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Abstract Material characterization at high strain rates
under simultaneous compression and shear loading has
been a challenge due to the differing normal and shear
wave speeds. An experimental technique utilizing the
compression Kolsky bar apparatus was developed to apply
dynamic compression and shear loading on a specimen
nearly simultaneously. Synchronization between the com-
pression and shear loading was realized by generating the
torsion wave near the specimen which minimizes the time
difference between the arrival of the compression and tor-
sion waves. This modified Kolsky bar makes it possible to
characterize the dynamic response of a material to combined
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compression and shear impact loading. This method can
also be applied to study dynamic friction behavior across an
interface under controlled loading conditions. The feasibility
of this method is demonstrated in the dynamic characterization
of a simulant polymer bonded explosive material.

Keywords Simultaneous torsion and compression ·
Kolsky bar · Split Hopkinson pressure bar · Friction · Shear

Introduction

Traditionally, experiments are conducted in one of the sim-
ple stress states: tension, compression, torsion, or flexure.
Many material properties such as Young’s modulus, shear
modulus, yield strength, and rupture modulus are obtained
for these simple stress states. Complicated stress states
are typically simplified using material models, which often
treat materials as continuous, homogeneous, and isotropic
in order to establish an equivalent simple stress state from
more complicated ones. However, many materials are intrin-
sically anisotropic and are also subjected to multiaxial
dynamic loading, making it necessary to characterize these
materials under realistic strain rates and multi-axial stress
states. Two examples are damaged armor materials sub-
jected to impact by pointed projectiles; and dynamic friction
which calls for simultaneous normal pressure and shear
loading.

Material properties at high strain rates are typically char-
acterized using the Kolsky bar (the split Hopkinson pressure
bar), the advent of which marked a new era of material
characterization by enabling the study of materials at strain
rates between 100/s and 10,000/s [1, 2]. This apparatus has
been developed and implemented to study tensile, compres-
sive, torsional, and flexural properties of many materials.
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The Kolsky bar has even been used to study materials in
states of triaxial pressure, a particularly useful technique for
geomaterials [3, 4].

Of the three types of Kolsky bar, the compression Kolsky
bar provides a simple, yet versatile means to characterize the
compressive behavior of materials [1, 2]. With pulse shaping
[3, 5] and single loading techniques [6], materials ranging
from soft, porous foams to brittle ceramics may be studied
in situ and ex post facto to reveal the damage processes as
well as material behavior on the microscopic scale.

Traditionally, torsion experiments are conducted using a
stored torque torsion Kolsky bar. This variant of the tor-
sion Kolsky bar utilizes a strategically placed clamp to
control the duration of the torsional wave while the ampli-
tude is determined simply by the amount of torque stored
prior to the experiment [7–9]. Torsion waves have also been
generated via transverse loading through explosives, and
deformable tubing was used to produce torsional waves with
a desired shape [5]. For more control over the duration and
profile of the incident torsion wave, the side-impact torsion
Kolsky bar was developed [10, 11]. However, for experi-
ments involving multiple stress states (such as friction), an
additional form of loading must be incorporated into the
experiment [8–10, 12].

Loading a specimen with multiple stress states in a
controlled manner has proven to be non-trivial. Dynamic
experiments are a prime example of this condition, par-
ticularly in the manner regarding wave propagation since
each mode of loading may experience different wave speeds
(bulk, longitudinal, shear, etc.). For the Kolsky bar experi-
ment, differing wave speeds pose a particularly challenging
timing issue that must be resolved with micro-second accu-
racy [13–15]. Many approaches have been developed to
avoid this particular timing issue.

