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1 Overview

The task of understanding, predicting, and ultimately miti-
gating blast-induced traumatic brain injury (bTBI) requires
a broad-based multidisciplinary approach, integrating syner-
gistic contributions from distinct scientific communities that
do not historically collaborate. For example, in the field of
injury biomechanics, experimental work involving animal
models or cadaveric specimens is often considered to be the
gold standard; however, only a limited number of shockwave
research laboratories have the requisite biosafety or access to
cadaveric specimens. As these studies are of critical impor-
tance to the understanding of the biological effects of blast
exposure and to the development of injury criteria that will be
incorporated into injury prevention andmitigation strategies,
it would appear natural to have this type of work to be led by
the biomedical research community. Rigorous preparation,
execution, and analysis of animal and cadaveric experiments
require a particular knowledge set that is often lacking in the
engineering or physics community.

On the other hand, the lack of appreciation of blast physics
from the biomedical research community may have led
to supplementary confusion surrounding the injury mech-
anisms involved in bTBI [1,2]. The interaction between a
blast wave originating from an explosion and the human head
and body structure is a complex, multifaceted problem that
can be unintentionally biased. Methodological inconsisten-
cies in the reproduction of relevant blast exposure conditions
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are recognized as an ongoing concern in the published lit-
erature on bTBI. There are multiple factors that can lead to
the observedmethodological inconsistencies, the majority of
which appears to be linked either to a poor definition of the
problem space, a misunderstanding of the effect of scale, or
to an inadequate design of laboratory experiments. The pri-
mary objective of the bTBI thematic issue is to engage the
broader shock physics research community to tackle the cur-
rently intractable aspects of bTBI research outlined below.

1.1 Relevant exposure and loading conditions

Publicly available information on the military operational
and training threat environment is rare. This can be attributed
to obvious security concerns as well as the variability
in explosive threats such as improvised explosive devices
(IEDs). While epidemiological data and injury trends from
recent military conflicts are available from multiple sources
[3–5], detailed information regarding relevant operational
threat scenarios is harder to come by. In the absence of such
information, amajority of experimentalists andmodellers are
forced to make educated guesses on the type of blast con-
ditions they feel to be representative of real-life scenarios.
An additional complication is that the range of blast param-
eters relevant to the generation of bTBI in humans is still
not definitive. This situation leads to difficulties in setting
meaningful bounds to the bTBI problem, resulting in a field
of literature obscured by a spectrum of studies using overag-
gressive or benign loading conditions. To appropriately study
bTBI, loading conditions should be bound by the intersection
of operational relevancy, injury risk potential for bTBI, and
the likelihood of survivability with regard to the other injury
threats (e.g., fragmentation).

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s00193-017-0773-1&domain=pdf


822 S. Ouellet, O. E. Petel

Fig. 1 Illustration of the size of
the bTBI problem space in the
peak incident
overpressure–positive phase
duration plane. Inset: Schematic
of a Friedlander waveform

For simplicity, the vast majority of researchers have
approached the study of bTBI focused on the basic case of
free-field, perpendicular exposure to a planar blast wave,
where the blast wave may be described as an idealized
Friedlander wave. Realistic threat scenarios may include
above-ground detonation in the near- to mid-field, buried
explosive charges in different soil conditions or complexblast
waves from explosions in the vicinity of reflecting structures;
these configurations further complicate an already complex
problem. Despite the focus on this simpler free-field load-
ing scenario, few researchers justify their choice of free-field
exposure conditions using estimated real operational scenar-
ios,which is necessary tomaintain relevance.One example of
an appropriate justification is the use of a report on18 incident
cases from operation Iraqi Freedom [6] to guide the choice of
loading conditions [7]. Panzer et al. [7] used the ground deto-
nation of standard 105 and 155mm artillery rounds as classic
IED scenarios and used the CONWEP software [8] to pre-
dict peak incident overpressure and positive phase duration
for standoff distances varying between 1 and 5 m, leading to
peak overpressures ranging from 50 to 1000 kPa and dura-
tions between 2 and 6ms.Wood et al. [9] further stated that a
majority of IED threats aremade from artillery rounds equiv-
alent to 7.5 kg of TNT explosives or less. Shridhanari et al.
[10] included a 50 kg of TNT equivalent at 7–10 m to be rep-
resentative of a vehicle-borne IED. They simulated scenarios
including blast waves with peak overpressures between 110
and 740 kPa with durations between 1.3 and 6.9 ms. Varas
et al. [11] reported peak overpressure and duration data from
alleged IED experiments and stated that the ranges of peak

