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ABSTRACT 

BLAST SHOCK-WAVE CHARACTERIZATION IN EXPERIMENTAL SHOCK 
TUBES 

 
by 

Sudeepto Kahali 
 

Blast-induced traumatic brain injuries have affected U.S. soldiers deployed for extended 

periods in the gulf and Afghanistan wars. To identify the biomechanical and biochemical 

mechanisms of injury, critical in the identification of diagnostic and therapeutic tools, 

compressed gas-driven shock tubes are used by investigators to study shockwave-animal 

specimen interactions and its biological consequences. However, shock tubes are designed 

and operated in a variety of geometry with a range of process parameters, and the quality 

of shock wave characteristics relevant to field conditions and therefore the study of blast-

induced traumatic brain injuries suffered by soldiers is affected by those conditions. Lab-

to-lab comparison is restricted by these variations, inhibiting data pooling and impeding 

progress. Shock waves accurately characterized by a validated numerical model can be 

effective in identifying the relationship between shock characteristics vis-à-vis specific 

shock tube.  

In this work, a finite element model was developed and validated with data from 

carefully designed experiments. It was hypothesized that the shock wave characteristics 

are governed by the energy source, geometry of the tube and specimen location, both along 

the length and within the section. Using three specific aims, it was identified that a 

truncated finite element model is appropriate. It was also shown, while the shock wave 

replicated the field parameters inside the shock tube, the characteristics outside the tube 

was complex and as affected by vortex tube and jet winds. Therefore, it was determined 



that this location may not be suitable for replication relevant to the mild TBI problem. It 

was also determined that shape, size, and location of occlusion increases with the ratio of 

obstruction to shock tube cross-section.  
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CHAPTER 1 

INTRODUCTION 
 
 

1.1 Background 

 
From the days of Trojan war, explosive blasts were always a threat to soldiers and civilians 

in armed conflicts. Only in the early days of the 20th century, technological advances in 

the weaponry and massive deployment of artillery in the trench warfare during World War 

I resulted in the identification of the neurological and psychological effects of blast waves, 

described as shell shock (Southard, 1919). The mechanisms responsible for shell shock 

were poorly understood; the term was subsequently banned and replaced with post-

concussive syndrome during World War II (Jones, Fear, & Wessely, 2007). It was in the 

decades after WWII, when systematic research to identify mechanisms responsible for 

blast injuries was initiated. Blast lung injury was the subject of intense experimental study 

at the Lovelace Foundation in Albuquerque, New Mexico from the 1950s to 1980 

(Stuhmiller, 2008). Additionally, blast-induced traumatic brain injuries (TBI) have been 

one of the most common injuries in the recent wars in Iraq and Afghanistan. Ironically, 

better thoracic protective systems against blasts were designed, developed, and deployed 

that transferred the injuries from lungs to brain, that allowed soldiers to survive but with 

totally different set of neurological problems. Thus, blast induced brain injuries has been 

the subject of intense research in the last two decades. Chemical explosives (improvised 

explosive devices, landmines, grenades) account for the bulk of these brain injuries. 

Between 2000 and 2017, of the 380,000 head injuries reported, 82.3% were diagnosed as 

mild TBI ("Defense and Veterans Brain Injury Center, DoD Numbers for Traumatic Brain 
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Injury," 2013). Mild TBIs are diagnosed using phenomenological clinical criteria as the 

absence of intracranial abnormalities on computed tomography and magnetic resonance 

imaging scans making mild TBI hard to detect. These injuries have large repercussions, 

with developed behavioral abnormalities that include problems in memory and 

concentration, emotional liability and depression, fatigue, light and noise intolerance, 

irritability and with correlations with post-traumatic stress disorder (Tanielian, 2008; 

Tsaousides & Gordon, 2009). Medical symptoms include migraine, insomnia, blurred 

vision, vertigo, tinnitus, nausea and vomiting (Ruff, 2008). The relationships between 

injury mechanisms and outcomes for mild TBI remain poorly understood (Hoge et al., 

2008), due to the scarcity of information available on the pathophysiology of blast-induced 

neurotrauma (Tsaousides & Gordon, 2009) in humans. Several prevailing theories have 

been proposed concerning the mechanism of injury, including blast wave transmission 

through cranium, thoracic pressure surge, skull deflection and cavitation (Bass et al., 2012; 

Courtney & Courtney, 2009; Moore et al., 2009; Moss, King, & Blackman, 2009), but 

presently the causative mechanisms have not been conclusively identified (Fievisohn, 

Bailey, Guettler, & VandeVord, 2018).  

Blast injury research primarily uses two tools to experimentally simulate the 

mechanics of the injuring events: field testing and shock tubes. Though field testing best 

matches real world conditions, they are expensive, unsafe, time consuming and have poor 

repeatability due to lack of control over ambient conditions (Bass et al., 2012). Shock tubes 

are preferred as they can be operated in controlled environments. The research group led 

by Clemedson was among the first to use blast tubes to study the effect of shock waves on 

biological tissues (Clemedson & Criborn, 1955). Shock tubes had previously been used 
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since the early 19th century in other research fields to study detonation, combustion, 

ionization, supersonic, and transonic flow fields. (Frohn & De Boer, 1969; Griffith, 1952; 

Henshall & Aeronautical Research, 1957; Hertzberg, 1951). In the last two decades, shock 

tubes have become a standard laboratory tool to study the effect of shock waves on animal 

models, including rodents, pigs, and ferrets (Masel et al., 2012). In a broad survey of recent 

literature (time span: 2010-2019, Appendix), trends can be observed in 71 experimental 

studies using shock tubes.  

 The survey summarized in Figure 1.1 shows that the source of energy in shock 

tubes is compressed gas, explosive materials, or combustion.  Most of the shock tubes 

(82%) use compressed Helium, Nitrogen, or air, and some use explosives (14%), oxy-

acetylene, and other methods, including unloaded firing pins. Shock tube length varied 

from 1.2 to 21.3 meters, with most shock tubes falling between 4-6.5 m. A majority of the 

shock tube designs had circular cross-sections. These tubes could produce a blast 

overpressure in the range 10 kPa to 5.3 MPa and thirteen reported values above 500 kPa. 

In most of the work surveyed, the purpose of the work was to study injury pathologies in 

animal models (76%). Other topics of interest included studies involved in understanding 

and visualizing shock wave physics, shock-structure interactions in materials and shapes, 

and the investigation of the flow fields near the shock tube exit. In more than half of the 

tests surveyed, the specimens (animal models, human surrogates, or animal surrogates) 

were tested near the exit or outside of the shock tubes. 

 Experimental investigation into the hydrodynamics of shock wave diffraction from 

an open-ended shock tube utilize a variety of optical techniques to visualize the flow field. 

Some optical techniques include particle image velocimetry (Arakeri, Das, Krothapalli, & 
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Lourenco, 2004), holographic interferometry (Onodera, Jiang, & Takayama, 1998), 

schlieren imaging (Elder Jr & De Haas, 1952), smoke flow visualization (T Murugan, De, 

Dora, Das, & Kumar, 2013). These techniques capture the density or instantaneous 

velocities of the flow fields and are primarily used to understand and characterize the nature 

of exit jets and vortex rings. Increasingly, these optical techniques are coupled with 

numerical simulations to better describe the observable flow phenomena, enabling 

additional quantifiable analysis of the flow field (T Murugan, De, Dora, & Das, 2012). 

However, despite the wealth of work performed in this field, a majority of the work using 

shock tubes  employed sizes either much smaller (Abe & Takayama, 1990; Arakeri et al., 

2004; Koroteeva, Znamenskaya, Glazyrin, & Sysoev, 2016; Mariani & Kontis, 2010) or 

much larger (Condon, Lottero, & Loucks, 1997) than those conventionally used in 

biomedical applications, which is the focus of this work. Additionally, much of the work 

is conducted at Mach numbers (typically hypersonic) which would induce a fatal injury in 

animal models, precluding their usefulness for the study of mild bTBI (Maeno, Kaneta, 

Morioka, & Honma, 2005; T Murugan, De, Sreevatsa, & Dutta, 2016; Thangadurai 

Murugan, Dora, De, & Das, 2018; Zare-Behtash, Kontis, & Gongora-Orozco, 2008). 
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Figure 1.1. Summary of a recent literature survey of experiments using shock tubes. The 
survey analyzed 71 recent experiments, published between 2010 and 2018, which were 
conducted using shock tubes. The experimental subject being investigated, the energy 
source used to generate the shock wave, the shock strength, shock tube length and size, 
and the location of specimens were identified for each study. Biomech.: Biomechanics; 
CSA: cross-sectional area.  
Note: See Appendix for additional details. 
 

1.2 Motivation for Dissertation Research 

 
As we have seen, blast induced neurotrauma has affected soldiers and innocent civilians 

exposed to explosive blasts. Such blasts in the recent gulf and Afghanistan wars have 

caused blast induced traumatic brain injuries (bTBI) to soldiers especially in the form of 

mild bTBI and has led to many neurocognitive and neuropsychological dysfunctions in the 

form of PTSD (post-traumatic stress syndrome) years after the conflict. Biomechanical and 

biochemical mechanisms responsible for the mild bTBI are still largely unknown and has 

been a major impediment in the development of diagnostic, prognostic, and therapeutic 
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tools for this serious ailment. Replication of field shock conditions and exposing animal 

models to the shocks and understanding the loading effects on the animals have been very 

active areas of research across many academic and federal laboratories. Most of these 

laboratories use compressed gas-driven shock tubes to simulate the field shock loading 

conditions as they are simple to construct and have been used since early 19th century for 

other scientific investigations. This simplicity in construction has led to a range of shock 

tubes varying in shapes, sizes, lengths, sources of energy, and locations of specimen and 

all of these geometric and process parameters cause distinctly different shock-loading 

profiles sometimes quite different from that of the field value they are supposed to 

replicate. Such variations additionally do not permit lab-to-lab comparisons which are very 

critical if the data were to be pooled together for scientific advancements. To generate 

primary field shock waves, the waves need to be planar, free of artifacts from any 

reflections from the wall structures. Additionally, the specimen size in relation to the shock 

tube is important to avoid reflections from the shock tube walls and it is imperative that its 

location be at a position in the shock tube where the ideal field accurate pressure profile is 

achieved. A wrong profile can cause different loading from that of the field, especially 

when imposed on an animal model (e.g., rats, mice, and pigs) and cause injuries not 

relevant to that faced by soldiers. The same applies to the specimen size. To correlate the 

data from different shock tubes, there is a great need for a numerical model to understand 

the effect of shock tube configurations, test set-up, specimen size, location, and protocols. 

The research in the work is motivated by this need. It is an important but challenging task; 

the uniqueness of the research is in that the numerical model is validated by carefully 

designed experiments.  
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1.3 Hypothesis and Specific Aims 

 
Based on the need to characterize the evolution of shock waves in a compressed gas-driven 

shock tube we hypothesize that, “Shock wave characteristics are governed by energy 

source, size/shape/length of shock tube, and the location of specimen either inside or 

outside”. Shock wave characteristics determine the loading on specimens (live or 

structural) and its relationship to explosive generated field shock waves. 

To test this hypothesis, we have identified three different specific aims: 

1. Construct and validate a finite element-based shock tube model using experimental 
data 
 

2. Examine the flow phenomena and their effect at all possible specimen locations to 
simulate field generate shock wave characteristics, and  
 

3. Investigate the effect of shock artifacts arising from shape and size restrictions of 
the shock tube and study the effect of specimen geometry occlusions.  

 
In addition to developing the model, the novelty of the work lies in the careful 

design of experiments that can generate data for comparison with numerical model. Thus, 

our numerical scheme once validated for a given configuration can then be applied to all 

other set-ups for comparison purposes. The net outcome will be our ability to pool the data 

from laboratories and apply the results to actual field shock conditions and subsequent 

bTBI. 

1.4 Organization of Dissertation 

 
In Chapter 1, we outline the general background of explosive blast and bTBI as well as 

identify the motivation of the work along with hypothesis and specific aims. In Chapter 2, 

we introduce the theory of explosive shocks and many analytical relationships between the 

various shock parameters including incident/dynamic/total/reflected pressures, 
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temperature, and velocities. Here, we introduce in the basic methodology of finite element 

model that can be used to simulate the complex shock wave characteristics with 

microsecond rise time and milli second duration with travel lengths in meters. In Chapter 

3, we address specific aim 1 to validate the model against well-designed experiments and 

experimental measurements. Here, we develop two different numerical schemes for 

correlating with experimental results and identified that one of the methods, the truncated 

method is more suitable and thus conclude that this method is appropriate to move forward 

in subsequent aims. In Chapter 4, we address specific aim 2 to examine the flow 

phenomena on the exit of the shock tube. The method decided upon from Chapter 3 is used 

here, which consists of using a fully developed shock wave pressure profile from the 

experiment to generate the shock wave in the shock tube. Within the shock tube, the 

pressure-time profile remains unchanged and is affected marginally due to friction. 

However, the profile is affected once the release wave travels back from the open end. The 

flow phenomena on the outside is very complex and is affected by the magnitude of 

pressure and orientation of the location from exit. Vortex rings generated at the exit and 

the magnitude of planarity of the wave also give an idea of the nature of the shock wave at 

the exit of the shock tube. These results are very useful for investigators who place the 

specimen outside which is shown to not be ideal for the simulation of bTBI conditions. In 

the next Chapter 5, we address specific aim 3. The effect of size, shape, thickness, and 

location within the shock tube is examined and it is seen how these lead to occlusion effects 

and consequently affect shock wave profile for the specimen. Additionally, the effect of 

reflection surface is also examined. In the final Chapter 6, we summarize the findings, 
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outline the scientific contributions, and offer further research ideas emanating from this 

dissertation research. 
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CHAPTER 2 

THEORY AND LITERATURE REVIEW 
 

 

2.1 Background 

 

2.1.1 Shock Wave Propagation in Field 

 
In blast TBI research, shock tubes are used to simulate the field condition resulting from 

an explosion from an explosive. The characteristics of an explosion depends on the 

chemical content of the charge, extent of the exothermal reaction, energy release rate, the 

release of gaseous products from the reaction and the rate of propagation of those gaseous 

products(Baum & Shekhter, 1959). The energy produced due to the exothermal reaction 

heats the reactive products, leading to rapid expansion which converts the potential energy 

of the explosive into mechanical work (Baum & Shekhter, 1959; Kinney & Graham, 

1985).This propels the components of the explosive spherically in an outward manner, 

compressing the air around it, leading to the formation of a shock front. A characteristic of 

the shock front is the rapid rise in air pressure, density, and particle velocity, across an 

infinitesimally small width. As this shock front (considered ideal and unimpeded) 

continues to expand, the surface area increases in a nonlinear manner, leading to a rapid 

reduction of the energy intensity. The shock front, which is compressive in nature, is 

followed by tensile rarefaction waves propagating in the shock-compressed air. As the 

shock front propagates through ambient air, it is supersonic with respect to the air in front 

of the shock and subsonic compared to the air behind it. Thus, the rarefaction waves remain 

supersonic compared to the compressed air ahead, until the shock wave dies out. 
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 Depending on the distance from the center of the explosion, the blast region can be 

divided into three regions: near-field, mid-field, and far-field (Figure 2.1 (a) (Ritzel & 

Matthews, 1997)). Objects in the near-field region are exposed to higher pressures and 

experience interactions with shrapnel and additional thermal effects. At farther distances 

from the explosive center, pressure profiles maintain a similar shape, with much lower 

magnitudes and higher durations. When examining the mechanical environment in the mid- 

and far-field ranges, effects of temperature and shrapnel can be disregarded. Additionally, 

in these regions, the shock front has expanded so that it can be considered to be much larger 

Figure 2.1. (a) Evolution of shock wave as a function of distance where blast 
overpressure higher than 1000 kPa is near-range, further away are mid- and far- range 
(b) Profile generated from explosion of 1.814 kg of C4, 2.8m away from explosive 
center (c) Typical Friedlander waveform at far field.  
1a and 1c reprinted from Explosive Shocks in Air, by McKinney and Graham, 1985, retrieved from DOI 
10.1007/978-3-642-86682-1; 1b reprinted from Explosive shocks in air, by McKinney and Graham, 
1985, https://www.springer.com/us/book/9783642866845  

 

https://www.springer.com/us/book/9783642866845
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than that of the human body meaning that the wave front can be approximated as a planar 

wave (Chandra et al., 2012). Therefore, laboratory settings strive to replicate this planar 

shock wave, which exhibits lower magnitudes and longer durations, corresponding to those 

conditions that cause mild TBI. 

The unimpeded planar wave front exhibits a characteristic pressure-time profile 

consisting of a rapid pressure rise, decaying nonlinearly to a period of under pressure 

(Figure 2.1(c)). It can be mathematically described via the Friedlander equation, given as 

  𝑝𝑝(𝑡𝑡) = 𝑝𝑝 �1 − 𝑡𝑡
𝑡𝑡𝑑𝑑
� 𝑒𝑒�

−𝑡𝑡
𝛼𝛼 �.  (1.1) 

where p represents the blast overpressure, td represents the positive time duration and α 

represents the time decay constant (Kinney & Graham, 1985). The blast overpressure is 

defined as the pressure measured above the initial, atmospheric pressure at a given 

elevation, ambient temperature, and humidity. The positive phase duration is the amount 

of time until the pressure profile returns to atmospheric pressure as seen in Figure 2.1 (c). 