One approach is to use a typical compression bar, except
with a rotating transmission bar [12]. Upon arrival of the
incident compression wave, the specimen engages with the
rotating transmission bar to provide dynamic compressive
and torsional stresses. This clever method can supply a
near constant shearing rate, but the rate is not directly pro-
portional to the incident compression loading. A technique
using a compression Kolsky bar relies on an inclined plane
to partially convert an axial compression wave into a trans-
verse shear wave [16, 17]. A similar technique using a mod-
ified compression Kolsky bar relies on a wedge to transmit
compression and shear into two transmission bars, enabling
the study of both friction and combined compression-shear
loading on a single or pair of materials [18, 19]. However,
with these techniques, the shear stress is not necessarily
evenly distributed over the contact area.

To achieve rate constancy in experiments involving mul-
tiaxial stress, and to gain control over the normal and shear

loading, a new robust method is desired. Throughmodification
of the compression Kolsky bar, the dynamic behavior of
materials subjected to combined simultaneous compression
and shear loading may be characterized. A new modifica-
tion to the compression Kolsky bar is presented that realizes
nearly simultaneous normal and torsion stress wave loading
on the specimen.

Materials and Methods

The experiment is based upon a modified compression Kol-
sky bar. Modifications to the compression Kolsky bar result
in the production of torsional stresses within the bar in addi-
tion to compressive stresses which load the specimen. In
principle, the normal and shear quantities can be calculated
using the one dimensional wave equations for compression
and torsion in a decoupled state (equations (1) and (2)),
with �σ and �τ the change in normal and shear stress, ρ

the bar density, CL and CS the longitudinal and shear wave
speeds, r the bar radius, and �v and �φ̇ the longitudinal
and angular particle velocities.

�σ = ρ CL �v (1)

�τ = ρ CS r �φ̇ (2)

Modified Kolsky Bar

When the specimen is a very soft material or the transmit-
ted signal is expected to be very small, the conventional
incident-transmission bar configuration of the Kolsky bar
experiment must be changed. For example, a very soft spec-
imen results in a weak transmitted stress that is not easily
measured. Similarly for friction experiments, a small fric-
tion coefficient could also lead to a weak transmitted stress.
Since stress and particle velocity are directly related in the
Kolsky bar experiment (equation (1)), this implies that the
transmitted particle velocity is near zero and that the trans-
mission bar may be replaced by a sufficiently rigid force
transducer. This same assumption holds true in tension,
compression, and torsion. The apparatus has been designed
as a modified form of the compression Kolsky bar with-
out a transmission bar (Fig. 1). Although, this assumption is
not a requirement for the simultaneous compression-shear
technique, where sufficiently strong or rigid materials may
permit the use of a transmission bar.

The apparatus contains all of the features of a compres-
sion Kolsky bar with barrel, striker, pulse shaper, flange
and single loading device [6], and incident bar. The mod-
ifications come into place near the specimen. Since the
experiments are to involve compression and torsion, loads
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Fig. 1 The modified compression Kolsky bar with both force and torque transducers instead of a transmission bar. The barrel, striker, single
loading device, and incident bar are identical to that of a typical compression bar. The primary difference is the torque adapter which is mated to
the incident bar via a key-slot joint

are measured via a force transducer and a torque transducer.
The loads are applied through a torque adapter, of which
the geometry can be tailored towards a target stress state
(Fig. 2). However, care should be taken when selecting force
and torque transducers, as size and mass can induce time
delays and inertial effects in the measured force and torque.
Also, if dual mode transducers (i.e. force-torque transduc-
ers) are not being employed and fairly strong materials are
being studied, care should be taken to account for errors in
the load measurements when the transducers are exposed to
eccentric loads (i.e. shear on an axial force transducer or
axial force on a torque transducer). If the materials being
studied are soft, then the axial and torsional loads will most
likely be small and measurement errors would be negligible.

Following insights from the design of the side-impact tor-
sion Kolsky bar [10], the specimen end of the compression
bar was modified with a key-slot design in order to provide a
simple coupling that would also transmit torque (Fig. 2(a)).
A two-piece adapter composed of a mating screw surface
and the opposing end of the key-slot provides the means to
produce the torsional wave upon loading from the incident
compression wave (Fig. 2(b)).

