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Abstract Mild traumatic brain injury associated with blast
exposure is an important issue, and cavitation of the cerebro-
spinal fluid (CSF) has been suggested as a potential injury
mechanism; however, physical measurements are required to
evaluate cavitation thresholds. Modifications to a Split
Hopkinson Pressure Bar (SHPB) apparatus were investigated
with the aim to generate localized fluid cavitation and measure
the cavitation threshold of fluids. The proposed design incor-
porated a novel closed cavitation chamber to generate local-
ized cavitation resulting from a reflected compression pulse,
which was generated by a spherical steel striker and
Polymethyl methacrylate (PMMA) incident bar. A numerical
model of the incident bar was developed and validated with 24
independent tests (cross-correlation: 0.970–0.997), and this
was extended to a numerical model of the apparatus including
the chamber, validated with 27 independent tests (cross-corre-
lation: 0.921) to predict the tensile fluid pressure in the cham-
ber. Tests on distilled water were performed with comparable
numerical results for the chamber strain (R2: 0.875) and cham-
ber end-wall velocity (R2: 0.992). The pressure in the chamber
was determined from the model to avoid introducing a nucle-
ation site via a pressure gauge, and was verified with a first-
order approximation showing good agreement (R2: 0.892).
The 50% probability of cavitation for distilled water was
−3.32 MPa ±3%, comparable to values in the literature. This
novel apparatus, including a closed confinement chamber in-
tegrated with a polymeric SHPB apparatus was able to create
localized fluid cavitation with loading comparable to blast

exposure. Future studies will include the measurement of
CSF cavitation pressure.
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Introduction and Background

Mild Traumatic Brain Injury (mTBI) is a head injury that
results in the alteration or loss of consciousness and is an
increasingly important issue identified in military conflicts,
with reports suggesting that an estimated 11–23% of returning
US service members screen positive for mTBI. Furthermore,
as many as 75% of all in-theatre blast-related TBI cases are
classified as mTBI, suggesting that blast exposure may be a
mechanism for mTBI [1, 2]. In contrast to blunt trauma con-
cussions, another form of mTBI, which are generally associ-
ated with linear and rotational acceleration of the head, blast-
related mTBI is typically associated with the interaction of a
blast overpressure wave and propagation of the wave through
the head [3]. The type and symptom severity of mTBI in-
creases with repeated exposure, similar to concussions, but
with less understanding of recovery time and symptom fre-
quency [1, 2]. The causes of mTBI are currently unknown,
and there is no consensus in the literature of injury mecha-
nisms resulting in mTBI as a result of blast, which further
emphasizes the need for additional research in the topic.
Theories of possible injury mechanisms caused by over-
pressure exposure include soft-tissue damage from shearing
[4–7], distortion of cellular structures and cell death in the
brain [5, 8–14], and intracranial fluid cavitation [5, 15–19].

With regards to intracranial fluid cavitation, a number of
studies have shown that negative pressures can occur in the
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cranium at the opposite side of the initial site of wave trans-
mission during blast exposure [3, 16, 19–27], leading investi-
gators to question: (1) does the greater acoustic impedance of
the skull compared to its surroundings cause the negative
pressures in the cranial cavity, and (2) can the negative pres-
sures generate cavitation of the cerebrospinal fluid (CSF).
This paper presents a novel apparatus that can generate local-
ized cavitation in a fluid through high-rate dynamic loading
comparable to blast exposure, as a precursor to investigate its
effects on the cranial cavity. The goal of the apparatus was to
link the reported negative intracranial pressures (ICPs) from
the literature with reproducible observable cavitation
thresholds.

Background on Cavitation

The traditional definition of cavitation is the generation of
vapour cavities (bubbles) as a result of a drop in pressure in
a fluid of constant temperature. Alternatively, generation of
bubbles in a fluid of constant pressure as a result of an increase
in temperature is described as boiling [28, 29]. The occurrence
of cavitation can be categorized into homogeneous and het-
erogeneous nucleation. Homogeneous nucleation occurs
when an existing cavity, generally presumed as the result of
random molecular motions, exceeds a critical nucleus radius
increasing the probability of transforming into a stable vapour
phase. The more common type of nucleation seen in applica-
tion is heterogeneous nucleation, which occurs when bubbles
nucleate from existing weaknesses in the fluid such as fluid-
boundary interfaces, suspended particles, and dissolved gases.
Weaknesses occurring at the container boundaries and
suspended particles can harbour microscopic bubbles acting
as nucleation sites for cavity growth and collapse [28–33]. To
observe homogeneous nucleation in a fluid, all weaknesses in
the system must be eliminated, resulting in the upper limit
cavitation pressure typically reported as the apparent tensile
strength of the fluid; however, not all weaknesses in a system
can be eliminated, which decreases this upper limit for prac-
tical systems. There is a large scatter in reported fluid cavita-
tion pressure thresholds that vary due to differences in exper-
imental methods, rate of loading, temperature, fluid purity,
and surface roughness of the container. Furthermore, the prob-
abilistic nature of cavitation requires a large number of tests in
order to determine the pressure corresponding to a 50% prob-
ability of generating cavitation [28, 31, 32].

Dynamic Methods for Generating Cavitation

There are many methods in the literature that can generate
cavitation, but only those applicable toblast exposure suchas
dynamic methods will be discussed; however, it is worth
briefly discussing the acoustic method of generating cavita-
tion because many studies exist and report relatively

consistent results in the biological [15, 34–37] and erosion
fields [29, 31, 38–41]. The acoustic method for generating
cavitation uses periodic high frequency acoustic waves to
subject a fluid to cycles of compression and tension as a result
of its positive and negative phases, respectively [41]. When
the amplitude of the acoustic wave is sufficiently high, cav-
itation bubbles are generated during the negative portion of
the cycle,whichpartially collapseduring thepositive portion
of the cycle. As a result of the cycles imposed on the bubbles,
they undergo asymmetric growth and collapse. That is, the
rate of diffusion of dissolved gases into the bubbles is
greater than the rate of diffusion of gases out of the bubbles
[31, 42–45]. This mechanism of rectified diffusion implies
that the periodic wave encourages diffusion of gases into
the bubbles and reduces the apparent tensile strength.

A dynamic method developed by Chesterman [46] de-
scribed as the Tube-Arrest (T-A) method generates direct ten-
sile loading on a fluid column confined in a tube as a result of
an arrest in its motion. A tube containing a column of fluid is
mounted vertically and attached to springs such that, when
extended and suddenly released, the tube and fluid are given
an upward velocity. A fixed stop is located in the upward path
of the tube and arrests the tube motion as result of impact.
After impact, the upwardmotion of the fluid column generates
a tensile wave that is propagated to the bottom of the tube
where cavitation is generated. This method is described in
greater detail in the works of Hansson et al. [47], Overton
et al. [48], and Williams et al. [41, 49–53]. Chesterman per-
formed tests using distilled water in a glass tube with varied
impact velocities reporting effects on cavitation cluster dy-
namics as opposed to its generation. Likewise, Hansson [47]
performed tests on water presenting a mathematical model for
the formation and collapse of cavity clusters. Overton [48]
further developed the method by using a piezoelectric trans-
ducer in a cylindrical rubber block forming the base of the
tube to measure pressure, and reported the apparent cavitation
thresholds of negative 0.178, 0.189, 0.203 MPa for degassed
fresh tap-water, deionized water, and sea-water, respectively.
Williams [53] calculated cavitation thresholds as low as neg-
ative 56.6–70.2 MPa for ‘nuclear-grade’ deionized water at
20 °C using volumetric strains obtained via high-speed
imaging.