The positive impulse is defined as the area under the pressure-time profile during the 

positive phase duration. Pressure-time profiles for a C4 explosion, and a typical Friedlander 

wave can be seen in Figures 2.1 (b) and 2.1 (c), respectively.  

It is of interest to consider how this unimpeded shock wave interacts with objects 

within its environment. When considering only the blast wave impinging on an object, it 

is customary to define a wave that is devoid of all reflections and other artifacts, wherein a 

combination of static and dynamic loadings take place. The static component of the wave 

consists of pure shock information, which is passed between molecules of the medium to 

the object. The dynamic loading component is the effect of blast winds, or the effect of 

molecular impact on the object. It imparts drag and lift forces, being mainly responsible 
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for any displacement of the object. Thus, the object experiences a load which is due to a 

combination of these effects (Needham, Ritzel, Rule, Wiri, & Young, 2015). The 

relationship between these components change with respect to the distance from center of 

the explosion. Close to the center of the explosion, static and dynamic components are 

approximately the same. As the shock is formed, the dynamic component increases 

nonlinearly as a function of Mach number of the shock wave velocity. As the shock front 

decays and the shock wave velocity approaches the acoustic velocity of the medium, the 

dynamic pressures become negligible. Shock wave loading will also include additional 

loading artifacts, including reflected pressures resulting from interactions between the 

shock wave and the ground and/or surrounding objects. 

Mathematical relationships exist which describe the nature of the shock front, 

allowing for numerical approximation of an unimpeded shock front. In the discussion of 

these relationships, it is convenient to assume the shock front as the point of reference. This 

would lead to the perception that the unshocked, ambient medium enters the shock plane. 

Upon passage through this plane, the ambient medium experiences a sudden deceleration, 

accompanied by an abrupt rise in pressure and temperature. Figure 2.2(a) shows the 

pressure and temperature before and after shock as Px, Tx and Py, Ty respectively. As with 

any moving stream, three independent relationships are required to establish properties of 

the stream. In this work, pressure, temperature, and velocity are utilized. For the entering 

and departing streams across the shock plane, Prandtl’s relation states that the product of 

the stream Mach numbers (M) must equal one (Kinney & Graham, 1985). Thus, one of the 

streams must be supersonic (M>1), while the other must be subsonic (M<1). From the 
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second law of thermodynamics and the tendency toward spontaneous growth of entropy, it 

is evident that the departing stream is subsonic. 

A set of equations referred to as the Rankine-Huguenot conditions can give the 

relationships between pressure, temperature, and velocity for shocked and unshocked 

conditions. Air is assumed to behave like an ideal gas and heat capacity is effectively 

constant with a value of 1.4. Overpressure (p) is the static component of a blast wave, 

defined as the difference between the unshocked (𝑃𝑃𝑥𝑥) and shocked (𝑃𝑃𝑦𝑦) mediums (Figure 

2.2 (b)). 𝑃𝑃𝑦𝑦 also represents the absolute pressure after shock and is called incident pressure. 

Overpressure can be represented in terms of the Mach number, Mx, as  

  𝑝𝑝 = 𝑃𝑃𝑦𝑦 − 𝑃𝑃𝑥𝑥 = 7�𝑀𝑀𝑥𝑥
2−1�
6

𝑃𝑃𝑥𝑥.  (1.2) 

For an ideal shock, there is no flow of heat to or from the moving stream, making 

the shock a steady adiabatic flow. The ratio of the shocked and unshocked temperatures 

(𝑇𝑇𝑦𝑦/𝑇𝑇𝑥𝑥) can be represented in terms of shock wave velocity as 

 𝑇𝑇𝑦𝑦
𝑇𝑇𝑥𝑥

= (5+𝑀𝑀𝑥𝑥
2)(7𝑀𝑀𝑥𝑥

2−1)
36𝑀𝑀𝑥𝑥

2  . (1.3) 

As previously mentioned, the dynamic pressure component of a blast wave consists 

of the blast wind. This is due to the movement of particles immediately following the 

shock. The ratio of particle velocity and acoustic velocity, also known as the Mach number, 

Mx = up/ax, can be represented using shock wave velocity as 

 𝑢𝑢𝑝𝑝
𝑎𝑎𝑥𝑥

= 5�𝑀𝑀𝑥𝑥
2−1�

6𝑀𝑀𝑥𝑥
.  (1.4) 
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Dynamic pressure for a stream is a function of its density, 𝜌𝜌 and velocity, 𝑢𝑢𝑝𝑝, and can be 

calculated as 

 𝑃𝑃𝑑𝑑𝑦𝑦𝑑𝑑 = 1
2
𝜌𝜌𝑢𝑢𝑝𝑝2.  (1.5) 

To discuss the measurement of these shock wave parameters in an experimental 

condition, we can assume that our frame of reference will be the medium, where the shock 

wave is a moving stream which enters the medium. A fixed instrument is placed in the 

stream such that it brings the velocity of the medium to zero, converting the kinetic energy 

to total pressure. This pressure value measured by this instrument represents the effect of 

gross stream motion, giving the stagnation pressure or total pressure. It is equal to the sum 

of static and dynamic pressures. Stagnation pressure (𝑃𝑃𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠) can be calculated from the 

temperature ratio (𝑇𝑇𝑦𝑦/𝑇𝑇𝑥𝑥), and the Mach number (up/ax) using equation 1.6. 

 𝑃𝑃𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠 = 𝑃𝑃𝑦𝑦 �1 + (𝑢𝑢𝑝𝑝/𝑎𝑎𝑥𝑥)2

5�
𝑇𝑇𝑦𝑦
𝑇𝑇𝑥𝑥
�
�
3.5

 .  (1.6) 

Figure 2.2. Velocity (a) and pressure (b) diagrams depicting an explosive shock moving 
from left to right with velocity ux and Mach number Mx: (a) Particle velocity up in explosive 
shock corresponds to a difference in steady-flow velocities, ux–uy (b) Overpressure p 
corresponds to pressure jump, Py–Px  
Reprinted from Explosive Shocks in Air, by McKinney and Graham, 1985 

(a (b
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When characterizing the nature of a shock wave, a combination of incident and 

dynamic pressures is important. The incident pressure represents the shock component, and 

the dynamic pressure represents the effect of blast winds. Together, they will describe the 

shock experimental condition. 

Theoretical Reflected Overpressure (kPa): 

𝑃𝑃𝑟𝑟 = ��4𝑀𝑀𝑥𝑥
2−1��7𝑀𝑀𝑥𝑥

2−1�
3�𝑀𝑀𝑥𝑥

2+5�
∗ 100� − 𝑃𝑃𝑥𝑥.  (1.7) 

Reflected pressure coefficient can be used for easy comparisons between blasts of 

varying overpressures. It is the ratio of reflected overpressure over incident overpressure.  

This ratio in our case is dependent on the Mach number of the incident shock.  Reflected 

pressure coefficient can also be calculated from Mach number using Equation 1.7 adapted 

from (Gilbert Ford Kinney, 1985). 

Theoretical reflected pressure coefficient: 

𝑃𝑃𝑟𝑟
𝑃𝑃𝑦𝑦

= 8𝑀𝑀𝑥𝑥
2+4

𝑀𝑀𝑥𝑥
2+5

.  (1.8) 

When a shock wave interacts with a surface it creates a pressure build up on the 

surface. This creates a relatively flat top region of the reflected pressure profile.  The 

duration of this region is considered the pressure relief start time or dwell time.  It is thought 

that this pressure relief is caused by the arrival of a rarefaction wave from the edges of the 

plate.  This rarefaction wave proves to be difficult to characterize, but its velocity is 

approximately the same as the speed of sound in the shock medium (Gilbert Ford Kinney, 

1985).  With this parameter the pressure relief time can be estimated using Equation 1.9, 

where d is the shortest distance from the point of interest to the edge of the plate. It should 
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be noted that this is just an estimate and in practice it had been determined to be sufficient 

for predictions (Gilbert Ford Kinney, 1985).  

Pressure relief start time (s) 

𝑡𝑡𝑟𝑟 = 𝑑𝑑
𝑢𝑢𝑥𝑥

.  (1.9) 

Impulse is the area under the positive phase duration of the pressure profile.  It is 

representative of the energy transmitted by the shock wave.  

2.1.2 Shock Wave Propagation in a Shock Tube 
 
Shock tubes are devices build to generate repeatable, and standardized means to create 

directional blast waves, designed to replicate field blast conditions. The experimental 

platform has been used in a wide variety of applications, including high speed and 

temperature aerodynamic research, gas phase combustion, and, more recently, blast wave 

interaction with biological specimens (Cernak et al., 2011; Nagamatsu, 1958). A shock 

tube is a simple tube, along which a generated shock wave can propagate. This shock wave 

can be generated using chemical explosives (Risling et al., 2011) or through a separation 

of gases with very different pressures (Kuriakose et al., 2016). In the latter method, the 

conventional methodology uses a diaphragm to divide the tube into two compartments, 

known as the driver and driven section, enabling a pressure ratio to be formed between 

them. The pressure differential is created using compressed gas (Kuriakose et al., 2016), 

or chemical combustion, like a mixture of oxygen and acetylene (Courtney, Andrusiv, & 

Courtney, 2012). Properly characterized and utilized, there exists a direct correlation 

between static and dynamic pressure ratios in the shock tube and that observed in free-field 

explosions (Chandra, Sundaramurthy, & Gupta, 2017). 
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The focus of this work will be compressed gas-driven shock tubes, which is the 

predominant method of simulating blast waves in the laboratories. In most cases, the driver 

section is pressurized, and the driven region is maintained at atmospheric pressure. The 

driver and driven sections are separated by membranes or a valve. The driver section is 

filled with gas until the high pressure causes the membranes to burst or the membrane is 

ruptured via mechanical means. The driver gas, then, rapidly expands into the driven 

region, which compresses the air in the driven section, leading to the formation of a shock 

front that travels towards the open end of the tube, termed downstream. Simultaneously, a 

series of rarefaction waves propagate in the opposite direction, towards the closed end of 

the shock tube or upstream once the constrained shock waves are allowed free expansion 

at the exit. Once the membranes rupture, the breech pressure reduces and shock waves 

travel in either direction, while the flow is along the driven section. Pressure waves also 

travel upstream towards the closed end and get reflected.  A distance-time diagram of shock 

wave propagation is shown in Figure 2.3(a). The temperature rises during the compression 

of the driven gas and drops during expansion in the rarefaction wave. This leads to two 

gaseous bodies which are at same pressure and particle velocity but with different 

temperature, density and entropy leading to the formation of an interface traveling at the 

particle velocity. This is called the contact surface and can be seen in Figure 2.3(a).  The 

regions behind the shock and contact surface are both steady, with higher pressures and 

temperatures (Martin, 1958).  

The characteristics of the rarefaction waves are dependent upon the nature of the 

driver gas and the length of the driver region. For example, helium has a much higher 

acoustic velocity than air. Therefore, in helium-driven shocks, rarefaction waves will travel 
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faster than the air shock wave propagating to the end, eventually catching up to the shock 

wave. The non-sequential arrival of these rarefaction waves leads to the nonlinear decay of 

the air shock wave resulting in a Friedlander wave (rapid rise time, with nonlinear decay). 

If the driver gas is changed to nitrogen, which has a similar acoustic velocity to air, the 

rarefaction waves take longer to catch up to the shock front. This leads to the formation of 

a flat top wave. The typical profile for nitrogen and helium as driver gases can be seen in 

Figure 2.3(c) and 2.3(d) respectively.  

Figure 2.2(b) and 2.3(c) show that chemical explosions in the field, and compressed 

gas shock tubes produce pressure profiles that have a sharp rise time followed by a 

nonlinear decay. After calibration, it is possible to obtain shock tube-generated profiles, 

that have similar peaks and phase durations. However, it is important to note that the 

mechanism by which these profiles come about are different. In the formation of the shock 

front both field and shock tube conditions generate a region of high pressure that can 

propagate thorough a medium (in this case, air at atmospheric pressure). The reflected 

shock front from the closed end of the breech generates rarefaction waves as it is 

propagating through the medium. Since the shock front velocity decreases as it gets farther 

away from the explosion source, rarefaction waves generated from earlier shock waves 

catch up to the later, leading to the nonlinear decay. For the shock tube, this decay is due 

to the catching up of reflected expansion waves from the driver region. Additionally, shock 

waves dissipate faster in the field than in the shock tube due to the unconstrained movement 

of the wave.
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(a) 

(b) 

(c) (d

Figure 2.3. (a) Distance-time (x-t) diagram of shock wave in shock tube (b) Picture 
of shock tube in Center for Injury Biomechanics, Materials and Medicine at the New 
Jersey Institute of Technology. Pressure-time (p-t) profiles of a (c) nitrogen and (d) 
helium driver gas. 
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2.1.3 Finite Element Modelling of Shock Wave  

 
The finite element method (FEM) is used here to model shock wave propagation in a shock 

tube and shock-structure interaction to replicate the experimental test conditions. FEM 

allows for the discretization of a boundary value problem spatially and temporally. A 

domain is spatially discretized into smaller geometrical shapes, called elements, which are 

connected to each other via nodes.  

The governing differential equations are solved for each time step using a weak 

formulation of the partial differential equations, generated using a weighting function. 

There are two methods of defining the behavior of a continuum used in this work, 

Lagrangian and Eulerian methods. In a Lagrangian domain, the material and geometrical 

numerical mesh are tied together, with the movement of continuum specified as a function 

of its initial coordinates and time. Thus, nodes of an element follow the distortion of the 

material. This has limitations for large deformations and/or deformations occurring over 

very short durations, where the mesh excessively distorts.  

In Eulerian domains, movement of a continuum is specified as a function of 

instantaneous coordinates and time. The Eulerian mesh remains undistorted, while the 

materials can move freely through the mesh. Thus, not all elements are completely full of 

material. The Eulerian boundary must be calculated during each time increment and does 

not correspond with element boundary. It is advantageous for large distortions, or 

distortions over short periods of time. Thus, a highly dynamic event like a shock is ideal 

for being modeled in the Eulerian domain. It however has the disadvantage of numerical 

diffusion in case of two or more materials in the Eulerian domain.  
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When modeling the interactions between the two domains, as is necessary in this 

work, the coupled Eulerian-Lagrangian method (CEL) is used. The CEL method attempts 

to combine the advantages of both Lagrangian and Eulerian methods. The volume of fluid 

method is used for the Eulerian domain, where the material is tracked as it flows through 

the mesh by computing Eulerian Volume Fraction (EVF) within each element. The 

Eulerian elements which are filled with a material are assigned an EVF value of one, while 

the element containing no material are assigned an EVF value is zero. Since the volume 

fractions must be calculated for each Eulerian element, the boundaries of each Eulerian 

material are reconstructed each time increment. The interface reconstruction algorithm 

approximates the material boundaries within an element as simple planar facets, producing 

a simple and approximate material surface that can be discontinuous between neighboring 

elements. Thus, Eulerian domain analyses benefit from higher fidelity meshes 

(Ahmadzadeh, Saranjam, Hoseini Fard, & Binesh, 2014). For a CEL problem, the 

governing partial differential equations for conservation of momentum, mass and energy 

and the equations defining the initial boundary conditions are solved concurrently. 

Conservation of mass, momentum and energy are given, respectively, as 

  𝜌𝜌 𝜕𝜕𝑣𝑣𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ 𝑣𝑣 ∙ ∇𝜌𝜌 = 0,  (2.1)

 𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜌𝜌𝑏𝑏𝑖𝑖 = 𝜌𝜌𝑎𝑎𝑖𝑖,  (2.2)

  𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ 𝑣𝑣 ∙ ∇𝑒𝑒 = 𝜎𝜎𝑖𝑖𝑖𝑖
𝜕𝜕𝑣𝑣𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

− 𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜌𝜌𝑞𝑞𝑆𝑆.  (2.3)

 In equations 2.1 – 2.3, 𝜌𝜌 is density, x, v and a are the respective displacement, 

velocity and acceleration of a particle, 𝜎𝜎 is Cauchy stress, b is body force, e is internal 
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energy per unit mass, q is heat flow per unit area and 𝑞𝑞𝑆𝑆 is rate of heat input per unit mass 

by external sources. 

2.1.4 Objective 

 
There exist inconsistencies in literature regarding the placement and size of subjects in 

shock tube experiments which seek to recreate a free-field explosive condition. It is 

hypothesized that there are experimental constraints (i.e. subject location and shock tube 

occlusion) within the shock tube experimental set up which better simulate a free-field 

explosion. Identifying the geometric and process parameters using numerical simulations 

(goal of this research), will result in the right shock wave profile relevant to field 

conditions. To test this hypothesis, the problem can be approached in three different phases:  

1. Construct and validate a finite element-based shock tube model using experimental 
data, 
 

2. Examine the flow phenomena and their effect at all possible specimen locations to 
simulate field generate shock wave characteristics, and 
 

3. Investigate the effect of shock artifacts arising from shape and size restrictions of 
the shock tube and study the effect of specimen geometry occlusions. 

