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Dynamic properties of heavy concrete grade B45 under shock loading
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In this study, cylindrical samples of the B45 heavyweight concrete with a diameter of 105 mm and lengths of
25-500 mm were subjected to shock compression loads of 3.8 GPa, induced using explosive plane-wave generators.
Upon loading, the shock wave profiles were continuously recorded with a ,,VISAR® laser interferometer. As a
result, dependences of the shock wave attenuation on the sample length and the dynamic hardening coefficient
were determined. In addition, the dynamic (spall) strengths were assessed for the concrete samples under both

compressive and tensile loads.
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Introduction

Owing to its unique physical and mechanical properties,
wide availability, and relatively low cost of components,
concrete is currently regarded as an irreplaceable material
for construction of large-scale load-bearing and protective
structures operating under both static and intense dynamic
loads. Heavyweight concrete is a composite material where
a conglomerate consisting of filler particles (crushed stone,
chips, sand) is bonded by cement stone. To prevent cracking
and increase the strength of concrete during its production,
various types of reinforcement and fibers of different shapes,
sizes, and compositions (metals, polymers, etc.) are often
added to the mixture [1-6].

The problem of characterizing the dynamic strength
properties of concrete is associated with the need for
a calculated prediction of the response of engineering
structures to an explosion, high-speed impact, and other
intense pulse loads [7-9]. Studies into dynamic strength are
focused largely on determining the corresponding strain rate
dependence of strength [10]. Concrete is a brittle material
with its tensile strength being many times lower than the
compressive strength and pre-fracture plastic deformation
being insignificant (or zero). The modified Kolsky method
with a split-Hopkinson pressure bar [11] is the one that is
used most frequently in world practice for assessing the
strength of structural materials at strain rates up to 10°s~1.
The results of a series of experimental and theoretical
studies into the strength properties of brittle materials
(in particular, fine-grained concrete and advanced fiber-
reinforced concrete types) were reported in [12]. Methods
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for testing concrete under Hopkinson bar loading have
already been developed and implemented. They differ in
the way loads are produced, in characteristic dimensions of
the specimens being tested, and in how their structure is
taken into account.

Shock wave measurement methods are used to examine
the strength of brittle materials (ceramics, minerals, glass)
under explosive or high-speed impact conditions at strain
rates greater than 10*s~! [13].  Under such loading
conditions, the method providing the most comprehensive
data on the resistance of test specimens to rapid deformation
and fracture is the one based on recording and subsequent
analysis of evolution (shape change) of the compression
wave in the process of its propagation through the material.
The values of spall strength (15—41MPa) of concrete
specimens with a thickness of 12.7 mm and different gravel
fractions were determined in the elastic compression region
in experiments with a light-gas gun [14]. A noticeable
influence of strain rate on the dynamic behavior of dry and
water-filled concrete was demonstrated in [15]. Data on
the attenuation of a shock wave propagating in ©52 mm
specimens with a thickness of 8.84mm were used to
evaluate the fracture toughness of concrete within the range
of shock compression pressures of 1.5-3.5 GPa [16] A series
of experiments with ©@65mm concrete specimens 20 mm
in thickness were conducted in [17,18] to determine the
maximum shear stresses. It was found that the shear
strength depends more on the matrix than on the fillers.
The authors of [19] have demonstrated the lack of influence
of the filler size on the shock adiabat under compressive
stresses ranging from 3 to 23 GPa.
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It should be noted that these earlier studies have a
disadvantage in that they were limited in the permissible
range of specimen sizes [14,16-18,20] and are thus normally
applicable only to fine-grained concrete. Data for small-
sized test specimens are ill-suited for scaling the obtained
properties to real structural elements and do not satisfy the
requirements for representative volumes of materials with
large inclusions. Alternative testing methods remain relevant
in studies of the dynamic properties of conventional large-
fraction materials, such as heavyweight concrete with large
aggregates [21,22].

The aim of the present study was to determine the
strength properties of large-sized cylindrical specimens of
heavyweight concrete B45 (C35/45) under compression and
tension and explosive loading conditions.

