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Abstract The goal of this study is to design a novel annular
pulse shaping technique for large-diameter Kolsky bars for
investigating the dynamic compressive response of concretes.
The purpose of implementing an annular pulse shaper design
is to alleviate inertia-induced stresses in the pulse shaper
material that would otherwise superpose unwanted oscilla-
tions on the incident wave. This newly developed pulse shap-
ing technique led to well-controlled testing conditions en-
abling dynamic stress equilibrium, uniform deformation, and
constant strain-rate in the testing of a chosen concrete materi-
al. The observed dynamic deformation rate of the concrete is
highly consistent (8 % variation) with the stress in the speci-
men well equilibrated confirming the validity of this new
technique. Experimental results at both quasi-static (10−4 s−1)
and dynamic (100 s−1, 240 s−1) strain rates showed that the
failure strength of this concrete is rate-sensitive.

Keywords Split-hopkinson pressure bar . Pulse shaper . High
strength concrete . High rate . Large kolsky bar

Introduction

In the past two decades, the quest of exploring the dynamic
response of concrete-like materials has reached a common
consensus that above a certain transitional strain-rate, the
strength of concrete is highly dependent on strain-rate. This
dependency is often described by the Dynamic Increase
Factor (DIF), which is defined as the ratio between the dy-
namic and quasi-static strength with increasing strain-rate
under uniaxial compressive and tensile loading conditions.
From the materials perspective, a few theories have been
developed to explain the published results either by the gen-
eration, dynamic growth, and interaction of sliding micro
cracks [34], or by the viscoelastic nature of the cement mate-
rial as well as the time-dependent crack growth [16]. Other
studies, however, tend to attribute the observed strength in-
crease to the artifacts inherent in the physical architecture of
the high-rate experimental techniques. For example, the fric-
tion effect between the specimen and bars in Kolsky bar
experiments may enhance the compressive strength of con-
crete. This effect has been proven to be strain-rate sensitive
[29, 32]. Furthermore, the radial inertia in the specimen, due to
axial strain-rate acceleration, is believed to impose an artificial
radial confining stress to the concrete and may contribute to
the enhanced dynamic strength [21, 50].

Despite ongoing debates on the true mechanisms causing
the strain-rate effects in concrete, experimentalists continued
to improve the high-rate Kolsky bar characterization tech-
niques for brittle materials in hope to interpret the experimen-
tal results on concrete with higher accuracy and less uncer-
tainty. A technique commonly used in Kolsky bar experiments
to facilitate proper loading of the specimen material is the
pulse shaping technique which was originally developed by
Duffy et al. [17] in Split-Hopkinson torsion bar experiments
on Aluminum. The work by Duffy et al. placed thin strips of
lead between the striker bar and torsional bar while a short
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piece of tubing, called a “pulse smoother”, was placed be-
tween the torsional bar and specimen. The pulse shaping
technique was further expanded upon by Ellwood et al. [18]
by incorporating “dummy” specimens, of the same material as
the specimen, and placing it between the striker and pre-
loading bar to provide pulse shaping of the loading wave.
The technique of Ellwood et al. was later modified by Parry
et al. [40] by removing the “dummy” specimen and using only
the pre-loading bar between the striker and incident bar. To
increase the utility of the pulse shaping technique the typical
right-circular cylinder striker bar was replaced with striker
bars that used varying truncated cone and spherical cap ge-
ometries to create the desired loading wave [13, 22]. The
second pulse shaping technique presented by Frantz et al.
[22] used traditional right-circular cylinder striker bars but
placed thin pieces of varying materials between the striker
bar and incident bar and is the common technique used in the
Kolsky bar research community. These pioneering efforts
primarily focused on characterization of ductile materials.