The design of the bar differs from those in literature
by the fact that both modes, compression and torsion, are

(a)

(b)

(c)

Fig. 2 The torque adapter is mated to the incident bar with a key-slot
joint (a) [10]. The first half of the adapter (b) has the mating side of the
key-slot joint and torque generating geometry (two inclined planes in
this case) The second part of the adapter (c) has another set of torque
generating geometry and a flat end for mounting the specimen

generated using a solitary mechanism. However, the produc-
tion of a torsional stress within the specimen, and the rates
(both axial and angular) at which the specimen is loaded are
fixed proportionally to the pitch of the screw. The physical
specimen and the second half of the pitched adapter become
a virtual specimen (Fig. 2(c)). The pitch angle controls the
ratio of shear stress to compressive stress.

In an ideal experiment, the incident compression wave
would encounter the pitched interface just prior to the sam-
ple and deliver a combined loading of compression and
torsion to the specimen. At this time, the motion of an
adapter with identical material as that of the incident bar
is better described in terms of velocity. To investigate this
matter, three cases should be considered.

The first and most trivial case is where the adapter is
not allowed to rotate. In this case, neglecting the wave
impedance of the interface, the adapter would be expected
to move forward and separate from the incident bar at the
striking velocity.

The second case is just the opposite of the first, where
the axial velocity is fixed at zero, but the adapter is permit-
ted to rotate. In this case, the end of the incident bar would
be expected to move forward at the same speed as with typ-
ical Kolsky bar data reduction. In other words, from the one
dimensional longitudinal wave equation, the particle veloc-
ity in the bar just prior to the pitched surfaces is described
by the sum of the measured incident (σI ) and reflected com-
pression (σR) waves, the bar density (ρB ), and the bar wave
speed (CB ) (equation (3)). The adapter would then be forced
to rotate at an angular velocity (ωA) proportional to the pitch
(pA, in revolutions per unit length) of the inclined planes
(equation (4)).

vBarEnd = σI − σR

ρBCB

(3)

ωA = vBarEnd · pA (4)

The issue of the inclined plane is critical to the oper-
ation of the apparatus. In the sense related to Kolsky bar
experiments, the interface between the torque adapter must
be well defined and with sufficiently tight tolerances such
that all portions of the incident wave will interact with the
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torque adapter. The trade off for manufacturability comes at
a cost of increased mathematics. Since a double helix with
relatively low pitch is fairly difficult to machine, a pair of
inclined planes may provide a suitable substitute.

The third case is the most non-trivial, involving both axial
and angular velocities. Considering the assumption that the
specimen has very low wave impedance, the amount of
torque required to rotate the adapter would be small and
potentially unmeasurable, hence the use of force and torque
transducers. However, this assumption is particularly tai-
lored to friction experiments and might not be necessary for
shear experiments involving hard materials.

Adapter Geometry

The specimen is loaded nearly simultaneously with com-
pression and torsion through the use of the torque adapter,
a two-piece mechanism that connects the specimen to the
incident bar. The geometry of the adapter plays an impor-
tant role in determining how much torque is applied to the
specimen. The most convenient choice would be a dou-
ble helix with a low pitch. However, this type of geometry,
while fairly easy to explain, is also more difficult to machine
to the necessary tolerances required for wave propagation.
A much simpler alternative is a pair of inclined planes
(Fig. 2).