Another dynamic method described as the Bullet-Piston
(B-P) method produces cavitation as a result of a tensile re-
flection of a generated compressive pulse [41]. A tube con-
taining fluid is mounted vertically with its upper-end exposed
to the atmosphere and its bottom-end closed by a sliding-fit
piston rod. A compressive pulse is generated by a bullet im-
pact at the open end of the piston rod and propagates into the
fluid column. The compressive pulse reflects in tension at the
fluid-atmosphere interface as a result of the lower acoustic
impedance of the air compared to the fluid. This tensile reflec-
tion is limited by the amount of tension the fluid can
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withstand, showing a ‘plateauing’ of its magnitude with in-
creasing compressive pulse magnitudes, and is reported as the
apparent tensile strength of the fluid. This method is described
in greater detail in the works of Couzen et al. [54], Sedgewick
et al. [55], and Williams et al. [56]. Couzen et al. [57] reported
tensile strengths of negative 0.912, 0.861, and 1.52 MPa for
boiled water, tap-water, and boiled deionized water, respec-
tively. Similarly, Sedgewick [55] reported tensile strengths of
negative 0.912, 1.01, 1.17, and 1.47 MPa for tap-water, de-
ionized water, boiled tap-water, and boiled deionized water,
respectively. Williams [56] reported tensile strengths of nega-
tive 9 MPa along with 4.5 MPa and 13 MPa as lower and
upper bounds, respectively, for ‘nuclear-grade’ deionized wa-
ter at 20 °C.

Similar to the B-Pmethod is the fluid-Hopkinson bar meth-
od developed by Kenner [58] consisting of a vertically
mounted tube with a fluid column, but instead of a short piston
rod (110mm used by Overton et al. [59]), a longer loading rod
was used (610mm). The longer rod allowed for the generation
of a compressive pulse without the need for multiple cycles of
reflections described in the B-P method by Overton [59]. The
same principle of generating a tensile reflection at the fluid-
atmosphere interface was used in this method resulting in the
‘plateauing’ of the reflection magnitude observed in the B-P
method. The shape of the compressive pulse was generated by
way of a spherical striker propelled by a gas-gun and use of
pulse shapers on the loading rod. Using the fluid-Hopkinson
bar method, Kenner reported tensile strengths of negative
2.96 MPa [58] and 3.09 MPa [60] for distilled water.

As previously stated, there is a large scatter in reported
cavitation pressure thresholds for water that vary due to dif-
ferences in experimental methods, rate of loading, tempera-
ture, purity, and surface roughness of the container [39]. It has
been demonstrated in the literature that the T-A method was
effective in studying the dynamics of cavitation cluster growth
and collapse of fluids, whereas both the B-P and fluid-
Hopkinson bar methods were effective in determining repeat-
able apparent tensile strengths of fluids for the given system.
The main limitations of the methods discussed above with
respect to the motivations of studying intracranial cavitation
from blast exposure are as follows: (1) A disadvantage arises
for the T-A and B-P methods in varying the shape and dura-
tion of the incident waves. For the T-Amethod, input data was
typically reported as impact velocity specific to the system,
and for the B-P method, varying the input requires different
combinations of piston lengths and bullet masses [59].
However, Williams et al. [32] presented an alternate process
for varying the input of the B-P method using an increasing
static pressure above the fluid column, whereas the fluid-
Hopkinson bar method provides a simpler solution by use of
different striker types and pulse shapers. (2) Another notable
disadvantage of using the existing methods is the volume of
fluid required. The internal diameters of the shortest tubes,

used in the T-A method, were ~25 mm, and with a generously
low fluid column height of 200 mm (smallest height reported
by Williams [50]), requires ~100 ml of the sample which for
some fluids such as CSF would be prohibitive. (3) Lastly,
assessing the effect of the higher acoustic impedance of the
skull compared to its surroundings requires the option of
changing the material at the interface in the cavitation zone.
The B-P and fluid-Hopkinson bar method have been designed
with a fluid-atmospheric interface, and the additional solid
boundary in the vertical orientation of the systems would cre-
ate challenges with entrapped air between the surfaces during
filling. The T-A method allows for changing the boundary by
way of replacing the rubber base of the tube, but this option
would also create challenges in that seals can harbor nucle-
ation sites or leak in air during severe insults. To overcome
these limitations, a novel method of generating localized cav-
itation was developed. The objective of localized cavitation is
to generate repeatable results in a predictable location,
avoiding the uncertainty of cavitation occurring as a result of
suspended particles or existing microscopic entrapped air
bubbles.

Three Apparatus Design Iterations

The process of designing and validating a method for gener-
ating localized cavitation in a fluid through high-rate dynamic
loading comparable to blast exposure involved several design
iterations. The three main developments are discussed below
to provide context for the final design presented in this study,
and to highlight important experimental developments in the
pursuit of the controlled generation of cavitation. Three itera-
tions of the test apparatus are presented below:

1) T-SHPB-1, a tensile SHPB incorporating a cavitation
chamber.

2) T-MCHB-2, a modified tensile Hopkinson bar with a
closed-ended cavitation chamber incorporating a pressure
transducer.

3) C-MCHB-3, a modified compressive Hopkinson bar with
a closed-ended cavitation chamber incorporating a pres-
sure transducer.

In a first iteration (Fig. 15, Appendix A), Singh et al. [61]
resolved some of the limitations noted above using a modified
SHPB. A traditional SHPB apparatus consists of an incident,
transmitter, and striker bar of the samematerial [62, 63]. High-
rate loading is generated by impact of the striker bar on the end
of the incident bar, resulting in the propagation of a compres-
sive pulse (incident wave) towards a sample located between
the incident and transmitter bars. Once the incident wave
reaches the sample, a portion is reflected and propagates back
towards the striker-end of the incident bar, and the balance is

Exp Mech (2018) 58:55–74 57



transmitted through the test sample and into the transmitter
bar. Singh designed an aluminum tensile SHPB (T-SHPB-1)
apparatus and constructed an acrylic confinement chamber
that fit over the ends of the incident and transmitter bars,
thereby confining the test fluid in the configuration of a tradi-
tional test sample. This approach also reduced the volume of
fluid required compared to the T-A, B-P, and fluid-Hopkinson
bar methods. The fluid sample was sealed between the bars
using rubber o-rings around the bar-ends inside the chamber to
provide a leak-proof seal without preventing lateral motion.
Modifications were made by replacing the striker bar with a
concentric aluminum striker tube and affixing an aluminum
anvil on striker-end of the incident bar to generate the tensile
wave.When the striker tube impacted the anvil, a tensile pulse
(incident wave) was generated and propagated into the fluid
with cavitation expected at the fluid-transmitter bar interface
(back-wall) as a result of the superposition of the incident
wave and its reflection occurring at the back-wall. Similar to
the fluid-Hopkinson bar method, this method allowed for
varying the incident wave by way of combining striker types
and pulse shapers, while the use of the transmitter bar provid-
ed the higher impedance solid boundary absent from the fluid-
Hopkinson bar method. Singh performed tests on distilled
water and reported diffuse cavitation observed in the chamber
with a calculated upper bound negative pressure of 1.2 MPa
using SHPB theory equations, with the assumption that the
water acted as a linear (elastic) fluid. Further development was
required as a result of the main limitations of this method: (1)
the lack of validation to confirm the negative fluid pressures,
and (2) the possibility of air initially trapped in the chamber at
the location of the o-ring seals during testing.