For brittle materials, Nemat-Nasser et al. [35] suggested
applying a thin piece of metal on the impact end of the
incident bar in the Kolsky bar experiment to facilitate a
linear-ramp loading wave profile so that well-defined bound-
ary conditions (i.e., dynamic stress equilibrium, constant
strain-rate and deformation) may be achieved in the specimen.
This pulse shaping concept was further developed by Frew
et al. [23, 24] to specifically address the dynamic testing of
geomaterials. The analytical/experimental results reported by
Frew et al. [23, 24] have shown that in order to realize constant
strain-rate deformation in Kolsky compression bar experi-
ments of brittle materials, it is essential to generate a linear
incident loading wave by choosing the proper combination of
pulse shaper dimensions and striker bar impact velocity.
Considering the widely-observed rate sensitivity of concrete,
constant strain-rate deformation prior to specimen failure is a
critical experimental condition. During constant strain-rate
deformation the axial strain-rate acceleration becomes zero
and therefore reduces the inertia induced confining stress on
the specimen [21]. The absence of the inertia effects signifi-
cantly simplifies the interpretation of failure strength by en-
suring the desired uniaxial stress state in the specimen (except
during the early stage of deformation where the strain-rate
increases from zero to a constant level). Simultaneously, the
linear incident pulse facilitates dynamic stress equilibrium to
ensure uniform deformation of the specimen while preventing
premature failure [23, 24, 35]. This concept has been success-
fully practiced by a number of Kolsky bar researchers on a
variety of brittle materials such as glass, ceramics, and ceramic
composites using relatively small specimen geometries [12,
28, 36, 38, 45]. However, due to the large aggregate size and
inhomogeneous void distribution in concrete materials it is
desirable to adopt larger specimens with a representative
volume of the constituent materials in order to limit the

variation of experimental results. This led to the need for
large-diameter Kolsky bars that have been extensively used
in previous high-rate studies on concrete materials [1, 6, 7, 10,
20, 41–43]. As previously reported in the literature [6, 7, 16,
29, 32, 41–43], the mechanical properties of concrete mate-
rials are sensitive to the deformation rate and many factors
exist, intrinsic to the material or not, that can contribute to the
rate sensitivity. From an experimental point of view, it is
critical to develop a reliable high-rate experimental technique
to accommodate large specimen geometries while acquiring
similar specimen boundary conditions (i.e., dynamic stress
equilibrium, constant strain-rate and deformation) rationalized
in small-diameter Kolsky bar experiments on brittle materials.

The recent progress in developing such characterization
capabilities for concretes at the High-Pressure Particulate
Physics (HP3) Facility, U.S. Air Force Research Laboratory,
Eglin AFB, FL is reported herein. The study is centered on
establishing a reliable pulse shaping technique for character-
izing concretes using large-diameter Kolsky bars. If a linearly
scaled-up solid pulse shaper design is adopted from smaller
Kolsky bars [23, 24], the radial inertia in the pulse shapers
superposes noise-like oscillations on the incident wave. This
type of interference significantly compromises the targeted
linear incident wave profile desired for brittle materials char-
acterization. The proposed new approach specifically ad-
dresses this issue by introducing the concept of an annular
pulse shaper. High strain-rate compression results on a Self-
Consolidating High-Strength Concrete (SCHSC) showed that
the annulus pulse shaping technique effectively reduces the
radial inertia effects in the pulse shapers while allowing both
constant strain-rate deformation and dynamic stress equilibri-
um to be achieved in the specimens to ensure valid testing
conditions.

Kolsky Compression Bar Experiments

Material Properties

A SCHSC was selected for the present study. Self-
consolidating concrete is a highly flowable and non-
segregating concrete that can spread into tight and constricted
spaces under gravity without the need for vibrating compac-
tion. Characteristics of high-flow and high-strength are not
typically both achieved in a cementitious material. However,
SCHSC was developed with a 3rd-generation High-Range
Water Reducing Admixture (HRWRA) and a Viscosity
Modifying Admixture (VMA) to optimize the material rheol-
ogy and mechanical properties. Table 1 shows the mixture
proportions (by weight) for the SCHSC. Constituent propor-
tions are shown relative to the total amount of cementitious
material (CM), which is comprised of ASTM type I/II cement
[2], Grade 120 Slag cement [5] and Class F fly ash [4]. The
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gradation analysis results for the SCHSC aggregate are shown
in Table 2.

Specimen Fabrication

All specimens were fabricated from an Self-Consolidating
High-Srength Concrete (SCHSC) developed by the U.S.
Army Engineer Research and Development Center,
Vicksburg, MS. The material was placed in steel tubs and
allowed to cure for 91 days in a temperature controlled lime-
water bath at 23 °C (as per ASTMC192 [3]) prior to specimen
fabrication to ensure the desired unconfined compressive
strength of approximately 80 MPa (12 ksi) was acquired.
Followingmaterial curing, several 50.8 mm cores were drilled
from the tubs using a core drill system and then carefully
sectioned, using a Beuhler Delta-EB 260 manual abrasive
cutter, to yield multiple SCHSC disks with an approximate
thickness of 19.05 mm. It should be noted that the brittleness
of concrete introduces significant challenges for Kolsky bar
testing and it is critical to fabricate specimens with flat and
parallel face ends to ensure uniform loading. To ensure the
best quality regarding specimen parallelism and flatness a
two-stage process was used.

