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Abstract

The present study describes the dynamic tensile and compressive behaviour of concrete with respect to failure (damage) and
material characteristics. The dynamic compression and tension tests were performed by using the Split Hopkinson Pres-
sure Bar setup of 65 mm diameter of bars. The cylindrical specimen tested under dynamic loading conditions was ~30 mm
in length with two different diameters (30 mm and 45 mm). The quasi-static compressive and splitting tensile strength of
concrete was found to be 49.48 and 5.42 MPa, respectively. Dynamic testing showed a significant 78% increase in compres-
sive strength as the strain rate increased from 1.33 x 107~ to 284 s~. Likewise, tensile strength increased by approximately
303.4% when the strain rate increased from 6.67 x 10~ to 14.95 s~!, demonstrating concrete high strain rate sensitivity to
dynamic tension. Under dynamic compression, the concrete strength increases due to the formation of the large number
of cracks and high lateral confinement. In addition, the crushing density of concrete specimens has been increased with an
increase in strain rate. During dynamic tensile failure, the specimen split into two semi-cylindrical pieces at low strain rate.
Concurrently, localized crushing occurred at a high strain rate due to stress concentration at loading points. As the strain rate
increased further, it intensified the localized crushing, ultimately giving rise to the formation of a wedge region followed
by crushing zone.

Keywords Split Hopkinson Pressure Bar (SHPB) - Strain rate effect - Dynamic increase factor - High-speed photography -
Failure mechanism - Fragmentation

Introduction

Impact studies have traditionally focused on military applica-
tions, impact load generated by incoming missile on bunkers
and ammunition storage structures, and important structures.
Dynamic loading from the natural hazards like tornadoes,
earthquakes, ocean waves, etc., is also an important form of
high load and high strain rate point of view. Vehicle impact,
missile impact, projectile or aircraft impact, and impact on
important concrete structures, i.e. nuclear power plants, hos-
pitals, schools, and bunkers, are the prime examples of high
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loading rate conditions generating a demand to study the
dynamic behaviour of concrete structures. The impact of
ships and vehicles on reinforced concrete (RC) structures is
a critical consideration in structural engineering. In marine
environments, ships generate dynamic loads during berth-
ing and mooring operations, subjecting the adjacent RC
structures to substantial forces. The effects include local-
ized stress concentrations and potential structural dam-
age. Similarly, vehicular loads from traffic on bridges and
parking structures can lead to fatigue and degradation of
the concrete over time. Engineers must meticulously design
RC structures to withstand these dynamic forces, incorpo-
rating factors such as material strength, impact resistance,
and appropriate reinforcement to ensure the longevity and
safety of the infrastructure in the face of maritime and vehic-
ular impacts [1-4]. The damage identification techniques
demand increasing significantly to identified the damage
localization and quantification of the structural elements
[5]. Identification of the weak location of RC column sub-
jected to barge impact is so critical in analysis and design
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of structures. The investigation revealed that the areas near
the base, impact point, and upper section of the RC column
exhibit the most significant damage due to a barge collision,
primarily attributed to the presence of significant bending
moments in these specific regions [6]. Therefore, the novel
frame-type crashworthy devices have been implemented on
the RC piers for the protection under vehicle collisions [7].
Engineering materials like metals, concrete, composite, and
ceramics are frequently subjected to high rate of deformation
during the service life. The researchers are constantly and
systematically working to advance the properties of materi-
als to acquire the necessary physical characteristics which
are suitable for high rate of loading conditions. Based on the
literature studies [8—10], it has been concluded that the prop-
erties of concrete under high strain rates are highly intricate,
exhibiting significantly distinct dynamic response patterns
and damage mechanisms when compared with its behaviour
under quasi-static loading conditions. In the last decade, the
utilization of concrete has become popular for safety and
security purposes such as it essentially contributes towards
structural integrity and human protection. Thus, to gather
comprehensive information, the study of dynamic complex
behaviour of concrete and its failure mechanism with respect
to the crushing and cracking that occurred due to impact or
blast load becomes essential for the investigation and design
of strategic structures of concrete.

Various experimental methods, such as hydraulic testing
machines, drop weight impact test, SHPB test, flyer impact
test method, and plate impact test, are employed to explore
the impact of high strain rates on the mechanical properties
of concrete. Among them, the SHPB technique stands as the
dominant and commonly employed approach for investigat-
ing the dynamic properties of brittle and ductile materials,
enabling the exploration of strain rates ranging from 100 to
10,000 s~! under conditions of uniaxial compression [11].
The ASTM [12] and ISRM [13] suggested the Brazilian
disc test calculate the splitting tensile strength of concrete
and rock materials subjecting uniaxial quasi-static tension,
respectively. Further, the researchers extended the splitting
tensile test approach in the Split Hopkinson Pressure Bar
test to evaluate the dynamic splitting tensile response of
concrete [14—17]. Therefore, the Split Hopkinson Pressure
Bar (SHPB) method has found extensive application in the
dynamic assessment of concrete properties subjected to both
compression and splitting tensile loading conditions.

The dynamic increase factor (DIF) is used to quantify the
strain rate dependency of material properties and is defined
as the ratio of dynamic compressive strength to quasi-static
compressive strength of material. Bischoff and Perry [8],
Pajak [10], and Malvar and Ross [18] performed the com-
prehensive study by using the experimental data available
in the literature on concrete and other cement-based materi-
als subjected to high strain rates, to evaluate the high strain
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rate effect and concluded that the compressive and tensile
strength of concrete significantly increased with an increase
in the strain rate. However, no discussions were conducted
regarding the failure pattern, fragmentation, and failure
mechanisms of the materials under dynamic conditions. Fur-
thermore, the dynamic tensile strength is more sensitive to
the strain rates than the dynamic compressive strength hand
observing a significant increase in tensile strength nearly
thirteen times the quasi-static tensile strength [10, 18], while
there was a lack of explanation regarding the failure mecha-
nism and failure pattern of material. Rissgaard et al. [19]
described that the behaviour of concrete has the transition
strain rate, which distinguishes the variation in concrete
strength beyond the transition strain rate, observed drastic
increment in the dynamic strength, and the DIF in compres-
sion varied from 1 to about 3.5. Brara and Klepaczko [20]
performed experiments on the dry and wet microconcrete
by using SHPB and concluded that the DIF for dry micro-
concrete varies from 4 to 13, while, for the wet microcon-
crete, the DIF varies from 4 to 8 when the loading rate varies
from 800 to 5000 GPa/s, but the failure mechanism along
with initiation and propagation of crack were not explained
experimentally.