In a second iteration (Fig. 16, Appendix A), identified as a
Tensile Modified Cavitation Hopkinson Bar (T-MCHB-2), to
resolve challenges with the o-ring seals and the presence of air
initially trapped in the water, the transmitter bar was removed
and the chamber was modified to have only a single opening
at the incident bar end. The new chamber provided a contin-
uous solid boundary ensuring no air could leak into the back-
wall, unlike the o-ring and transmitter bar combination of the
T-SHPB-1. This chamber incorporated a side-on pressure
transducer (PCB Piezotronics Model 113B21) mounted at
the side of the chamber wall to measure water pressure chang-
es. Using this apparatus, Bustamante et al. [64] performed
tests on distilled water and reported diffuse cavitation with a
measured negative pressure of 0.08MPa. Similarly, a negative
pressure of 0.082 MPa was reported by Hong et al. [65];
however, it is worth noting that the transducers used in this
iteration and by Hong were designed for compressive
(positive) pressures, and did not accurately measure the neg-
ative pressures corresponding to cavitation, explaining the rel-
atively low reported cavitation pressures. It was also discov-
ered that tests at higher striker velocities exhibited variability.
Therefore, further development was required to address issues

with the T-MCHB-2: (1) the challenges in measuring tensile
pressure, and (2) the low repeatability of the tensile incident
waves generated.

A third iteration (Fig. 17, Appendix A) presented in [64],
described as the CompressiveModified Cavitation Hopkinson
Bar (C-MCHB-3), was developed with the motivation to re-
solve the limitations presented for the T-MCHB-2 apparatus.
In this case, the apparatus was used in the traditional compres-
sive configuration with the same confinement chamber from
the second iteration. A traditional striker bar (711 mm length)
was launched by use of a gas-gun, which has been shown to be
effective at generating repeatable compressive incident waves
[62, 63, 66]. A compressive pulse propagating through the
fluid would also be within the measurable range of the pres-
sure transducer mounted in the side of the chamber, and could
be used for validating fluid pressure changes. Another reason
for using a compressive pulse was to mimic the conditions
expected in blast exposure where the initial wave transmitted
into the cranial cavity is compressive (primary pressure wave),
therefore further replicating the nature of blast exposure con-
ditions [3, 16, 19–27]. The compressive pulse (incident wave)
from the incident bar was transmitted into the fluid and
through the back-wall of the chamber. Upon reaching the free
surface of the acrylic chamber (chamber-end), a reflected ten-
sile pulse (reflected wave) was produced that was transmitted
back into the fluid, producing cavitation. In parallel, a numer-
ical model of the apparatus was developed using an explicit
multi-physics finite element program (LS-DYNA, Version
971 Revision 6.1.1, LSTC, Livermore CA). The numerical
model was in good agreement with the measured incident
wave, reflected wave, and positive phase of the water pressure
measured (Fig. 18, Appendix A). The water was modelled as a
linear fluid and the good agreement of the positive phase of
the experimental and numerical pressures gave confidence in
the model, and the predicted negative pressure as the upper
bound capable for its testing conditions [64]. Tests on distilled
water were performed and diffuse cavitation was observed
with corresponding predicted negative pressures of
1.32 MPa and higher from the numerical model [64].

A limitation observed in all three iterations of the test ap-
paratus was the exclusive generation of diffuse cavitation
when localized cavitation was desired. Further analysis of
high-speed imaging captured using the C-MCHB-3 showed
inertial-induced motion of the chamber with respect to the
incident bar as a result of the propagating waves. This motion
caused an increase in volume of the chamber cavity containing
the constant mass of water, resulting in a drop in pressure
throughout the fluid, and diffuse cavitation (Fig. 19,
Appendix A). Another limitation, regarding the use of a trans-
ducer, was observed from high-speed imaging showing
trapped air within the transducer port threads being drawn into
the water leading to cavitation, and from nuclei occurring at
changes in geometry including the port edges and transducer
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diaphragm. Lastly, the loading of the apparatus was limited in
that it generated a rectangular incident wave with relatively
short duration (~0.45 ms) as a result of the elastic aluminum
striker and incident bars. Whereas the desired loading has a
similar shape and duration to the primary pressure wave ob-
served in the frontal region of the cranial cavity as a result of
the wave transmission of the primary blast wave into the cra-
nial cavity [3, 16, 19–27].

The important findings from the first three iterations of the
apparatus included: the relatively straightforward ability to
generate cavitation, albeit diffuse cavitation (estimated cavita-
tion pressures ranged from negative 0.08–1.32 MPa); the lim-
itations of existing pressure transducers in terms of measuring
negative pressures and creating cavitation initiation sites; the
importance of achieving consistent fluid conditions; the chal-
lenges with o-ring type seals resulting in entrapped air; and the
benefit of using a numerical model to predict negative fluid
pressures. Due to the limitations noted above for the previous
iterations, the cavitation pressure threshold of distilled water
was not measured with any of the previous iterations.

Closed-Chamber, Cavitation Hopkinson Bar
(C3HB-4) Apparatus

A fourth iteration apparatus and the subject of the current
study, the Closed-Chamber Modified Cavitation Hopkinson
Bar (C3HB-4), was developed in parallel with a novel nu-
merical model of the apparatus to address the limitations of
the previous methods (Fig. 1). A pneumatic system (gas-
gun) was used to launch strikers towards the acrylic
(PMMA) incident bar supported by aluminum and Teflon
bearings. The new chamber design, decoupled from the in-
cident bar (described below), was suspended from a fixture
(chamber mount) located at the end of the incident bar en-
abling for lateral motion with minimal constraint after wave
transmission.

Geometric Design

The newly designed apparatus comprises a striker, incident
bar, and closed cavitation chamber (Fig. 1). Although a spher-
ical striker is shown, cylindrical bar strikers could also be used
with this apparatus. The striker selection is discussed below. A
fully enclosed chamber (Fig. 2) was pursued since previous
studies demonstrated that open chambers led to the introduc-
tion of inertial-induced negative pressure from motion of the
chamber with respect to the incident bar (Fig. 19, Appendix
A). The chamber was designed with a 25.4 mm outer diameter
to match the diameter of the 2438 mm long incident bar,
ensuring predictable wave transmission between the incident
bar and chamber. The dimensions of the chamber were chosen
to minimize fluid volume requirements (1 ml) for testing
fluids where large quantities may not be available, CSF for
example. The side-wall thickness of 9.7 mm and back-wall
thickness of 11.3 mm were obtained from the varying thick-
ness of the parietal and occipital bone (~7.4–11.3 mm) of the
sagittal head model developed by Singh et al. [19, 67] that
used head geometry derived from the Visible Human Project
male data set [68]. A transition-fit cap was designed to close
the chamber at the leading end. A 0.5 mm diameter venting
channel was cross-drilled through the side-wall of the cham-
ber with its position selected to enable excess fluid to vent
from the chamber after filling and installing the cap (Fig. 20,
Appendix B). The channel was covered when the cap was
fully installed to ensure the chamber was a closed system.