In the first stage, the initial rough thickness was reduced
from 19.05 to 13.97 mm while ensuring maximum possible
parallelism by removing material from each face with a

precision Harig 618 Auto step surface grinder. Once all the
disks were surfaced, they were placed in a high precision P.R.
Hoffman PR-1 double-sided lapping machine to obtain final
parallelism, flatness, and specimen thickness of 12.7 mm. The
finished specimens were then weighed along with specimen
diameter and thickness measurements to calculate specimen
density. Specimen properties are given in Table 3.

Kolsky Compression Bar Theory and Setup

Kolsky bar, also known as Split-Hopkinson Pressure Bar
(SHPB), is an instrumented device for testing the high
strain-rate response of materials under uniaxial dynamic stress
loading conditions [30]. The technique is based on one-
dimensional stress wave theory in elastic solids. The
schematic of a typical Kolsky compression bar setup is
shown in Fig. 1.

In general, the gas-gun-driven striker bar impacts one end
of the incident bar (through proper pulse shaping) to generate
an incident wave that travels to the other end, where the
specimen is located, and loads the specimen at high strain-
rates. Due to the difference in mechanical impedance between
the bar material and specimen, part of the input energy is
reflected back into the incident bar from the loaded specimen
while the remaining energy is transmitted through the speci-
men and into the transmission bar. Strain gages mounted on
the incident and transmission bar surfaces collect the wave
histories that are subsequently used to calculate the specimen
stress and strain. The theory of the Kolsky bar technique has
been extensively documented (see Gray [26]) and will only be
briefly presented herein. The specimen stress and strain are
given by equations 1 and 2.

ε tð Þ ¼ 2C0

Ls

Z t

0

εr tð Þdt ð1Þ

σ tð Þ ¼ Eb
Ab

As
εt tð Þ ð2Þ

In equations 1 and 2, ε(t) is the specimen strain history, σ(t)
the specimen stress history, εr the reflected strain, εt the

Table 2 Gradation anal-
ysis of aggregate used in
SCHSC

Sieve size (mm) Passing (%)

#10 (2.00) 100.0

#16 (1.18) 98.8

#20 (0.85) 87.2

#30 (0.600) 57.8

#40 (0.425) 45.2

#50 (0.300) 37.7

#70 (0.212) 31.4

#100 (0.150) 26.6

#140 (0.106) 22.9

#200 (0.075) 20.3

Table 1 Mix Propor-
tions for the SCHSC
Material

a CM (total cementitious
material) = cement + slag
cement + fly ash

Constituent Mix proportions
(by weight of total CM)a

Cement 0.70

Slag cement 0.15

Fly ash 0.15

Aggregate 1.30

VMA 0.006

HRWRA 0.0128

Water 0.37

Table 3 Properties for SCHSC Specimens

Density Diametera Thicknessa

(kg/m3) Mean (3SD)b Mean (3SD)

2.113 (0.102) 50.575 (0.489) 12.223 (0.555)

a All dimensions are in (mm)
b 3 Standard Deviations (3SD)
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transmitted strain, Ab the bar cross-sectional area, As the
initial specimen cross-sectional area, and Ls the initial
specimen length. In equation 1, C0 is the one-
dimensional stress wave velocity and Eb the Young’s
Modulus of the bar material. In this study, the striker,
incident, and transmission bars were 50.8 mm in diameter
and fabricated from PH 13–8 Molybdenum stainless steel
bars with a Young’s Modulus, Eb = 221 GPa, yield
strength, σy = 1.415 GPa, and bar wave velocity, C0 =
5,104 ms−1. The lengths of incident and transmission bars
are 3.66 and 3.35 m, respectively. In an effort to signifi-
cantly minimize friction a high-pressure MoS2 paste lu-
bricant was applied at the specimen-bar interfaces in all
experiments. Considering the large size and weight of the
bars, linear air bushings were incorporated at all mounting
locations in lieu of conventional brass bearings to reduce
friction to the bars while in motion (see Fig. 2(b)). The
general arrangement of the 50.8 mm Kolsky bar was
presented in Fig. 1 with photos of the Kolsky bar used
for this study presented in Fig. 2.