 
Experimental data have been made available by other members of the CIBM3 research 

group. The author was not directly involved in the experiments but helped to design the 

experiments, consolidate the data to a format useful for comparison with numerical 

simulation results. While studies have investigated flow phenomena at the exit and effects 

of dynamic pressure, the novelty of this work is that it offers the first comprehensive 

development and investigation of a numerical model of a shock tube fully validated by 

experimental data. This work will help researchers to effectively use shock tubes to recreate 
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free-field loading conditions, through a better understanding of the effect that subject 

placement location and the size of a subject within the shock tube can have on subject 

loading.  



25 
 

CHAPTER 3 

CONSTRUCTION AND VALIDATION OF SHOCK TUBE 

 

The first specific aim of this work is the construction and validation of a finite element 

model of a shock tube with the purpose of testing the underlying assumptions that the 

model should be able to replicate the test data and observations. It resulted in the 

determination of the computational model fidelity that is necessary to best simulate the 

experimental shock tube setup, building a foundation to answer the questions raised in 

specific aims 2 and 3. First, a finite element model of a shock tube was created and two 

methods of shock wave generation were investigated. The experimental setup that was 

modeled is described in Section 3.1. In each finite element model, experimental pressure-

time measurements were compared to the simulated values at different locations along the 

length of the tube. The most accurate shock wave generation method was selected for 

subsequent investigation. Additionally, the ideal room size was determined to allow for 

dissipation of the shock wave from the shock tube exit without any additional artifacts. 

3.1 Experimental Setup 

 
The Shock Wave Testing facility at the Center for Injury Biomechanics, Materials and 

Medicine (CIBM3) at the New Jersey Institute of Technology houses a shock tube with a 

229 mm square cross-section. The shock tube consists of an adjustable-volume driver 

section called the breech, separated from a 6 m driven section by a 1.5 m transition section. 

Mylar membranes separate the breech (driver) from the driven region. The transition 

section allows for a change in the profile of the shock tube from circular (breech section) 

cross section with a 102 mm diameter to the square (driven region) cross section. Incident 
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pressure measurements are made using Model 134A24 from PCB Piezotronics sensors that 

are flush with the walls of the shock tube. Locations of available sensor data is shown in 

Figure 3.1, highlighted in yellow. The severity or strength of the shock wave is quantified 

as the blast overpressure at the primary test location, denoted as T4 in Figure 3.1. The 

overpressure at the test location is changed by adjusting the breech volume and the number 

of and/or thickness of the Mylar membranes. Additional details of the experimental setup 

and the effects of various geometric parameters on the pressure-time profiles have been 

published extensively (Alay, Skotak, Misistia, & Chandra, 2017; Chandra et al., 2017; 

Kuriakose et al., 2016). 

 

  

(a) 

(b) 

Figure 3.1. (a) Schematic of shock tube with sensor locations and distances; sensor 
locations marked yellow were used for data procurement (b) Shock tube setup in 
CIBM3 facility 
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3.2 Finite Element Models 

 
To determine the optimal method of shock wave generation, two methods were compared. 

In the first method, termed the truncated method, the shock tube was simulated downstream 

from one of the sensors (B1 in Figure 3.1). In this method, a pressure-time sensor reading 

at the truncation location was input into the numerical scheme as an impulse pressure wave. 

For this model, the geometry of the shock tube, the ambient temperature and pressure, and 

a sensor measurement would be necessary to generate the simulation of an experimental 

blast. This method is described in Section 3.2.1. The other method, termed the pressure 

release method modeled the entirety of the shock tube and simulated a region of high-

pressure gas. This model needed the geometry of the shock tube, the ambient temperature 

and pressure, and the burst pressure to generate a simulation of an experimental blast. This 

method is described further in Section 3.2.2. In both cases, shock waves that were designed 

for a 100 kPa and 250 kPa overpressure at the test location were simulated and compared 

with experimental results. Comparison locations were selected to be all sensor locations 

downstream of B1, namely C1, T4, C2, D2, and D4. The simulated pressure-time profile 

was compared to the experimentally measured pressure-time profile. The experimentally 

measured and the simulated pressure-time profiles at each location were resampled to the 

same sampling frequency permitting the calculation of the percent error at each point. The 

mean percent errors are reported in Section 3.3. 
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3.2.1 Truncated Model 

 
For the truncated model, shock tube was simulated downstream from the B1 sensor to the 

end of the shock tube, making it a rectangular prism with dimensions of 229 x 229 x 4019.5 

mm3. The geometry was determined by examining different models from simulations of 

the whole room including the shock tube to the current model (see Figure 3.5). The shock 

tube was meshed using approximately 400,000 isothermal, reduced integration, linear, 

hexahedral Eulerian elements with hourglass control. The Eulerian domain was spatially 

discretized using a biased mesh with a minimum mesh density of 8 mm. This mesh density 

was identified from the results of a convergence study (Figure 3.4), where it was found that 

less than a 3% error was introduced into the system. The Eulerian domain was given the 

material properties of air at standard temperature and pressure conditions. The walls of the 

shock tube and the shock tube exit had all translational and rotational degrees of freedom 

(a) 

(b

Figure 3.2. (a) The pressure release model with input based on experimental burst 
pressure measurements and (b) the truncated Model with input based on incident 
pressure profile at B1 sensor. 
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constrained, to prevent leakage. The pressure-time profile obtained from the B1 sensor 

readings (Figure 3.3) was used as the input. The model is shown in Figure 3.2 b. 

 

3.2.2 Pressure Release Model 

 
This model was constructed with a closer accuracy to the experimental setup and included 

the driver region, the breech, and the transition sections (Figure 3.1). A breech length of 

260.35 mm was simulated to match the experimental framework. The breech was followed 

by a 1.5 m long transition region of the driver section, changing from the circular cross 

section to the square cross section and extending downstream to the shock tube exit. The 

system was meshed with approximately 200,000 isothermal, reduced integration, linear, 

hexahedral Eulerian elements with hourglass control. This corresponded with the minimum 

mesh seed density of 25 mm, identified as the results of a convergence study. Elements 

inside the breech were defined as compressed gas (e.g. helium), while all other elements 

Figure 3.3. Pressure profiles for B1 sensor as input for 
truncated model 
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were air. The burst pressures measured within the breech volume for the 100 kPa and 250 

kPa shock waves were 742.5 kPa and 4272 kPa, respectively. As in the truncated model, 

all translational and rotational degrees of freedom at the walls and the shock tube exit were 

constrained to prevent leakage. Experimental measurements of burst pressure, ambient 

temperature, the breech volume, and the ideal nature of helium were used to calculate the 

density of helium at the given burst pressure. The model is depicted in Figure 3.2 (a). 
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Figure 3.4. Convergence studies of the shock tube (A) The pressure in the shock tube was 
plotted against the corresponding element numbers (B) Internal energy in the shock tube 
vs corresponding element numbers. (C) Table with mesh sizes, Element numbers, Pressure, 
and Internal Energy with their errors. While the mesh size of 6 mm showed the best 
convergence, the 8 mm was determined to be the optimal mesh size due to its closeness in 
error to the 6mm, while maintaining acceptable run times. 
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Figure 3.5. Selection of Room region in Simulations. Varying sizes of the room region the 
shock tube was in, were modelled. Measurements were taken at the four locations outside 
the shock tube (A) The room region encompasses the entire shock tube, allowing for the 
most accurate but also the most time consuming simulation (B) Here a partial section of 
the shock tube near the exit, and region outside the shock tube is modelled, allowing for 
shorter simulation run times. Here the errors compared to the whole room setup are around 
1%. (C) The model consists of the shock tube, and the room region at the exit. It was found 
to have error of 3-4%. The partial room model was selected for the simulations because of 
its low errors and run times 
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3.3 Results 

3.3.1 Truncated Model 

 
The incident pressure profiles from exposures of 100 kPa and 250 kPa (Figure 3.6 and 3.7) 

for the truncated model were compared with experimental values for sensor locations 

inside the tube. Excellent correlation was seen between simulated and experimental 

pressure-time profiles in both the peak blast overpressure and the nonlinear decays, with 

error values of 5.64%±5.83% in the 100 kPa simulation and 6.45%±3.71% in the 250 kPa 

simulation. Error, in general, was lower for the lower severity test case of 100 kPa. The 

largest deviations were seen at the location corresponding with the D4 sensor at later time 

points in the pressure-time profile.  
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Figure 3.6. 100 kPa pressure inputs for the truncated method 
  

 

 



35 
 

 
Figure 3.7. 250 kPa pressure inputs for the truncated method 
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3.3.2 Pressure Release Model 

 
A comparison of simulated and experimental incident pressure-time profiles was 

conducted for the pressure release model at 100 kPa and 250 kPa (Figure 3.8, 3.9). 

Simulated pressures were lower in the 100 kPa blast, undershooting the experimental 

measurements by 13.7%±5.93%. The simulated pressures for the 250 kPa simulation 

overshot experimental values by 10.1%±3.28%. Additional peaks were observed in the D2 

and D4 sensors for the 250 kPa. Simulation time was not long enough to resolve the entire 

nonlinear decay region of the D2 and D4 sensors in the 100 kPa simulation.  

 
Table 3.1. Error Percentage for Truncated and Pressure Release Methods. SD – Standard 
Deviation 
 
Sensor Location Error, %  

Truncated Pressure Release  
100 kPa 250 kPa 100 kPa 250 kPa 

C1 2.48% 4.28% -8.71% 8.91% 
T4 2.99% 4.01% -8.78% 8.76% 
C2 2.34% 3.92% -10.86% 8.84% 
D2 4.42% 7.49% -20.1% 8.11% 
D4 15.98% 12.53% -20.2% 16.0% 

Mean±SD 5.64%±5.83% 6.45%±3.71% -13.7%±5.93% 10.1%±3.28% 
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Figure 3.8. 100 kpa Pressure input for the Pressure release model 
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Figure 3.9. 250 kPa pressure input for the Pressure Release model 
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3.4 Discussion 

 
The truncated and the pressure release model are two methods of shock wave generation. 

The truncated model uses the direct approach of using the experimental pressure profile 

data to directly generate the shock wave which propagates along the length of the tube. 

However, with this input, only experiments in which a sensor measurement is taken 

upstream can be simulated. The pressure release model aims to create the shock wave from 

the pressure of the gases, comparable to how the shock wave is generated in the 

experimental setting. This would eliminate the need for experimental sensor data, but it 

also has additional potential sources of error.  

As the simulation significantly undershot and overshot the experimentally 

measured data, alterations to the pressure release model were considered. Some hypotheses 

were examined to see if the fit improves. As the membrane rupture does not completely 

clear the cross-sectional area, leaving approximately 14% of the cross section occluded, a 

membrane was simulated. This caused lower pressures, matching the 250 kPa data but 

severely undershooting the 100 kPa data. A mixture of helium and ambient air that would 

be consistent with filling the breech with 100% helium from an ambient air condition was 

tested but did not produce any improvement in the result. Similarly, the temperature change 

that would occur during breech volume pressurization was simulated, but this also 

produced no changes. These data are not included for brevity, and since these approaches 

were not pursued further. 

The pressure release simulation was not long enough to capture the full nonlinear 

decay region of the pressure-time profiles in the D2 and D4 sensors at 100 kPa and 
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additional peaks were observed in the D2 and D4 sensors at 250 kPa. This is theorized to 

be due to the wave speed. The additional peaks are reflections that occurred from the hard 

contact with the end of the shock tube.  

The truncated model exhibited a better match with the experimental data, with 

much lower error values compared to the pressure release model. This is theorized to be 

due to an increase of control over the system. Another potential explanation for the 

improved match would be the difference between the element sizes, with a smaller element 

size allowing for a better reproduction of shock wave propagation. As shock waves 

experience large variations in pressure over very small periods of time, having smaller 

element sizes will allow such gradations to be better visible. This hypothesis could be easily 

tested in the future by remeshing both models with the same element size but was 

considered beyond the scope of the proposed work, as an excellent match was observed 

with the current model. There is a deviation for the pressure profile at sensor D4 for the 

truncated model, which is due to the underpressure wave from the shock wave exiting the 

Figure 3.10. Percent error in comparing the incident pressure-time profiles between the 
truncated and pressure release methods for 100 kPa (left) and 250 kPa (right). 
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shock tube (Chandra et al., 2012). As the truncated model depends on the experimental 

pressure profile to generate its shock wave, any errors introduced in the input would carry 

on to the results from the simulations. 

In conclusion, the truncated model better simulates the experimental measurements of 

incident pressures for an empty shock tube. Therefore, in all subsequent work, the truncated 

model was used. 
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CHAPTER 4 

CHARACTERIZATION OF SHOCK WAVE PROPAGATION IN SHOCK TUBE 

 

4.1 Introduction 

In this work, we have generated shock waves at three shock strengths which have been 

previously shown to generate mild traumatic brain injuries in animal models (Muneer 

2013). For each of those conditions, we have made sixteen measurements of static and 

dynamic pressures in separate experiments. Additionally, we have developed a 

computational model to simulate the flow field produced in the shock tube experimental 

setup and validated the computational model against experimental measurements. Based 

on additional simulations, we have identified the temporal and spatial evolution of flow 

phenomena resulting from the free expansion of an unconstrained shock. It confirms the 

earlier evidence that experiments conducted outside of the shock tube do not ever 

reproduce the idealized flow field conditions of primary shock waves (Needham et al., 

2015; Sundaramurthy et al., 2012).  

 

4.2 Methods 

4.2.1 Validation Dataset 

 
The shock tube used in this work has been validated to reproduce free-field explosions 

within the test section accurately at sensor location I3 in Figure 4.1 (230 x 230 mm2 square 

cross-section, 6 m in length) (Holmberg, 2010; Kuriakose et al., 2016). Briefly, compressed 

helium within a 55 cm length, 10 cm diameter chamber is separated from atmospheric-
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pressure air by Mylar membranes. When the pressure differential causes the membranes to 

burst, a shock wave is formed which travels through a 1.5 m transition region to the driven 

region. Shock strength is dependent upon the thickness of the Mylar membranes. In this 

work, three thicknesses, 0.762, 0.457, and 0.152 mm, were used to generate a shock wave 

with overpressures within the test section of the shock tube of 180, 130, and 70 kPa. As 

this work seeks to study the evolution of the shock wave as a function of overpressure, the 

shocks will be referred to as a high, moderate, and low strength shock, respectively.  

Incident pressures were measured within the shock tube at six locations (Figure 

4.1A and 4.1C) using flush-mounted piezoelectric pressure sensors (Model 134A24, PCB 

Piezoelectronics). Additional incident pressure measurements and total pressure 

measurements were taken outside the shock tube, in line with the longitudinal axis of the 

shock tube as depicted in Figure 4.1A. The PCB 102B06 pressure sensors were mounted 

in an aluminum cylinder referred to as the sensing apparatus (61 cm length, 51 mm 

diameter, 6.4 mm wall thickness), rigidly attached to the shock tube support structure. Four 

pressure sensors were placed on the upper half of the sensing apparatus at four heights (H1-

H4), with the H1 sensor aligned with the longitudinal axis of the shock tube and an inter-

sensor spacing of 76 mm. The sensing apparatus was positioned at four locations offset 

from the exit (open end) of the shock tube, at 4, 16, 28, and 40 in (100, 410, 710, and 1020 

mm; O1-O4). Total pressures were measured by orienting the pressure sensors so that the 

longitudinal axis of the pressure sensor was parallel to the longitudinal axis of the shock 

tube. Incident pressures were measured by rotating the sensing apparatus 90 degrees, such 

that the sensors were perpendicular to the longitudinal axis of the shock tube. Additional 

incident pressure measurements were taken within the shock tube at six locations along the 
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shock tube (I0, I2-I4, I6, and I8). Experiments were repeated four times (n=4) at each 

measurement location (O1-O4), for each measurement type (incident and total), at the three 

shock strengths (high, moderate, and low).  

 

Figure 4.1. Schematic of the experimental setup used to create the validation dataset. 
(A) A shock tube with a square cross section was used in the development of the 
experimental dataset. Incident pressures were measured at six locations within the shock 
tube (I0, I2-I4, I6, and I8). Total and incident pressures were measured at four longitudinal 
locations outside of the shock tube (O1-O4) at four vertical heights (H1-H4). (B) A 
schematic representation of the experimental setup for the O1-O4 tests, with the sensing 
apparatus in the total pressure orientation. (C) The locations of all sensors with respect to 
the shock tube exit. Negative values denote upstream distances, into the shock tube, and 
positive values indicate downstream distances. 
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Figure 4.2.  The average experimental measurements taken at sensor location I0. Grey 
bands indicate ± one standard deviation 
 

4.2.2 Finite Element Model 

 
The finite element method was used in this work to simulate the generation and propagation 

of the shock wave. A three-dimensional Eulerian model of the experimental setup was 

created and consisted of two continuous domains, a 4 m segment of the shock tube and a 

room region surrounding the exit of the shock tube (3.2 x 1.75 x 1.75 mm3). The length of 

the shock tube was selected to simulate the portion of the shock tube located downstream 

from the first sensor location (I0). A sensitivity analysis was conducted to identify the 

dimensions of a room region which optimizes computational time and solution quality, 

where the shock wave would not be affected by any reflections from the boundary of the 

room (see Figure 3.5). The Eulerian domain was discretized using a biased mesh with a 

minimum element edge length of 8 mm at all regions of interest (see Figure 3.4). To 

validate the simulation, a Lagrangian model of the sensing apparatus was created to match 

the experimental setup. Figure 16A shows the shock tube, room region, and the sensing 

apparatus with the testing locations used for model validation. The Lagrangian domain 

offered a converged solution at an ideal mesh density of 6 mm (see Figure 4.4). This 

resulted in a system of approximately 3,600,000 Eulerian and 3,500 Lagrangian isothermal, 
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reduced integration, linear, hexahedral elements with hourglass control. The Eulerian 

domain was filled with 300 K air at a density of 1.225 kg/m3. The sensing apparatus was 

modeled as aluminum, approximated to be linear, elastic, and isotropic with a density, 

elastic modulus, and Poisson’s ratio of 2700 kg/m3, 70 GPa, and 0.33, respectively. 