1. Tested material

Cylindrical heavyweight concrete specimens were pre-
pared in the laboratory of the concrete plant of Soyuzbeton
LLC (Tomsk). The formula for the production of a
concrete mixture was set according to GOST 27006-2019
and included 380kg of the binder component (Portland
cement CEM 0 42.5N manufactured by Topkinsky cement
LLC), 130kg of ECOFIL-480 slag, 700 kg of construction
sand, 1055kg of crushed dense rock with a size range of
5—10mm, 190kg of purified mixing water, and improving
additives. The prepared concrete mixture was poured into
molds in the form of ©105mm plastic pipes 500 mm in
length, which was followed by short-term compaction on a
vibrating table. A batch of specimens in the form of cubes
100 x 100 x 100 mm in size and @105 mm pellets with a
thickness of 200 mm was produced additionally to assess
the static compressive and tensile strength, respectively. The
specimens were kept in laboratory conditions for more than
28 days for development of strength. Figure 1 shows the
cross cut of a cylindrical blank. It can be seen that crushed
rock is distributed evenly over the surface. Thus, it was
concluded that its distribution throughout the volume is also
uniform. No large pores or air pockets are visible in Fig. 1.

Concrete density py = 2460kg/m> was determined by
the hydrostatic weighing method using an ME204T an-
alytical scale (Mettler Toledo). To prevent their satu-
ration with water, the specimens were covered with a
thin layer of polyvinyl acetate glue prior to measure-
ments.  The values of longitudinal and shear sound
velocity were measured using the ultrasonic method
with a transducer frequency of 25MHz and were
c; = (4663 +£0.03)m/s and ¢, = (2532 £0.03) m/s, re-
spectively. Measurements were carried out for 25-mm-
long specimens. Bulk sound velocity ¢, was calculated as

cp = 1/c? — 4c2/3 = (3633 £ 0.05) m/s.

Figure 1. Ground surface of a ©105 mm concrete blank cut.

2. Experimental procedures

Experiments on the evaluation of static strength un-
der compression and tension were carried out using a
TP-1-1500 compression-testing machine in accordance with
GOST 10180-2012 in the plant laboratory of Soyuzbeton
LLC (Tomsk) at a loading rate of 0.6 MPa/s under axial
compression of cubes and radial compression of @105 mm
pellets with a thickness of 200mm in a Brazilian-type
test [23]. The static compressive strength of prepared
concrete turned out to be 59 MPa, which corresponds to
heavyweight concrete grade B45; its tensile strength was
8 MPa.

Cylindrical specimens for shock-wave experiments with
lengths of 200, 100, 70, 50, 35, and 25 mm were cut from
500-mm-long blanks using a diamond saw. To ensure plane-
parallelism, the end surfaces of specimens were ground
and polished with a diamond cup. The values of dynamic
strength of the concrete specimens under study were
determined in experiments on explosive loading performed
according to the procedures detailed in [21,22,24] using test
equipment provided by the Federal Research Center for
Problems of Chemical Physics and Medical Chemistry of
the Russian Academy of Sciences.

Figure 2 shows the diagram of the assembly for shock-
wave experiments. A shock wave in a specimen was
produced by detonation of plane-wave generator / 100 mm
in diameter, which was placed in steel obturating ring 2
with a height of 27mm and a wall thickness of 20 mm,
to obtain the required pressure and duration of the shock
compression pulse. The shock wave entered specimen 5
through screen 3 (detonation wave attenuator) made of
polymethyl methacrylate with a thickness of 27 mm. This
screen reduced the amplitude of the shock compression
pulse formed by the explosive lens. The duration of
the compression pulse at the attenuator output was more
than 10us. The shock compression pressure was 3.8 GPa.
Polarization sensor 4 was positioned between the screen
(attenuator) and the specimen and used as a time marker
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Figure 2. Exploded-view diagram of components of the assembly
for a shock-wave experiment (see explanation in text).

of shock wave entry into the concrete specimen that is
needed to measure the velocity of propagation of a shock
compression pulse through the specimen. This sensor was a
sandwich of copper foil (50 um) — scotch tape (45 um) —
copper foil (50 um) pressed tightly against each other. The
scotch tape diameter was 45mm. The operating principle
of such sensors is referred to as impact polarization in
literature [25]. The pressure jump between the plates (in
the present case, copper with a polar dielectric — scotch
tape) produced when the shock wave reaches the sensor
is accompanied by the formation of EMF in the external
circuit. The signal level reached in these experiments was
on the order of 1 V.