Pulse Shaping Technique

Radial Inertia in Pulse Shapers

The Kolsky bar pulse shaping technique for brittle ma-
terials has been evolving over the past two decades [11,
12, 23, 24, 28, 35, 36, 38, 45]. The effectiveness of
applying this technique to test different materials is
contingent on acquiring dynamic stress equilibrium and
specimen deformation under constant strain-rate. The
former ensures a uniform stress distribution in the spec-
imen along the loading direction to obtain uniform
deformation while the latter is regarded as the common
practice for mechanical characterization of most, if not
all, materials under uniaxial loading conditions. To sat-
isfy these two criteria in Kolsky bar experiments on
brittle materials, a linear loading wave is desired con-
sidering the linear elastic nature of such materials [24].

A linear loading wave can be realized with good repeat-
ability by using a solid annealed copper disk pulse shaper.

Wheatstone Bridge and Pre-amplifier

Oscilloscope

Incident bar Transmission barSpecimen

Pulse Shaper

Striker Bar

Fig. 1 Schematic of a typical Kolsky compression bar setup

(a) (b)

Fig. 2 Photographs of the
50.8 mm Kolsky bar: (a) Kolsky
bar arrangement; (b) air bushing
and mount
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Examples of successful application of this technique were
reported in many studies [12, 28, 36, 38, 45] using relatively
small-diameter Kolsky bars (<20 mm diameter). One com-
mon characteristic for many concretes is that the material
exhibits substantial heterogeneity due to the presence of var-
ious types of large-size constituents (e.g. steel fibers, air voids,
aggregate, etc.). To minimize variability in experimental data
and to have a representative specimen volume, due to hetero-
geneities, large specimen geometries are desired for mechan-
ical characterization. Therefore, to accommodate larger spec-
imen geometries the diameter of the Kolsky bars also needs to
be increased. In designing the pulse shaper for large-diameter
Kolsky bars one approach is to apply what has been
established for small-diameter Kolsky bars by linearly scaling
the diameter of the small pulse shapers proportionally with the
bar diameters. This approach is intuitive since small pulse
shapers have been proven to produce the desired linear load-
ing wave for brittle materials [36].

Implementing this concept the incident waveform obtained
using a large solid copper pulse shaper, 25.4 mm in diameter
and 1.5 mm thick, on the 50.8 mm Kolsky compression bar is
shown in Fig. 3(a). The pulse shaper dimensions and striker
bar impact velocity were carefully designed from smaller
Kolsky bar experiments on brittle materials.

Figure 3(a) shows that the incident wave does not exhibit a
triangular waveform but instead shows that oscillations exist
within the waveform throughout the entire loading event. To
investigate whether the oscillations were introduced by the
experimental setup, the pulse shaper diameter was reduced to
9 mm corresponding to the more common pulse shapers
previously used in the literature [36]. The resulting incident
waveform is shown in Fig. 3(b). It is clear that the expected
linear incident wave was not generated due to the much
smaller pulse shaper diameter in comparison to the 50.8 mm
diameter Kolsky bar. No oscillations were observed in this

waveform as compared to the waveform in Figure 3(a). Based
on the differences shown between Fig. 3(a) and (b), it was
concluded that the undesired oscillations in the incident wave-
form resulted from increasing the pulse shaper diameter. To
obtain quantitative deformation information for the pulse
shaper a 25.4 mm diameter by 1.5 mm thick pulse shaper
was placed in the specimen gage section between the incident
and transmission bars. The purpose of treating the pulse
shaper as a specimen was to record the stress (transmitted
wave) and strain-rate (reflected wave) histories for analysis.
The pulse shaper specimen was subsequently loaded by an
incident wave generated by the impact of the striker bar
without the use of pulse shapers at the incident/striker bar
interface. The correlated specimen stress and strain-rate histo-
ries are presented in Fig. 4. Figure 4 shows that the specimen
strain-rate is not constant but triangular in shape with distinc-
tive acceleration and deceleration slopes. The region around
the peak of the strain-rate history corresponds to the peak-to-
valley decrease in stress (from “a” to “b”) in the specimen
stress history. These indicators may suggest a new hypothesis
related to the effect of inertia in pulse shapers that, to the
authors’ best knowledge, has not yet been reported in the
literature regarding pulse shaper design.