Li and Mang [21] conducted an experimental and
numerical investigation using the Split Hopkinson Pres-
sure Bar (SHPB) on materials exhibiting characteristics
like brittle concrete. Their numerical findings indicated
that the dynamic strength of these concrete-like materials
is enhanced due to the pseudo-strain rate effect or struc-
tural effect, a structural influence that is responsive to the
hydrostatic stress induced by lateral inertia confinement. The
presence of the pseudo-strain rate effect could result in an
overestimation of the dynamic numerical strength in com-
parison with the actual strength of the material. Nard and
Bailley [22] described that the increase in dynamic compres-
sive strength of concrete was mainly attributed to the lateral
inertia confinement (structural effect) rather than the effect
of strain rate. In other words, the DIF is primarily caused by
the inertial force generated due to the structural effect rather
than the strain rate effect (material effect). Also, Cotsovos
and Pavlovic [23] described that the DIF obtained from the
dynamic loading conditions is mainly caused by the inertial
force owned by lateral inertia confinement describing the
structural effect. On the other hand, the experimental study
performed on the cylindrical concrete specimen through
the SHPB test by Tang et al. [24] concluded that the strain
rate had a significant influence on both the dynamic com-
pressive strength and critical strain at failure, whereas the
lateral inertia confinement effect was too small and insig-
nificant, and it could be ignored. The previous studies have
described comprehensively about the potential factors lead-
ing to contributing in concrete strength enhancement under
a high rate of loading. However, a detailed experimental
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explanation regarding the failure mechanism of concrete
must be explored yet for describing its damage behaviour
under dynamic loading.

The dynamic failure modes are entirely different from
the quasi-static with respect to the crack propagation phe-
nomena such that the transgranular propagation of cracks
phenomena occurred in concrete describing the cracking
of aggregate under high strain rate, while the intergranu-
lar propagation of cracks occurred in the concrete at quasi-
static strain rate and crack propagated through the Interface
Transaction Zone (ITZ) [25-28]. The mechanism behind
the axial crushing phenomena, which occurred in concrete
specimens during dynamic compression test, is defined as
the concrete getting crushed and broken into fragments. Ini-
tially, the size of fragments would be bigger at low strain rate
loading, and the size of fragments keeps decreasing with an
increase in the strain rate resulting in a higher number of
fragments [25-27]. Under the dynamic splitting tensile test,
the concrete specimen mainly fails into two semi-cylindrical
pieces across the diameter of the specimen and is crushed
at the contact points due to the high loading rate [29-31].
However, there is a need for in-depth investigation to ascer-
tain the mechanism behind the crack initiation and propaga-
tion, and the occurrence of local crushing. Further research
is required to explore the influence of varying strain rates
under tension on the concrete damage and failure modes.

Apart from its impact on material properties and struc-
tural integrity, fire can also have significant consequences for
structures and their components, especially when subjected
to blasts or explosions. In the event of a blast, a fireball,
intense heat, high temperatures, and a shockwave can col-
lectively impose extensive damage on building infrastructure
and its materials. The amalgamation of blast effects and sub-
sequent fire is commonly termed a fire dynamic load. The
effects of fire on the materials of a structure and its elements
can be quite severe. The elevated temperatures generated
by the fire can weaken or even melt structural materials like
steel or concrete, resulting in structural failure due to a sig-
nificant decrease in compressive, tensile, and shear strength
[32, 33]. The heat-induced expansion and subsequent con-
traction create a loading and unloading scenario, leading to
warping, buckling, or the collapse of building components
[34, 35]. Therefore, it is imperative to incorporate the effects
of high temperature into the DIF for materials, necessitating
an in-depth study.

Dynamic material characterization of concrete is of
dominant significance in understanding its behaviour under
varying loading conditions, such as blast, impact, or seismic
forces. Unlike static tests, dynamic tests provide insights
into the dynamic response of materials to rapid and dynamic
loading, offering a more accurate illustration of real-world
situations. This research aids in designing structures with
enhanced durability and safety, particularly in defence

applications, impact, and blast conditions. By analysing
dynamic properties like stiffness, damping, and strain rate
sensitivity, researchers can develop advanced models for
predicting concrete performance under dynamic forces, con-
tributing to the optimization of construction materials and
techniques for improved infrastructure durability.

The concrete structures experienced significant damage
due to the occasionally occurring accidental (dynamic) load-
ing conditions such as seismic, impact, blast, and explosive
loads describing the need for the study pertaining to the
dynamic behaviour of concrete material. Previous research
has not sufficiently addressed the damage caused to concrete
by high loading rates, particularly in terms of the cracking
and crushing of the concrete material. Therefore, a thor-
ough and profound investigation has been required to found
a strong understanding about the damage of concrete, failure
pattern, and the failure mechanism to describe the enhance-
ment of the concrete strength under the high rate of loading.

The primary objective of this study is to gain a deeper
insight into how high strain rates influence the dynamic
material characteristics of concrete. The dynamic properties
were defined in terms of the dynamic compressive and ten-
sile strengths, DIF, stress—strain curves, energy absorption
properties, failure mechanism, and fragmentation. These
investigations are conducted through experimental tests
utilizing the Split Hopkinson Pressure Bar (SHPB) setup.
High-speed photography was employed to monitor the fail-
ure mechanism, generation of cracks, and propagation of
cracks. Additionally, a comprehensive analysis of the tested
specimens has been conducted to investigate the mode of
failure. This analysis includes examining the weight of the
crushed specimen, its shape, and the number of fragments
produced. Moreover, we have correlated the concrete crush-
ing data with the strain rate to examine the impact of high-
rate loading on fragmentation.

Materials and methods

A design for the concrete mix was conducted to establish the
ingredient proportions in compliance with the standards IS
10262:2019 [36] and IS 456: 2000 [37]. The mixture incor-
porated Ordinary Portland Cement (OPC) of 43 grade with
a specific gravity of 3.15. Coarse aggregates (CA) have a
maximum size of 9-10 mm and 2.63 specific gravity. Nat-
urally dried sand is used as the fine aggregate (FA) sieve
with the standard sieve of 4.75 mm, having 2.42 specific
gravity. BASF Master Glenium 51 is used as a superplasti-
cizer with 1.08 specific gravity. The ratio of concrete ingre-
dients for M45 grade of concrete was 1:1.97:1.97 (Cement:
FA: CA) and 0.40 water/cement ratio calculated using the
weigh-batching method. The concrete cubes of size 150 mm
were prepared for quasi-static compression testing, and the
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cylindrical shape specimens with different aspect ratios were
extracted from these cubes for dynamic material character-
ization. The core cutting machine is employed to extract
concrete cores from these cubes. Three different core cut-
ters were used in the present study for extracting the cores
that had diameters of 30 and 45 mm. The concrete cores
were subsequently cut to height (L~ 30 mm) to maintain the
aspect ratio (L/D) of 0.7 and 1. The minimum dimension of
the cylindrical specimen should not be less than the three
times the maximum size of coarse aggregates (CA); hence,
the specimen height should be at least 28 mm [36].