Instrumentation

High-speed imaging (FASTCAM SA5 Model 1300 K–M1,
Photron, 50,000 fps with 512 × 272 resolution) was used to
measure the striker impact velocity. This was not used for all
tests, but was used to confirm the repeatability of the pneu-
matic system to launch the striker at a consistent velocity for
model validation, which demonstrated velocities within 1% or
less (§3.4.1). During cavitation tests, high-speed imaging
(FASTCAM SA5 Model 1300 K–M1, Photron at 100,000
fps with 320 × 192 resolution) was framed at the back-wall
of the chamber to determine occurrence of cavitation. The
high-speed recording was image triggered by the movement
of the chamber, and cavitation was identified through frame
by frame inspection of the video.

The incident wave was monitored using a strain gauge
(CEA-13-250UW-120, Micro-Measurements) mounted at
the midpoint of the incident bar and oriented to measure the
longitudinal strain in the bar. The strain gauge signal was
amplified (2210B Signal Conditioning Amplifier, Vishay)
and data was recorded at a frequency of 2 MHz using a
high-speed data acquisition system (BNC-2110, National
Instruments). This specific instrumentation has been used in
several material studies with this apparatus [69, 70]. A biaxial

Fig. 1 C3HB-4 apparatus (top) assembly indicating supports, pneumatic
system (gas-gun), and chamber mount; and schematic (bottom) indicating
steel sphere striker, acrylic incident bar, acrylic confinement chamber, and
locations of instrumentation
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strain gauge (WA-09-120WR-120, Micro-Measurements)
was mounted on the chamber to measure the longitudinal
and circumferential strains in the chamber during the test,
using the same amplifier and data acquisition system noted
above.

A Photon Doppler Velocimeter (PDV) (1550 nm wave-
length, Ohio Manufacturing Institute) was used to measure
the velocity of the free surface of the chamber (chamber-
end) [71, 72]. Reflective tape was placed on the chamber-
end to increase its reflectivity ensuring a high signal-to-noise
ratio. The pressure transducer used in the previous iterations
(e.g. C-MCHB-3) was not included in the chamber design
because the small confinement chamber dimensions could
not accommodate the pressure transducer, and to prevent the
possibility of nucleation sites due to variations in geometry. A
numerical model (described below) was used to predict the
tensile fluid pressures occurring during the test. A catheter
pressure transducer (SPR-524 Mikro-Tip Catheter
Transducers, Millar, Inc.) was also investigated; however,
three issues were identified: (1) the presence of the transducer
introduced nucleation sites and reduced the fluid cavitation
pressure; (2) the catheter could not be used over the pressure
ranges generated in the tests, with one transducer permanently
damaged at negative pressures required to generate cavitation;
and lastly, (3) at lower pressures the transducer provided in-
accurate measurements due to the impedance difference be-
tween the water and the sensing element.

Striker Selection

Different strikers were considered for this apparatus: a
712 mm length cylindrical (long) PMMA striker, a 459 mm
length cylindrical (short) PMMA striker, and a 25.4 mm di-
ameter steel sphere. The traditional cylindrical strikers pro-
duced long duration rectangular pulses, but it was found that
the pulse intensity was high for typical impact velocities. The
spherical striker, accelerated by a preliminary impact with an
acrylic striker, was found to produce a pulse shape comparable
to the primary pressure waves reported by experimental and
numerical blast exposure studies. An example of the incident
wave generated by the C3HB-4 was compared to the primary
pressure wave obtained for a 3 m stand-off distance from 5 kg
of C4 explosive at a 1.5 m height burst [19, 67] (Fig. 3). It can
be seen that the C3HB-4 incident wave is similar in rate and

shape but with a shorter duration, and a steeper decay. The
advantage of a short duration incident wave was that the neg-
ative pressure, due to the superposition with its tensile reflec-
tion, would also have a short duration. Overall, the reproduc-
tion of a relatively similar shape of the primary pressure wave
was considered appropriate for the goal of the current work.

Numerical Model Development and Validation

Numerical model of C3HB-4

An axisymmetric finite element model of the apparatus was
created for the purpose of predicting the fluid pressure chang-
es, since the intrusive nature of a pressure gauge created po-
tential nucleation sites, reducing the fluid cavitation pressure.
It should be noted that the numerical model provides the pres-
sure in non-cavitating fluid, since the fluid was treated as a
continuum. The apparatus geometry, loading, and boundary
conditions were axisymmetric; therefore, axisymmetric ele-
ments were used to discretize the geometry. This allowed for
a very refined and computationally efficient model. The mod-
el was analyzed using an explicit multi-physics finite element
solver (LS-DYNA, Version 971 Revision 6.1.1, LSTC,
Livermore CA) (Fig. 4). Following a mesh refinement study,
a mesh with 203,008 axisymmetric quadrilateral elements
(~0.40 mm element size) was used with the acrylic
(PMMA) material modelled using an Ogden hyper-
viscoelastic material model for both the incident bar and

Fig. 2 Acrylic confinement chamber for C3HB-4 apparatus

Fig. 3 Primary pressure wave from sagittal head model developed by
Singh [19, 67] compared to the incident wave pressure trace generated by
the C3HB-4
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chamber. The water was modelled as a linear fluid, and the
spherical steel striker as a linear elastic solid. The water
density used was 1.00 g/cm3 [52, 60] with a bulk modulus
of 2.19 GPa [60, 73]. For the steel sphere, a density of
7.840 g/cm3, a Poisson’s ratio of 0.29, and a Young’s mod-
ulus of 207 GPa were used [74, 75]. The interface of the
chamber cap and body perpendicular to the propagating
pulse was modelled as contacting surfaces while the inter-
faces between the inner-walls of the chamber and water
incorporated shared nodes, since these surfaces were not
expected to separate during the simulation time considered.