The specimen inertia effect in Kolsky compression bar
experiments has been studied by several authors including
Kolsky himself [8, 14, 15, 21, 25, 30, 44, 49, 50]. There are
two primary sources that can generate inertia. The first comes
from acceleration of the specimen strain-rate during the initial
loading process where the specimen strain-rate increases from
zero to a constant strain-rate. As the axial strain-rate increases
the specimen radial expansion rate also accelerates requiring
an additional force to overcome the inertia. The additional
force presents itself in the form of a radial confining effect and
inducing an additional stress component, in the axial direction,
affecting the intrinsic material constitutive response. The
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Fig. 3 Typical incident waveforms using the 50.8 mm Kolsky compression bar arrangement: (a) 25.4 mm diameter x 1.5 mm thick solid copper pulse
shaper; (b) 9.0 mm diameter x 1.5 mm thick solid copper pulse shaper
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second source comes from large specimen deformation.When
the specimen deformation becomes sufficiently large the ra-
dial expansion rate continues to increase despite being in a
state of constant axial strain-rate to satisfy volume conserva-
tion. The explicit impact of inertia effects on experimental
results for soft materials was observed by Song et al. [46, 47].
More recently, Warren and Forrestal [49] proposed a closed-
form analytical solution to estimate the inertia-induced pres-
sure in incompressible solid disk specimens. The analytical
solution of Warren and Forrestal is given as,

p� ¼ ρa20
8 1−εxð Þ2 ε̈x þ

3ρa20
16 1−εxð Þ3 ε̇x

2 ð3Þ

where p is the inertia-induced pressure (in the axial and radial
directions), ρ is density, a0 is the initial radius of the solid disk
specimen, εx the specimen axial engineering strain, while ε̇x
and ε̈x are the specimen axial strain-rate and axial strain-rate
acceleration, respectively. The first term in equation 3 de-
scribes the inertia induced by the strain-rate acceleration, ε̈x ,
in the specimen; this term usually reduces to zero once the
specimen deformation has reached a constant strain-rate (ε̈x =
0). The second term in equation 3 is a function of strain-rate, ε̇x ,
and strain, εx, and increases rapidly with accumulation of spec-
imen strain even at constant strain-rate. It is straight forward
from equation 3 that the inertial stress is a function of specimen
strain, strain-rate, and strain-rate acceleration; however, it re-
mains to be seen if the inertia-induced pressure, p, caused the
stress variation in the transmittedwave (i.e., specimen stress). To
assess the inertia-induced pressure the inertial stress at the peaks
(points a and b in Fig. 4) in the stress profile were calculated and
compared. Given ρ = 9,000 kg/m3 and a0 = 12.5 mm for the
solid copper disk specimen and other parameters as indicated in
Fig. 4, the calculated difference in p is approximately −444MPa
between points a and b. The negative sign indicates the inertia-

induced axial stress has decreased between these two states,
which qualitatively agrees with the decline of both ε̇x and ε̈x in
the stress history curve from points a to b.

Note that the actual stress decrease measured from the
curve yields a value of 270 MPa, which is smaller than the
analytical results. An explanation for this difference is that
while the copper disk specimen deforms from point a to b the
plastic strain increases from approximately 0.28 to 0.51. It is
the authors’ view that the specimen stress accumulated from
strain hardening has compensated for part of the pressure drop
and resulting in a reduced net axial stress decrease as
measured by the strain gages.

Annulus Pulse Shapers

Previous studies on high-rate compression testing of soft
materials revealed similar radial inertia effects for solid disk
specimens [46, 47]. The distribution of this inertia pressure
within the specimen follows a parabolic function along the
diameter. The pressure is highest at the specimen center while
at the circumference the pressure becomes zero due to a stress-
free boundary condition. Researchers have created the same
stress-free boundary condition at the specimen center by fab-
ricating annular-type specimens that substantially reduce the
amplitude of the inertial pressure [47]. Later work has shown
that the residual inertia in the annular specimens still over-
whelms the intrinsic material response for most soft speci-
mens [37]. In the present work, the authors adopt this concept
and extend the use of an annular geometry to pulse shaper
design for large-diameter Kolsky bars. This allowed the au-
thors to significantly limit inertial pressure to negligible levels
in comparison with the intrinsic response of the pulse shaper
material. Equation 3 substantiates this argument since inertial
pressure also exists in small-diameter solid copper pulse
shapers, however, the magnitude of this pressure is not high
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enough to induce oscillations within the incident wave. Based
on the annular concept an 14.4 mm diameter central hole was
introduced in the 25.4 mm diameter solid copper pulse shaper.
Following proper calibration of the striker velocity, an almost
linear incident wave, free of oscillations, was produced as
shown in Fig. 5.