Quasi-static compression and splitting tensile test

Quasi-static compressive and tensile experiments were
conducted to determine the quasi-static concrete strength
for comparison of the DIF of strength. The 150-mm size
cubes were cast and cured for 28 days at 25-30 °C tem-
perature and tested on a universal testing machine (UTM)
as per IS 516:1959 [38]. The quasi-static compression test
was conducted on the concrete cubes and carried out under
displacement-controlled conditions at a rate of 0.02 mm/s,
which is equivalent to a strain rate of 1.3x 10~ s™!. The
average compressive strength of three cubes was obtained
as 49.48 MPa with a 2.67 MPa standard deviation and 0.54
coefficient of variance. The modulus of elasticity obtained
using the IS 456: 2000 [33] is 33.54 GPa (E, = 5000\/5).

Three different methods were accepted to investigate the
quasi-static tensile strength of concrete, i.e. direct tensile
test, modulus of rupture test (three-point bending method),
and splitting tensile test (Brazilian disc). The Brazilian disc
test is the most acceptable method to determine the tensile
strength for quasi-static strain rates ranging from 10~ to
10° s7! [13]. This method is the simple, easy to perform,
and gives more accurate splitting tensile strength results. In
this method, the cylindrical specimen was inserted between
two Brazilian discs with a longitudinal axis perpendicular
to the loading direction and placed between the plates of the
testing machine, see Fig. 1a. Based on the elasticity theory,

Fig. 1 Brazilian disc test a P
schematic view and b free body
diagram of specimen

Specimen l

the two-dimensional stress acting on the element near the
centre along the vertical specimen diameter is determined
by using the following equations, see Fig. 1b;

2P
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where o, is horizontal tensile stress, o, vertical compressive
stress, P compressive load at failure, L cylindrical specimen
length, D specimen diameter, and y is the element distance
from the loading ends. Equations (1) and (2) were only used
to calculate the maximum tensile and compressive strength.
The failure strain and stress—strain curve cannot be obtained
by splitting tensile test [41]. In the present study, cylindrical
concrete specimens with an aspect ratio (L/D) ~1 were used,
and tests were performed at a 0.02 mm/sec displacement
rate. The average splitting tensile strength was 5.42 MPa
with a 0.33 MPa standard deviation, and 0.060 coefficient of
variance after 28 days of casting and curing, while the ten-
sile strength calculated using IS 516: 1959 [38] is 4.69 MPa.

Dynamic test

The SHPB method is employed to study the dynamic prop-
erties of brittle materials such as concrete, composites,
and ceramics at high strain rates. The basic design idea of
the SHPB setup to investigate the dynamic material prop-
erties was proposed by Kolsky [39] and the improvement
suggested by Chen and Song [11] to increase the accuracy
and preciseness of the experimental results. The schematic
diagram of the SHPB setup used for dynamic characteriza-
tion is illustrated in Fig. 2a. The experimental setup used to
perform the dynamic tests is shown in Fig. 2b. The concrete
specimens were placed along the length for the dynamic
compression test and along the diameter for the dynamic
splitting tensile test as shown in Fig. 2¢ and d, respectively.
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A detailed description of the developed SHPB has been
given in our previously published manuscript [40].

The seamless and smooth barrel of the gas gun propelled
the striker bar, accelerating the striker bar towards the inci-
dent bar. This action caused an impact of striker on the inci-
dent bar, generating a trapezoidal shape compressive stress
pulse wave within the incident bar. Upon reaching the stress
pulse at the interface between the incident bar and the speci-
men, a portion of the incident wave reflects in the incident
bar due to the distinct mechanical impedance of concrete and
steel. The portion of the compressive stress wave that reflects
is denoted as a reflected wave, whereas the remaining por-
tion of the incident wave propagates through the specimen
and enters the transmission bar, known as the transmitted
wave. The incident wave strain €; and reflected wave strain
e were recorded at the centre of the incident bar, while
the transmitted wave strain €, recorded at the centre of the
transmission bar by using the 3-mm length strain gauges
paste at the centre of bars with the help of Data Acquisi-
tion and Recording System (DAQS), respectively. The bars
must remain linear elastic and centric during the dynamic
test. The working principle for dynamic compression and
dynamic splitting tensile test is the same, only the difference
in the placement of the cylindrical specimen. The speci-
men was placed along the length/thickness for the dynamic
compression test (see Fig. 2c), while for the splitting tensile
test, specimens were placed along the diameter (see Fig. 2d).

By utilizing the 1-D elastic stress wave propagation
theory within the bar, Hook's law, and maintaining stress
equilibrium in the specimen throughout the testing process,
the stress, strain, and strain rate-time profiles in the speci-
men under compression loading were derived through the
application of the subsequent equation;

24, A,
0. =E, A_A (e, +eg+ep) =E, A_A Er 3)
c, 2C,
€ = I {(51 —eg—ep)dt =~ L {ERdt “)
. o 2C0
E.= L_o(gl —Egp— €)= L ER (5)

where o, €., and £, are the dynamic compressive stress
(MPa), strain, and strain rate (1/s) in the specimen, respec-
tively. A, and A are the bars and specimen cross-sectional
areas in mm?, respectively. E, is Young’s modulus of elastic-
ity of the pressure bar, and C, is the pressure wave velocity
in the pressure bar. L, is the length of the specimen.

The splitting tensile test was also performed on cylindri-
cal concrete along the diameter by using the SHPB appara-
tus. If the dynamic stress equilibrium condition is achieved
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during test, the dynamic splitting tensile strength of concrete
is directly proportional to the maximum value of the wave
strain in the transmission bar, and strength is calculated by
using the following equation;

E,D; E,D;
%=\ 314 (e; +ep) = Ld JET (6)

where o,, is the dynamic splitting tensile strength (MPa) and
D, and d, are the diameter of bars and concrete specimen in
mm?, respectively. The strain rate varies within the speci-
men during loading, so we use the average strain rate and
loading rate in dynamic splitting tensile testing by using the

following equations [14];

. Oy

“=TET ™
A (o

6 =—= @®)

where €, is the tensile strain rate (1/s), E; is the Young’s
modulus of elasticity of specimen, g, is the loading rate in
the specimen (GPa), and T is the time interval between the
start and maximum occurrence of the transmitted wave. The
experimental results demonstrated that the elastic modulus
of concrete is not strain rate sensitive; therefore, the quasi-
static elastic modulus is used in Eq. (7) to determine the
strain rate [41]. In this research, the high strain rate tests
were performed on the SHPB setup developed in the Civil
Engineering Department, IIT Roorkee [40]. The incident
and transmission bars have the similar geometrical configu-
ration, and each bar has a 2990 mm in length and 65 mm in
diameter, having an aspect ratio of 46:1, while the absorp-
tion and striker bars have 1500 mm and 200 mm lengths,
respectively. All the bars were made of steel 4340 grade with
190 x 10° MPa modulus of elasticity (E,), a density (p) of
7850 kg/m3, and a Poisson's ratio of 0.3.