Continuous recording of free surface velocity profiles
ug(t) of the specimens was carried out using a VISAR
laser Doppler interferometric velocimeter [26]. Aluminum
foil 6 with a thickness of 400 um was glued with epoxy
resin to the end surface of the specimen in order to reflect
probing laser radiation.

3. Results of shock-wave experiments

Figure 3 shows the summarized profiles of the free
surface velocity of B45 concrete specimens with lengths
ranging from 25 to 500mm. In concrete specimens
25—70mm in length, the shock wave was found to be split
into an elastic wave propagating with velocity U,; and a
plastic one with velocity Uy,;. Despite the significant duration
of the initial shock compression pulse (more than 10us)
entering the specimen, measurements revealed a significant
reduction in amplitude of the plastic wave in the process
of propagation of the compression wave in concrete. The
drop in amplitude of the incident wave recorded in the
wave profiles was observed not only in the plastic region
of deformation in specimens with a length of 25—70 mm,
but also during further propagation of the elastic wave
along specimens with a length up to 500 mm. The width
of the front of the plastic compression wave increased in
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Figure 3. Experimental free surface velocity profiles of B45
concrete specimens with lengths from 25 to 500 mm. The numbers
next to curves indicate the nominal specimen lengths.

the process of attenuation. No jump in parameters at
the precursor front was noted; instead, a smooth velocity
increase was observed in the elastic region, which implies
that the material has no clearly defined dynamic elastic
limit. Plastic deformation starts at the earliest stages of
compression and is accompanied by strain hardening. This
behavior is typical of concrete [12]. A certain contribution
to hardening is made by the collapse of micropores in the
specimen volume under impact compression of concrete.

Compressive stress oyg; behind the elastic precursor
front corresponds to the dynamic elastic limit of concrete
under uniaxial compression and is calculated using the
following relation:

OHEL = POCUREL/2, (1)

where ¢ =3957m/s is the propagation velocity of the
elastic wave calculated for its middle part (since this wave
diffuses as it propagates) and upg. is the elastic wave
amplitude (Fig. 3). The calculated average opg; value
was (476 +30) MPa. The scatter of the obtained oygL
values is attributable to the complex composite structure
of the specimens and microheterogeneities present in the
specimen volume. The dynamic elastic limit measured
in [14] for concrete specimens with a thickness of 12.74 mm
was 550 MPa.

The maximum compressive stresses in the plastic defor-
mation region for 25—70 mm specimens may be estimated
using the following relation [27]:

u — UHEL
Omax — OHEL +pelUpl (maxiz)’ (2)
where p,; is the density in the elastic region calculated as

PoUp
Pel = £ . (3)
(v =)
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Table 1. Results of experiments with B45 concrete

Designation hs, mm UgEL, M/S oueL, MPa Umax, /S Omax, GPa
25mm 2395 102.7 499 975.1 441
35mm 359 922 447 576.7 2.58
50 mm 52.7 1013 492 258.5 1.08
70 mm 69.8 96.1 467 168.3 0.79

100 mm 101.0 — — 84.6 0411
200 mm 201.0 — — 46.2 0.224
500 mm 501.5 — - 313 0.152

Note: hy is the measured specimen length, uyg;, is the elastic wave amplitude, oygy, is the dynamic elastic limit, umax is the maximum velocity in the

ufy (¢) profile, and omax is the maximum compressive stress.

Wave velocity U, is calculated in accordance with rela-
tion [13]
hy

(f—l + At) ’ @

where At is the time difference between the moments when
the middle part of the plastic part of the compression wave
and the elastic part of the compression wave reach the
free surface (Fig. 3). Plastic wave velocity U, does not
depend on the specimen thickness (with the exception of
the experiment with a 50 mm specimen, where a smaller
U, value was obtained, which is likely attributable to
the complex inhomogeneous structure of specimens). The
maximum compressive stresses were estimated from the free
surface velocity profile in the elastic deformation region for
100—500 mm specimens using the following relation:

Uy =

Omax = P0C @- (5)
2

Figure 4 shows the dependence of the maximum com-
pressive stress on thickness of B45 concrete specimens. The
obtained dependence is divided into two sections: initial
section of rapid attenuation I, which is the region of plastic
deformation where the material undergoes fracture, and
subsequent section of attenuation II of the elastic wave,
which is accompanied by dissipative phenomena. The
elastic—plastic transition stress is achieved in the process
of compression wave attenuation at a specimen thickness
slightly smaller than 100 mm. This is accompanied by an
order-of-magnitude reduction in the maximum compressive
stress. With further propagation of the elastic wave in
the bar, omax decreases by a factor of 3. A significant
attenuation of the shock wave from 2.5 to 0.5 GPa with
an increase in thickness of concrete specimens to 18 mm
was noted in experiments [16] where the duration of the
incident compression pulse did not exceed 1us. Table 1
summarizes the experimental and calculated data obtained

during shock-wave testing of B45 concrete specimens.
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Figure 4. Dependences of the maximum compressive stress
(0max) on the specimen length (hy).

4. Dynamic tensile and compressive
strength

Figure 5 presents a photographic image of the remaining
fragments of the 500-mm-long specimen after shock wave
loading. Visual inspection of fragments of the preserved
B45 concrete specimen after fracture revealed the presence
of two types of fracture induced by tension (spall fracture)
and compression along the entire length of 500 mm. The
photograph makes it evident that the specimen subjected to
tension split in several places perpendicular to the axis of
the bar. Measured thickness Ly, of the spall fragment close
to the end of the bar was 60—70 mm.

A fractured layer is seen at a distance of 70-100 mm
from the end of the concrete bar. The end part has not
been preserved. It was established that fracture under
compression differs from fracture under tension in the shape
of fragments facing the direction of propagation of the shock
wave. The surviving blocks have no residual traces of plastic
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Figure 5. Fragments of a cylindrical B45 concrete specimen with
a length of 500 mm after tests.

deformation. Visual inspection of the fragments revealed
that the concrete specimen underwent fracture at distance
L; (200 mm) with the formation of a conical shape at the
beginning of the bar and without longitudinal cracks in the
remaining parts. The compressive stress at a distance of
200 mm corresponds to the dynamic compressive strength
of B45 concrete [21,22]. It can be seen from Fig. 5
that the specimen was destroyed completely at distance L,
(100 mm).

Signs of spall fracture in the form of a part of the
rarefaction wave reaching the specimen surface were noted
in the process of recording the free surface velocity profiles
for concrete specimens 100 and 200 mm in length (Fig. 6).
A rarefaction wave may reach the surface only if the
integrity of the specimen structure is maintained. The
maximum free surface velocity for specimens 100 and
200mm in length was 84.6 and 46.2m/s, respectively,
which is lower than the value of uyg, = (100 £ 2) m/s (ie.,
measurements were carried out in the elastic region). When
dynamic elastic limit oyg;, = 467 MPa and the maximum
compressive stress omax = 411 MPa are exceeded, concrete
starts to fracture under compression, which is evidenced
by the wave profiles obtained for specimens shorter than
100 mm (Fig. 3). No signs of spall fracture were found in
the region of plastic deformation (Fig. 3). This behavior is
typical of brittle materials such as sapphire [28]. The values
of dynamic compressive strength of two types of concrete
were obtained in a similar way in [21,22]. Since the slope
of velocity gradient in the elastic compression wave in the
experiment with the 70-mm-long specimen is similar to the
slope in the experiment with the 100-mm-long specimen
(Fig. 3), it may be assumed that the strain rates in the
elastic wave are close. The corresponding strain rate may
be determined using the relation

Vo e

V() N 2¢

where 1. is the velocity gradient in the compression wave.

The dynamic increase factor (DIF) of B45 concrete is the

ratio of the compressive strength (411 MPa) under dynamic

loading to the compressive strength under static loading

(59 MPa). The DIF of B45 concrete under compression

is on the order of 6—7, which is consistent with the data
presented in [12].