A single test of the incident bar without the chamber (free-
end test) with a spherical striker impact velocity of
9.17 ± 0.34% mm/ms (18 psi firing-pressure) was used to
determine the Ogden constitutive properties for the acrylic
(PMMA) material. The Ogden constitutive model used in
the simulations incorporated a multi-term strain energy
function [76]:

W* ¼ ∑
3

i¼1

μ1

a1
λ*a1
i −1

� �þ K J−1−lnJð Þ ð1Þ

where μ1 was the shear modulus, λ*
i was the principal stretch

with the volumetric effects removed,Kwas the bulk modulus,
and Jwas the relative volume. The rate effects were taken into
account with a viscoelastic term:

σij ¼ ∫t0gijkl t−τð Þ ∂σ
E
kl

∂τ
dτ ð2Þ

where σij was a linear viscoelastic term, σE
kl was the instanta-

neous stress, and the relaxation function g(t) was the 4 term
function:

g tð Þ ¼ ∑
4

i¼1
Gie−βit ð3Þ

whereGiwas the shear relaxation modulus for the ith term and
βi was the decay constant of the ith term. The Ogden
hyperelastic constitutive properties were identified through

inverse methods using an optimization software (LS-OPT,
Version 7.2.1, LSTC, Livermore CA) (Table 1). The resulting
model was validated with free-end tests of varying striker
types (sphere, cylinder) and velocities. Three repeat tests were
performed with firing-pressures of 14, 18, and 22 psi for the
short, long, and sphere strikers (Fig. 21, Appendix C). The
striker velocities of the 3 repeats were averaged (excluding the
sphere striker 18 psi test used to create the model and its 2
repeats), resulting in 24 experimental results and 8 striker
conditions simulated (Fig. 22, Appendix C). The 8 conditions
were 4.82 ± 1.4%, 6.24 ± 0.40%, and 7.07 ± 0.34% mm/ms
striker velocities for the short striker, 4.58 ± 0.63%,
5.55 ± 0.25%, and 6.64 ± 0.66% mm/ms for the long striker,
and 7.57 ± 0.22% and 10.36 ± 0.28% mm/ms for the sphere
striker. Similarly, 27 additional tests with the sphere striker,
incident bar, and 3 chambers (chamber tests) filled with dis-
tilled water were also performed at varying firing pressures to
validate the numerical model incorporating the chamber (3
repeats of 3 firing pressures for 3 chambers).

Cross correlation analysis (CORA software, partnership for
Dummy Technology and Biomechanics, Ingolstadt,
Germany) was performed to compare the measured and sim-
ulated incident bar strain and free-end velocity data for the 8
striker conditions. The measured and simulated strains were
compared using three quantifiable characteristics of progres-
sion, phase shift, and size, corresponding to their differences
in shape, phase, and area, respectively (Table 2). The level of
correlation between the signals is known as the rating. The
rating ranges between 0 and 1, with 0 indicating a poor match
and 1 indicating a perfect match [77, 78]. The good agreement
between the results indicated that the numerical model could
correctly predict the wave propagation in the C3HB-4 acrylic
incident bar at varying striker velocities and for varying striker
types. Cross-correlation was also performed on the measured
and simulated chamber strain data for the 27 chamber tests,
resulting in a good agreement with an average rating of 0.921,
indicating that the model could also predict wave propagation
in the acrylic chambers.

Fig. 4 Axisymmetric finite element model of C3HB-4 indicating axis of symmetry and discretization of geometry
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It can be seen that there was good agreement between the
arrival times, rise, and peak values for the experiment and
simulation, considering both the strain and chamber-end ve-
locity traces recorded (Fig. 5). The differences in the chamber
strains observed after the initial compressive (negative strain)
phase at ~1.25 ms were attributed to the complex wave reflec-
tions, but occurred after the region of interest. The slightly
higher peak value of the measured chamber-end velocity
was attributed to the movement of the reflective tape with
respect to the chamber, but no explanation for the difference
in the settling-velocity after ~1.25 ms is available at this time.
The slight difference in the timing and rise of the reflected
wave was attributed to the use of a coupling agent in the
experiment that was not implemented in the model, transfer-
ring a small amount of tension resulting in a delay of separa-
tion between the incident bar and chamber, effectively increas-
ing its magnitude and decreasing its rise-time. Overall, the
slight differences between the experiment and simulation oc-
curred after ~1.25 ms, whereas the initiation of cavitation oc-
curred just after 1.1 ms and collapsed just before 1.25 ms,
demonstrating good agreement for the time of initiation and
collapse of the first cavitation bubble (discussed in Section 4).

High-speed images of a cavitating test was compared to the
water pressure contours predicted in a simulation. It was pre-
dicted that the maximum negative pressure occurred uniformly
across the diameter in the fluid adjacent to the back-wall surface
(within ~2 mm of the water-acrylic interface) without large
variations in the radial direction (Fig. 6). Therefore, cavitation
was expected to occur locally within the back-wall region, and
bubbles initiating at multiple locations within this region were
considered within the criterion of a cavitation event.

For verification of the simulated back-wall pressure, a first-
order approximation was calculated following the assump-
tions that: (1) the wave propagation in the chamber between
the water and acrylic was one-dimensional, confirmed by the
computational model; (2) the back-wall acrylic surface had the
same velocity as the chamber-end; and (3) waves transmitted
to the water from the acrylic did not reflect back from the
opposite end of the chamber. With these assumptions the pres-
sure at the back-wall was calculated (equation (4)),
where ρwater was the density of the distilled water, Coacrylic and

Cowater were the acoustic wave speeds of acrylic and water,
respectively, and η was the percentage of energy transmitted
from the acrylic to the water (Appendix D). This resulted in a
calculated back-wall negative pressure of 2.72 MPa, compa-
rable to 2.89MPa from the numerical simulation with a sphere
striker velocity of 9.35 mm/ms.

Pbackwall tð Þ ¼ −ρwater v tð Þ−v t−1ð Þð Þð Þ*Coacrylic þ v t−1ð Þ−v t−2ð Þð Þð Þ*Cowater
*η

h i

ð4Þ

To verify the ability of the apparatus to reproduce
negative pressures observed in the head during blast ex-
posure, the back-wall pressure trace simulated from the
C3HB-4 and the occipital region CSF ICP from the sag-
ittal blast head model [19, 67] was compared (Fig. 7).
The peak negative value of the CSF ICP from a 3 m
stand-off 5 kg C4 explosive charge at a 1.5 m height
burst was matched using the C3HB-4 numerical model
for verification of the pressure traces. The negative pres-
sure phase at the back-wall of the C3HB-4 model showed
good agreement with the negative phase of the CSF ICP
from the head model. Similarly, the rate (rise) of the
pressure wave in the incident bar showed good agreement
with the rate of increase of the primary pressure wave at
the frontal region of the head.

The axisymmetric geometry of the chamber resulted in
two-dimensional wave propagation when the incident
wave entered the chamber from the bar, particularly at
the interfaces of different materials. The transition be-
tween one-dimensional to two-dimensional wave propa-
gation was observed in the simulation at the interface
between the acrylic and water due to its differing acous-
tic velocity (1482 mm/ms) from acrylic (2198 mm/ms).
Three-dimensional effects could occur locally in the vi-
cinity of the cavitation bubble; however, the goal of the
apparatus was to predict the pressure in the fluid up to
the point of cavitation, and the model was found to be
accurate in that regime.