Results and discussion

Recorded signals and dynamic equilibrium
condition

The striker impact velocity varies from 3 to 12 m/s, con-
trolled by varying the compressed gas in the vessel to vary
the strain rate in the concrete specimen. The sandwich speci-
men was prepared skillfully and carefully to maintain the
perfect contact between bars and specimen end faces. A
lubricant was applied at the interfaces of the specimen and
bar to minimize the end friction. A specially designed Lab-
VIEW program was used to perform the dynamic tests with
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the required experimental conditions. The incident reflected
and transmitted strain waves were recorded at a 1 million
sample rate, and a 40-kHz cut-off frequency low-pass filter
was used to remove the noise from the recorded signals. The
filtered signals obtained from DAQS in strain—time format
for dynamic compression and dynamic tension are shown in
Figs. 3a and b, respectively.

The wave signal, once filtered, is segmented individually
to extract specific portions corresponding to the incident,
reflected, and transmitted signals. These segmented signals
are then employed to analyse the equilibrium state condition,
stress—time, strain—time, strain rate—time, and, ultimately, the
dynamic stress—strain relationship of the specimen subjected
to high strain rate loading. In order for the Split Hopkin-
son Pressure Bar (SHPB) test to be valid, it is essential that
stresses should be evenly distributed along the length of the

Fig.3 Incident and transmission 600 +

specimen, and the specimen should attain equilibrium condi-
tions throughout the dynamic testing process. Achieving the
equilibrium condition in an SHPB test is essential to obtain
reliable and accurate data on the dynamic behaviour of mate-
rials, especially at high strain rates. The ideal overlapping
of I+ R (incident wave + reflected wave) and T (transmit-
ted wave) waves cannot be achieved during the SHPB test.
Hence, the best overlapping curves achieved for equilibrium
conditions obtained will be considered. The dynamic equi-
librium condition in specimen is usually examined by the
submission of incident strain pulse and reflected strain pulse
should approximately coincide with the transmitted strain
pulse, i.e. €; + € = €. The equilibrium condition obtained
in the present study for dynamic compression and tension
test is illustrated in Fig. 4a and b, respectively. The peak
strain values recorded are approximately 163.1 microstrains
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Fig.4 Dynamic equilibrium
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for dynamic compression and 28.2 microstrains for tension
equilibrium conditions. However, the strain amplitude in
tension is significantly lower than in compression due to
the lower splitting tensile strength of concrete as compared
to its compressive strength, resulting in the transmission of
a smaller portion of the incident wave. The experimental
data and results are only valid until the stress equilibrium is
achieved in the specimen.

Dynamic compressive behaviour of concrete
Strain rate effect on dynamic compressive strength and DIF

Brittle materials are highly sensitive to the strain rate, but
the strain rate does not remain constant during the failure
process. To define the actual strain rate, the peak strength
is used as the ultimate strength, while the strain rate at the
corresponding instant of time is used as the representative
strain rate at failure [26]. The thickness of the cylindrical
specimens is ~30 mm in length; hence, the striker impact
velocity was varied to change the strain rate in the speci-
men. Table 1 lists the dynamic compressive properties of
the tested specimen fulfilled the equilibrium condition. The
maximum and minimum dynamic compressive strength was

observed as 57.52 MPa and 88 MPa, corresponding to 72
and 284 s~! strain rates, respectively. The increasing trend
of compressive strength with the increased strain rate was
observed; see Fig. 5a. Under high-rate loading, the gener-
ated cracks propagate through the robust coarse particles
(aggregate) and increase the concrete strength due to the
higher stiffness of aggregates in the concrete matrix. The
quantity of formation of microcracks also increased with an
increase in strain rate, which further increases the strength
under a high strain rate. As the strain rate increases, the
generated crack response time is further reduced, and the
intensity of localized failure further increases the dynamic
strength [42]. In addition, the lateral inertia confinement also
restrains the lateral deformation of the specimen due to iner-
tia force generated in opposite direction of lateral deforma-
tion, which further increases the compressive strength. As
well as, the inertia confinement increased with an increase
in strain rate and affects the dynamic material properties
significantly [44].

Most researchers [21, 25, 28, 40, 43] used the DIF to
quantify the strain rate sensitivity of materials. In the present
study, the DIF values obtained for the concrete in compres-
sion are listed in Table 1. An increasing trend of DIF with
respect to log strain rate was observed and following the

Table 1 Dynamic compressive

. . . Sample ID Strain rate  Peak stress  Peak strain DIF  Pre-peak Post-peak Total
properties at high strain rates energy energy den-  energy
density sity density

1/s) (MPa) (ff;;d) J/m>) (J/m3) J/m3)

S1-L30-D30 72 57.52 0.002407 116 0.114 0.175 0.289

S2-L30-D45 130 62.50 0.00219 126  0.161 0.200 0.360

S3-L30-D45 154 64.60 0.002218 1.30  0.121 0.396 0.517

S4-L30-D30 163 65.74 0.002638 1.33  0.146 0.390 0.536

S5-L30-D45 178 67.5 0.002324 1.36  0.138 0.410 0.548

S6-L30-D45 182 68 0.002744 1.38  0.159 0.446 0.605

S7-L30-D30 191 71.77 0.002613 145 0.162 0.488 0.650

S8-L30-D30 284 88 0.002312 1.78  0.172 0.758 0.930
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Fig.5 Dynamic compressive
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quadratic equation trendline on the curve fitting, see Fig. 5b.
The DIF value was found to be increased from 1.16 to 1.78
as the strain rate increases from 72 to 284 s™'. A maximum
of 1.78 DIF was observed at 284 s~ strain rate, describ-
ing an 78% strength increment was observed as the loading
condition changed from quasi-static to dynamic. A good
correlation between DIF and strain rate was observed. The
linear and quadratic equations were obtained by the curve
fitting method for the compressive strength and DIF, respec-
tively. These equations show good fitting trendlines with the
experimental results, and the coefficient of determination
(R?) is more than 0.9.

The increase in strength is primarily influenced by two
factors: the material effect and the confinement effect.
The material effect is attributed to material heterogeneity,
encompassing inherent microstructure and the propaga-
tion of cracks in coarse aggregates. Simultaneously, the
confinement effect involves lateral inertia and end friction
confinement effects [43, 44]. During the static loading, the
generated cracks normally propagate along ITZ (interface

Fig.6 End friction and lateral
inertia confinement during high-
speed compression test

End Friction

Log (Strain Rate)

transition zone) because there is enough time for the propa-
gation of cracks. On the other hand, under dynamic loading,
the generated cracks did not get enough time to propagate
through the weaker interface; thus, the crack propagates
through the strong coarse particles. It has also been noticed
that the delay in the formation of microcracks also contrib-
utes to the strength enhancement.