In theory, similar pressure reduction could also be achieved
by using multiple small-diameter solid copper pulse shapers
that have an equivalent cross-sectional area to the annular
pulse shaper. From a practical standpoint, placing multiple
evenly spaced small pulse shapers on the impact end of the
incident bar is a tedious and challenging task. Several diffi-
culties may arise: (1) ensuring uniform contact between the
striker and each small solid pulse shaper during impact and (2)
avoiding contact and interference between the neighboring
small solid pulse shapers during the deformation process. If
either of these situations occurs the quality of the incident
wave will be compromised. Therefore, the annular pulse
shaper design offers an effective solution for significant re-
duction of the radial inertia effects while avoiding any of the
aforementioned problems. It is believed that this technique has
great potential and is worth exploring for large-diameter
Kolsky bar experiments on a variety of materials and
structures.

Results and Discussion

Mechanical Response of Concrete at High Rates

The effectiveness of the annular pulse shaper design was
examined through Kolsky bar compression experiments on
SCHSC specimens at two strain-rates. As previously men-
tioned, maintaining dynamic stress equilibrium and constant
strain-rate deformation in the specimen are the two primary
boundary conditions determining the validity of Kolsky bar

experiments. When characterizing brittle materials, these
boundary conditions are particularly important because the
total specimen deformation prior to failure is very small
(≤1.0 %). Consequently, these boundary conditions are re-
quired to be satisfied within a short period of time (typically
less than 50 μs). To satisfy these boundary conditions in all
experiments for this research annular pulse shapers were
designed for strain-rates of 240 s−1 and 100 s−1. Experiments
at 100 s−1 strain-rate used six small additional solid pulse
shapers mounted on top of the annular pulse shaper to further
decrease the strain-rate acceleration and avoid large fluctua-
tions in strain-rate prior to reaching the desired constant rate of
100 s−1. The testing conditions for all experiments are pre-
sented in Table 4 while photographs of the fabricated annular
pulse shapers mounted on the impact end of the incident bar
are shown in Fig. 6.

To demonstrate the effectiveness of the annular pulse shap-
er concept, raw experimental data is presented in Fig. 7 for
100 s−1 and 240 s−1 strain-rates. In Fig. 7, plateaus are evident
in the reflected waves indicating the specimens achieved
constant strain-rate deformation prior to failure as indicated
by the sharp increase in the strain-rate profile. In general, the
total specimen deformation time prior to failure (up to the end
of the constant strain-rate region) increases from 60 to 140μs
as the strain-rate decreases from 240 s−1 to 100 s−1. Thus, the
duration of constant strain-rate prior to failure is longer for the
strain-rate of 100 s−1.

According to one-dimensional wave theory for Kolsky bar
experiments, the stress at front (incident bar side) and
back (transmission bar side) surfaces of the specimen
can be calculated as

σF ¼ Ab

As
Eb εi þ εrð Þ; ð4Þ

σB ¼ Ab

As
Eb εtð Þ ð5Þ

where σF and σB are the specimen stress on the front and back
surfaces of the specimen, respectively. In equations 4 and 5,
Ab and As are the cross-sectional areas of the Kolsky bar and
specimen, respectively, while again εi, εr and εt are the strains
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Fig. 5 Linear incident wave generated using an annular copper pulse
shaper (O.D. = 25.4 mm, I.D. = 14.4 mm). Note that compared to
Fig. 3(a) the inertia induced oscillations are eliminated

Table 4 Testing conditions for SCHSC specimens

Strain Solid Pulse shaper Annular Pulse Shapers
Rate O. D. Thickness O. D. I.D. Thickness
(1/s) (mm) (mm) (mm) (mm) (mm)

100 3.20 0.51 25.4 15.9 1.00

240 − − 25.4 14.4 0.80
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associated with incident, reflected, and transmitted waves,
respectively. Using equations 4 and 5 with the experimentally
collected incident, reflected, and transmitted wave signals the
dynamic stress histories of the concrete specimens can be
calculated and compared to assess stress equilibrium. Figure 8
presents the stress equilibrium for a single experiment con-
ducted at 240 s−1 strain-rate. The stress at the front and back of
the specimen are in good agreement indicating the concrete
specimen was under stress equilibrium during the dynamic
deformation process.

It is well understood that concrete is heterogeneous and
requires multiple experiments at a single strain-rate to ade-
quately account for such heterogeneity. For this reason, five
experiments were conducted at each strain-rate using well-
controlled loading conditions through the pulse shaping tech-
nique. The repeatability of the loading conditions (i.e., inci-
dent wave) is shown in Fig. 9.