Test Protocol

Preparation of the chamber began with a thorough cleaning
using regular hand soap to remove any contamination from

Table 2 Cross correlation analysis rating of the acrylic (PMMA)
incident bar model validated with measured strain and free-end velocity
data from free-end tests for different strikers at varying impact velocities

Striker Rating: strain Rating: free-end velocity

Short 0.988 0.984

Long 0.970 0.990

Sphere 0.997 0.993

Table 1 Acrylic (PMMA) constitutive properties identified through
parametric optimization

Density (kg/mm3) ν (Poisson’s ratio) μ1 (GPa) α1

1.183E-6 0.38 3.776 1

G1 (GPa) G2 (GPa) G3 (GPa) G4 (GPa)

0.00652215 0.04924327 0.04182822 0.13533037

β1 β2 β3 β4

0.001 4.7917 28.953 12,839.936
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Fig. 5 Experiment (Exp) and
numerical (Sim) incident bar
strain and chamber-end velocity
traces for a single non-cavitating
chamber test with a sphere striker
impact velocity of 9.35 mm/ms

Fig. 6 Region of maximum
negative fluid pressure identified
from the simulation compared to
location of cavitation

Fig. 7 CSF ICP comparison
from [19, 67] with predicted
pressures from the C3HB-4
apparatus for 3 m stand-off blast
exposure of 5 kg C4 explosive
charge at a 1.5 m height burst
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handling or previous tests. The inside of the chamber was then
thoroughly dried and swabbed cleaned with a cotton swab
lightly soaked in a dilute isopropyl alcohol and distilled water
solution. It was very important that the chamber was
completely cleaned of any contamination, such as dust or
cotton fibres, ensuring cavitation nuclei were not introduced.
The last step required swabbing the inside of the chamber with
a lint-free gauze pad carefully removing any visible contami-
nation as a result of the cleaning process. Before filling of the
chamber with fluid, a thin film of a low concentration soap
solution was applied to the interior of the chamber walls to
ensure the distilled water wetted to the walls [79]. The appli-
cation of the film reduced the surface tension of the water, and
therefore discouraged air contamination at the water-acrylic
interfaces, which could act as cavitation seeds. Petroleum jelly
was used as a coupling agent between the incident bar and
chamber to ensure full contact and relieve friction forces [9,
80]. When filling the chamber, care was taken to ensure that
the there was no entrapped air in the chamber and the cap
covered the venting channel without compressing the fluid
inside, thus preserving atmospheric pressure. A strain gauge
(WA-09-120WR-120, Micro-Measurements) installed on the
chamber confirmed that there was no appreciable pressure
induced in the chamber during installation of the cap.
Additionally, inspection of the chamber after performing each
test indicated no leakage of the fluid from the venting channel
occurred during the test.

After impact of the striker sphere with the incident
bar, a compressive pulse was generated in the bar and
propagated towards the chamber. This compressive pulse
was transmitted into the chamber and upon reaching the
chamber-end, reflected in tension as a result of the lower
impedance of the air compared to the acrylic chamber.
When the superposition of the compressive pulse and
tensile reflection at the incident bar-chamber interface
became negative, it separated the chamber from the inci-
dent bar preventing further wave transmission (Fig. 8).
The compressive pulse remaining in the incident bar
reflected at the now separated interface as a tensile pulse
(reflected wave). The tensile reflection pulse in the
chamber that caused the separation reflected at the inter-
face in compression and continued to reflect within the
chamber.

Considering the wave propagation in the chamber, the
compressive pulse (σI(1)) from the incident bar was trans-
mitted into the water (σI(2)) from the cap, and then into
the chamber end wall (σT). Upon reaching the chamber-
end, it produced the tensile reflection pulse (σR), which
transmitted back into the water (Fig. 9). Cavitation was
expected to occur at the back-wall of the chamber as a
result of the tensile reflection pulse (σR) superimposing
with the trailing end of the compressive pulse (σI(2));
therefore, tests were identified with a positive cavitation

result when cavitation bubbles were observed initiating
in the back-wall region (Fig. 6).

An initial set of tests was performed with increasing striker
impact severity until cavitation was observed. This set of tests
provided insight into the lower and upper bound impact se-
verities required for testing. For the following sets of tests,
repeats were performed at the lower and upper bounds to
verify cavitation and no-cavitation conditions, respectively,
and then tests of increasing severity from the lower bound
were performed thereafter until the upper bound was reached.

To determine the back-wall pressure in the tests, 10 simu-
lations were performed with increasing severity starting from
the lower bound to obtain simulated trends of the incident bar
strain, chamber strain, back-wall pressure, and chamber-end
velocity. As expected, all the trends obtained were linear and
the relationship between the simulated incident bar longitudi-
nal strain and back-wall pressure was obtained. This linear
relationship was then used with the measured incident bar
longitudinal strain to obtain the back-wall pressure for each
test. Using these back-wall pressures with the occurrence of
cavitation as data points, a sigmoid probability curve (ISO/TS
18506) was generated to determine the 50% probability of
cavitation [81].

Results and Discussion

A series of experimental tests (Table 3) were performed with
the C3HB-4 apparatus using three chambers of the same de-
sign (identified as C1, C2, and C3), and localized cavitation
was successfully generated for distilled water at 21 °C within
the back-wall region of the cavitation chamber where the max-
imum negative pressure occurred (Fig. 10).

Timing of the occurrence of cavitation was investigated
using high-speed imaging coupled with simulated back-
wall pressure. Analysis of the high-speed imaging demon-
strated that the start of the bubble growth occurred at
time ~ t1 (Fig. 11). The bubble continued to grow until ~t2
where it reached a maximum volume before recoiling, and
then finally collapsing at ~t3. The initiation corresponded to
the onset of the negative pressure. Likewise, maximum vol-
ume corresponded to the time of the peak negative pressure
and collapse corresponded to the time of the following peak
compressive pressure. However, it should be noted that the
inertial effects of the bubble growth and collapse may have
slight effect on timing. Overall, it has been demonstrated
that the timing of the bubble growth and collapse agrees
with the pressure traces predicted by the numerical model
with cavitation initiating just after 1.1 ms and collapsing just
before 1.25 ms. The differences between experiment and
simulation results previously discussed (§3.4.1) were all
observed occurring after 1.25 ms and therefore are not con-
sidered meaningful with respect to the generation of
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Fig. 8 Simplified wave
schematic of compressive pulse
resulting in the separation of the
incident bar and chamber with
increasing time (note that
complex wave propagation in the
chamber is not shown after time
t4)

Fig. 9 Wave diagram showing
propagation through the chamber
to produce negative pressure in
the distilled water as a result of the
impedance differences between
acrylic and air

Table 3 Range of peak compressive longitudinal strains measured in
the incident bar and chamber for all tests performed

Chamber Number of tests
performed

Incident bar strain
(mε)

Chamber strain
(mε)

C1 28 1.353–2.796 0.521–1.309

C2 26 1.621–2.577 0.679–1.326

C3 23 1.455–2.781 0.614–1.447 Fig. 10 High-speed image of localized cavitation occurring at the back-
wall of the cavitation chamber
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cavitation initiating at ~1.1 ms. It is worth noting that these
differences may have an impact on cavitation bubble dy-
namics (growth and collapse cycles); however, analysis of
bubble dynamics is outside the scope of this study.

Both the experimental and numerical trends of the peak
chamber strain and chamber-end velocity with respect to peak
incident bar strain for all tests demonstrated good agreement,
with R2 values of 0.875 and 0.992, respectively (Fig. 12). As
expected, the trends showed linearity below 50% probability
of cavitation, since without cavitation, the water in the cham-
ber behaves as a continuous fluid.