overpressure between 10 and 200 kPa and positive phase
durations between 4 and 10 ms are relevant to a military
IED scenario. In a response to Nyein et al. [12], who had
chosen a very close exposure to a 3.16-g TNT charge to sim-
ulate a blast threat, Moss et al. [13] mentioned that 2.2 kg of
TNT was a more relevant military threat. Rafaels et al. [14]
stated that relevant scenarios including terrorist attacks may
consist in the explosion of 1–800 kg of TNT equivalent, at
various distances. Sundaramurthy et al. [15] chose a range
of conditions, based on various sources, using C4 explosives
between 1 and 100 kg and standoff distances between 2 and
10 m to represent operational scenarios, which yielded peak
overpressures between 60 and 450 kPa and a range of dura-
tion between 2 and 8 ms. It appears clear that the range of
threat considered to be relevant is very large. For illustration
purposes, the space bounded by the detonation of 1 kg of
TNT equivalent between 2 and 20 m and 100 kg of TNT
equivalent between 2 and 20 m is presented in Fig. 1 as
a plot of peak incident overpressure as a function of pos-
itive phase duration using the blast parameter relationship
developed by Kingery and Bulmash [16]. As a reference, the
peak overpressure vs. duration relationship for aM1 105mm
artillery munition and a 155 m M107 munition is also plot-
ted on the graph. Because of its apparent relevance to IED
scenarios, curves are also shown for 5 of ANFO explosives.
An example of a recent pressure measurement made dur-
ing the explosion of 5 kg of ANFO explosive buried 0.15 m
into 0–9.5 mm gravel is shown to highlight the considerable
difference in overpressure signature compared to a surface
burst.
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Fig. 2 Reduction of the bTBI
problem space using injury risk
functions for fatality and mild
bleeding in the brain (adapted
from [14]) as the upper and
lower bound

The range of possible exposure conditions is large and
likely encompasses multiple regimes of response of the
human body. The evolution of the transient pressure field
(i.e., target loading) that develops around the head as the
blast wave diffracts around it will not be the same across
this domain of possible conditions. To understand and inter-
pret the response of living organisms to such a wide range of
stimuli, it is critical to understand the nature and specificities
of the loading experienced by the subject. This is a classic
shock wave diffraction problem that is further complicated if
we consider non-ideal scenarios such as non-perpendicular
reflection (head exposed to wave from surface burst), buried
explosive charges, and a non-planar and a non-uniform wave
in the near field. This is precisely where further input from
the shock physics community may contribute to the field.

Operationally, many of the above conditions are tied to
explosive events where other types of blast injuries could
dominate the injury spectrum, such as high-energy fragmen-
tation injury or thoracic primary blast injuries. The lethal
radius of fragments generated from the explosion of stan-
dard artillery rounds exceeds by an order of magnitude that
of primary blast injuries [17]. While these notions could
help further limit the problem space for bTBI, the devel-
opment of high-performance personal protective equipment
(PPE) makes a considerable difference in defeating bal-
listic threats as well as significantly increasing the injury
thresholds for primary blast injury to the lung [18]. As
such, it is more conservative not to further limit the prob-
lem space based on other threats, which may or may not be
survivable.

1.2 Injury risk and injury thresholds

In contrast to the existing body of work defining injury crite-
ria (injury risk functions) for thoracic primary blast injuries
[19–24], studies addressing the definition of injury risk func-
tions for blast TBI applicable to humans are very limited
[14,25,26]. Shock tube experiments involving rabbits [25]
and ferrets [14] were used by Rafaels et al. to propose injury
functions from linear logistic regressions for the risk of mild
bleeding, moderate to severe bleeding, and fatality. Although
it was recognized that common scaling approaches may not
apply to brain blast injury, the functions were scaled to a
70-kg man using a mass scaling approach similar to that
used previously by Bowen et al. [19] in the study of other
blast injuries. Other research has investigated injury thresh-
olds using animal models [27,28], but these efforts did not
address how the criteria could scale to humans. Notwith-
standing the validity of the proposed injury risk functions,
it is important to consider the value of this type of infor-
mation for further reducing the bTBI problem space. As an
example, the 50% risk curves for mild bleeding, moderate to
severe bleeding, and fatality from Rafaels et al. are overlaid
on the graph of Fig. 1 (see Fig. 2). Although this exercise
significantly reduces the bTBI problem space, the range of
relevant conditions of interest is still quite large.