The mechanical response for all experiments was deter-
mined by using the measured bar signals and equations 1 and
2. The dynamic stress-strain response is summarized in
Fig. 10 and superposed with the quasi-static results obtained
with a strain-rate of 10−4 s−1. Figure 10 indicates a

strong rate dependency in failure strength at a strain-
rate of 240 s−1 showing a maximum compressive
strength of 220 MPa. This is approximately three times
stronger than the quasi-static compressive strength. It is also
noted that over the Kolsky bar strain-rate regime (100 s−1 to
240 s−1), the compressive strength increased by 20 %. The
strain-rate sensitivity for the material investigated in this study
is presented in Fig. 11.

The elastic modulus, however, does not exhibit noticeable
strain-rate sensitivity other than minor variations between
specimens due to the material heterogeneity. One unique
feature of the dynamic mechanical response obtained in this
study is that the specimens’ stresses do not (immediately) drop
to zero following peak stress indicating the possibility of
fragmentation and progressive failure. These results are in
agreement with previous work on the dynamic compressive
response of puremortar [27]. Grote et al. revealed that the pure
mortar did not exhibit strain-rate sensitivity until after 290 s−1,
whereas in this study, the strength of the SCHSC specimens
increased three fold (see Fig. 11) at about the same strain-rate.
In general, the dynamic response of SCHSC showed a similar

(a) (b)
Fig. 6 Photographs of the pulse shaper designs used in all experiments:
(a) 240 s−1 copper pulse shaper; (b) 100 s−1 copper pulse shaper
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Fig. 7 Original Kolsky bar waveforms: (a) 240 s−1; (b) 100 s−1

0 20 40 60 80 100 120
0

25

50

75

100

125

150

175

200

225

S
tr

es
s 

(M
P

a)

Time (microsecond)

Front Stress

Back Stress

Fig. 8 Dynamic stress equilibrium for 240 s−1 strain-rate

1350 Exp Mech (2014) 54:1343–1354

Author's personal copy



trend in strain-rate dependency as reported by others for
concrete materials in compression [27, 33, 41, 43] and tension
[9, 19, 31, 48].

The primary goal of this study was not to further populate
the dynamic concrete data within the literature that has been
made available to the research community over the past de-
cades. The authors’ intention was focused on establishing a
reliable large-diameter Kolsky compression bar experimental
technique that may be used for future concrete materials (or
other geo-materials) research, especially when large-size spec-
imens are of importance. It is clearly shown (see Figs. 7, 8, and
9) that the carefully designed annular pulse shapers provide
repeatable testing conditions for specimens (e.g., constant
strain-rate and dynamic stress equilibrium) that are strictly
satisfied to warrant valid experimental results. In addition to
the primary objective of the research, it is evident that the new
loading technique successfully characterizes the dynamic me-
chanical response of the SCHSC material investigated. The

dynamic data in Fig. 11 shows small variations in the com-
pressive strength for both 100 s−1 and 240 s−1 strain-rates.
This small variation is due to the repeatability of the loading
technique and minimization of the variation in the specimen
strain-rate from test to test. Consequently, optimum repeat-
ability for the specimen compressive strength could be real-
ized. The ability to minimize these variations is very important
when interpreting the mechanical properties of concretes due
to their highly rate-sensitive nature and heterogeneity.

Effect of Specimen Inertia

Equation 3 suggests that the inertia induced pressure in any
deformable solid is strongly dependent upon the specimen
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Fig. 9 Repeatability of well controlled loading conditions: (a) 100 s−1; (b) 240 s−1
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radius a0. As the diameter of the concrete specimen increases,
the inertia may impose additional stresses in both the radial
and axial directions. Pressure dependencies in concrete due to
radial confinement is well understood indicating that the im-
posed radial inertia may play an important role in evaluating
the failure strength enhancement, and therefore needs to be
carefully investigated along with data interpretation. Li and
Meng [32] studied this possible effect on concrete-like brittle
materials through numerical simulations. Later work by
Forrestal et al. [21] presented a set of analytical solutions
regarding specimen radial inertia and are given as

σr ¼ ν 3−2νð Þ
8 1−νð Þ a20−r

2
� �

ρε̈x; ð6Þ

σx ¼ ν2 3−2νð Þ
4 1−νð Þ a20−

2r2

3−2νð Þ
� �

ρε̈x; ð7Þ

where σr and σx are the inertia-induced radial and axial stress-
es at location r (the radial distance from specimen center),
respectively, and ν is the specimen Poisson’s Ratio.