With a circular cross section, the inclined plane is easily
parameterized (Fig. 3 and equation (5)) in polar coordinates
in terms of the bar radius (RB ), the polar angle (φ), and
the angle of incline (θ ). Since the contact point between
two similar parts will be on the outer edge of the inclined
surface, the components of the incoming axial motion will
be transmitted according to the tangent vector which is

Fig. 3 Projection of the circular bar cross-section onto the inclined
plane at angle θ . The coordinate system is polar (r, z, φ), with the z

axis aligned with the bar axis

found through the derivative with respect to the polar angle
(equations (6) and (7)).
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When the two parts of the adapter are closed (the relative
angle is zero), the inclined planes are fully in contact. This
condition would lead to full transmission of the compressive
load and no production of torque. When the adapters have
a non-zero relative angle (φ0), the contact point shifts by an
amount equal to the half angle from the midpoint of the arc
(at π/2). In other words, since the adapter is a pair of mating
surfaces, the effective rotation of one part is described by
half of the initial angle. Through a trigonometric identity
(equation (8)), the tangent vector can then be represented
in terms of the relative angle (equation (9)), providing the
coefficients necessary for determining the amount of torque
produced from a given compressive load.

sin

(
π

2
− φ0

2

)

= cos

(
φ0

2

)

(8)

pt = 1

| t |

⎧
⎪⎨

⎪⎩

0

− cos
(

φ0
2

)
cos(θ)

1

⎫
⎪⎬

⎪⎭
(9)

Measurements and Data Reduction

For a system with an incident bar and transmission bar, two
sets of strain gages (one half-bridge for compression and
one full-bridge for torsion) would be required for each bar.
However, with the assumption that the specimen has very
small wave impedance, measurements may only be made
with one set of strain gages in a half-bridge configuration
for compression, a force transducer, and a torque sensor.
For a specimen with small wave impedance, the torsional
stress produced in the incident bar by the adapter is not of
sufficient magnitude to be measured accurately.

For clarification, there are four assumptions necessary
for reducing the data from experiments conducted on the
modified Kolsky bar:

1. The force transducers represent a fixed boundary with
zero particle velocity.
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2. The incident bar maintains an angular velocity of zero
for all time.

3. The torque adapter has a sufficient initial angle such
that closure does not occur during the experiment.

4. The torque adapter does not separate during the experi-
ment.

The second assumption implies that as the incident bar
moves forward, the torque adapter will itself rotate and the
bar will not. So long as the torque adapter has a resis-
tive torque, whether through friction or material response
of the specimen, there should not be any loss of contact
between the torque adapter and the incident bar and the
fourth assumption will be satisfied.

Knowing the geometry of the specimen, the measured
force and torque can be reduced into the compression and
shear stresses of the specimen. Regardless of shape, the
compressive stress (σS) can be found using only the mea-
sured force (FS) and the cross-sectional area (AS) (equation
(10)). The shear stress (τS) depends upon the measured
torque (TS) and the geometry specific for each type of exper-
iment. If the specimen is the shape of a disc, equation (11)
may be used to determine the shear stress with the disc
radius (rS) and the torsion constant (JS). However, if the
specimen is an annulus with the inner radius (ri) and the
outer radius (ro), equation (12) is preferred. For friction
experiments, the friction coefficient (μ) is then calculated
using the Coulomb friction law (equation (13)).

σS = FS

AS

(10)

τS = TS · rS

JS

(11)

τS = 2

3

(r2o + rori + r2i )

(ro + ri)

TS

JS

(12)

μ = τS

σS

(13)

To determine the motion of the torque adapter, the mea-
sured stress in the bar must first be converted to velocity
(equation (1)). Since the adapter may only move at the same
speed or faster than the incident bar, the motion of the
adapter is easily determined using velocities. The velocity
of the end of the incident bar (vBE) is determined by the
incident and reflected stresses (σI and σR) through the den-
sity (ρ) and elastic bar wave speed (CB ) of the incident bar
(equation (3)).

The motion of the torque adapter may then be deter-
mined through the tangent vector of the elliptical boundary
of the inclined plane (equation (9)), producing the axial

(vAA) and transverse (vAT ) particle velocities of the adapter
(equation (14) and (15)).
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2
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√

1 + cos2
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2
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√
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2
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The angular velocity (φ̇A) of the adapter may be found
through (equation (16)) through division by the bar radius
(RB ). Further quantities related to the particular experiment
may be determined using conventional data reduction tech-
niques. For example, in a compression-shear experiment,
the axial strain rate (ε̇) and shear strain (γ̇ ) rate would
be determined through the length of the specimen (LS)
(equations (17) and (18)). In a friction experiment, the axial
strain rate would still be determined by equation (17), but
the angular velocity of the adapter would then become the
sliding velocity (vST ) as in equation (19).

