracture. The abruption is the result of
the spallation. The recovered blocks have no residual
traces of inelastic deformation.

The compressive fracture of the samples with a
diameter of 46 mm takes place along a length of
about 90–92 mm. Therefore, one can conclude that
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Compressive and tensile strength 133

Fig. 7 Samples of concrete rods with diameter of 46 mm after the test on dynamic compression. The material of upper rod is concrete
with steel fibers (the shot number C230f), for the lower sample it is concrete (C230)

the compressive stress at this distance corresponds to
the dynamic compressive strength of the concrete. For
the rods of 104 mm diameter, compressive fracture
occurred in the 171± (10) mm long section in the case
of pure concrete and in the 139±(10)mm long section
in the case of concrete with steel fibers.We can suppose
that a longer fracture length means a larger compres-
sive stress withstood by the material, which means that
the steel fibers in the composition of concrete increase
the compressive strength.

The following experiments have been performed
with the rods of length being equal to the length of the
fracture zone, that is 171 mm and 139 mm for the con-
crete and the concrete with a fibers, respectively, and
diameters of 104mm and 91mm for the rods of smaller
diameter. The measurements of the free surface veloc-
ity histories under the same loading conditions were
carried out. The results are presented in Figs. 9 and 10.
The influence of steel fibers on the recordedwaveforms
is not significant, nevertheless, it is seen that fibrous
concrete sustains higher stress in spite of the longer
distance for decay of the incident load pulse. The peak
values of the velocity for the rods of two different diam-

eters do not differ much from each other, and this may
be considered as confirmation of the correctness of this
method of determining the fracture stresses.

Thus, the compressive stress definedby themeasure-
ments of free surface velocity histories for two kinds
of concrete rods with different diameters should cor-
respond to the dynamic compressive strength of these
kinds of concrete. For calculations of the stresses, the
values of the dynamic impedances ρc (here ρ is the den-
sity, c is the sound speed) are needed. In accounting for
the small values of particle velocity and stresses, calcu-
lations may be performed using an acoustic approach
while assuming that the density and sound speed are
constant.

Since the compression wave broadens with propa-
gation, the velocity of its middle part was taken for esti-
mation of the dynamic impedance. For the wave pro-
files shown in Fig. 10, velocities were 3.55± 0.2 km/s
for the concrete without fibers and 3.58 ± 0.2 km/s
for the concrete with steel fibers. Because of the lack
of information on the dynamic compressibility of the
concrete, we assume in the usual manner that its
dynamic impedance under the compression and sub-
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Fig. 8 Samples of concrete rods with diameter of 104 mm after test on dynamic compression. The upper sample is the concrete with
steel fibers (C470f), for the lower sample it is concrete (C470)

Fig. 9 The free surface velocity histories of the rods of concrete
with and without steel fibers having a length of 91 mm and a
diameter of 46 mm

sequent unloading remains unchanged. Under these
assumptions, the compressive stress at the end of the
fracture zone is defined asσ = ρcufs/2,where ufs is the
peak free surface velocity in the compression wave.We
used the peak value of the surface velocities because at
this distance the materials sustain the whole compres-
sion pulse without fracture.

Fig. 10 The free surface velocity histories of the concrete rods
of 104 mm in diameter with and without steel fibers having a
length of 171 mm and 139 mm, respectively

The stresses calculated in this way are summarized
in Table 1. It can be seen that regardless of the diameter,
the addition of steel fibers slightly increases the com-
pressive strength. Since the compositions of the studied
concretes correspond to the brand of concrete M500,
it was assumed that the samples were characterized by
the quasistatic compressive strength of theM500which
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Table 1 Dynamic compressive strength of the investigated concrete

Experiment D (mm) L (mm) umax (m/s) σx (MPa) DIF ε̇ (s−1)

C171, concrete 104 171 29 ± 2 124 ± 8 2.63 344

Cf139, concrete+fiber 104 139 31 ± 2 132 ± 8 2.80 402

C91, concrete 46 91 31 ± 2 132 ± 8 2.80 471

Cf91, concrete+fiber 46 91 36 ± 2 153 ± 8 3.25 510

D rod diameter; L length of the rod

is equal to 47MPa that is less than half of the measured
dynamic strength. Mentioned in the Table 1 strain rates
in the compression wave were calculated using the free
surface velocity histories as ε̇ = u̇ f s/2c, where u̇ f s is
the velocity gradient in the compression wave. Also,
the calculated Dynamic Increase Factor (DIF) of the
investigated concrete under the duration of the loading
of the order of 50–100 μs is presented in Table 1. The
obtained values of DIF in the range of 2.5 to 3 for the
concrete and for the concrete with steel fiber of two
diameters at the strain rate of 350–500 s−1 agree with
the available experimental data (Guo et al. 2017) on
dynamic properties of concrete, including fine-grained
concrete.

4 Dynamic tensile strength of the concrete

The interaction of incident and reflected unloading
waves near the rod rear end results in the generation
of tensile stresses and spall fracture inside the sample
rod that appears in Fig. 11 as the approximate plane
rupture cracks perpendicular to the rod axis. The mea-
sured lengths of the spalled pieces close to the end
of the rod are presented in Table 2. These values are
close to those that were evaluated from the free sur-
face velocity histories using the relation (Kanel et al.
2004): h = Δt/(1/c + 1/cl), where Δt is the time
interval between the spall pulse front and upper part
of the compression wave as is shown in Fig. 5, cl is
the recorded propagation velocity of the compression
wave. The lengths of the spall pieces calculated in this
way are also presented in Table 2. Good agreement of
the calculated and directly measured lengths of spall
pieces of rods for the three types of concrete confirms
the correctness of use of the wave dynamics.