It should be noted that although equations 6 and 7 share
certain similarities with equation 3, equation 3 was derived to
approximate the inertial stress for materials that exhibit large
deformations, such as copper pulse shapers. However, for
brittle materials such as concretes, the deformation is typically
small (≤1 %). To account for the brittleness of concretes,
Warren and Forrestal [49] derived equations 6 and 7 to neglect
inertia imposed by large deformations. Therefore, equations 6
and 7 consider elastic deformation for which the material is
compressible (v<0.5) while equation 3 considers the material
as incompressible (v=0.5). Note, that the confining pressure,
σr, is maximum at the specimen center and decreases to zero at
the specimen circumference.

The axial inertia, σx, also varies with location with the
integral of σx over the entire specimen cross-sectional area
yielding the average of the additional axial stress imposed by
inertia. This additional stress is superposed onto the intrinsic
material response measured by the strain gages. To make a
conservative estimation of the inertia effect, it was assumed
v=0.5 with an average specimen density of 2,150 kg/m3 and
specimen radius of 25.4 mm. The estimation of strain-rate
acceleration, ε̈ , is determined using the specimen strain-rate
history as presented in Fig. 12.

Figure 12 indicates that the strain-rate acceleration, ε̈ , is
largest during the initial ramp up stage. Once the specimen
deformation reaches constant strain-rate the strain-rate accel-
eration, ε̈ , becomes zero. In the early stage of deformation the

strain-rate changes significantly and ε̈ ¼ 7:35x106s−2 .
Substituting this value of strain-rate acceleration into

equations 6 and 7 and integrating σx over the cross-sectional
area, the specimen inertia stress is determined to be,

σr¼0 ¼ 0:6MPa; ∫σxdA ¼ 0:3MPa

These low values verify that the inertia-induced confining
pressure and axial stresses are minimal prior to the start of
specimen fracture. Furthermore, at the specimen center where
the radial confinement, σr, is greatest, the magnitude of the
confining pressure is only 0.6 MPa. This low confining pres-
sure is small and does not induce any noticeable enhancement
to the material’s compressive strength. Compared to the aver-
age dynamic compressive strength of 200 MPa, the additional
axial stress induced by inertia (0.3MPa) is small enough that it
can be safely neglected from the specimen’s stress history. It
should be noted, that even though the magnitude of inertial
stress for concrete specimens is case sensitive which may vary
with material type and/or testing conditions, it is reasonable to
conclude that for Kolsky bar experiments with specimen
diameters up to 50.8 mm the inertia in specimens may not
play a critical role in compressive strength enhancement. This
conclusion is further reinforced for brittle materials like con-
crete since the maximum achievable constant strain-rate and
strain-rate acceleration in Kolsky bar experiments are limited
[39]. These very low initial values (<1 MPa) of inertia-
induced stress suggest that the inertia stress signal is likely
to reside within a range that is comparable to the experimental
noise.

Conclusions

The primary objective of this study was to develop a viable
pulse shaping technique for large-diameter Kolsky bar
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experiments for concrete materials. Previous pulse shaping
techniques for brittle materials were established with smaller
diameter bars that use smaller pulse shapers. As the size of the
Kolsky bar and pulse shaper drastically increase to accommo-
date larger concrete specimen diameters, radial inertia in the
pulse shaper becomes non-negligible and interferes with the
intrinsic pulse shaper material response during deformation.
The inertia-induced stress significantly influences the incident
wave which would otherwise exhibit a linear ramp. The
present study has shown that by implementing an annular
pulse shaper geometry for large-size pulse shapers the radial
inertia effects can be attenuated sufficiently to not influence
the incident wave. In other words, a linear wave, which is
desired for Kolsky bar experiments on brittle materials, was
realized through this modified pulse shaping technique. The
validity of this concept was examined through testing a
SCHSC material using a 50.8 mm diameter Kolsky compres-
sion bar located in the High-Pressure Particulate Physics
(HP3) facility at the U.S. Air Force Research Laboratory,
Eglin AFB, FL. The experimental results showed that with
proper design of the annular shaper the concrete specimens
deformed under dynamic stress equilibrium and constant
strain-rate until failure occurred. All testing conditions were
well controlled for both investigated strain-rates (100 s−1 and
240 s−1) with minimal observed scatter in strain-rate and
failure strength. An additional uncertainty associated with a
large diameter Kolsky bar is the possible inertial effects in the
specimens that may result in artificial enhancement to the
failure strength under uniaxial stress loading conditions.
Through the comparison of analytical model predictions and
experimental results it is shown that, for high strength
concrete materials, the inertia-induced stress is almost
negligible compared to the intrinsic strength of the
material. The loading technique developed in this study
shows great promise and can be successfully applied to
characterize the dynamic response of other geomaterials
on large Kolsky bars.
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