φ̇A = vAT

RB

(16)

ε̇ = vAA

LS

(17)

γ̇ = vAT

LS

(18)

vST = 2

3

(r2o + rori + r2i )

(ro + ri)

vAT

RB

(19)

With the angular velocity of the adapter (φ̇A), the
assumption that the adapter does not close can be checked
through integration (equation (20)). The progression of this
angle is also effectively limited by the use of a single load-
ing device which limits the forward motion of the incident
bar [6].

φ0 −
∫

φ̇Adt > 0 (20)

Kolsky Bar Apparatus

The modified Kolsky bar apparatus used in these experi-
ments was precision ground to 12.7 mm in diameter from
Aluminum 7075-T6 stock. The striker was machine to be
280 mm in length and the incident bar to be 1.67 m in length.
The incident bar also had two flats machined on the speci-
men end to a depth of 6 mm. The flange on the impact end of
the incident bar was machined from 4140 steel and threaded
onto the incident bar with 1/2-20 threads. The threads were
sealed with PTFE thread tape to reduce interference with
the incident stress wave. The axial strain in the incident bar
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was measured with a half Wheatstone bridge and the shear
strains with a full Wheatstone bridge. The axial force on the
specimen was measured with a Kistler quartz force trans-
ducer, and similarly for the torque acting on the specimen.
The torque adapters were mated to the incident bar with a
matching 6 mm deep slot, multiple adapters were machined
with various inclination angles (45, 60, and 75 degrees). In
addition, a sleeve bearing was used to support the torque
adapters in order to maintain alignment with the incident
bar.

Specimen Geometry

Due to the assumption that the specimen has relatively low
wave impedance compared to the incident bar, materials are
limited to small size, or low longitudinal and shear moduli.
Favoring the latter, many materials are still suitable for study
with the modified Kolsky bar apparatus. These include, but
are not limited to foams, rubbers, soft composites, and other
porous media.

Depending on the material, the specimen could be one of
two shapes: a right circular cylinder with outer radius (ro)
and length (Ls); or an annulus with inner radius (ri), outer
radius (ro) and length (LS) (Fig. 4). Of the two, the annu-
lus is favored for torsion experiments because the variables
of interest can be defined over a finite area with minor vari-
ations about the mean [8, 9]. However, the annulus is the
more complicated of the two shapes to fabricate, particu-
larly for soft materials. Fortunately, some materials such as
energetics and their simulants can be cast into shape and
processed at a later time.

Specimen Preparation

The material used in this study was a PBXn-301 simulant
composed of 80% aggregate and 20% binder cast into tubu-
lar raw material (Fig. 5). The mold was constructed from
three drill bushing and a dowel rod, components that are

Fig. 4 An annular specimen with inner radius (ri ), outer radius
(ro), and thickness (LS ). An annular specimen is all but required for
studying friction using a torsion Kolsky bar

Fig. 5 A four piece mold comprised of three drill bushings and a
dowel rod. Internal surfaces were ground to prevent the cast material
from adhering to the inside. The mold produces a tube which can later
be cut into thin annular specimens

commercially available with tight tolerances. Each compo-
nent of the mold was then ground and polished to prevent
the cast material from sticking inside the mold. A mold
release agent was not used because of the tendency of the
aggregate to absorb liquids.

Once the simulant was cured, the tube was extruded
from the mold and sliced into thin sections. Each speci-
men was then placed in an external support structure (a
TeflonTM bushing) and ground for flatness. The finished
annuli (Fig. 4) had an outer diameter of 12.7 mm, an inner
diameter of 9.5 mm, (providing a wall thickness of 1.6 mm),
and a thickness (or length) of 1.6 mm.