By means of measuring the velocity pullback val-
ues Δu f s on the free surface velocity histories shown
in Figs. 5 and 6, it is possible to calculate the value of

the tensile stresses realized just before the spall fracture
(the spall strength) using the relation (Kanel et al. 2004)
σ ∗ = ρcΔu f s/2. The values of spall strength σ* cal-
culated in this way are also presented in Table 2. The
propagation velocity of the mid-point of the compres-
sion wave for brand M300 is 2.1± 0.2 km/s (Savinykh
et al. 2018). It is seen that the fibrous concrete possesses
a spall strength that is much higher than the concrete
without additives. The value of spall strength of the
sand-cement mixture of brand M300, as expected, is
the lowest. From the reference data it can be found
that the quasistatic tensile strength of the cement brand
M500 is 2.8 MPa, and the strength of the cement brand
M300 is 2.1 MPa. In estimations of the DIF for tensile
strength, it was assumed that the strength of the cement
brandM500 and the concretewith steel fiberwere equal
under tension at the static loading. The results are pre-
sented in Table 2. It is seen that DIF is in the range
from 3 to 8 when the strain rate under tension is from
15 to 70 s−1, which agrees with the available experi-
mental data (Bragov et al. 2015) on dynamic properties
of concrete under high rates of tension.

Figure 12 presents the photo of the reinforced con-
crete rod with a diameter of 104 mm, a length of
958 mm that was recovered after the test. The axial
part inside the reinforcing ring with a diameter of about
56 mm remained non-fractured; the compressive frac-
ture has formed a conical surface at its end at a distance
of 90 mm from the apex of the cone and at a distance of
130 mm from the base of the cone with a diameter of
56 mm. Under the action of explosive loading, the steel
rebars were bent in the radial direction away from the
axis of the rod. The right-hand side of Fig. 12 shows the
symmetry of the deformation of the reinforcing frame
relative to the rod axis. The destruction of the external
concrete ring stopped at a distance of 310–350 mm.
The whole recovered part does not visually contain any
evidence of tensile fracture.
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136 A. S. Savinykh et al.

Fig. 11 The rear parts of the concrete rods with a diameter of 104 mm recovered after the tests. From left to right: concrete (C470),
concrete with steel fiber (C470f), sand-cement mixture of brand M300 (M300_2)

Table 2 Dynamic tensile strength of the tested concrete

Experiment D (mm) L (mm) Δu f s (m/s) σ* (MPa) hcalc (mm) hreal (mm) DIF ε̇ (s−1)

C470, concrete 104 471 2.4 10.1 82 80–90 3.6 30

C470_2, concrete 104 475 1.9 7.9 71 78–90 2.8 31

C470f, concrete+fiber 104 475 5.5 24.2 108 100–110 8.6 28

C470f2, concrete+fiber 104 468 2.8 12.1 61 55–63 4.3 42

M300_2 104 471 3.1 6.83 116 110–120 3.3 15

C_ar, reinfor.concrete 104 958 16.2 >81.5 – no 29.1 15

C230_2, concrete 46 232 2.5 10.5 35 52–57 3.8 48

C230f, concrete+fiber 46 230 3.5 15.2 30 55–60 7.2 70

hcalc is an calculated thickness of spall plate, hreal the measured thickness of the spall plate

Figure 13 presents the free surface history recorded
in the experiment with the reinforced rod. The steel
reinforcing bars complicated the loading history as a
result of which the recorded velocity went into the neg-
ative domain. The velocity of the wave front cl that
was registered using a polarizing gauge was 4.39 km/s.
The estimation of the minimum possible value of spall
strength was conducted using the recorded velocity
pullback. The latter has been estimated as 16.2 m/s,
also accounting for the part in the negative domain.

The estimations of spall strength for the reinforced rod
are shown in Table 2. The calculated tensile strength
of the reinforced sample was 7.5 times higher than that
of the unreinforced concrete and 3–5 times higher than
that of the concrete with steel fiber. The calculated DIF
for the reinforced concrete was 29, which appears to be
an overestimated value due to the large deviation from
the one-dimensional motion of matter in the rod.
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Compressive and tensile strength 137

Fig. 12 Photographs of the
reinforced concrete rod with
a diameter of 104 mm, a
length of 958 mm recovered
after loading. Left—side
view, right— top view

Fig. 13 The free surface velocity profile of the reinforced con-
crete with a diameter of 104 mm, a length of 958 mm (c_ar)

Conclusion

The performed experiments, as described in the present
paper, with three types of concrete confirmed the work-
ability and efficiency of the suggested method for eval-
uating the dynamic strength properties of concrete. The
arrangement of tests with rods allows the use of rel-

atively large-scale samples. The obtained data are in
reasonable agreement with each other and also with
the data in the body of literature and show a significant
increase of the resistance to fracture in comparisonwith
the low-rate of response of the concrete.
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