A typical experimental pressure-time profile collected from the sensor I0 (Figure 

4.3B) was used to model the shock wave. Although experiments were shown to be very 

reliable (see Figure 4.2), the pressure-time pulses of a minimum of four exposures were 

averaged for each shock severity to minimize the effect of any measurement artifacts. The 

edges of the room and shock tube were constrained in all translational and rotational 

degrees of freedom (Figure 4.3A). The open exit of the shock tube was unconstrained, 

allowing for the unimpeded flow of the shock wave from the shock tube into the room 

region.  

Simulations to derive the incident pressures were conducted without the sensing 

apparatus model in a purely Eulerian simulation. Total pressure simulations were 

conducted with the sensing apparatus. In the total pressure simulations, all nodes located 

at the bottom of the sensing apparatus were constrained in all translational and rotational 

degrees of freedom. The contact between the Lagrangian and Eulerian domains is based on 

an enhanced boundary method. Here, the void mesh of the Eulerian domain is occupied by 

the Lagrangian structure. The general contact algorithm automatically tracks the interface 

between the domains, compensating for mesh size discrepancies to prevent the entry of 

Eulerian material through the Lagrangian surface. Contact constraints are enforced through 



47 
 

the penalty method with a finite sliding contact formulation. The total pressure simulations 

use frictionless tangential sliding with hard contact.  

4.2.3 Methodology 

 
Overall, thirty-nine simulations were conducted, three incident pressure simulations, one 

for each shock strengths (low, moderate, and high), and thirty-six total pressure simulations 

at three shock strengths for twelve locations. Additional locations were identified to better 

map the shock tube system, including seven locations inside the shock tube (I1-I8), two 

locations near the exit of the shock tube (E0 and E1), and four locations outside the shock 

tube (O1-O4). Exact locations of the additional measurements are included in Figure 4.3C. 

First, validation was conducted in which the shock wave pressure-time profiles were 

compared to the experimental measurements. The peak overpressure, impulse, duration, 

and general form of the total and incident pressure-time profiles were compared to ensure 

validation of the simulation. Upon validation, the simulation results were analyzed to 

identify potential flow phenomena.  
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Figure 4.3. Schematic of the experimental simulation setup. (A) A depiction of the 
modeling domain, consisting of the sensing apparatus and the shock tube and room region 
with boundary conditions. Orange triangles indicate boundaries   which are constrained. 
(B) An example of the pressure-time amplitude used to induce the moderate shock wave, 
which consists of the average pressure measured at sensor location I0  (n=4). (C) A table 
of additional sensor locations which were included in the numerical simulations. The 
sensor locations are reported with respect to the shock tube exit. Negative values denote 
upstream distances, into the shock tube, and positive values denote downstream distances. 
 

4.3 Results and Discussions 

 
In the discussion below, the evolution of a shock wave at the exit of a shock tube is 

presented, including the discussion of how the shock wave decays in strength and induces 

several flow phenomena. First, the observations from the experimental measurements will 

be presented and the numerical simulations will be validated. Then, the numerical model, 

supported by experimental measurements when possible, will be used to discuss several 

metrics used to define the health of the shock wave.  
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First, the shock is observed to be planar within the shock tube and spherical outside 

of the shock tube. The shock tube constrains the shock wave, maintaining the planarity of 

the wave until the shock front experiences rapid expansion into the ambient air within the 

room. Next, the peak pressure decays as the shock wave propagates, decreasing slowly 

while inside the shock tube and decreasing rapidly upon exiting the shock tube. Finally, 

two flow phenomena were generated from the rapid expansion of the shock front at the 

shock tube exit: a vortex ring and a rarefaction wave. The vortex ring propagates behind 

the shock wave at a slower velocity that is dependent on the shock strength. The rarefaction 

wave reflects into the shock tube, decreasing the positive phase duration and the impulse. 

These metrics of shock health highlight the regions of the shock tube experimental setup 

which experience an ideal shock wave and those which interact with a vortex ring and a 

rarefaction wave. 

4.3.1 Experimentally Observed Incident and Total Pressures 

 
Experimental measurements of the shock overpressure outside the shock tube exit 

identified two distinct flow phenomena (Figure 4.4). First, the shock front arrives, 

characteristically observed as a rapid increase in overpressure and an exponential decay to 

baseline in which the total pressure is proportionally higher than the incident pressure 

reading. The difference between shock front arrival time can be used to calculate the shock 

velocity, which is confirmed to be higher in higher shock intensities and gradually slows 

as it propagates in the ambient air outside the shock tube. The peak overpressure of the 

shock front decreases as the distance from the shock tube exit increases. Additionally, the 

peak overpressure decreases with increased distance from the midline, i.e., normal to the 



50 
 

direction of shock wave propagation. This trend is less pronounced as the distance from 

the shock tube exit increases.  

The second distinct flow phenomenon arrives after the shock front and is 

characterized by a slow increase in the total pressure and decrease in the incident pressure, 

resulting in an incident underpressure, or pressure less than atmospheric pressure. At a 

distance closest to the shock tube exit, O1, the flow artifact occurs shortly after the shock 

passes. This artifact is observed to travel at a slower velocity than the shock front, moving 

at a subsonic velocity with a magnitude proportional to the shock severity. This flow 

phenomenon was observed at sensor locations H1-H3 and the highest sensor measurement 

location, H4, showed an underpressure in both the total and incident pressures.  

A few general trends can be observed in Figure 4.4. by comparing the peak 

overpressure, positive phase durations, and the impulse at the four vertical locations (H1-

H4) at the four longitudinal sensing apparatus measurement locations (O1-O4). Trends are 

conserved between the three shock strengths examined, differing only in magnitude (Figure 

4.5). Peak overpressure, duration, and the magnitude of the impulse increased with shock 

strength. Over the duration of the pressure signal, under pressures resulted in negative 

impulse values in all sensor locations in the incident waveform and in the O4 total pressure 

measurement. The total pressure measurement orientation exhibited higher peak 

overpressures and impulses in all cases. As longitudinal distance from the shock tube exit 

increased (O1-O4), peak overpressure and impulse decreased. There exhibited no 

significant change in incident pressure duration and the total pressure duration decreased 

with increasing longitudinal distance. As the vertical distance increased from the 
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longitudinal axis (H1-H4), the peak overpressure decreased, with the magnitude of the 

reduction decreasing with longitudinal distance. Significance was not observed between 

the H1 and H2 sensors in the incident pressure measurement at O4. The duration of the 

total pressure signal increased in the off-axis locations. 

 

Figure 4.4. Measurement location along the longitudinal axis (O1-O4) and the vertical axis 
(H1-H4) changes the characteristics of the pressure measurements. (A) The experimentally 
measured total (grey) and incident (black) pressures at the four measurement locations O1-
O4 at sensor location H1 highlight a reduction in the peak overpressure and a delay in the 
arrival of the secondary flow phenomena as the distance from the shock tube exit increases. 
(B) Likewise, when comparing the pressure profiles vertically (H1-H4) at a single 
longitudinal location, O2, shows a change in the nature of the secondary flow phenomena. 
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Figure 4.5. Pressure profile characteristics of the incident and total pressures. The peak 
overpressure (left), signal duration (middle), and impulse (right) of the experimentally 
measured incident, and total pressure pulses for the moderate-intensity shock wave showed 
several trends. 
 

4.3.2 Validation of Computational Model 

 
The simulations were validated against the experimental datasets through a comparison of 

the pressure-time waveforms, the peak overpressures, impulses, rise-times, and durations. 

The simulations, on average, underestimated the peak overpressure and overestimated the 

rise time, which is attributed to a sampling rate and an element density which were not 

adequate to resolve the shock front location. The simulations were sampled at a frequency 

of 26 kHz. Experimentally, sampling frequencies of a similar range have been shown to be 

sufficient to resolve the peak overpressure and overestimate the rise time of the signal 

(Skotak, Alay, & Chandra, 2018). However, low sampling frequency coupled with spatial 

discretization reduces the ability to capture the shock front location. For the shock strengths 
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simulated, the velocity of the shock front is in the range of 345-518 m/s (low to high 

strength) which would enable the shock front to traverse an 8 mm element in the range of 

15.5-20.4 μs, respectively. To accurately resolve the shock front at that spatial density, a 

sampling frequency in the range of 98.3-129 kHz would be required and would increase 

the number of sampled frames by an unrealistic factor of 1.9-2.5. Despite the 

underprediction of the peak pressure, average point-by-point percent error between the 

experimental and simulated pressures were under 6% for all incident pressures within the 

shock tube and under 12.5% for all incident and total pressure measurements taken outside 

of the shock tube (Figure 4.6). On average, the best match was observed at locations closer 

to the input location, I0.  

Simulation results matched the impulse and duration of the shock front, but incident 

pressure simulations did not exhibit a negative impulse, as seen in the experimental 

measurements (Figure 4.5). Several methods of simulating the incident and total pressures 

were compared, indicating that the decrease in pressure was likely due to the interactions 

between the secondary flow phenomenon and the cylindrical sensing apparatus (Figure 

4.7). In general, a comparison of the pressure-time waveforms revealed an excellent match, 

meaning that the simulation can be considered validated with conservative blast 

overpressure estimates. 
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Figure 4.61. Simulation predictions compared to experimental results for the high-strength 
shock. The simulated pressures (grey) showed good validation with the average 
experimentally measured pressures (black with grey, mean, with standard deviation) for 
the incident (left and middle) and total (right) pressure measurements for the high strength 
shock. The point-by-point percent error for the shock front was under 12.5%. Average 
errors for interior locations (I2-I4, I6, and I8) showed the best validation. 
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Figure 4.7. A comparison between different methods of simulating the incident pressures. 
Simulations using the cylindrical sensing apparatus to simulate the incident pressure 
measurements exhibited a larger underpressure. Experimental data showing difference 
between the Incident pressures and Total pressures showing the range for dynamic 
pressures  
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4.3.3 Peak Overpressure 

 
The shock pressure ratio, defined as the ratio of the pressure within the shock front and the 

ambient pressure, decreased slowly as it propagated through the shock tube and rapidly 

upon sudden expansion into the room region (Figure. 4.8). The rate of decay varied with 

shock intensity, with the high strength shock pressure ratio decaying the most rapidly. The 

shock pressure ratio decreased within the shock tube at an average rate of 0.09, 0.19, and 

0.22 for the low, moderate, and high strength shocks, respectively. The peak pressure at 

the shock tube exit was 30.99%, 33.33% and 34.15% of the input peak overpressure for 

the low, moderate, and high strength shock. These results are in line with previous findings 

from our group, which states that the peak pressure decays as the shock wave propagates 

down the shock tube (Kuriakose et al., 2016; Skotak et al., 2018). Energy loss in a shock 

tube has been hypothesized to be due to viscous effects at the shock tube walls, modeled 

in the numerical simulations by a no-slip boundary condition (Emrich & Curtis, 1953; 

Slepička, 1966). Additional energy dissipation is also theorized to occur from the 

expansion of the high-pressure shock front, increasing the shock duration while 

maintaining a comparable impulse, reducing the energy of the shock front (Kuriakose et 

al., 2016). 

Shock wave expansion at the shock tube exit decreased the shock pressure ratio 

rapidly, with the average rate of decay increasing to 0.55, 1.00, and 1.19 and an average 

peak rate of decay of 2.65, 4.96, and 6.03 for the low, moderate, and high strength shocks, 

respectively. Outside of the shock tube, the pressure decayed rapidly, reducing 92.96%, 

94.33%, and 94.51% for the low, moderate, and high strength shocks, respectively. This 

rapid decay in overpressure is consistent with an increased area of the shock front as the 
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shock front experiences expansion into the ambient air (Abate & Shyy, 2002). A 

relationship between the shock strength and the area of the shock front using the function 

derived by Chisnell (f(z)) which, when multiplied by the area of the shock front (A), 

remains constant (Chisnell, 1957). As the area of the shock front increases, the Chisnell 

function decreases, accordingly, and is given for a shock in diatomic air by (Chisnell, 1957) 
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This function is derived from the Rankine-Hugoniot equations and has been proven 

to accurately model symmetrical, spherical and cylindrical shocks experiencing rapid, 

unconfined expansion between two square or circular chambers of similar or very different 

cross-sectional areas(Chisnell, 1957; Skews, 1967). When used in conjunction with the 

area of the shock front given for a spherical shock by 

𝐴𝐴 = 2𝜋𝜋𝑋𝑋2.  (4.2) 

where X is the longitudinal distance from the exit of the shock tube after which a critical 

shock is formed. It can be calculated from the shock tube diameter (d) and the angle of 

propagation (α) by 

𝑋𝑋 = 𝑑𝑑
2

cot ∝.  (4.3) 

Using a relationship between the angle of propagation and the Mach number, given 

by 

tan2 ∝ = �𝑀𝑀2−1��𝑀𝑀2+5�
6𝑀𝑀4 .  (4.4) 

a relationship describing the loss in shock pressure ratio due to expansion can be derived. 

Using this theory for the conditions studied here, the rapid decay of the shock pressure ratio 
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is explained by the increase in the area of the shock front. As the shock front area increases 

and continues to expand, the shock pressure ratio exponentially decays.  

 

Figure 4.8. The shock pressure ratio along the longitudinal axis. The shock pressure ratio, 
z, defined as the ratio of the shock front, pshock, to the ambient pressure, pambient, decays 
gradually along the shock tube and declines rapidly after expansion begins at the shock 
tube exit. The rate of decay within the shock tube and the following expansion was found 
to depend on the shock strength. 
 

4.3.4 Shock Planarity 

 
As the simulated shock propagated through the shock tube, it remained planar. At the shock 

tube exit, the shock front experienced sudden, unconstrained expansion into the still 

ambient air. At this point, the simulation shows the shock front became less planar, 

expanding, and becoming more spherical. As the shock front propagated, it eventually 

regained some planarity (Figure 4.9).  

This simulated phenomenon was confirmed experimentally by examining the shock 

front arrival times at each sensor. At all longitudinal measurement locations (O1-O4), the 

shock wave arrived at the sensor aligned with the longitudinal axis first (H1). At the 

measurement location closest to the shock tube exit, the center of the shock front remains 

mostly planar. When comparing the elapsed time between the shock wave arrival, little 

difference was observed between the two sensors closest to the longitudinal axis, H1 and 
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H2. The arrival of the shock front at H2 was delayed an average of 2.75±0.98 µs. The shock 

wave curvature is apparent in the much higher arrival time delays at the sensors located 

farther from the midline, with H3 and H4 being delayed by 55.25±1.91 µs and 187.33±2.12 

µs, respectively. This demonstrates that the shock wave is only beginning to lose planarity 

at this location. The curvature of the shock wave is more apparent at the O2-O4 longitudinal 

measurement locations, where the shock curvature is more even (Figure 4.10). The 

curvature is highest at O2, then starts decreasing to O4. The shock front arrival time delay 

was mostly independent of the shock strength. A slight trend was observed where a high-

strength shock exhibited a slightly longer delay. This trend was most apparent at the O1 

location, and the strength of the trend decreased with the distance from the shock tube exit. 

The shock front travels at a faster speed in the higher strength shock and, therefore, the 

shock front will be less planar than a low strength shock, despite there being little to no 

difference in the shock front arrival time delay.  

These observations highlight that the shock front was behaving in line with 

previous experimental results of sudden shock wave expansion, further validated by the 

theory. Using the relationship in equation 4.5, the Mach number of the shock wave as it 

exits the shock tube can be used to predict the angle of propagation of the critical shock, 

predicting the point at which planarity of the shock front decays. The difference in the 

experimentally measured arrival times of the shock front between the I8 and O1 and the 

distance between those measurement locations were used to calculate the shock velocity 

(v) and the Mach number, using the relationship 

𝑀𝑀 = 𝑣𝑣
𝑐𝑐
,  (4.5) 
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where the speed of sound, c, was assumed to be 343 m/s. At the measurement location O1, 

the angles of propagation for the shock strengths investigated in this study are 69.5, 62.9, 

and 61.8 mm for the low, moderate, and high strength shocks, respectively. This indicates 

that the limits of the planar area fall between the H1 and H2 sensors (76.2 mm) for all three 

shock strengths at the O1 location, as demonstrated by a lack of curvature seen in Figure 

4.10A. The shock front plane in which the shock loses the original planarity, occurs 

between 222-374 mm for the shock strengths examined in this study. Therefore, by the O2 

longitudinal measurement location, the shock front no longer retains any planarity and 

decays completely, referred to as a “critical shock”. As the shock expands into the ambient 

air, the shock undergoes diffraction and expands freely around the sharp edge of the shock 

tube exit. This shock front which undergoes diffraction interacts with the planar shock 

front, causing the planar front to decay into a critical shock. This interaction creates an 

expansion wave which propagates longitudinally upstream into the shock tube (Abate & 

Shyy, 2002). The expansion wave, or rarefaction wave, will be described in detail in a later 

section. 