The samples were then adhered to their own torque
adapter. The torque adapter was then installed on the hybrid
Kolsky bar with the desired initial angle (Fig. 6) and adhered
to a platen fixed to the load transducers. In the case of
friction experiments, the last step was neglected with the
intention of studying friction between the specimen and the
platen.

Results

The major benefit of using a compression Kolsky bar to
deliver combined compression and torsion is the simplic-
ity of the apparatus. The compression technique is mature
and well developed with respect to repeatability and reliably
controlling the profile of the incident waveform.

(a) (b)

Fig. 6 The torque adapter in the (a) closed position and (b) open
position. The adapter does not produce torque in the closed position.
The contact points depend on whether the mating surfaces are inclined
planes, a true screw, or a double helix
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Initial experiments with the various torque adapters (with
inclination angles of 45, 60, and 75 degrees) and soft spec-
imen materials proved that the shear stresses produced in
the incident bar were too small to be measured accurately.
This ultimately changed the course of the data reduction
procedure and required validation of the motion of the
torque adapter through optical techniques (see the Dis-
cussion section for more details on this matter). Typical
incident and reflected signals are shown in Fig. 7.

Dynamic Friction

The experiments involving friction were conducted with
identical conditions: a striking velocity of 4.5 meters per
second, a copper pulse shaper (6 mm in diameter and 1.1
mm thick), and a gap in the single loading device of 0.5 mm.
The gap in the single loading device was chosen such that
only the first incident wave would load the specimen, after
reflection back at the striking end of the bar, the single load-
ing device would be “closed” and motion of the incident
bar would effectively be reversed, thus preventing further
loading of the specimen.

Due to the nature of the friction experiment, the second
piece of the torque adapter (Fig. 2(c)), and the specimen are
free floating. In order to prevent misalignment and ejection
of the torque adapter, it was necessary to maintain align-
ment with the use of a sleeve bearing. The side of the sleeve
bearing also had to be removed (i.e. an open-sided sleeve
bearing) such that the initial angle of the torque adapter
could be set and checked before each experiment.

Since this technique involves dynamic compression, if
the initial stress state is trivial (there is no stress), then fric-
tion measurements will not make sense due to the inverse
relationship in the Coulomb friction law (equation (13) and

Fig. 7 Typical incident and reflected signals measured from the inci-
dent bar. The low wave impedance of the specimen results in very little
change in the reflected signal from the incident signal

Fig. 8(a)). However, the results will become more rele-
vant as the compressive load increases to a non-zero value
(Fig. 8(d)).

The dynamics of the system produce interesting strain
rate and compression results (Fig. 8(c) and (d)). As the angle
of inclination is increased, the angular velocity (and hence
the sliding velocity) of the torque adapter must also increase
in order for the torque adapter to conform to the motion
of the incident bar (Fig. 8(b)). As such, it is expected that
the torque adapter would exert a greater axial force on the
specimen. This increase in the force would also imply that
a specimen would experience a greater axial strain rate as
well. However, since momentummust be conserved, and the
angular velocity has been increased, the axial velocity must
show a decrease, resulting in a lower axial strain rate.

Dynamic Shear

The shear experiments were conducted with the same strik-
ing velocity of 4.5 meters per second as the friction experi-
ments. The single loading device was also set with a gap of
0.5 mm, but the copper pulse shaper was 7.1 mm in diam-
eter and 0.5 mm thick. Unlike the friction experiment, the
specimen was adhered to both the torque adapter and force
transducer. However, the sleeve bearing was still used to
guarantee alignment of the torque adapter.