1.3 Scaling

Aside from defining a relevant problem space, much of
the experimental work in the field involves animal mod-
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els. Therefore, blast parameter scaling for bTBI studies
using animal models is an important aspect of the prob-
lem. Scaling is the basis through which injury thresholds
and risk assessments are established for humans. The lim-
ited amount of research on bTBI across a range of different
species has prevented the establishment of robust scaling
laws that would allow extrapolation to humans. Owing to its
successful use for thoracic primary blast injuries and for auto-
motive blunt impacts, scaling based on body weight ratio has
been proposed for bTBI [2,14,24,29]. It has, however, been
acknowledged that the scaling approach should be based on
head/brain-specific anatomical and physiological considera-
tions [2,30,31]. Skull-based metrics, such as skull principal
dimensions and thickness, thickness of cerebrospinal fluid
(CSF) space, brain mass, or more specific neuroanatom-
ical features may provide better options to account for
the morphological differences between species. Jean et al.
[31] proposed an animal-to-human scaling law based on
wave propagation dimensional arguments. The new scaling
method yielded results that are in stark contrast with classical
mass scaling approaches, suggesting that the human brain is
more vulnerable to blast than the brain of a mouse. Although
the fundamentals of bTBI scaling across species remain mis-
understood, there are strong arguments in favour of the use
of scaling laws. However, it is unfortunately not standard
practice. While few researchers have purposely designed
experiments to generate scaled-down exposure conditions
[14,32,33] against small mammals, others expose animal
models to blast parameters relevant to humans [27,34–43].
Assuming mass scaling is relevant to bTBI, some of these
exposuresmay effectively result in exposing an animalmodel
to nuclear-sized blasts [29].

A bTBI scaling law would ideally be based on the mech-
anism of injury. Unfortunately, there is still a great amount
of debate with regard to potential injury mechanisms con-
tributing to the generation of neuropathology following blast
exposure [44]. Further complications inherent in defining
a dominant injury mechanism in bTBI are that various
proposed mechanisms may not be mutually exclusive. Nev-
ertheless, external and internal wave mechanics undeniably
play an important role in the biomechanical response of the
head and brain. The establishment of robust scaling laws
requires rigorous wave-mechanics treatment and the valu-
able input from the shock physics community.

1.4 Reproducing blast exposure in a laboratory
environment

The limited availability of test ranges where full-scale explo-
sive testing can be conducted, along with requirements to
control exposure conditions and ensure reproducibility, has
led multiple researchers to choose shock tubes as their pre-
ferred option for producing shock loading in the laboratory

environment. However, several aspects of shock tube test-
ing are often overlooked, with the consequence of bringing
additional confusion to the field. Needham et al. [2] provided
a very comprehensive description of some of the common
misuses and misconceptions regarding conventional shock
tubes. Among other aspects, the testing of biological models
is sensitive to any loading artefacts that may follow the initial
loading phase. Rarefaction waves entering the tube from the
open end and reaching the target after the initial overpres-
sure loading should be accounted for or eliminated. Also,
the use of the shock tube end jet to generate a decaying blast
profile has been a popular approach [36,40,45], but such a
set-up neglects that the blast flow field and ensuing dynamic
pressure loading on the target are drastically changed even
though the incident overpressure historymay appear tomatch
free-field scenarios. Another issue with conventional shock
tube testing, which can alter the blast flow field significantly
and exaggerate the loading on the target, is the ratio of tube
blockage. In order to simulate open-field exposure, the tar-
get should not be affected by or interact with the tube lateral
boundaries.

Recently, the awareness of conventional shock tube limita-
tions has grown [37,46]. In addition, an increase in the use of
advanced blast simulators (ABS), a shock tube with expand-
ing cross section assembledwith an end-wave eliminator, has
been observed [43,47–50]. ABS are reported to be capable
of simulating free-field blast conditions with no loading arte-
facts. Robust testing methods deviating from realistic field
exposure are not necessarily irrelevant. They can serve mul-
tiple purposes, but their characteristics need to be understood
and their limitations stated to be put to good use. It appears
that reproducing field exposure in a laboratory environment
or interpreting non-ideal exposures is also a challenge which
the shock physics community may help to address.

2 bTBI thematic issue

The objective of the current issue at the outset of this endeav-
our was to bring together a broad range of researchers from
every corner of the multidisciplinary spectrum investigat-
ing this health issue. As stated above, there are a number
of outstanding issues from a shock wave physics perspec-
tive that require further engagement from the shock physics
community to ensure the accuracy of experimental and
numerical approaches taken in the literature. Better defin-
ing the nature of the exposure conditions, describing the
interaction of a blastwavewith the body, understanding inter-
nal wavemechanics, developing relevant scaling approaches,
and refining methods to reproduce blast exposure in a labo-
ratory environment are, among others, topics where input of
the community is critically needed.Weenvisage this thematic
issue as an important step in engaging the shock physics com-
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munity. The intention of the thematic issue is to provide the
readerwith an overviewof the current state of operational and
occupational threats, numerical models, small-scale mod-
els, experimental head-brain surrogates, animal models, and
medical perspectives on bTBI.