Following the complete decay of the planar shock front into a critical shock, the 

critical shock front was observed in the simulations to propagate at a much lower strength 

and, eventually, become more planar in nature. This is theorized to be due to the initial 

uneven expansion of the wave into a critical shock and due to interactions of the shock 

front with the boundaries of the room region. As the cross-section of the shock tube 

investigated here is not of a circular diameter, the planar region will decay in a non-

axisymmetric manner. The narrower cross section at the mid-wall of the shock tube will 

have a smaller planar area than the widest cross-section, at a diagonal cut. The non-
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axisymmetric decay will cause the behavior of the critical shock to deviate from the ideal 

behavior of a spherical shock. Additionally, as the critical shock continues to expand, the 

increase in the shock area will eventually interact with the boundaries of the domain. At 

the domain walls, the interaction of the critical shock with the wall creates an oblique 

reflected shock, which interacts with the critical shock front (Kinney & Graham, 1985). 

The oblique reflected shock increases the strength of the critical shock, which decreases 

the apparent curvature of the shock front at the edges of the domain. As the domain of the 

room region in the computational model was not designed to completely replicate the room 

in which the experiment was conducted, it is anticipated that the curvature of the shock 

predicted in the simulation would differ from experimental conditions. However, as the 

region of interest tested by the sensing apparatus was small in comparison with the room 

region, it is hypothesized that any differences would only be apparent at the longitudinal 

measurement locations farthest from the shock tube exit. 

 

Figure 4.9. The planarity of the shock front is largely lost at the shock tube exit. The edge 
of the shock front at each time step (∆t = 38.5 µs) from t = 0-13.5 ms in the moderate 
strength shock in a mid-wall (top) and diagonal cut (bottom). As the shock exits the shock 
tube, denoted by a grey bar, the shock front loses its planar nature and expands, becoming 
more spherical. 
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Figure 4.10. Experimentally observed shock curvature. The arrival times of the shock 
wave normalized with the shock arrival at the H1 sensor showed a curvature of the shock 
front at the measurement locations (A) O1, (B) O2, (C) O3, and (D) O4. 
 

4.3.5 Vortex Ring 

 
Following the shock front, the secondary flow phenomenon observed in the experimental 

results was identified as a vortex ring. A vortex ring is formed as the fast-moving volume 

of compressed air moves into stationary air. Viscous friction slows down the interface 

between the two media. The slowed air then moves around the mass of compressed air, 

then rejoins the fast-moving air, forming a toroidal ring. The simulation showed the 

rotating ring forming at the exit of the shock tube and follows the shock front at a slower 

velocity. The velocity of the vortex ring was dependent on the shock severity, where the 

highest strength shock produced a vortex ring which propagates at 90.6 m/s; and with 

decreasing shock strength, the velocity decreased to 79.8 and 40.3 m/s for the moderate 

and low strength shocks, respectively. The path of the vortex ring also varied with shock 
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severity (Figure 4.11). Following the formation of the ring, the vortex ring follows the 

shock front and the diameter of the vortex ring core at the mid-wall increases to match the 

diameter of the vortex ring core at the corners. The ring over-expands and comes back to 

reach a more stable diameter. The diameter of the ring itself increases as it forms and 

reaches a relatively stable size. The lower severity shock exhibited a reduction in ring size 

as it propagates, indicating that the ring may have begun to dissipate.  

At the time of arrival of the vortex ring, an increase in total pressure was observed 

experimentally and confirmed in the simulation results. A jet of air behind the shock front 

exists within the core of the vortex ring. This jet of air arrives with the vortex ring, and the 

air particles within the jet of air are stopped by an object in the path, resulting in an increase 

in total pressure. The structure of the vortex ring means that the pressure profile varied for 

each vertical measurement (Figure 4.12). Along the longitudinal axis, at vertical location 

H1, the center of the ring accelerated air, which caused the largest total pressure impulse. 

The impulse decreases with increasing vertical distance, as the sensing location approaches 

the center of the vortex ring. The vortex ring itself has an underpressure region within the 

vortex core, where the pressure is falling below atmospheric pressure (Jiang, Onodera, & 

Takayama, 1999). The H4 sensor location is closest to the vortex core and characteristically 

drops in pressure as the vortex ring interacts with the testing apparatus. 



64 
 

 

Figure 4.11. Pressure contours and velocity fields depicting how the vortex ring interacts 
with the cylindrical sensing apparatus. The interaction of the vortex ring at the O3 location 
under a moderate-intensity shock, visualized in (left) a side view of the pressure field, 
shown in MPa, and (right) a top-view of the velocity vectors, shown in mm/s for (1) shock 
front arrival, (2) peak pressure, (3) vortex ring arrival, (4) peak vortex ring interaction, and 
(5) complete passing of the vortex ring. 
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Figure 4.12. The location of the vortex ring with respect to time. Contour plots of the 
pressure for a cut through the middle of the shock tube wall (upper) and along the diagonal 
of the square (lower) display the vortex ring location with time following the expansion of 
the (left) low, (middle) moderate, and (right) high strength shocks. 
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4.3.6 Rarefaction Wave 

 
Another flow artifact was observed following the exit of the shock wave from the confines 

of the shock tube. A rarefaction wave radiated upstream back into the shock tube, causing 

as a decrease in blast overpressure.  The pressure along the longitudinal axis of the shock 

tube was mapped with time to capture the nature of this flow phenomenon (Figure 4.13). 

After the time point in which the planar shock front exits the shock tube, a fan can be 

observed which radiates upstream, into the shock tube. The speed of this rarefaction wave 

and the affected area changes with shock strength, with the rarefaction wave in the low 

strength shock exhibiting the largest area of influence, with a notable depression observed 

as deep as sensor I4. The rapid expansion of the shock front at the shock tube exit causes a 

density gradient to form, which initiates the rarefaction wave. Previously, we have shown 

that a reflection generated from a reflector plate at an appropriate offset can largely nullify 

the impact of the rarefaction wave on the incident waveform within the shock tube 

(Kuriakose et al., 2016). A normal reflection of the shock on a perpendicular endplate 

causes a reflected compressive wave that greatly reduces the effect of the tensile rarefaction 

wave. However, without an endplate, the tensile wave travels unimpeded and can affect 

the nature of the pressure waveform. 
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Figure 4.13. Pressure-time contour plots along the longitudinal axis. A surface map of the 
pressure for each node along the longitudinal axis plotted as longitudinal location vs. time, 
shows a rarefaction wave for the (top) low strength, (middle) moderate-strength, and 
(bottom) high-strength shock. The posteriorly traveling dark fan shows the region of low 
pressure, which is characteristic of the rarefaction wave. 
 

4.4 Conclusions 

 
The presented work highlights the spatial and temporal evolution of flow phenomena in 

the shock tube experimental setup relevant to the field of blast-induced traumatic brain 

injury. corroborated with pressure measurements and numerical simulations. The nature of 

these flow phenomena is confirmed and discussed in the range of shock strengths and shock 

tube dimensions commonly used to generate field-relevant shock exposures to study 

traumatic brain injury in animal models. In summary, while the shock front is constrained 

within the shock tube, the shock further exhibits strong similarities to a primary blast in the 

free field. The sudden expansion of the shock front into the free ambient air induces two 
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flow phenomena which initiate changes to the flow system. The sudden expansion causes 

a vortex ring formation, which develops and moves sub-sonically along the longitudinal 

axis, following the shock front. The vortex ring and high dynamic pressures are observed 

as the vorticity forms around the accelerated air within its core. Additionally, a rarefaction 

wave develops which propagates upstream into the shock tube, which decreases the 

overpressure, reducing the impulse and duration of the waveform. The shock front expands 

non-uniformly into the ambient air. This expanded critical shock continues to dissipate 

energy through expansion and experiences a reduction in peak overpressure and duration. 

These observations were simulated using a numerical model, validated extensively against 

experimental pressure measurements. This work strives to better inform the biomedical 

field of study by identifying the nature and extent of these flow phenomena in the common 

testing regime. 

The limitations of this work are primarily associated with the fidelity of the numerical 

modeling domain. The room region outside of the shock tube exit was unobstructed by any 

other objects. This created an idealized flow field which does not reflect realistic 

experimental conditions, which would introduce reflections which cause the experiment to 

deviate from numerical predictions. Additionally, only a limited room domain was 

considered. This was shown to have a potential influence on the evolution of the critical 

shock, altering how planar the shock front would appear. This simplification enabled for 

more efficient simulations, but potentially reduced the simulation fidelity of later time 

points. And finally, the influence of shock tube size and cross-sectional shape were only 

postulated in this work. This assumption is supported by the findings of other researchers 
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but is not confirmed through a parametric study. Despite these limitations, we are confident 

in the reported trends. 

These observed phenomena are essential to consider in the planning of biomedical 

shock tube experiments.  If the experimental goal is to capture a primary shock waveform, 

it is recommended that the experimentalist test in locations which are not affected by the 

passing of the vortex ring or which experience the expansion rarefaction wave. Failure to 

do so would result in an alteration of the ideal primary shock characteristics. Similarly, if 

the goal of the experiment is to examine the interaction of an object with a vortex ring, the 

experimentalist is encouraged to examine the production and evolution of the vortex ring 

at the shock strengths investigated. The propagation speed of the vortex ring is dependent 

on the shock strength, and the size of the vortex ring will be dependent on the size and 

shape of the shock tube. Within the vortex ring, an area with pseudo-blast winds is 

observed, but the diameter of the vortex ring, if formed, should be compared to the 

experimental area to ensure that the specimen is not inadvertently experiencing pressure 

reductions from the vortex ring. Within the shock tube, close to the shock tube opening, 

regions of decreased incident pressure impulses and durations can be isolated by targeting 

the area of influence of the rarefaction wave. Therefore, it is recommended that 

experimentalists gather incident and total pressures at the experimental testing location to 

capture the nature of the desired flow field. 
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CHAPTER 5 

CHARACTERIZATION OF SHOCK STRUCTURE INTERACTION BASED 
ON SIZE AND SHAPE OF SPECIMEN  

 

5.1 Background 

 
A large motivator for experimental methodologies in which the subject is placed outside 

of the shock tube, is that the subject is too big for the tube and is theorized to cause major 

deviations from field conditions due to occlusion of the shock tube (Shridharani et al., 

2012). As seen in Figure 5.1, any confinement will distort the flow pattern of a steady flow, 

leading to changes in measured forces of lift and drag, natural boundary layer, turbulence 

and vortex phenomena on the object (Needham et al., 2015). This phenomenon is 

anticipated to be exacerbated in the shock environment and possibly in the shock tube test 

conditions 

An empirical relationship between the dynamic pressures due to blockage, 𝑄𝑄𝑏𝑏, and 

the dynamic pressure with no blockage, 𝑄𝑄𝑜𝑜 and the blockage ratio, R was derived as 

equations 5.1 and 5.2 (Ethridge, Lottero, Wortman, & Bertrand, 1984), 

 

Figure 5.1. Adapted from Needham et. al. 2015; Shown in a quasi-
steady flow, blockage here, should not exceed 5%, otherwise 
distortion is seen  
Source: Ethridge, Lottero, Wortman, & Bertrand, 1984 
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  𝑅𝑅 =  𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝑠𝑠𝑡𝑡

.  (5.1) 

𝑄𝑄𝑏𝑏 = 𝑄𝑄𝑜𝑜𝑒𝑒2.64𝑅𝑅1.038 ,  (5.2) 

where Asub and Ast are the cross-sectional areas of the subject and the shock tube, 

respectively. This relationship indicates the importance of the subject size in experimental 

design. As injuries will accumulate from reflections from the shock tube walls, it is 

hypothesized that it is especially important to minimize blockage when working with live 

subjects. When subjects are exposed to shock waves in the field, flow occurs in a semi-

infinite medium and there is no additional flow field arising from the walls of the shock 

tube. As can be expected the larger the shock tube as compared to the size of the subject 

this reflection effect will be lesser. Additionally, as a majority of flow distortion induces 

high dynamic pressures, there is a potential that head accelerations from interactions with 

the air particles in the blast wind will cause additional brain injuries, which may not have 

occurred in a pure shock environment encountered in the live explosion conditions 

(Needham et al., 2015).  

To ensure the proper loading that simulates primary blast injury, the use of simple 

geometry surrogates is a common practice.  Simple geometries allow for a greater 

understanding of shock-structure interactions by eliminating many of the complexities that 

arise from biological structures that are typically complex in shape. In this chapter we use 

simple geometries, to elucidate how various parameters (specimen size and shape) affect 

the loading of a specimen. By examining the characteristics of reflected shock waves (peak 

overpressure, duration, impulse), the changes in specimen loading are examined. The 

computational methods are first validated using results from experimental results obtained 

using some simple geometries. Once validated, the computational methods are then used 
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to study the effects of different geometric, material and testing variables commonly 

encountered in tests to examine if and how they produce artifacts in the loading profiles. 

5.2 Methods 

 
5.2.1 Experimental Setup 

 
The data generated by the experimental setup was used for the validation of the finite 

element model of a subject placed inside the shock tube. This experimental work was 

carried out by Jose Rodriquez and is presented here solely for the comparison of the 

experiment with the numerical simulations carried out by the author. The author does not 

place any claim on the experimental work per se. Once validated with the provided 

experimental data, the computational model has the distinct advantage of being able to be 

used for many other configurations commonly encountered in test paradigms used in many 

different laboratories. 

Present experiments were conducted with the 9 x 9 inch (228.6 x 228.6 mm), 20-

foot-long square cross-section shock tube (same shock tube described in Chapter 4). Tests 

were performed at three discrete shock wave intensities: 70, 130, and 180 kPa (10.1, 18.8, 

and 26.1 psi) measured at the test section of the shock tube covering a typical range in 

military bTBI studies. Incident pressure profiles were measured using PCB Piezotronics 

(Depew, NY) Model 134A24 distributed along the length of the tube. Pressure data was 

recorded at 1.0 MHz sampling frequency with a total acquisition time of 50 milliseconds. 

The pressure data signal was run through a signal conditioner prior to the DAQ, no filtering 

or other post processing was done to the data after data was initially collected. Variation in 

cross-section area, duration and specimen location was done to investigate the effects of 

shock loading due to the different parameters.  
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To investigate the effects of specimen size on shock loading, three square aluminum 

plates or 3D printed PLA plates with increasing cross-sectional area (H x W): 1 x 1 (1 in2, 

Figure 5.2A), 2 x 2 (4 in2, Figure 5.2B), and 3 x3 (9 in2, Figure 5.2C) were used as test 

subjects.  The two different materials test the effect of material properties while the three 

sizes study the effect of blockage in the shock tube cross-sections. Additionally, 3 x3 (9 

in2) plates with curved edges were machined to examine shock wave flow at the corner and 

at the walls of the shock tube. This test examined the effect of specimen location within 

the cross-section. The design of the plate holder was optimized to eliminate the vibration 

and other motion artifacts from the signal. The center of the plates was aligned with the 

center axis of symmetry of the shock tube to ensure flow field uniformity (except the last 

test). The front surface of the plate was normal to the propagation of the incident shock 

wave. Each plate was instrumented with pressure sensors model 102B06 (PCB 

Piezotronics, Depew, NY), with the sensing element placed flush with the front face placed 

diagonally every .85 inches (21.59 mm) as size permitted. The experimental setup is shown 

in figure 5.2. 

5.2.2 Computational Model 

A finite element model of the experimental setup with the shock tube and plate was created 

using coupled Eulerian-Lagrangian modeling technique, described earlier. This modeling 

technique has been shown to effectively simulate shock wave propagation within the shock 

tube and has the ability to accurately replicate the shock-structure interactions. Two 

modeling domains were simulated, an air-filled Eulerian domain and the other a 

Lagrangian domain of the solid plates. The Eulerian shock tube model simulated a 3.8 m 

long Eulerian domain. This domain was filled with air at atmospheric pressure and 
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temperature, modeled as an ideal gas with a specific heat ratio of 1.4.  The length of the 

shock tube model was selected to simulate the section downstream from the first sensor 

closest to the breach, sensor A1 in Figure 5.3. The incident pressure signal from this sensor 

location was used as the input waveform for the simulations. The shock wave was modeled 

as a pressure-time waveform applied at the A1 location and was constrained at the shock 

tube walls and exit, where all translational degrees of freedom were constrained. The model 

was represented by a biased mesh, with a converged minimum element edge length of 4 

mm at the region of interest, resulting in a system of over 857,000 linear hexahedral 

Eulerian elements.  