The axial strain rate and stress follow the same trend as in
the friction experiments (Fig. 9(a) and (b)). As the inclina-
tion angle is increased, the axial strain rate decreases, but the
axial force increases. The shear response of the specimen
provides some insight into the friction experiments as well.
Since the specimen was adhered to the transducer assem-
bly, the material response of the specimen plays a greater
role in the dynamics of the system, ultimately reducing the
effectiveness of the various torque adapters in changing the
shear strain rate (Fig. 9(c)). Since the motion of the torque
adapter is driven by the incident bar, and that motion was
restricted to be consistent across all of the experiments, the
shear stress-strain curves extend out to the same shear strain
(Fig. 9(d)).

Discussion

The compression Kolsky bar modified for simultaneous
compression and torsion provides a new set advantages and
disadvantages for characterizing the dynamic behavior of
materials. The advantages are that the compression-shear
response of materials can be measured and quantified; and
friction can be measured in dually dynamic states.

Some disadvantages are inherited from the compression
Kolsky bar itself, primarily in that the total strain is driven
by the duration of the incident signal (which is determined
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(a) (b)

(c) (d)

Fig. 8 Dynamic friction experiments. (a) The friction coefficient produced with the three torque adapters. The initial and final sections are poorly
defined due to the small compression stress. As the compression increases, the friction becomes more consistent. (b) The resulting sliding velocity
produced by the three torque adapters. The increase in angle of inclination produces an increase, although not significant, in sliding velocity, a
quantity directly proportional to the angular velocity of the torque adapter. (c) The axial strain rate seen by the specimen in the friction experiments.
Most of the kinetic energy is converted to rotational motion, resulting in less axial motion of the torque adapter with higher inclination angles. (d)
The axial compression stress of the specimen. This is the response of the specimen with dynamic compression and friction loading

by the length of the striker and its bar wave speed), a factor
which was not considered in this study. Limitations from
the modifications are imposed by the geometry of the torque
adapter itself, requiring only small angle changes to reduce
the complexity of data reduction. This limitation is possible
to overcome if a true screw or a double helix with sufficient
tolerances can be achieved.

Lastly, care must be taken in the experiments to ensure
that the torque adapter has not closed during the loading
period(s). Since the relation between the resulting com-
pression and shear is only dependent on the slope of the
contact between the two mating pieces of the torque adap-
ter, and not on the relative angle, the data reduction will
still produce a non-zero angular velocity even though it is
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(a) (b)

(c) (d)

Fig. 9 Compression-shear experiments. (a) The axial strain rate seen by the specimen in the shear experiments. The same trend is apparent as in
the friction experiments, a result of the geometry of the torque adapter. (b) The axial stress-strain response of the specimen. Increased angle of
inclination produces lower strain rates and hence lower total strain. (c) The shear strain rate seen by the specimen in the shear experiments. The
response of the specimen is more important in the shear experiments, thus reducing the shear strain rate produced by the torque adapter. (d) The
shear stress-strain response of the specimen. Unlike compression, the total shear strain is determined by the total angle of twist, which is in turn
determined by the forward motion of the incident bar, a quantity which was kept constant for all of the experiments

physically impossible for the torque adapter to be rotating
any further.

Initial Angle

Because of the nature of the inclined plane on a circular
cross-section, the path of the contact point is elliptical. This
means that the axial and rotational components vary not

only with the pitch angle (θ ), but also with the ordinate angle
(φ) (Fig. 10). The assumption that the torque adapter does
not close is sufficient for a short incident wave, where devi-
ation from the initial angle of the torque adapter is small
(Fig. 10). For experiments requiring large strains or longer
loading periods, a torque adapter featuring a true screw or
double helix would be preferable to avoid the implications
of this assumption and the effects of the inclined planes.
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(a) (b)

Fig. 10 Characteristics of torque adapter geometry. (a) Factors relating the bar end velocity to the axial and rotational motion of the torque adapter
for inclined planes of 45 degrees. Deviation from the central contact point (when the angle is zero) produces stronger rotational effects because of
the decreasing pitch on the elliptical path. (b) Variation of the component factors in percent for inclined planes of 45 degrees. For short loading
durations, the angle of the torque adapter will not change significantly, and does not need to be accounted for during data reduction. Higher angles
of inclination have smaller variations in the two factors