2.1 Editorial information on the thematic issue

The call for papers received incredible support from the
research community with a total of 26 original research and
review manuscripts having been considered for publication.
Given the scale of the response received, the thematic issue
has been divided into a two-part series, the first covering
analytical and computational contributions, while the second
focusing primarily on experimental models and investiga-
tions of bTBI. The current bTBI thematic issue provides
the reader with an overview of the exposure threats that are
a contemporary concern as well as a snapshot of the cur-
rent state-of-the-art in numerical capabilities from leading
researchers in the field.

Every contributed article has been subjected to a rigorous
peer-reviewed process according to the policies and proce-
dures normally followed by the Shock Waves Journal. Each
paper was reviewed by two or more independent referees,
each of whom is an internationally recognized expert in the
field. Out of 26 submitted manuscripts, two were rejected,
four were withdrawn by the authors after a “major revisions”
decision, and 18 papers were accepted after, typically, two
or three revisions. The present issue (vol. 27, issue 6) con-
tains ten accepted papers, and another eight accepted papers
will be published in the next issue (vol. 28, issue 1). The
remaining two papers are still in processing and, if eventu-
ally accepted, will be included into the next issue or later
issues of Shock Waves.

2.2 Content overview of part 1: modelling and
occupational blast exposures

In the context of the current outlookonbTBI, twomanuscripts
that provide insightful perspectives into the bTBI issue have
been contributed, one from an operational standpoint [51]
and the second from a medical perspective [52]. Carr et al.
[51] provide a review of several studies focused on human
exposure to repeated low-level blast, along with an in-depth
discussion of threat characterizations to help guide future
research in the area. Kamimori et al. [53] provide experi-
mental data obtained for various occupational blast exposures
from breaching operations in varying confinement areas and
exposures to military personnel from weapons use. Wiri et
al. [54] modelled this threat to determine the pressure dis-
tributions on soldier profiles operating shoulder-mounted
recoilless weapons. The numerical results of the study are
compared to pressure signals measured by blast gauges at

specific locations around the weapon during testing. These
results will be used to influence training with these weapons
in an effort to reduce overpressure exposure to soldiers.

Nakagawa et al. [52] offer a broad overview of knowledge
gained from decades of research into shock wave interac-
tions within the body for shock lithotripsy treatments. The
contribution from Tripathi et al. [55] provides the frame-
work of a numerical method to describe the propagation and
attenuation of shear waves in soft solids, such as tissue sim-
ulants. The complexity of the treatment is due to the large
discrepancy between the longitudinal and shear wave speeds
in tissues. The numerical scheme is validated and compared
to experimental shear shock wave propagation in gelatin-
based phantoms.

Several articles in this issue investigate the shock wave
interactions with the body, each analysing a slightly differ-
ent system or scale of the problem. Tan et al. [56] developed
a numerical model of the entire human body, which was
subjected to blast loading from simulated explosions. The
whole-body approach to these simulations enables a discus-
sion of the effect of the lungs and torso on the brain response
under blast loading, which is found to be non-negligible.
Singh and Cronin [57] modelled the effects of the helmet
and visor on the load transmission pathways for a blast load-
ing a head model. This work outlines a parametric study
varying several helmet features to estimate their influence
on head acceleration and intracranial pressures. Sarvghad-
Moghaddam et al. [58] used a detailed finite element model
of the head to investigate regions of maximum intracranial
pressure, shear stress, and principal strains resulting from
blast waves produced by a variation in TNT equivalent explo-
sive masses at a fixed stand-off. These three biomechanical
parameters are presented through a series of correlational
relationships to linear and angular head accelerations for the
three blast intensities considered in an effort to improve the
understanding of bTBI injury mechanisms. Haniff et al. [59]
focused on the brain at the microscale, examining the inter-
action between the dynamics of cavitation collapse and axon
fibres in close proximity. Cavitation is seeded in their model
and perturbed through the application of subsequent pres-
sure pulses, forcing the collapse of blast-induced cavitation
bubbles within white matter fibre tracks.

Thefinal paper of the issue involves a numerical and exper-
imental animal model of brain injury. Kalra et al. [60] used
a finite element model to investigate open-field blast loading
on a pig head model. The numerical model was compared to
experimental data with a focus on the intracranial pressure
histories at corresponding points.
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