The Lagrangian domain consisted of models of plates based on the experimental 

specifications. The plates were modeled with a converged element edge length of 2 mm, 

with the 1 in2, 4 in2, and 9 in2 plates having approximately 800, 2700, and 5750 linear 

hexahedral Lagrangian elements, respectively. Two additional models were created to 

simulate the rounded edge variations of the 9 in by 2 in plates used in the corner and side 

shock tube locations. The plate was modeled as aluminum approximated to be linear, 

elastic, and isotropic with a density, elastic modulus, and Poisson’s ratio of 2700 kg/m3, 

70 GPa, and 0.33 respectively. When PLA was modeled different parameters were used. 

Additionally, for cases examining the thickness of the plate, the material PLA (density = 

1240 kg/m3, elastic modulus = 35 GPa, and Poisson’s ratio = 0.33) was also used for 

comparison with the Aluminum plates. The plate locations were as specified in the 

experimental setup for validation of the experiment and all translational and rotational 

degrees of freedom were constrained for a section on the posterior face of the plates, to 

mirror the experimental configurations. 
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H F 

Figure 5.2. The test setup for the evaluation of the effect of the cross-sectional area 
on the reflected pressure. The aluminum plates with cross-sectional areas of: A) 1 
in2, B) 4 in2, and C) 9 in2 were mounted in the center location D) The 9 in2 PLA 
plate was used in specimen location experiments E) Test fixture at the test section 
of the shock tube holding an instrumented 1 in2 PLA plate (yellow). The direction 
of the propagation of the incoming shock wave is indicated with red arrows. F) 
Diagram of 9 in2 plate showing naming conventions for each sensor location G) 
Diagram of the plate positioning used for evaluation of the effect of specimen 
location within the cross-sectional area in the test section of the shock tube.  
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Shock wave  
 

Figure 5.3. The finite element method setup showing the (A) Shock tube 
with the testing specimen position and (B) different testing specimens 
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5.3 Results and Discussion 

 

5.3.1 Validation 

 
Observations from the experiments were validated with the pressure-time data using a 

finite element model of the shock tube and the specimen. Figures 5.4-5.12 show 

comparison between the experiment and computational model for 1 in2, 4 in2, and 9 in2 

plates at the center, side, and corner locations in the shock tube. The non-linear decay and 

time duration for the experimental and simulated pressure profiles show excellent match, 

and the trends in reflected overpressure waveform evolution between different sensor 

locations are captured with high fidelity.  

There is some discrepancy observed at the peaks. This deviation is possibly due to 

limitations in the experimental and computational setups. Since the shock waves consist of 

extremely high-pressure gradient over very small-time increments, the sensors used for 

data capture may have errors introduced for higher shock pressures. In the computational 

model, to increase the quality of the simulation, the mesh was refined, and the number of 

time increments was increased around the peak region. There were improvements in the 

fidelity around the peak region indicating that further reducing the mesh size as well as 

increasing the time increments would improve the result. However, the task was not 

undertaken due to limits in computational resources and time available for simulations. 

Since the peak occurs for an extremely short duration, the effect may not be significant.  
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Figure 5.4. Pressure profile at the center sensor for all figures inside the diagram 

 

 

Figure 5.5. Pressure profile at the diagonal sensor 
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Figure 5.6. Pressure profile at the corner sensor 
 

 

Figure 5.7. Pressure profile comparison at the peak region between Experiment and 
Simulation (Note the similar trends despite the difference in peak pressure) 
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Figure 5.8. Pressure profile at center sensor for 2 in plate 
 

 

Figure 5.9. Pressure profile at diagonal sensor for 2 in plate 
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Figure 5.10. Pressure profile at center sensor for 1 in plate 
 

 

Figure 5.11. The validation of a numerical model for 3 x 3 in (9 in2) plate located at the 
middle 
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Figure 5.12. Plate validation at locations middle, side and corner locations. Since the shock 
tube is rounded at the corners, round plates were used for validation at various locations 
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5.3.2 Shock Wave – Specimen Interaction  

 
Once the validation process was completed, variations in the shape and size of specimens 

were studied to examine their effect on the interactions with a shock wave inside the shock 

tube using the finite element model. The shock wave intensity used was 130 kPa.  

It is important to understand the effects of shock tube occlusion since a majority of 

TBI research relies on specimen placement in shock tubes. The size of the specimen with 

respect to the shock tube must be well understood to avoid artifacts from occlusion.  

Two configurations were considered.  In the first configuration, the shape of the plate was 

changed while maintaining the occlusion percentage. Here, circular and square plates were 

considered with the same cross-sectional area. For the second configuration, the surface 

shape was changed while keeping the same cross-sectional area and results from their 

impact was examined. Here, a flat circular plate was compared to a hemispherical object, 

with the curved edge facing the shock wave remaining the same. For both the 

configurations, cross-sectional areas of 11%, 25%, 40% and 75% of the total area of the 

shock tube were considered. 

Additionally, the change in size of the specimen was examined. The size of the 

object was altered by changing the cross-sectional area and the thickness of the object. The 

cross-sectional area of a square plate was changed to occlude the shock tube by 11%, 25%, 

40% and 75%.   
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5.3.2.1 Change in Edge Shape with Same Cross Section Area. This section examines 

effect due to change shape of the square plate while maintaining the occlusion percentage. 

Square and circular shaped plates with the same cross-sectional area were compared 

(Figure 5.13). The pressure profile was examined at the center of the plates. 

For the same cross-sectional areas, the pressure profiles for the square and circular 

plates have very little difference. There was a change in the secondary peak for plates at 

75% cross-sectional area, with the peak for the square plate appearing sooner than the 

circular plate due to the square edge being closer to the shock tube wall. 

The similar shock wave interaction with the different plates can be explained by 

their similarities in reflection surface. Since the shock wave is perpendicular to the plate, 

the interaction can be considered a normal reflection. When the shock wave comes into 

contact with the plate, effects of the interaction at the edges can be observed at the center 

based on the distance from the edge and the area the shock wave needs to travel until it 

reaches the center. Considering that the square and circular plates of equal cross-section 

area for the same shock wave will have identical travel times from the edge to the center, 

the pressures at the centers would also be the same.   

Based on the comparison between the impulse values (Figure 5.14) for the square 

and circular plates at different occlusion percentages, there was an average difference of 

0.89% between the plates. This shows that the energy of the shock wave also remained 

largely the same for the different shapes. 

Thus, edge shape was found to have no real effect on loading of the specimen, for 

the same cross section areas. After determination that there is no difference in pressure and 
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impulse for the circular and square plate of the same area, the circular plate was considered 

validated and was used for further simulations. 

 

Figure 5.13. The observed effect of changing cross-sectional specimen shape with constant 
cross-sectional area. 
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Figure 5.14. Impulse comparisons for Square and Circular Plate 
 

5.3.2.2 Change in Thickness of Plate. The circular plate with the original thickness 

of 8.636 mm (0.34 in) was multiplied and effects of thicker specimen with the same cross-

sectional areas was examined (Figure 5.15). Since the material used was aluminum (being 

incompressible), the profiles were nearly indistinguishable, having nearly identical peaks 

with slight changes in non-linear decay region. Similar results were obtained when the 

material was changed to PLA (Figure 5.16). Comparison of the pressure profiles and 

impulse values (Figure 5.17) between the material properties showed higher deformability 

for the thinnest plate. However, with increasing thickness, the difference between the plates 

of different materials minimized. 
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Figure 5.15. Increase in cross sectional area for the specimen, with shape remaining the 
same 
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Figure 5.16. Pressure profile comparison between Aluminum and PLA plates of increasing 
thickness 
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Figure 5.17. Impulse comparison between Aluminum and PLA plates of increasing 
thickness 
 

Thus, the simulation did not show any difference between Aluminum and PLA. 

However, this result cannot be to all materials like very soft foams. 

5.3.2.3 Change in Cross-Sectional Area (Circular Plate).  For the circular plate, 

the cross-sectional area was varied to examine the effect of increasing occlusion of the 

shock tube (Figure 5.18). This increase in occlusion is observed to lead to an increase in 

impulse (Figure 5.18) and duration of the flat top region at the peak of the pressure-time 

profiles for the circular plates. Larger cross-sections can block more of the shock wave, 

resulting in an increase in dwell time (tr) for the larger plates explaining their higher 

impulse values. Additionally, the increased surface area leads to higher travel times for the 

shock wave on the plate, from the edges to the center, leading to an increasingly larger flat 

top at the peak for increasing cross-section areas. 
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This result can also be extrapolated to assume increased loading on larger specimens 

inside the shock tube due to the increased occlusion. 

 

Figure 5.182. Increase in cross sectional area for the specimen, with shape remaining the 
same 
 

5.3.2.4 Change in Surface Shape with Same Cross-Section Area. The circular 

plate was compared with a hemisphere of the same cross-section area to compare shock-

structure interactions for different reflected surfaces (Figure 5.19). The curved reflected 

surface of the hemisphere is used to extrapolate a live specimen interaction. The main 

difference for the hemisphere was a reduced and sharper peak, while both subjects had 

similar non-linear decay regions in the pressure-time profiles. While the interaction with 

the circular plate can be considered a normal reflection, this is not the case for the 

hemisphere. The center region of the shock-hemisphere interaction can be considered 
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approximately normal, while the curved regions of the hemisphere would more closely 

resemble an oblique reflection. Additionally, the curvature of the hemisphere would affect 

the dwell time of the shock wave, considerable reducing it adding to the sharpness of the 

peak.  

 

Figure 5.19. Circular plate compared with hemisphere 
  



92 
 

5.3.2.5 Change in Cross-Sectional Area (Hemisphere). The reflected pressure 

profiles for different hemispherical sizes were then examined. The curved reflection 

surface of the hemisphere leads to a sharper peak for all occlusion percentages. 

Additionally, the increased impulse (Figure 5.20) due to the secondary reflection is more 

pronounced compared to the circular plate results. This can be extrapolated to live 

specimen behavior, which would experience higher loading at larger occlusion 

percentages. 

 

Figure 5.20. Reflected pressure profiles for different hemisphere sizes are compared. 
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Figure 5.21. Impulse comparison for Circular plate and Hemisphere 
 

5.3.2.6 Summary of Results.  In this final chapter, we examined the effect of 

various specimen geometry, location within the shock tube on the fidelity of the pressure-

time, impulse profile imposed on the specimen. In the last chapter, we already established 

to replicate faithfully the field conditions for mild bTBI, it is important not to place the 

specimen (especially live) near the exit or outside. In this chapter, we further analyzed even 

if the specimen is placed inside, what specimen and test parameters can influence the 

results. For this purpose, we first validated our computational simulations with 

experimental data (done by others) with respect to pressure-time and impulse for square 

plates with three different sizes. Except for the spike in the peak, the simulation matched 

very well with the experimental results and we concluded that the simulation is thus 

validated. 
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Once validated, we conducted additional numerical simulations to study the effect 

of two different shapes (square vs. circular), 2D vs 3D (circular vs. hemispherical) and 

different placements in the same plane from axis to corner.  We can summarize the results 

as follows: 

The study of two different shapes (square vs. circular) showed no significant changes 

• When the plate thickness was varied, there was no effect on either the pressure-
time or impulse 
 

• Then we examined the effect of 2D vs 3D; For the same cross-sectional area, 
circular plate showed higher peak pressure as well as impulse compared to 
hemisphere. This can be understood from the fact that any non-normal surface 
allows for diffraction and thus not build the reflected pressure. 
 

• Final study (cases 4 and 5) involved the effect of increased cross-sections. Clearly 
the larger sections showed increased peak pressure and impulse. 
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The results are summarized in the table below: 

Table 5.1. Summary of Results of Chapter 5 
 

No Shape Cross-section Area Result 

1 
Square vs Circular 

Plate 
No change 

No change in 

pressure and time 

duration 

2 Plate thickness No change 

No change in 

pressure and time 

duration 

3 
Circular Plate vs 

Hemisphere  
No change 

Changes observed 

with higher impulse 

at the peak region, 

while non-linear 

decay region 

remained similar 

4 
No change (circular 

plate) 

11%, 25%, 40%, 

75% of shock tube 

cross-section area 

Impulse was higher 

for higher specimen 

cross-section areas 

5 
No change 

(hemisphere) 

11%, 25%, 40%, 

75% of shock tube 

cross-section area 

Impulse was higher 

for higher specimen 

cross-section areas 
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

 

6.1 Conclusions 

 
Blast-induced traumatic brain injuries (bTBI) have afflicted many soldiers, veterans, law 

enforcement personnel and recently some civilians. To understand the effect of shock 

strength on the biological consequences, compressed gas driven shock tubes are 

extensively used in many research and federal laboratories. However, as outlined in Figure 

1.1, they use different energy sources, shapes, sizes, lengths, and test subjected in a variety 

of locations and as each test configuration produces different wave profiles, results from 

different laboratories can be synergized. A validated numerical model that can predict the 

effect of these geometric and test variables on the quality of the wave profile can be used 

to compare the results as well as optimize a given set up to match the field profile. This 

thesis is developed to address this need.  

In Chapter 3, we examined two different numerical FE models, namely pressure 

release and truncated models. By comparing the results with carefully designed 

experiments, we concluded that the truncated model shows better fidelity with the results. 

Though this model requires the need of a good pressure-time profile at one location, the 

other model suffers from the need for many other measurements including burst pressure, 

membrane rupture configurations and breech geometry. We concluded that the truncated 

model is the right approach for further studies. In Chapter 4, we demonstrated that the 

shock wave planarity is maintained within the shock tube length and away from exit. 

Though the incident peak pressure decreased, measurement of a profile close to specimen 
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obviates this deficiency. At or near the exit, the shock flow field becomes very complex 

affected by the generation of vortex rings and the production of release wave which travel 

both upstream and downstream. Thus, if the goal is to simulate mild bTBI, near or away 

from exit may not be the right location. However, other tests for shock-structure 

interaction can be conducted there with careful simulations. In Chapter 5, we examined 

the effect of material, size, shape and placement of the specimen vis-à-vis shock tube 

cross-section. While material and thickness have no effect, the size and location 

profoundly affect static and dynamic pressures and total impulse. 

6.2 Contributions of This Dissertation 

Blast-induced mild TBI has been called as a silent epidemic among active soldiers and 

veterans, and the mechanisms responsible for the injury have not been identified. Shock 

tube experimentation is playing a key role, but progress is impeded due to incorrect use of 

the equipment and experimental protocols. Inter-laboratory test data comparison is 

hindered by a lack of standardization procedure. This dissertation developed a numerical 

model, robustly validated with experimental data. Upon successful model generation, the 

numerical model can be used to determine the ideal test protocols for a variety of shock 

tubes, enabling a comparison of results generated from different shock tube experimental 

setups. It is hoped that the inter-laboratory comparison will propel more unified data and, 

hence, facilitate in the identification of injury mechanisms and offer better preventive, 

diagnostic and therapeutic methods.  
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6.3 Future Work 

Since the FEM developed in this work has been validated against specially designed 

experiments, it is presumed that the truncated Eulerian-Lagrangian model is capable of 

simulating shock wave generation. Thus, any other geometry can be simulated for the 

purpose of identifying the evolution of the profile as well as identifying any sweet spot for 

testing. Though, many possible future directions exist, we outline three additional 

approaches: 

1. Study the effect of shape of shock tube: How does circular cross-section affect the 
flow field compared to that of square? 
 

2. Study the effect of specimen material: How does a very soft material like foam or 
skin differ from that of hard material like aluminum or bone? 
 