Verification of Contact

The length of the torque adapter plays a subtle role in the
dynamics of the system. Due to the effects of wave prop-
agation, the adapter could experience much higher angular
velocities than the incident bar. Without a specimen and
set of transducers (or transmission bar), the adapter would
separate from the incident bar in the axial direction. With
a specimen in place, the likelihood of separation becomes
very small. However, if the torsional stiffness of the speci-
men is very small, the small resultant torque on the adapter
might not be sufficient to keep the inclined planes (or screw)
fully mated throughout the duration of the experiment, as
the reflection of torsional waves within the adapter would
allow premature separation.

In addition, the set of sliding inclined planes within the
torque adapter is also affected by friction. Since the torque
adapter exists prior to the specimen (in terms of wave prop-
agation), this frictional quantity does not affect the loading
measurements, which are measured directly by the force and
torque transducers. Rather, the target loading rates (axial
strain rate, shear strain rate, and sliding velocity) may be
directly impacted for non-negligible friction in the torque
adapter.

The most straight forward method to verify the motion of
the torque adapter is through the use of a high speed camera
(Fig. 11). Even though the adapter experiences a high angu-
lar velocity, the short duration of the incident pulse results in
only a small change in the angle. Furthermore, the imagery

confirms that the data reduction is correct in determina-
tion of the angular velocity, forward velocity, and opening
angle.

(a) (b)

(c) (d)

(e) (f)

Fig. 11 Six high speed images at various points through the motion of
the torque adapter during the first incident pulse. The images are useful
for verifying both the angle and angular velocity as a function of time
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Load Transducers

The dynamic nature of the Kolsky bar experiment restricts
the use of load transducers because of the large accelera-
tions involved. While axial force transducers can be found
in small sizes and high sensitivities, torque sensors cannot.
The reasoning behind this is that torque sensors typically
require an axial compressive preloading, resulting in a rel-
atively larger transducer compared to a transducer meant
for measuring axial forces. The effects of a large transducer
come in two forms: a delay for traversal of the torsional
wave, and smoothing of the profile due to inertia. In princi-
pal, the small loads expected from the experiments should
not present sufficiently high accelerations to induce iner-
tial effects. However, the length of the transducer assembly
could produce a delay in signal measurement of up to
20 micro-seconds. This delay should be calibrated for the
transducer in use and must be included in the data reduc-
tion process when selecting the compressive and torsional
measurements.

The transducer assembly in the study consisted of two
individual transducers coupled together. The coupling was
accomplished through an alignment plate that was capable
of being fastened to both the force and torque transducers.
The torque transducer had multiple mounting holes, opti-
mal for transmitting torque, but the force transducer had
one central threaded hole. In order to reduce the effects of
the thread, the torque adapters were designed to provide a
torque that would tighten the force transducer to the torque
transducer. Considering that the applied torques were also
small, securely mounting the force transducer with an even
greater torque effectively removes concerns regarding slip
and rotation of the force transducer during an experiment.
Furthermore, since the loads are fairly small due to the soft-
ness of the material (PBXn-301 simulant), error due to load
coupling in the force transducer and the torque transducer
were considered to be negligible.

Conclusion

The compression Kolsky bar was modified to dynamically
load a specimen in compression and torsion simultaneously.
The technique is applicable to both dynamic friction exper-
iments and shear stress-strain experiments. The study was
limited to soft materials, and used a set of transducers
instead of a transmission bar, but the technique is applica-
ble to the study of hard materials as well, and may be used
with a transmission bar. Experiments show that increasing
the pitch of the torque adapter produces equivalent increases
in rotational motion (either shear strain or sliding velocity).
The simultaneous application of compression and shear

enables the characterization of materials and verification of
material models in multi-axial states of stress.
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