Furthermore, it was noted that the increase in material
strength is significantly influenced by both end friction con-
finement and lateral inertia confinement during dynamic
testing. The friction at the interface of the bars and speci-
men restricts the lateral deformation of the concrete speci-
men, as illustrated in Fig. 6. Additionally, the specimen
experiences lateral deformation due to the Poisson's effect
on the concrete material. This lateral deformation results
in a backward inertia-induced force, as lateral confinement
restricts the lateral deformation, as depicted in Fig. 6. Con-
sequently, the concrete specimen demonstrates an ability to
withstand higher lateral deformation through lateral inertia
and interface friction confinement, leading to a significant
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improvement in dynamic compressive strength and DIF
under dynamic compression loading conditions [42, 43].

In the past, many researchers have conducted experi-
mental tests on concrete and concrete-like materials using
the SHPB technique. These researchers have proposed
various empirical equations based on strain rate to describe
the strength increment in terms of DIF [21, 44—48]. These
expressions may vary either in logarithmically or polynomial
or exponentially with respect to the strain rate. The details
of some empirical equations proposed by the researchers for
calculating the DIF for concrete, mortar, and concrete-like
materials are summarized in Table 2.

The suggested DIF material models and concrete experi-
mental results under high strain rates are shown in Fig. 7.
Based on these results, it has been observed that DIF
empirical equation obtained by curve fitting method shows
an increasing trend as the strain rate increases. Besides, a
low increase in the compressive strength has been observed
before the transition strain rate, after that a large increase in
the strength has been found. The mathematical relationship

obtained through the curve fitting method has been found to
be a polynomial equation, which can be as follows;

DIF = 2.2569(log £)> — 8.718(log €) + 9.5745 )

DIF models suggested by Grote et al. [45] and Li and
Mang [21] have described underestimation in the results in
comparison with the present experimental results, while all
available DIF models have been described overestimation
in the results in comparison with the present experimental
results. This deviation might be due to considering the dif-
ferent analysis methods to develop DIF models, based on
their experimental data, experimental conditions, specimen
dimension variation, and differences in material strength
[47].

Dynamic stress—strain curve

The dynamic stress—strain curve of the concrete specimen
at different strain rates is shown in Fig. 8. These curves are

Table 2 Dynamic increase factor (DIF) materials model suggested by the researchers

Previous work Type of material

DIF material model for dynamic compression

Transition strain rate

CEB-FIP 1990 [44] Concrete-like materials [ N ] 1/3 é> 305!
DIF = ff"—d =y ls
Tedesco and Ross 1998 [45] Concrete DIF = (5?758(10gé) +0.280 <25 &> 63.157!
Li and Mang 2003 [21] Mortar DIF = 0.03438(log(¢) + 3) + 1.2275 €< 100s7!
DIF = 1.729(loge)? — 7.1372(loge) + 8.5303 ¢>100s~"!
Zhou and Hao 2008 [46] Concrete-like materials DIF = 0,2713(10g¢)2 —0.3563(loge) + 1.227 ¢>10s7!
Grote et al. 2001 [47] Mortar DIF = 0.0235(log(¢é) + 1.07 For ¢ <266 57!
DIF = 0.882(loge)’ — 4.4(loge)? + 7.22(loge) — 2.64 For & > 266 s~
Katayama et al. 2007 [48] Concrete DIF = 0.2583(logé)” — 0.0507(loge) + 1.021 -
Fig.7 Comparison of experi- 2.8
mental results with the existing #— Tedesco and Rose [1998]
DIF models in compression 2.6 Li Meng [2003]
24 Zhou and Hao [2008]
ot
)
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=
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-]
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E 1.6 Phd A Experimetal results
s P [M45]
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obtained with the help of Egs. (3) and (4) by eliminating the
time axis. It has been observed that the dynamic strength
increased with strain rate and the curves also appeared to
be similar and hence can be utilized to illustrate the strain
rate dependency of the dynamic compressive strength. All
the specimens showed a nearly linear strength increase
trends until reaching peak stress, followed by a flattening
softening effect that intensified with higher strain rates. The
concrete showed a higher plastic behaviour than the elastic
behaviour under high strain rates. The strain correspond-
ing to maximum dynamic compressive strength is also an
essential parameter for dynamic material characterization
of concrete. It has been observed that strain at peak stress
varies in the range of 0.002 to 0.003, but the ultimate strain
increases from 0.00689 to 0.0214 as the strain rate increases
from 72 to 284 s~!. The strain-softening behaviour was
observed at a high strain rate, and this behaviour increased
with an increase in strain rate. However, the increasing and
decreasing of failure strain with strain rate is very small in
amount and may be within the range of experimental error
and manufacture defect [47].

Energy absorption density

The concrete material's energy absorption capacity refers
to the quantity of energy absorbed per unit volume, com-
monly known as toughness. This also attribute measures
the concrete's resistance to fracture or deformation under
dynamic or impact loading conditions. Toughness is quan-
tified by calculating the area under the stress—strain curve.
In the current study, the energy density is determined

Strain

using a straightforward integration method, specifically
the trapezoidal rule, as outlined in provided Eq. (10),

w= [ o(e)de (10)

where w is the energy absorption density (toughness), ¢
is the stress, and € is the strain. The energy density cor-
responding to strain rate is obtained by applying Eq. (10)
on stress—strain curve shown in Fig. 8. The toughness of
concrete specimens under different strain rates is shown in
Fig. 9. The toughness was significantly influenced by strain
rate, and increasing trend was observed with increase in
strain rate. The toughness increased from 0.289 to 0.930 J/
m? as the strain rate changed from 72 to 284 s~!. An increas-
ing trend of total, pre-peak, and post-peak energy densities
was observed with increase in strain rate. There was~51%
increment in the pre-peak energy, but there was ~333% sig-
nificant increment in the post-peak energy that was observed
as the strain rate increases from 72 to 284 s~! describing that
the higher amount of energy was observed during cracks
propagation rather than crack initiations. Furthermore,
concrete specimens exhibit increased energy absorption
density beyond the peak stress, due to higher strain and
strain-softening characteristics. Under the dynamic load-
ing, the developed microcracks required higher energy to
propagate through the stiffer particles in the specimen than
the energy required to initiate the new crack [50]. Under the
high strain rate loading conditions, the concrete is severely
damaged, and the failure becomes more severe with continu-
ous increase in the strain rate; hence, the energy absorption
capacity increased. The specimen S1-L30-D30 shows the
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Fig.9 Energy absorption capac- 1.0
ity of concrete at different strain '
rate 0.9

Energy Density (J/m?)

72 130

lowest dynamic strength and lower toughness as the quan-
tity of micro- and major cracks is less, while the specimen
S9-L30-D30 shows higher strength and higher toughness
with large numbers of micro- and major cracks at 72 s~ and
284 s™! strain rate, respectively.