3. Identify the optimal test location: Given a geometry of shock tube, which is the 
ideal test location to generate a given wave profile? How does the strength of the 
shock affect this location? 
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APPENDIX 

APPENDIX A: Case studies in shock tube testing  
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ng 
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0
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and 
animal 
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Shock 
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ar 
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8 

Medhi, 
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ex 
flow 
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= 
1.3
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Lab, 
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Engi
neeri
ng, 
India
n 
Instit
ute of 
Scien
ce, 
Bang
alore, 
India 

Com
putati
onal 
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Engi
neeri
ng, 
India
n 
Instit
ute of 
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7 

Sundarar
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of 
blast 
pressur
e on 
discret
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shock 
tube 
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investi
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wave 
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6 
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es Shock 
tube 
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a 
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arch 
(CSI
R) 
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20 2
0
1
4 

Hua, Yi Experi
mental 
and 
Numer
ical 
Investi
gation 
of the 
Mecha
nism 
of 
Blast 
Wave 
Trans
missio
n 
Throu
gh a 
Surrog
ate 
Head 

Biomech
anics 

Surrogat
e Head/ 
Shock 
Tube 

13
0 
kP
a 

Inside 
the 
shock 
tube 

711 
mm 
dia
met
er, 
123
19 
mm 
leng
th 

Faci
ng 
the 
blast 

Not 
repo
rted 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska-
Linc
oln, 
Linc
oln 

Univ
ersity 
of 
Nebr
aska-
Linc
oln, 
Linc
oln 

21 2
0
1
4 

Yazici Experi
mental 
and 
numeri
cal 
study 
of 
foam 
filled 
corrug
ated 
core 
steel 
sandwi
ch 
structu
res 
subject
ed to 
blast 
loadin
g 

Shock 
wave 
behavior 
(shock 
tube) 

Corrugat
ed steel 
structure
/Compre
ssed gas 
shock 
tube 

11
00 
kP
a 

End of 
shock 
tube 

Innt
er 
dia
met
er - 
38 
mm 

NA Not 
repo
rted 

Friedla
nder 

aUlu
dag 
Univ
ersity
, 
Engi
neeri
ng 
Facul
ty, 
Auto
moti
ve 
Engi
neeri
ng 
Depa
rtme
nt, 
TR16
059 
Burs
a, 
Turk
ey 

aUlu
dag 
Univ
ersity
, 
Engi
neeri
ng 
Facul
ty, 
Auto
moti
ve 
Engi
neeri
ng 
Depa
rtme
nt, 
TR16
059 
Burs
a, 
Turk
ey 
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22 2
0
1
4 

Nguyen Contro
lling 
blast 
wave 
genera
tion in 
a 
shock 
tube 
for 
biologi
cal 
applica
tions 

Shock 
wave 
behavior 
(shock 
tube) 

Cellular 
suspensi
ons/Com
pressed 
gas 
shock 
tube 

20
0 
kP
a 

Inside 
the 
shock 
tube and 
End 

Dia
met
er - 
59m
m, 
380
0 
mm 
long 

NA Myl
ar 

Not 
Report
ed 

The 
Roya
l 
Britis
h 
Legi
on 
Centr
e for 
Blast 
Injur
y 
Studi
es, 
Instit
ute of 
Shoc
k 
Physi
cs, 
Impe
rial 
Colle
ge 
Lond
on, 
UK 

The 
Roya
l 
Britis
h 
Legi
on 
Centr
e for 
Blast 
Injur
y 
Studi
es, 
Instit
ute of 
Shoc
k 
Physi
cs, 
Impe
rial 
Colle
ge 
Lond
on, 
UK 

23 2
0
1
4 

Simard Expos
ure of 
the 
Thorax 
to a 
Sublet
hal 
Blast 
Wave 
Causes 
a 
Hydro
dynam
ic 
Pulse 
That 
Leads 
to 
Perive
nular 
Inflam
mation 
in the 
Brain 

Biochemi
stry 

Rat/Unlo
aded 
Gun/Dir
ect 
Throrax 
Transimi
ssion 

45
1 ± 
11 
kP
a 

Outside 
the 
Shock 
Tube 

Vari
ous 
leng
ths 

Pron
e 

Not 
repo
rted 

Adjust
ing 
length 
of 
barrel 

Univ
ersity 
of 
Mary
land 
Scho
ol of 
Medi
cine  

Univ
ersity 
of 
Mary
land 
Scho
ol of 
Medi
cine  
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24 2
0
1
3 

Prima, 
Serebrua
ny  

Impact 
of 
Moder
ate 
Blast 
Expos
ures on 
Throm
bin 
Bioma
rkers 
Assess
ed by 
Calibr
ated 
Autom
ated 
Throm
bograp
hy in 
Rats 

Biochemi
stry 

Rat/ 
Composi
te blast 
with 
head 
accelerat
ion & 
Primary 
blast  
with no 
accelerat
ion 

23
0-
28
0 
kP
a 

Outside 
the 
Shock 
Tube 

Rati
o 
bet
wee
n 
driv
er 
and 
driv
en 
sect
ion - 
1:15 

Pron
e 

Not 
repo
rted 

Friedla
nder 

The 
Roya
l 
Britis
h 
Legi
on 
Centr
e for 
Blast 
Injur
y 
Studi
es, 
Instit
ute of 
Shoc
k 
Physi
cs, 
Impe
rial 
Colle
ge 
Lond
on, 
UK 

The 
Roya
l 
Britis
h 
Legi
on 
Centr
e for 
Blast 
Injur
y 
Studi
es, 
Instit
ute of 
Shoc
k 
Physi
cs, 
Impe
rial 
Colle
ge 
Lond
on, 
UK 

25 2
0
1
3 

Tümer, 
Svetlov 

Showi
ng the 
blast 
tbi 
elevate 
oxidati
ve 
stress 
in the 
hypoth
almus 

Biochemi
stry 

Rat/ 
Compres
sed air-
driven 
Shock 
Tube ~2 
m 
distance /  

35
8 
kP
a 

Outside 
the 
Shock 
Tube 

Not 
Rep
orte
d 

Not 
Rep
orted 

 0.05 
mm 
thick 
stain
less 
steel 
diap
hrag
ms  

Not 
Report
ed 

Univ
ersity 
of 
Flori
da 

Univ
ersity 
of 
Flori
da 
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26 2
0
1
3 

Abdulmu
neer 

the 
hypoth
esis 
that 
oxidati
ve 
damag
e of the 
cerebr
al 
vascul
ar 
barrier 
interfa
ce (the 
blood–
brain 
barrier
, BBB) 
causes 
the 
develo
pment 
of mild 
trauma
tic 
brain 
injury 
(TBI) 
during 
a 
primar
y 
blast-
wave 
spectru
m. 

Biochemi
stry 

Rat / 
Primary 
blast/ 
Shock 
Tube/ 

12
3 
kP
a 

Inside 
the 
Shock 
Tube 

609
6 
mm 

Pron
e 

Myl
ar 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  

27 2
0
1
3 

Skotak, 
Wan 

Physio
logical 
respon
ce to 
variou
s BOP 

Biomech
anics 

Rat/Heli
um 
driven 
Shock 
Tube 

13
0, 
19
0, 
23
0, 
25
0, 
29
0 
kP
a 

Inside 
the 
Shock 
Tube 

609
6 
mm 

Pron
e 

Myl
ar 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  
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28 2
0
1
3 

Yeoh, 
Bell 

To 
investi
gate 
cerebr
o 
vascul
ar 
injury 
in Rats 
expose
d to 
low-
impuls
e pure 
primar
y blast 

Biochemi
stry 

Male 
Rats/ 
Rifle 
primer 
driven 
Shock 
Tube 
(Blasting 
Cap from 
.308 
round 
was used 
to create 
blast) 

14
5, 
23
2, 
32
3 
kP
a 

Outside 
the 
Shock 
Tube 

558
0 
mm 

see 
figur
e 2 

Adju
sted 
by 
chan
ging 
subj
ects 
dista
nce 
and 
angl
e 
from 
the 
muz
zle 
of 
the 
rifle. 
1.5 
cm 
60 
degr
ees 
for 
323 
kPa, 
2.5 
cm 
and 
60 
degr
ees 
for 
232 
kPa, 
and 
5.5 
cm 
and 
30 
degr
ees 
for 
145 
kPa 

Not 
Report
ed 

Univ
ersity 
of 
Utah 

Univ
ersity 
of 
Utah 

29 2
0
1
3 

Cho, 
Sajja 

Blast 
effects 
TBI on 
short 
term 
memor
y 

Biochemi
stry 

Rat/Blast 
chamber 
(Compre
ssion 
wave 
attached 
to a PVC 
tube)/ 

12
9.2
3 
kP
a 

Inside 
the 
Shock 
Tube 

304
8 
mm 

 
rostr
al 
ceph
alic 
orien
tatio
n 
towa
rd 
the 
shoc
k 
wav
e 

acet
ate 
shee
ts 

Friedla
nder 

Virgi
nia 
Polyt
echni
c 
Instit
ute 
and 
State 
Univ
ersity 

Virgi
nia 
Polyt
echni
c 
Instit
ute 
and 
State 
Univ
ersity 
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30 2
0
1
3 

Ahmed, 
Kamnaks
h 

Indenti
fying 
Long 
term 
conseq
uences 
of 
multipl
e 
blasts 

Biochemi
stry 

Rat / 
Compres
sed 
air-
driven 
Shock 
Tube / 

13
8 
kP
A 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

 
trans
vers
e 
pron
e 
posit
ion 

Not 
repo
rted 

Not 
Report
ed 

Walt
er 
Reed 

Unif
orme
d 
Servi
ces 
Univ
ersity 

31 2
0
1
3 

Arun, 
Abu-
Taleb 

Identif
ying 
the 
roleof 
compr
omised 
cell 
membr
ane 
integrit
y in 
TBI 
after 
blast 
esposu
re  

Biochemi
stry 

Mouse/A 
compres
sed air-
driven 
Shock 
Tube /  

21 
psi 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

Pron
e 

Myl
ar 

Not 
Report
ed 

Walt
er 
Reed 

Walt
er 
Reed 

32 2
0
1
3 

Valiyave
ettil, 
Alamneh 

Modul
ation 
of 
cholin
ergic 
pathwa
ys and 
inflam
matory 
mediat
ors in 
blast-
induce
d 
trauma
tic 
brain 
injury 

Biochemi
stry 

 Mouse/ 
blast 
overpres
sure/ 

20.
6 
psi 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

Pron
e  

Myl
ar 

Not 
Report
ed 

Walt
er 
Reed 

Walt
er 
Reed 
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33 2
0
1
3 

Turner, 
Naser 

Modeli
ng 
clinica
lly 
releva
nt blast 
param
eters 
based 
on 
scaling 
princip
les 
produc
es 
functio
nal & 
histolo
gical 
deficit
s in 
rats 

Biomech
anics 

Rats/Tab
letop 
Shock 
Tube/  

31, 
50, 
72, 
90 
psi 

Outside 
the 
Shock 
Tube 

170.
2 
mm 
dia
met
er 

Pron
e 
with 
right 
side 
facin
g 
blast 

clear 
poly
ester 
mem
bran
es 
(Rid
out 
Plast
ics 
Co.) 
of 
vary
ing 
thick
ness 
(0.0
03″–
0.01
0″) 
to 
achi
eve a 
rang
e of 
peak 
over
pres
sure 
expo
sure
s. 

Not 
Report
ed 

West 
Virgi
nia 
Scho
ol of 
Medi
cine 

West 
Virgi
nia 
Scho
ol of 
Medi
cine 

34 2
0
1
3 

Selvan Blast 
Wave 
Loadin
g 
Pathw
ays 
in 
Hetero
geneou
s 
Materi
ai 
Syste
ms-
Experi
mentai 
and 
Numer
icai 
Appro
aches 

Biomech
anics 

Cylinder
/ 
Surrogat
e 
Head/Sh
ock 
Tube/ 

15
0 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
121
92 
mm 

Not 
Appl
icabl
e 

Myl
ar 

Not 
Report
ed 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  
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35 2
0
1
3 

Tumer, N Overpr
essure 
blast-
wave 
induce
d brain 
injury 
elevate
s 
oxidati
ve 
stress 
in the 
hypoth
alamus 
and 
catech
olamin
e 
biosyn
thesis 
in the 
rat 
adrena
l 
medull
a 

Biochemi
stry 

Compres
sed Air 
driven 
Shock 
tube 

35
8 
kP
a 

Outside 
the 
Shock 
Tube 
(2m 
from 
exit) 

Rati
o 
bet
wee
n 
driv
er 
and 
driv
en 
sect
ion - 
1:15 

Faci
ng 
the 
blast 

stain
less 
steel 
diap
hrag
m 

Not 
Report
ed 

Depa
rtme
nt of 
Veter
ans 
Affai
rs 
Medi
cal 
Cent
er, 
Gain
esvill
e, FL 

Depa
rtme
nt of 
Veter
ans 
Affai
rs 
Medi
cal 
Cent
er, 
Gain
esvill
e, FL 

36 2
0
1
3 

Genoves
e, RF 

Effects 
of mild 
TBI 
from 
repeate
d blast 
overpr
essure 
on the 
expres
sion 
and 
extinct
ion of 
conditi
oned 
fear in 
rats 

Biochemi
stry 

Compres
sed Air 
driven 
Shock 
tube 

74.
5 
kP
a 

Inside 
the 
Shock 
Tube 

304.
8 
mm 
dia
met
er, 
533
4 
mm 
long 
(76
2 
mm 
driv
er, 
457
2 
mm 
driv
en) 

Faci
ng 
the 
blast 

Myl
ar 

Not 
Report
ed 

Cent
er for 
Milit
ary 
Psyc
hiatr
y and 
Neur
oscie
nces, 
Walt
er 
Reed 
Arm
y 
Instit
ute of 
Rese
arch, 
Silve
r 
Sprin
g, 
MD, 
USA 

Cent
er for 
Milit
ary 
Psyc
hiatr
y and 
Neur
oscie
nces, 
Walt
er 
Reed 
Arm
y 
Instit
ute of 
Rese
arch, 
Silve
r 
Sprin
g, 
MD, 
USA 

37 2
0
1
3 

Haringto
n, B 

The 
study 
of a 
human 
head 
simula
nt's 
dynam
ic 
respon
se to a 
blast 
wave 

Biomech
anics 

Explosiv
e Shock 
tube 

Va
rio
us 
Pre
ssu
re 
val
ues 

Outside 
the 
Shock 
Tube 

563 
mm 
Dia
met
er; 
500 
mm 
long 
driv
en; 
400
0 
mm 
long 
driv
er 

Faci
ng 
the 
blast 

Not 
repo
rted 

NA Impa
ct 
and 
Arm
our 
Grou
p, 
Centr
e for 
Defe
nce 
Engi
neeri
ng 

Cranf
ield 
Univ
ersity 
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38 2
0
1
2 

Shridhar
ani, 
Wood 

Deter
mining 
the 
dynam
ic 
repson
ce of 
the 
brain 
at 
varios 
BOP 

Biomech
anics 

Pigs/Co
mpresse
d-gas 
Shock 
Tube/var
iable  

10
7-
74
0 
kP
a 

Outside 
the 
Shock 
Tube 

Not 
Rep
orte
d 

Pron
e 

Vari
ed 
Diap
hra
m 
thick
ness 
and  
driv
er 
lengt
h 

Not 
Report
ed 

Duke 
Univ
ersity 

Duke 
Univ
ersity 

39 2
0
1
2 

Sundara
murthy, 
Alai 

Blast-
Induce
d 
Biome
chanic
al 
Loadin
g of 
the 
Rat: 
An 
Experi
mental 
and 
Anato
micall
y 
Accura
te 
Comp
utation
al 
Blast 
Injury 
Model 

Biomech
anics 

Rat/com
pressed 
gas 
Shock 
tube/ 

10
0, 
15
0, 
20
0, 
22
5 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
609
6 
mm 

Pron
e 

Not 
repo
rted 

Not 
Report
ed 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  

40 2
0
1
2 

Ahlers, 
Vasserm
an-Stoke 

investi
gating 
affects 
of 
acute 
repeate
d 
exposu
re on 
TBI 

Biochemi
stry 

Rat/Pneu
matically 
driven 
Shock 
Tube 

36.
6, 
74.
5, 
11
6.7 
kP
A 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

Pron
e/ 
facin
g or 
side
ways 

Adju
sting 
num
ber 
of 
Myl
ar 
shee
ts 

Not 
Report
ed 

Walt
er 
Reed 

Nava
l 
Medi
cal 
Rese
arch 
Cent
er 

41 2
0
1
2 

Balakathi
resan, 
Bhomia 

Micro
RNA 
Let-7i 
Is a 
Promis
ing 
Serum 
Bioma
rker 
for 
Blast-
Induce
d 
Traum
atic 
Brain 
Injury 

Biochemi
stry 

 Rat/ 
Air-
driven 
Shock 
Tube  

12
0 
kP
a 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

right 
side 
ipsil
atera
l to 
the 
direc
tion 
of 
the 
BOP 

Myl
ar 

Mylar 
Memb
ranes 

Walt
er 
Reed 

Unif
orme
d 
Servi
ces 
Univ
ersity 
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42 2
0
1
2 

Kovesdi, 
Kamnaks
h 

Testin
g how 
well 
acute 
minoc
ycline 
treats 
mild 
TBI 

Biochemi
stry 

 Rat/ 
Shock 
tube/ 

20.
6 
psi 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

Tran
svers
e 
pron
e 
posit
ion 

  Not 
reporte
d 

Walt
er 
Reed 

Unif
orme
d 
Servi
ces 
Univ
ersity 

43 2
0
1
2 

Elder, 
Dorr 

Blast 
Expos
ure 
Induce
s Post-
Traum
atic 
Stress 
Disord
er-
Relate
d 
Traits 
in a 
Rat 
Model 
of 
Mild 
Traum
atic 
Brain 
Injury 

Biochemi
stry 

Rat/Air 
blast 
Shock 
Tube 

74.
5 
kP
a 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

head 
facin
g the 
blast 
expo
sure 
with
out 
any 
body 
shiel
ding, 

Myl
ar 

Not 
Report
ed 

Walt
er 
Reed 

Depa
rtme
nt of 
Veter
ans 
Affai
rs 
Medi
cal 
Cent
er, 

44 2
0
1
2 

Houas The 
effects 
that 
change
s in the 
diaphr
agm 
apertur
e have 
on the 
resulti
ng 
shock 
tube 
flow 

Shock 
wave 
behavior 
(shock 
tube) 

Compres
sed gas 
Shock 
tube 

Ma
ch 
nu
mb
er - 
1.0
6 
to 
1.2
5 

NA Dri
ver: 
750 
mm, 
Dri
ven: 
299 
mm, 
Rec
tang
ular 
cros
s 
sect
ion: 
80 x 
80 
mm
2 

NA Alu
min
um 

Not 
Report
ed 

Aix 
Mars
eille 
Univ, 
CNR
S, 
IUST
I, 
Mars
eille, 
Franc
e 

Aix 
Mars
eille 
Univ, 
CNR
S, 
IUST
I, 
Mars
eille, 
Franc
e 
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45 2
0
1
2 

Dalle 
Lucca, 
Chavko 

Blast-
induce
d 
moder
ate 
neurotr
auma 
(BINT
) 
elicits 
early 
compl
ement 
activat
ion 
and 
tumor 
necrosi
s 
factor 
alpha 
(TNFα
) 
release 
in a rat 
brain 

Biochemi
stry 

Rat/ 
Compres
sed air-
driven 
Shock 
Tube ~2 
m 
distance /  

12
0 
kP
a 

Not 
Reporte
d 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

resul
ting 
in a 
full 
body 
expo
sure 
to 
the 
blast 
wav
e 

Myl
ar 

Not 
Report
ed 

Walt
er 
Reed 

US 
Arm
y 
Instit
ute of 
Surgi
cal 
Rese
arch 

46 2
0
1
2 

Bir, 
VandeVo
rd 

Effects 
of 
variabl
e blast 
pressur
es on 
blood 
flow 
and 
oxyge
n 
saturat
ion in 
rat 
brain 
as 
eviden
ced 
using 
MRI 

Biochemi
stry 

Rat/Gas-
driven 
Shock 
Tube 

90, 
10
3, 
11
7, 
15
9, 
19
3 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
609
6 
mm 

Pron
e 

Myl
ar 

Not 
Report
ed 

Way
ne 
State 
Univ
ersity 

Way
ne 
State 
Univ
ersity 
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47 2
0
1
2 

Zhu, 
Skelton 

Biocha
nical 
repons
e due 
to blast 
loadin
g 

Biomech
anics 

Pigs/ 
ORA 
Inc. 
Shock 
tube/deto
nation of 
explosiv
e chrage 

10
0-
25
0 
kP
a 

Inside 
the 
Shock 
Tube 

207
0 
mm, 
243
8.4 
mm 
hea
vy 
wall
ed 
driv
er 
cha
nber
, 
304
8 
mm 
exp
ansi
on 
sect
ion, 
152
4 
mm 
test 
sect
ion.     