The calculated (equation (4)) and numerical trends of
the peak back-wall negative pressure with respect to peak
incident bar strain demonstrated good agreement with an
R2 value of 0.892 (Fig. 13). This trend also showed line-
arity below the 50% probability of cavitation line, in agree-
ment with the chamber strain and chamber-end velocity
trends (Fig. 12).

Sigmoid probability curves were generated for the three
sets of separate chamber data, relating the back-wall negative
pressure with the occurrence of cavitation observed through
high-speed imaging (Fig. 14). For chambers C1, C2, and C3,
the negative pressure for 50% probability of cavitation was
3.36 MPa ±4%, 3.52 MPa ±6%, and 3.04 MPa ±4%,
respectively.

The probabilistic nature of cavitation near the 50% mark
may explain the differences between the curves; however, it
can be seen that the 50% marks had low variability with a
pooled standard deviation of ±5% and were in good agree-
ment with each other. Combining the data points into one
sigmoid probability curve yielded a 50% probability of cavi-
tation at a negative pressure of 3.32 MPa ±3%, which was
comparable with the lower bound reported by Williams
(4.5 MPa) [56] for ‘nuclear-grade’ deionized water, which
would have a higher pressure because of its greater purity
compared with distilled water, and values reported by

Fig. 11 Timing of bubble (circled) growth and collapse using high-speed imaging coupled simulated back-wall pressure

Fig. 12 Experimental (Exp) and
numerical (Sim) trends of the
peak chamber strain and
chamber-end velocity with
respect to peak incident bar strain.
Negative incident strains
exceeding the 50% cavitation
correspond to a high probability
of cavitation
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Kenner (2.96, 3.09MPa) [60] for distilled water. The variabil-
ity of other reported dynamic techniques ranged between 5
and 10% [53, 55–57]. Considering the existing dynamic
methods presented in the literature, only the Tube-Arrest
method by Williams et al. [53] visually identified cavitating
events. The cavitating events reported by Williams also oc-
curred initiating from a solid surface, with one test initiating
within the body of the liquid. However, cavitation within the
body of the liquid may have been a particular occurrence due
to the reported uncertainty of 10%. The proposed C3HB-4
apparatus provided an important contribution for studying flu-
id cavitation under controlled and repeatable conditions since
this apparatus was able to generate negative fluid pressures

similar to that observed in the head during blast exposure,
utilize visual identification of cavitation, and measure a cavi-
tation pressure threshold with a standard deviation of 3%.

A methodical approach was followed in the development
of the C3HB-4 apparatus to ensure consistent results with
low variability. The sample preparation conditions yielded
upper bound cavitation pressure thresholds for distilled wa-
ter because of the wetting agent used, which discouraged
cavitation seeds from occurring at the chamber walls. The
negative CSF ICP from a 3 m stand-off blast exposure of
5 kg C4 explosive charge could be recreated with the C3HB-
4 (Fig. 7); however, when using distilled water with a wet-
ting agent, cavitation was not observed in distilled water.

Fig. 13 Calculated and
numerical (Sim) trends of the
peak back-wall negative pressure
with respect to peak incident bar
strain

Fig. 14 Sigmoid probability
curves for cavitation at the back-
wall. Top-left: Chamber 1, Top-
right: Chamber 2, Bottom-left:
Chamber 3, and Bottom-right:
Chambers 1–3 plotted together
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The primary difference between the CSF and distilled water is
the higher viscosity of CSF. The bulk modulus is expected to be
similar [25, 82, 83]. However, the variation in viscosity is not
expected to change the outcome of the simulation since the
fluid, and therefore relative motion, is confined. It is expected
that, similar to the distilled water testing, the model would be
able to predict accurate CSF fluid pressures for non-cavitating
conditions. Investigation of the surface properties of the cham-
ber and their relation to in-vivo conditions was outside the
scope of the study; however, repeatable surface properties of
the chambers was required to have good repeatability of the
apparatus, and low variability. Given that the purpose of this
study was to develop and demonstrate the apparatus using dis-
tilled water, further conclusions regarding blast will be ad-
dressed in a future study.

Conclusions

A series of cavitation apparatus designs incorporating an
acrylic (PMMA) fluid chamber and incident bar in a SHPB
apparatus were developed to investigate the generation of cav-
itation in a fluid as a result of dynamic loading. Three itera-
tions of designing and testing resulted in a final design, pre-
sented in the current study, which was capable of generating
localized cavitation in distilled water using an acrylic
(PMMA) incident bar and steel sphere striker coupled with a
closed cavitation chamber.

The acrylic chamber was designed to require a low volume of
fluid (1 ml) for each test, compared to other dynamic methods
for generating cavitation, to perform tests on fluids such as CSF
where large quantities may not be available. The chamber wall
thickness dimensions were designed to be comparable to those
of the skull. The simple geometry for the chamber provided
repeatable results that could be interpreted though numerical
analysis. The combination of a steel sphere striker and acrylic
incident bar generated a compressive pulse comparable to the
primary pressurewave observed in blast exposure for both shape
and rate, resolving the loading limitations of other dynamic
methods. The apparatus also provided the option to vary load-
ing, for example by using different striker geometries.

A finite element model of the apparatus was developed using
a single incident bar free-end test with a sphere striker and was
validated by predicting the incident bar strains and bar-end ve-
locities for 24 additional experimental free-end tests. For varying
striker conditions, themodel demonstrated good agreement with
the experiments (cross-correlation: 0.970–0.997). Similarly, the
numerical model was validated by predicting the chamber strain
of 27 additional experimental chamber tests, with the sphere
striker at varying impact velocities, resulting in good agreement
(average cross-correlation 0.921).

Use of a pressure transducer was rejected after consider-
ations of piezoelectric and catheter-based transducers were

found to result in cavitation nucleation sites, and demonstrated
inaccurate negative pressure measurements. A strain gauge
and a PDV were used as additional instrumentation to link
the dynamics of the chamber with the finite element model,
resulting in good agreement between the measured chamber
longitudinal strain and chamber-end velocity. The agreement
of the numerical model in predicting the incident bar and
chamber dynamics gives confidence that the fluid pressure
changes can be predicted with the model. The peak negative
back-wall pressure obtained from the simulations was verified
with a first-order approximation based on the PDV results,
showing good agreement. Investigation of high-speed imag-
ing coupled with the simulated pressure traces at the back-wall
demonstrated cavitation bubble growth and collapse coincid-
ing with the negative and positive pressure phases, respective-
ly. Importantly, the negative phase of the pressure trace at the
back-wall predicted by the simulation showed good agree-
ment with the initial negative CSF ICP observed in head blast
exposure. Similarly, the pressure wave in the incident bar pre-
dicted by the simulation was comparable in magnitude to the
pressure wave observed in the head during blast exposure.