Dynamic failure process and crack growth propagation

High-speed photography has been performed at 40,000
frames per second (FPS) to visualize the failure process
of the concrete specimen. The images shown in Fig. 10a
were captured at six different frames with time interval of
25 microsec to reveal the failure process. It was observed
that the specimen failure primarily occurred due to ten-
sion developed in the direction perpendicular to the com-
pressive loading which occurred throughout the specimen
length starting at the interfaces, see Fig. 10a. An almost
similar failure pattern has been observed under the dynamic
compression testing. The failure process and deformation
of specimen (S2-L30-D45) correspond to 130 s~! strain
rate under dynamic compressive along with the generated
stress—strain graph at the corresponding time of loading
shown in Fig. 10b. Under uniaxial loading the specimen
stress increased to follow the linear elastic deformation
pattern up to point (b) [T=25 ps] and reached to nearly
50% of dynamic compressive strength, but as the loading
increased, the nature becomes nonlinear elastic up to point
(¢) [T=50 ps]. At T=75 ps, the microcracks generated at
the interface of specimen and bar appeared, showing that
the specimen has reached its maximum load-carrying capac-
ity and strength started to decreased beyond the peak stress
up to the point (d), see Fig. 10b. The number of cracks
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initiated at the interface increased during the loading time of
75-100 ps and progressed into major cracks leading to fail-
ure of concrete specimen, which further reduced the strength
up to point (e), see Fig. 10b. As the loading time increased
beyond the 100 ps the major cracks further penetrated the
concrete matrix and caused the failure of the specimen with
permanent deformation at 7=125 ps, see Fig. 10a. Many
microcracks were observed beyond the 100-ps loading time
with decrease in the concrete strength, but the deformation
increased. It also observed that the strain-softening behav-
iour increased with an increase in strain rate as the deforma-
tion increases beyond the peak strain in Fig. 8.

Failure mode and fragmentation

The researchers [25, 26, 47] noticed that the specimen was
completely crushed into fragments, but the size and quan-
tity of the fragments varied significantly depending on the
strain rate. The fragments of tested specimens S1-L30-D30
and S8-L30-D30 recovered from a high-speed SHPB com-
pression test conducted at both low and high strain rates
illustrated in Fig. 11. It was observed that the strain rate had
a significant impact on the failure pattern and fragmentation
of the concrete specimens. At low strain rate of 72 s7L it
was observed that the specimen failed with typically bigger
pieces of fragments with small crushed amount of concrete,
see Fig. 11a, while at high strain rate of 284 s~! the concrete
specimen completely damaged and catastrophically scattered
into small size fragments with higher crushing amount of
concrete, see Fig. 11b.

A total of 13, 43, 53, and 79 fragments were recovered
having the size larger than 4.75 mm at 72, 163, 191, and
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Fig. 10 Behaviour of concrete specimen at 130 s™' a failure process, b stress—strain response
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284 s~! strain rate for L30-D30 sized specimens, respec-
tively. Similarly, for the L30-D45 sized specimens, a total
130, 178, and 184 fragments were formed at 130, 178, and
182 s~! strain rates, respectively. The higher quantity of frag-
ments generated at the higher strain rate for a given size of
specimen and showed a similar failure pattern and fragmen-
tation behaviour [25, 26, 47]. In addition, it also observed
that the flaky, angular, and uneven shape fragments were
formed in all tested concrete specimen, but the number of
flaky shape fragments was low at low strain rate test and
high at relatively higher strain rate test. As such in most of
the cases the shape of the fragments was irregular, and their
size decreased with an increase in strain rate. It also found
that under high strain rate, a complete failure of the concrete
specimen occurred with a larger number of microcracks and
the fragments.

The weighing analysis was performed on the tested con-
crete specimen to examine the crushing density of concrete.
This involved sieved the tested specimens through a stand-
ard 4.75-mm sieve to separate the coarse and fine particle
fragments. It was observed that the percentage weight of
concrete specimens (crushed concrete) passed through the
4.75-mm sieve increases with the increase in strain rate,
while the retained percentage weight of concrete decreases
with increase in the strain rate. The percentage weight of fine
fragments increases from 4.08 to 27.66%, while the weight
of coarse fragments decreases from 95.925 to 72.34% with
an increase in the strain rate from 72 to 284 s~'. Hence, it
has been concluded that the crushing of concrete increases
as the strain rate increases, describing that the concrete
crushing is higher at higher strain rate [51].

Dynamic splitting tensile behaviour of concrete
Strain rate effect on dynamic tensile strength and DIF

In this current investigation, dynamic splitting tensile
strength is characterized as the maximum stress observed
in the specimen throughout the loading process, and it is
directly proportional to the corresponding peak strain of the
transmitted wave. The dynamic tensile properties of concrete
specimens satisfying the equilibrium conditions correspond-
ing to their strain rates are listed in Table 3. The dynamic
splitting tensile strength, strain rate, and loading rate were
determined by using Egs. (6), (7), and (8), respectively.
Like the dynamic compressive strength, the dynamic tensile
strength is also significantly increased with an increase in
the strain rate, see Fig. 12a. It was observed that the dynamic
tensile strength increases from 12.76 to 21.89 MPa as the
strain rate increases from 6.79 to 14.95 s~!. There was
303.87% increment in tensile strength was observed as the
strain rate increased from 6.67 x 107 to 14.95 s~! (quasi-
static to dynamic loading condition). Hence, the splitting

@ Springer

Table 3 Dynamic tensile properties at high strain rate

Length Diameter Strainrate Loading Dynamic DIF

rate tensile

strength

(Ftd)
mm mm (1/s) (MPa/s) (MPa) (Ftd/Fts)
31.2 30 6.79 227,839.66 12.76 2.35
30.1 30 5.86 196,594.67 13.37 247
29.7 30 6.39 214,321.49 13.50 2.38
31.0 30 7.62 255,700.91 13.58 2.49
31.2 30 8.83 296,125.51 15.10 2.78
30.7 30 10.19 341,753.10 17.49 3.22
30.9 30 10.70 358,982.38  18.31 3.38
31.5 30 12.10 405,986.30  19.08 3.52
30.5 30 14.95 501,426.62 21.89 4.04

tensile strength clearly showed the higher sensitivity to the
strain rate as compared to compressive strength.