~2200s7", (6)
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Surface velocity decrement Auy (Fig. 6), which is the
difference between the maximum and minimum values of
the free surface velocity in the unloading wave before spall
fracture, is proportional to the magnitude of fracture stresses
(spall strength of the material). In the linear acoustic
approximation, the magnitude of tensile stresses acting at
the moment of separation of the spall plate is calculated as

Aug
5 (8)

Osp = PoC

where Aug is the difference between the maximum and
minimum values of the free surface velocity in the unloading
wave. We determine the spall plate thickness from the
free surface velocity profiles (Fig. 6) using the following
relation [29]:

Aty
o g
(t+4)
where Aty, = 30—40us is the duration of the loading pulse
for the 500-mm-long specimen (the time between the end
of spall fracture and reflection of the compression wave
from the free surface). The thickness of the spall plate was
calculated to be hy, = 64 mm, which matches quite well the
length of the preserved spall fragment (Fig. 5). Table 2 lists
the calculated values of spall strength for specimens with a
length of 100 mm and more.

The error in the obtained tensile strength values and the
corresponding strain rates is estimated at 15%—20%. The
scatter of the obtained results is attributable to the complex
structure of specimens and the applied maximum stress
Omax- It is fair to conclude that spall fracture occurs in the
elastic region of deformation, which does not depend on
the specimen length and the maximum compressive stress.
Similar measurements of spall strength with variation of
the maximum compressive stress were carried out in [14],
and it was demonstrated that the spall strength of the

hyy =

100 T T T T T T T T T T

B [*)) [ee]
S (=) (=]

[\*]
o

Free surface velocity, m/s

Figure 6. Enlarged free surface velocity profiles of B45 concrete
specimens with a length of 100, 200, and 500 mm. Their nominal
lengths are indicated. Arrows indicate the emergence of a part of
the rarefaction wave.
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Table 2. Dynamic tensile strength

Designation | hy, mm | Aug, m/s | oy, MPa | V/V, s7!
100 mm 101.0 7.3 354 92
200 mm 201.0 4.8 233 126
500 mm 501.5 74 359 75

Note: Aug; is the difference between the maximum and minimum values
of the free surface velocity in the unloading wave (Fig. 6), o, is the spall
strength, and V/ V) is the strain rate in the rarefaction wave before spalling.

examined concrete with an approximate filler size of 10 mm
does not depend on op,x and reaches ~ 30 MPa within
the range of maximum elastic compressive stresses of
83—-553MPa. Split-Hopkinson pressure bars were used
in [30] to demonstrate that the spall strength of concrete
with a filler size of 0.5—8mm falls within the range of
7—12MPa at strain rates of 60—130s~!. Measurements
of the spall strength of MB50 concrete carried out in [15]
revealed that oy, = 14—16MPa. The spall strength of
concrete made using granite chips is 8—10 MPa at strain
rates of 30—50s~! [22]. The scatter of spall strength
values at close strain rates is attributable to the difference in
compositions and methods of preparation of the examined
concrete specimens.

The DIF of the studied concrete under tension is 3—4,
which is consistent with the data on the strength of concrete
in [12].

Conclusion

The dynamic strength characteristics of B45 heavyweight
concrete specimens in the form of ©105mm bars with a
length of 25-500 mm were measured experimentally with
impact load pulses longer than 10us. Systematic studies
of the evolution of shock compression pulses in bars were
carried out. It was demonstrated that an elastic precursor
with a smooth increase in stress at the wave front is formed
under shock compression in specimens with a length of
25-70 mm. This elastic precursor is followed by a plastic
shock wave. Strong attenuation of the plastic compression
wave was observed in the process of pulse propagation
through the specimen, while the elastic wave attenuation,
which is accompanied by dissipative phenomena, was weak.
Measurements of the compression pulse parameters at the
boundary of the fracture zone and the elastic—plastic tran-
sition parameters provided an opportunity to determine the
dynamic compressive strength of concrete. The estimated
stresses at failure were in the range from opygp = 467 to
Omax = 411 MPa at a strain rate of ~2200s~!. The
thickness of the remaining spall fragment was determined
by analyzing the measured free surface velocity profile of
the 500-mm-long concrete specimen. The tensile strength
was ~ 30 MPa at a strain rate of ~ 100s~!. The dynamic

increase factors under compression and tension were 6—7
and 3—4, respectively.
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