Tests were performed on distilled water using 3 different
chambers of the similar dimensions and cavitation probability
sigmoid curves were generated, resulting in the 50% probability
of cavitation occurring at a negative pressure of 3.32MPa ±3%,
comparable with the lower bound reported by Williams [56]
and Kenner [60] using the B-P and fluid-Hopkinson bar meth-
od, respectively. Additionally, the apparatus demonstrated low-
er variability compared to other dynamic techniques used for
generating cavitation. The numerical model showed good
agreement with predicting the peak incident strains and peak
chamber-end velocities of the tests performed having trends
with R2 values of 0.875, and 0.992, respectively. The numerical
and first-order approximation of back-wall negative pressures
showed good agreement having trends with R2 value of 0.892.

In summary, a novel apparatus and method incorporating a
closed confinement chamber integrated with a polymer
Hopkinson bar apparatus was designed to generate localized
cavitation in a fluid through high-rate dynamic loading com-
parable to blast exposure. A numerical model of the apparatus
was developed in parallel that could predict wave propagation
and fluid pressures with very good agreement. Tests were
performed on distilled water resulting in 3 cavitation proba-
bility curves with 50% probabilities having low variability.
The developed method can be applied in the future to provide
knowledge of CSF cavitation threshold.
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Appendix A: First Three Iterations of the Apparatus

Figure 19 illustrates the increase in chamber cavity volume as
a result of chamber motion relative to the incident bar. The
compressive incident wave entered the chamber and reflected
back-and-forth within the chamber material, which caused
relative motion resulting in a drop in water pressure because
of the constant mass of water given by:

dP ¼ −K
dV
V

� �
ð5Þ

where K was the bulk modulus and V was the volume of
water.

Fig. 15 First iteration tensile T-
SHPB-1 utilizing an acrylic
confinement chamber with tensile
split Hopkinson bar apparatus

Fig. 16 Second iteration tensile
T-MCHB-2 with incident bar and
closed-ended confinement
chamber including pressure
transducer

Fig. 17 Third iteration
compressive C-MCHB-3, using
wave reflection from the chamber
back-wall to generate tensile
pressures producing diffuse
cavitation

Fig. 18 Comparison of the C-
MCHB-3 experimental data and
numerical model for incident bar
pressure and distilled water
pressure
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Appendix B: C3HB-4 Chamber Filling and Venting
Channel

Figure 20 illustrates the process of capping the chamber and
the purpose of the venting channel. The channel ensured that
the chamber could be closed without the addition of air bub-
bles and served the purpose of relieving pressure during cap-
ping, ensuring fluid pressure remained atmospheric. Care was
taken to ensure that the cap would cover the channel without
compressing the water retaining atmospheric pressure. This
was verified by a strain gauge (WA-09-120WR-120, Micro-
Measurements) mounted on the side of the chamber that
showed no appreciable pressure was induced in the chamber
during installation of the cap.

Appendix C: Free-End Test Results

Fig. 19 Relative motion of the
chamber in the C-MCHB-3
causing a volume increase in the
chamber cavity at time t2 > t1

Fig. 21 Example of free-end test (14 psi firing pressure) incident bar strain and free-end velocity results (3 repeats averaged) for short, long, and sphere
strikers performed for validation. Note that error bars are shown demonstrating repeatability of the apparatus

Fig. 20 Process of capping the chamber showing venting of fluid from
venting channel
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Appendix D: First-Order Approximation
of Back-Wall Pressure

The following analytical process used to approximate the
pressure at the back-wall of the chamber made the fol-
lowing assumptions: (1) the wave propagation in the
chamber between the water and acrylic was one-
dimensional; (2) the back-wall acrylic surface had the
same velocity as the chamber-end; and (3) waves

transmitted to the water from the acrylic did not reflect
back from the cap of the chamber. A single water ele-
ment located at the back-wall was created having a wa-
ter boundary to the left and an acrylic boundary to the
right (Fig. 23). Pressure in the element changed as a
result of the velocity difference between the water and
acrylic boundaries. The change in velocity was the result
of the transmission of force to the water from the
acrylic.

Fig. 22 Comparison of incident
bar strain and free-end velocity
for numerical model (Num) and
experimental tests (Exp) with
14 psi firing pressure for sphere,
short, and long strikers
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The pressure of the element could be approximated by
adding the effects of the left water boundary and the right
acrylic boundary. The mass of the element was given by:

ρ ¼ m
V

ð6Þ

where ρwas the density, and Vwas the volume of the element.
Since the chamber cavity was cylindrical and the element was
located at its center, the element was given a cylindrical vol-
ume with a length of Δx:

m ¼ ρ πr2Δx
� � ð7Þ

The pressure force acting on either side of the element can
be calculated using:

P ¼ F
A

¼ am
A

¼
Δv
Δt

� �
ρ πr2Δxð Þ
πr2

¼ Δv
Δt

� �
ρΔx ð8Þ

where Δv was the change in velocity of the side and Δx was
the element length given by:

Δx ¼ CoΔt ð9Þ
where Co was the acoustic wave speed of element. Since the
acrylic boundary was the driver (assumption 2), the velocity
history of the water boundary was equal to that of the acrylic
boundary but behind a time-step.

The transmitted velocity must be scaled due to the acoustic
impedance difference of the water and acrylic. The resistance
to acoustic flow of a material is known as its acoustic imped-
ance. The difference between the impedance between two
materials affect the magnitude and sense (compressive or ten-
sile) of the transmitted and reflected waves produced during
propagation of an incident wave. For an ideal one-
dimensional wave propagation where the interface between
material 1 and material 2 are perpendicular to the incident
wave path, an incident wave frommaterial 1 entering material
2 will transmit a portion of its energy as the transmitted wave
into material 2 and the remaining energy will be reflected back

to material 1 as the reflected wave. The amount of energy
disposed to the transmitted and reflected waves are related to
the acoustic impedance difference between the two materials.
The sense of the reflected wave is also affected such that when
the incident wave enters material 2 with greater impedance
than material 1, the reflected wave of the same sense as the
incident wave is produced. Whereas if the material 2 has a
lower impedance, the reflected wave is of the opposite sense
[63]. Therefore, the scale of the velocity transmitted to the
water from the acrylic boundary could be calculated by:

η ¼ σtransmitted

σincident
¼ 2ρwaterCowater

ρwaterCowater þ ρacrylicCoacrylic
ð10Þ

With the assumption that the water boundary was fixed, the
pressure applied by the acrylic boundary could be calculated
as:

Pacrylic tð Þ ¼ −
Δv
Δt

� �
ρΔx ¼ −ρwaterΔx

v tð Þ−v t−1ð Þ
Δt

� �

¼ −ρwaterCoacrylic v tð Þ−v t−1ð Þð Þ ð11Þ

where the negative indicated a tensile force and v(t) was the
velocity measured by the PDV. Likewise, if the acrylic bound-
ary was fixed, the pressure applied by the water boundary
was:

Pacrylic tð Þ ¼ −ρwaterΔx
v t−1ð Þ−v t−2ð Þ

Δt

� �

¼ −ρwaterCowater v t−1ð Þ−v t−2ð Þð Þ*η ð12Þ

Therefore the sum of both effects resulted in the pressure of
the element given by:

Pbackwall tð Þ ¼ −ρwater v tð Þ−v t−1ð Þð Þð Þ*Coacrylic

þ v t−1ð Þ−v t−2ð Þð Þð Þ*Cowater
*η

2
66664

3
77775 ð13Þ
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