The DIF is generally used to describe the higher strain
rate effect on material properties quantitatively. DIF of ten-
sile strength was obtained as the ratio of dynamic tensile
strength normalized with the quasi-static tensile strength
5.42 MPa and the relationship of DIF with strain rate shown
in Fig. 12b. All the DIF were greater than one describing
that the dynamic tensile strength is higher than the quasi-
static strength. The minimum and maximum DIF values
were obtained as 2.35 and 4.04 corresponding to 6.79 and
14.95 s~! strain rate, respectively. A nearly ~72% DIF incre-
ment was observed as the loading rate increased from 227.83
to 501.42 GPa/s. The increasing trends of DIF with strain
rate are clearly observed in Fig. 12b. The best fitting curve
method was used for strong relation between strength and
strain rate. In Fig. 12a, it was observed that the dynamic
tensile strength is linearly correlated with the strain rate
(see Fig. 12a), but the DIF showed a polynomial correla-
tion with the logarithmic strain rate, see Fig. 12b. Hence,
based on result output it was concluded that the dynamic
tensile strength and DIF showed a strong increasing cor-
relation with increase in strain rate. The trendlines obtained
through curve fitting method showed the higher acceptability
of results with a coefficient of determination (R?) more than
0.90 and described the strong relation.

The possible explanation of strain rate effects on dynamic
splitting tensile strength enhancement includes the follow-
ing main aspects: (1) evaluation and propagation of cracks
(see, Fig. 13a) and (2) inertia effect (see Fig. 13b). It has
been noticed that the transgranular propagation of crack
occurred under dynamic splitting tensile test and the gen-
erated cracks propagate through the strong coarse particle
have higher stiffness (coarse aggregates), which is one of the
main reasons behind increase in the tensile strength of the
concrete material, see Fig. 13a. Additionally, the specimen
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(b) Lateral inertia confinement during high-speed tensile test

experienced the lateral deformation due to Poisson’s ratio
of concrete material. This lateral deformation results in a
backward inertia-induced force as lateral confinement limits
the lateral deformation, which further increased the tensile
strength of concrete. Hence, this inertia effect also contrib-
uted to strength enhancement under high strain rate loading
conditions due to inertial force generated in concrete speci-
men (see Fig. 13a) [51, 52].

In the last few decades, many researchers have been per-
forming the large numbers of experiments on concrete and
concrete like brittle materials to investigate the strain rate
effects on the dynamic tensile strength. Based on experimen-
tal and numerical study, the researchers proposed the DIF
material model to predict the dynamic behaviour of brittle
materials in tension. Some of the suggested models are sum-
marized in Table 4 for performing the comparative study.
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Table 4 Dynamic increase factor (DIF) materials model suggested by various researchers

Previous work Material type DIF material model for tension Transition strain rate
Tedesco and Ross 1993 [14] Concrete DIF = 0.1425 [(logé) + 5.8456] +1<6.0 232571
Malvar and Ross 1998 [18] Concrete e 1173 e>1s7!
DIF = 7, [e—]
N
CEB-FIP 1990 [44] Concrete-like materials DIF = [i] 1.016a €s<é <305
é,
Zhou and Hao 2008 [46] Concrete-like materials DIF = 0,7325(1()gé)2 + 1.235(logé) + 1.6 & 0.1s7!

Katayama et al. 2007 [48] Concrete DIF = 1.4379(logé)? — 0.02987(logé) + 0.8267 -
Soroushian et al. 1986 [53] Concrete DIF = (),0154(10g¢:;)2 +0.219(logé) + 1.77 -
Komlos 1970 [54] Concrete DIF =104+ 0.110g[5] _
£
Xiao et al. 2010 [55] Concrete DIF =1+ 0.0653log[3] _
£
Fig. 14 Comparison of experi- 45 1
mental results with the existing —a— Soroushian et al
DIF models in tension [1986]
41 Tedesco and Ross
[1993]
5 Zhou and Hao [2008]
£35 1
& Katayama et al [2007]
[
(72}
§ 31T —e— Malvar and Ross
S [1998]
= —=e— Komlos [1970]
2231
5 —=e— CEB-FIP [1990]
= I - o—0—9©
22T — o ¢ ¢ —e— Xiao et al [2010]
s & ——¢ d ® ® ®—® A Experiemtal results
. S < . & ———0 [M45]
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In Fig. 14, the experimental results were compared with
the suggested DIF model for concrete in tension. It was
found that all DIF empirical relations follow a similar trend,
that is, DIF increases with the strain rate. While the empiri-
cal relationship obtained through the curve fitting method,
based on the experimental results, was found to be quadratic,
it can be described as

DIF = 7.482(log £)* — 10.243(log €) + 5.7211 (10)

The experimentally developed DIF curve shows a good
agreement with the DIF models suggested by the [14,
18, 46]. The DIF empirical models suggested by various
researchers agree well with their respective experimental
data but need to be consistent with the experimental data
obtained by other researchers. This inconsistency might be

@ Springer

Log(strain rate)

due to differences in the material strength and their constitu-
ents, specimen dimensions, and loading condition.

Strength-time response

The tensile strength and time response of concrete under
different strain rates is shown in Fig. 15. It was observed that
the tensile strength is generally inversely proportional to the
loading time and increases with a decrease in loading dura-
tion. The strength—time curves showed a similar profile, but
the peak strength amplitude increases with increase in load-
ing rate. Under high impact velocity, the loading duration on
concrete specimen is too much shorter and concrete reaches
to its peak strength very soon. It has been noticed that, as
the loading duration decreases from 68 to 43.9 microsec-
ond, the loading rate increases from 196.59 to 501.42 GPa/s
and strain rate increases from 5.86 to 14.94 s~!. In other
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words, as the loading duration is shorter, the tensile strength
is higher. Hence, it has been concluded that as the load-
ing duration increases, the tensile strength approaches the
quasi-static value. During a shorter loading time, there are
many microcracks triggered, but there is no delay for already
triggered cracks to propagate the relatively larger distance
towards the loading ends. Hence the large number of small
cracks was the main cause for higher tensile strength under
short loading duration [17].

Quasi-static and dynamic fracture surface

The fracture surface of concrete specimen under quasi-
static splitting tensile test and dynamic splitting tensile test
is shown in Fig. 16. The dynamic failure mode of concrete
is completely different from the quasi-static failure mode in
terms of crack propagation behaviour. Under high strain rate
loading, the transgranular propagation of cracks phenom-
enon occurred, while under quasi-static loading conditions,
the intergranular propagation of cracks occurred [25-27].
The failure crack orientation is axial and parallel to the load-
ing direction which splits the specimen into two pieces. In
quasi-static loading conditions, the initiated cracks have suf-
ficient time to propagate through the weaker ITZ or other
areas with lower resistance. They do not penetrate through
strong aggregates due to their high strength, resulting in a
rough failure surface, see Fig. 16a. In high strain rate load-
ing tests the loading duration is very short, and cracks do
not get enough time to propagate through weaker sections.
Hence, the initiated microcracks propagate more rapidly and
quickly through coarse aggregates rather than the interfacial

50 75 100 125 150 175
Time (microsec)

transition zone (ITZ), see Fig. 16b. Thus, the coarse aggre-
gates particle is broken during the high strain rate and the
fracture surface was smooth and flatter, see Fig. 16b. A simi-
lar trend of concrete fracture surface is also reported by the
other researchers [8, 15, 20].

Fracture process and crack growth propagation

In the dynamic splitting tensile test, the experimental valid-
ity and acceptability of the results were investigated through
following aspects: (1) stress equilibrium condition:—the
concrete specimen must be in equilibrium conditions dur-
ing the tensile test, (2) first crack initiation location:—it
is necessary to check the location of initiation of the first
crack in concrete specimen, whether the failure crack initi-
ated from the centre point of the specimen, and (iii) propa-
gation of crack:—it is also important to track the route of
crack propagation path such that the failure path should be
almost parallel to the loading direction [15]. A high-speed
video camera is used to monitor the fracturing process of
the cylindrical specimen under dynamic loading conditions.
The camera has been placed perpendicular to the sample
surface recorded at 40,000 frame per second (fps). The crack
initiation and propagation in cylindrical specimen recorded
at 7.62 s~! strain rate is shown in Fig. 17a. At T=0 ps, the
tensile strength is zero and loading started in the specimen.
During the lading time between 7=0 and 7=50 ps, load-
carrying capacity of concrete increases and no crack was
observed at the centre of specimen. At T="75 ps, the primary
crack was observed at the centre of the specimen. Hence
during the T=50 to T="75-ps loading time, the stress at the
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Fig. 16 Failure surfaces a quasi-static failure surface, b dynamic failure surface

specimen and bar interface reached to the equilibrium con-
ditions and the maximum tensile stress occurred at the cen-
tre of the specimen. This concludes that the splitting of the
cylindrical specimen takes place at the centre and validates
the working principal of splitting tensile test under dynamic
loading [17]. At around T=100 ps, it was also observed
that the first initiated crack quickly propagated towards the
loading ends and crack direction was almost parallel to the
loading direction, see Fig. 17a. When the crack reached
to the end interfaces at 7= 125 ps, the concrete specimen
split in to two semi-cylindrical parts and failure occurred
through splitting tensile phenomena, see Fig. 17a. The fur-
ther increase in loading on the concrete specimen starts to
crush the concrete at the loading end interfaces beyond the
time 7= 125 ps.

Failure process corresponding to strength—time response

The failure process and strength—time response of concrete
specimen at the 7.62 s~ strain rate with their correspond-
ing time of loading is illustrated in Fig. 17b. The load starts
to increase from zero corresponding to point (a). The con-
crete dynamic splitting tensile strength increased from point
(a) up to the point (c) and the concrete remained in linear

@ Springer

elastic region as there was no crack was observed at centre
of specimen, Fig. 17a. Between the point (c) and (d) in the
strength—time response curve in Fig. 17b, concrete reaches
its maximum tensile strength just before it starts to weaken
beyond the point of failure. Beyond the point (d), the tensile
strength reduces, and strength tends to zero corresponding
to the point (f). The concrete specimen split into two semi-
cylindrical halves, exhibiting similar tensile crack initiation,
propagation, and splitting tensile behaviour as reported in
the literature [17].

Failure mode and fragmentation

The failure pattern of tested specimen is an important indi-
cator to understand strain rate effect on the failure mode of
concrete specimen under dynamic splitting tensile tested at
different high strain rates as shown schematically in Fig. 18a.
It has been observed that all the cylindrical specimens fol-
lowed an almost similar mode of failure of splitting in to
two semi-cylindrical halves. In addition, the contacts area
between specimen and bars appeared to be local crushing
as the strain rate increases. At low strain rate, the speci-
men split into semi-cylindrical halves with or without small
wedge regions, but under high strain rate the large wedge
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Fig. 17 Dynamic splitting tensile test at 7.62 s~! strain rate a failure process, b strength—time response

region was formed and large crushing of concrete occurred
at the loading contact points as shown in Fig. 18a, while at
very high strain rate, in addition to large wedge region, the
crushing zone was also formed along the loading direction.
Hence, it has been concluded that the loading rate plays an
important role in the concrete failure mode pattern under
dynamic loading conditions. Moreover, with increase in
strain rate, the crushing of concrete increases at the load-
ing ends and the wedged shape formed at the concrete
failure edges also increases, see Fig. 18a [15]. The main
major macro-crack develops at the centre of disc, but other
cracks also develop at the contact points due to high loading
which crushed the concrete specimens into small fragments
as shown in Fig. 18b. At 5.86 s~!, the failure in the con-
crete specimen takes place in such a way that it splits into
two almost equal pieces with small crushing of about 2 gm,
while, at 10.7 s™! strain rate, the specimen splits into two
major pieces with concrete crushing of about 7 gm leading
to developing a crushing zone along the loading direction. In
terms of energy, the wave propagates in bar associates with
the energy. At the low loading rate, the energy associated

with the incident wave was so small, for that reason the
energy absorbed by the specimen was primarily used initia-
tion and generation of main crack and split the specimen
into two complete parts with very small amount of crushed
concrete at the contact points. Under higher loading rate,
the incident energy associates with incident were very high
and the part of energy used for initiation and propagation of
generated main crack, while the remaining energy was used
to crush the concrete specimen at the contact area between
specimen and bars [29].

Conclusion

The following outcomes have been observed for dynamic
compression and splitting tensile test:

e The dynamic compressive strength of concrete increases
from 57.5 to 88 MPa with an increase in the strain rate
from 72 to 284 s~! describing the strain rate sensitivity
of the concrete.

@ Springer
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The energy absorption capacity significantly increased
from 0.289 to 0.930 J/m® as the strain rate increased from
72 to 284 s~! due to the formation of large number of
cracks and confinement effects. Notably, concrete's plas-
tic behaviour exhibited greater sensitivity to high loading
rates compared to its elastic behaviour.

The strain rate was significantly affected by the con-
crete damage describing that the percentage weight of
crushed specimen passing through the 4.75-mm sieve
was increased from 4.08 to 27.66% with an increase in
strain rate from 72 to 284 s~ ..

The damaged concrete fragments retained by a 4.75-mm
sieve were flaky, angular, and irregular in shape. Their
number increased as the strain rate increased, leading to
smaller fragment sizes.

The dynamic splitting tensile strength of concrete found
to be more sensitive to strain rate and increases from
12.76 to 21.89 MPa as the strain rate increases from 6.79
to 14.95 s™! due to the transgranular propagation of the
cracks.

The failure pattern in dynamic tension significantly
depends upon the strain rate. The tested specimen split

@ Springer

into two semi-cylindrical pieces at low strain rate,
while at high strain rate, the local crushing was initially
happened in the specimen which leading to developing
the crushing zone (wedge region) in the concrete speci-
men due to increase in the rate of loading.

e The experimental results revealed a DIF of 1.78 at a
strain rate of 284 s~! for compression and a DIF of 4.04
at a strain rate of 14.95 s™! for tension. This indicates
that concrete exhibits greater sensitivity to dynamic
tension compared to dynamic compression.
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