Perp
endi
cular 
to 
the 
long 
axis 
of 
the 
tube 

Not 
repo
rted 

Not 
Report
ed 

Way
ne 
State 
Univ
ersity 

Way
ne 
State 
Univ
ersity 

48 2
0
1
2 

Goeller, 
Wardlaw 

Investi
gation 
of 
Cavitat
ion as 
a 
Possibl
e 
Damag
e 
Mecha
nism 
in 
Blast-
Induce
d 
Traum
atic 
Brain 
Injury 

Biomech
anics 

Head 
Surrogat
e/ Shock 
tube/ 

69-
17
0 
kP
a 

Outside 
the 
Shock 
Tube 

233
6.8 
mm 

Not 
Appl
icabl
e 

Not 
repo
rted 

Not 
Report
ed 

Adva
nced 
Tech
nolog
y and 
Rese
arch 
Corp
orati
on 

Adva
nced 
Tech
nolog
y and 
Rese
arch 
Corp
orati
on 

49 2
0
1
2 

Courtney
, Lubov 

Oxy-
acetyle
ne 
driven 
laborat
ory 
scale 
shock 
tubes 
for 
studyi
ng 
blast 
wave 
effects 

Biomech
anics 

Various 
Material
s/Oxyge
n 
acetylen
e based 
shock 
tube 

20
4 - 
11
87 
kP
a 

End of 
the 
shock 
tube 

Dri
ven 
sect
ion : 
60 
dia
met
ers 

NA Late
x 
ballo
ons 

Friedla
nderer
esque 

R & 
D, 
Force 
Prote
ction 
Indus
tries, 
Inc 

R & 
D, 
Force 
Prote
ction 
Indus
tries, 
Inc 
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50 2
0
1
2 

Chandra, 
Namas 

Evolut
ion of 
blast 
wave 
profile
s in 
simula
ted air 
blasts: 
experi
ment 
and 
compu
tationa
l 
modeli
ng 

Shock 
wave 
behavior 
(shock 
tube) 

Compres
sed gas 
shock 
tube 

15
0-
25
0 
kP
a 

Inside 
the 
shock 
tube 

229 
mm 
squ
are 
cros
s 
sect
ion, 
622
5 
mm 
leng
th 

NA Frie
dlan
der 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  

51 2
0
1
2 

Ganpule Mecha
nics of 
blast 
loadin
g on 
the 
head 
models 
in the 
study 
of 
trauma
tic 
brain 
injury 
using 
experi
mental 
and 
compu
tationa
l 
approa
ches 

Biomech
anics 

Surrogat
e Head/ 
Shock 
Tube 

10
0 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
121
92 
mm 

Not 
Appl
icabl
e 

Myl
ar 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  

52 2
0
1
1 

Rafaels, 
Cameron 

Surviv
al Risk 
Assess
ment 
for 
Primar
y Blast 
Expos
ures 
to the 
Head 

Biomech
anics 

White 
Rabbits/ 
8 in 
Diameter 
Shock 
tube 

16
8.5 
kP
a-
10
86 
kp
a 

Outside 
the 
Shock 
Tube 

120
6 
mm 

Not 
Rep
orted 

Myl
ar 

Friedla
nder 

Duke 
Univ
eristy 

Univ
ersity 
of 
Virg
nia 

53 2
0
1
1 

Reneer, 
Hisel 

A 
Multi-
Mode 
Shock 
Tube 
for 
Investi
gation 
of 
Blast-
Induce
d 
Traum
atic 
Brain 
Injury 

Biomech
anics 

compres
sed 
air/heliu
m driven 
tube 
mode, or 
oxyhydr
ogen –
RDX 
explosiv
es mode 

10
0, 
15
0, 
20
0 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
655
3.2 
mm 

later
ally 
with 
the 
left 
side 
facin
g the 
blast 

Not 
repo
rted 

Friedla
nder 

Univ
eristy 
of 
Kent
ucky  

Univ
eristy 
of 
Kent
ucky  
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54 2
0
1
1 

Zuckerm
an, 
Amitai 

Contro
lled 
Low-
Pressu
re 
Blast-
Wave 
Expos
ure 
Causes 
Distinc
t 
Behavi
oral 
and 
Morph
ologic
al 
Respo
nses 
Modell
ing 
Mild 
Traum
atic 
Brain 
Injury, 
Post-
Traum
atic 
Stress 
Disord
er, and 
Comor
bid 
Mild 
Traum
atic 
Brain 
Injury
–Post-
Traum
atic 
Stress 
Disord
er 

Biomech
anics/Be
havioral 

Explodin
g wire 
techniqu
e 

10
0-
35
0 
kP
a 

265 mm 
from 
explodin
g wire 

NA Pron
e 

NA NA Ben-
Guri
on 
Univ
ersity 
of the 
Nege
v 

Ben-
Guri
on 
Univ
ersity 
of the 
Nege
v 

55 2
0
1
1 

Arun, 
Spadaro 

Studie
s on 
blast 
trauma
tic 
brain 
injury 
using 
in-
vitro 
model 
with 
shock 
tube 

Biochemi
stry 

Compres
sed air-
driven 
Shock 
Tube / 
Cell 
Cultures 

94.
3, 
12
4.3
, 
14
5 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

N/A Myl
ar 

Mylar 
Memb
ranes 

Walt
er 
Reed 

Walt
er 
Reed 
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56 2
0
1
1 

Cernak, 
Merkle 

 we 
describ
e the 
pathop
hysiol
ogical 
conseq
uences 
of 
graded 
blast 
injurie
s and 
BINT 
genera
ted by 
a 
newly 
develo
ped, 
highly 
control
led, 
and 
reprod
ucible 
model 
using a 
modul
ar, 
multi-
chamb
er 
shock 
tube 
capabl
e of 
tailorin
g 
pressur
e wave 
signatu
res and 
reprod
ucing 
compl
ex 
shock 
wave 
signatu
res 
seen in 
theater
. 

Biochemi
stry 

Mouse/H
elium 
modular, 
multi-
chamber 
Shock 
Tube/mil
d  

18
3, 
21
3, 
29
5 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
588
2.64 
mm 

Pron
e or 
Supi
ne 

vari
ous 
com
binat
ions 
of 
Kapt
on 
and 
poly
ethyl
ene 
shee
ts. 

Not 
Report
ed 

Johns 
Hopk
ins 

Johns 
Hopk
ins 
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57 2
0
1
1 

Koliatsos
, Cernak 

A 
Mouse 
Model 
of 
Blast 
Injury 
to 
Brain: 
Initial 
Pathol
ogical, 
Neuro
pathol
ogical, 
and 
Behavi
oral 
Charac
terizati
on  

Biochemi
stry/Beha
vioral 

Mouse/ 
Helium 
multi 
chamber 
Shock 
Tube  

25-
45, 
26.
5 
psi 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
588
2.64 
mm 

front
ally 
or 
dors
ally 
posit
ione
d 
agai
nst 
the 
open 
end 
of 
the 
shoc
k 
tube, 
that 
is, 
towa
rd 
the 
shoc
k 
front
. 

vari
ous 
com
binat
ions 
of 
Kapt
on 
and 
poly
ethyl
ene 
shee
ts. 

Not 
Report
ed 

Johns 
Hopk
ins 

Johns 
Hopk
ins 

58 2
0
1
1 

Risling, 
Plantman 

Mecha
nisms 
of 
blast 
induce
d brain 
injurie
s, 
experi
mental 
studies 
in rats 

Biochemi
stry 

Rat/blast 
tube with 
pressure 
wave/ 

13
0, 
26
0 
kP
a 

Inside 
the 
Shock 
Tube 

150
0 
mm 

Pron
e/Sid
e 
expo
rsure 

Not 
repo
rted 

Not 
Report
ed 

 
Karol
inska 
Instit
utet 

 
Karol
inska 
Instit
utet 

59 2
0
1
1 

Garman, 
Jenkins 

Blast 
Expos
ure in 
Rats 
with 
Body 
Shieldi
ng Is 
Charac
terized 
Primar
ily by 
Diffus
e 
Axona
l 
Injury 

Biochemi
stry 

Rat/Heli
um-
driven 
Shock 
Tube/ 

24
1.3 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
640
0.8 
mm 

Not 
Rep
orted 

Myl
ar 

Not 
Report
ed 

Univ
ersity 
of 
Pittsb
urgh 
Scho
ol of 
Medi
cine 

Univ
ersity 
of 
Pittsb
urgh 
Scho
ol of 
Medi
cine 
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60 2
0
1
1 

Gyorgy, 
Ling 

Time-
Depen
dent 
Chang
es in 
Serum 
Bioma
rker 
Levels 
after 
Blast 
Traum
atic 
Brain 
Injury 

Biochemi
stry 

Pig/ 
compres
sion-
driven 
Shock 
Tube  

 
(16
5–
25
5 
kP
a, 
ave
rag
e 
19
4.4 
kP
a; 
N 
= 
9) 
or 
mo
der
ate 
(27
5–
35
8 
kP
a, 
ave
rag
e 
32
1.3 
kP
a; 
N 
= 
16) 

Not 
Reporte
d 

Not 
Rep
orte
d 

Not 
Rep
orted 

Not Not 
Report
ed 

Walt
er 
Reed 

Unif
orme
d 
Servi
ses 
Univ
ersity 

61 2
0
1
1 

Larcher, 
M 

Experi
mental 
and 
numeri
cal 
investi
gations 
of 
lamina
ted 
glass 
subject
ed to 
blast 
loadin
g 

Shock 
wave 
behavior 
(shock 
tube) 

Laminat
ed glass/ 
Shock 
tube 

Va
ria
ble 
pre
ssu
res 

Not 
Reporte
d 

Not 
Rep
orte
d 

Not 
Rep
orted 

Not Not 
Report
ed 

Univ
ersity 
of the 
Arme
d 
Force
s 
Muni
ch 

Univ
ersity 
of the 
Arme
d 
Force
s 
Muni
ch 

62 2
0
1
1 

Ganpule, 
S 

Role 
of 
helmet 
in the 
mecha
nics of 
shock 
wave 
propag
ation 
under 
blast 
loadin
g 
conditi
ons 

Biomech
anics 

Head 
Surrogat
e/ Shock 
tube 

20
0 
kP
a 

Inside 
the 
Shock 
Tube 

Dri
ver: 
153
0 
mm
; 
Dri
ven: 
833 
mm 

Faci
ng 
the 
blast 

Frie
dlan
der 

Friedla
nder 

Univ
ersity 
of 
Nebr
aska  

Univ
ersity 
of 
Nebr
aska  
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63 2
0
1
1 

Vandevo
rd 

Mild 
Neurot
rauma 
Indicat
es a 
Range-
Specifi
c 
Pressu
re 
Respo
nse to 
Low 
Level 
Shock 
Wave 
Expos
ure 

Biomech
anics, 
behavior
al 

Rat/Heli
um 
driven 
Shock 
Tube 

0, 
97, 
11
7 
an
d 
15
3 
kP
a 

Inside 
the 
Shock 
Tube (44 
in from 
exit) 

Dia
met
er - 
304.
8 
mm, 
Dri
ver - 
762 
mm, 
Dri
ven 
- 
614
6.8 
mm 

Faci
ng 
the 
blast 

Myl
ar 

Friedla
nder 

Way
ne 
State 
Univ
ersity 

Way
ne 
State 
Univ
ersity 

64 2
0
1
1 

Kuehn Rodent 
Model 
of 
Direct 
Crania
l Blast 
Injury 

Biochemi
stry 

Rat/Unlo
aded 
Gun/Dir
ect Head 
transmis
sion  

25
0-
10
00 
kP
A 

Outside 
the 
Shock 
Tube 

Vari
ous 
leng
ths 

Pron
e 

Adju
sting 

Not 
Report
ed 

Univ
ersity 
of 
Mary
land 
Scho
ol of 
Medi
cine  

Walt
er 
Reed 

65 2
0
1
0 

Leonardi Intracr
anial 
Pressu
re 
Increas
es 
during 
Expos
ure to a 
Shock 
Wave 

Biomech
anics 

Rat/Heli
um 
driven 
Shock 
Tube 

70 
kP
a 

Inside 
the 
Shock 
Tube (44 
in from 
exit) 

Dia
met
er - 
304.
8 
mm, 
Dri
ver - 
762 
mm, 
Dri
ven 
- 
614
6.8 
mm 

  Not 
Rep
orte
d 

Not 
Report
ed 

    

66 2
0
1
0 

Svetlov Morph
ologic 
and 
bioche
mical 
charact
erizati
on of 
brain 
injury 
in a 
model 
of 
control
led 
blast 
overpr
essure 
exposu
re 

Biochemi
stry 

Rat 
explosed 
to 358 
kPa for 
10 sec 

35
8 
kP
a 

Inside 
the 
shock 
tube 

Rati
o 
bet
wee
n 
driv
er 
and 
driv
en 
sect
ion - 
1:15 

Pron
e 

Myl
ar 

Friedla
nder 

Flori
da 
Instit
ute of 
Tech
nolog
y and 
Bany
an 
Biom
arker
s, 
Inc. 

Flori
da 
Instit
ute of 
Tech
nolog
y  
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67 2
0
1
0 

Chavko, 
Watanab
e 

Relatio
nship 
betwee
n 
orienta
tion to 
a blast 
and 
pressur
e wave 
propag
ation 
inside 
the rat 
brain 

Biomech
anics 

Rat/ Air-
driven 
Shock 
Tube/ 

36 
kP
a 

Inside 
the 
Shock 
Tube 

Not 
Rep
orte
d 

(1) 
front
al, a 
head
-on 
orien
tatio
n 
with 
the 
head 
facin
g 
blast
; (2) 
side-
on 
orien
tatio
n, 
with 
the 
right 
side 
expo
sed 
to 
blast
; and 
(3) 
in a 
back
ward 
posit
ion 
to 
blast 
with 
the 
head 
facin
g 
awa
y 
from 
blast 

Not 
repo
rted 

Not 
Report
ed 

 
Nava
l 
Medi
cal 
Rese
arch 
Cent
er, 

 
Nava
l 
Medi
cal 
Rese
arch 
Cent
er, 

68 2
0
1
0 

Cernak, 
Merkle 

The 
pathob
iology 
of 
blast 
injurie
s and 
blast-
induce
d 
neurotr
auma 
as 
identifi
ed 
using a 
new 
experi
mental 
model 
of 
injury 
in 
mice 

Biochemi
stry 

Multi 
chamber 
shock 
tube 
(helium) 

18
3, 
21
3, 
29
5 
kP
a 

Inside 
the 
Shock 
Tube 
(Near 
end) 

Dri
ver - 
940 
mm, 
Dri
ven 
- 
495
0 
mm, 
Dia
met
er - 
146 
mm 

Supi
ne vs 
Pron
e 

Frie
dlan
der 

Friedla
nder 

Johns 
Hopk
ins 
Univ
ersity 
Appli
ed 
Physi
cs 
Labo
rator
y 

Johns 
Hopk
ins 
Univ
ersity 
Appli
ed 
Physi
cs 
Labo
rator
y 
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69 2
0
1
0 

Readnow
er, 
Chavko 

Increas
e in 
blood–
brain 
barrier 
perme
ability, 
oxidati
ve 
stress, 
and 
activat
ed 
microg
lia in a 
rat 
model 
of 
blast-
induce
d 
trauma
tic 
brain 
injury† 

Biochemi
stry 

Rat/Air-
driven 
Shock 
Tube 

12
0 
kP
a 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

 
right 
side 
ipsil
atera
l to 
the 
direc
tion 
of 
the 
BOP
. 

Not Not 
Report
ed 

Univ
eristy 
of 
Kent
ucky  

Univ
eristy 
of 
Kent
ucky  

70 2
0
0
9 

Saljo, 
Bolouri 

Intracr
anial 
pressur
e 
(ICP). 
Cognit
ive 
functio
ns 
(Morri
s water 
maze). 

Behavior
al 

Rat/ 
Shock 
tube 

10, 
30, 
60 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th: 
310
0 
mm 

Pron
e 
facin
g the 
blast 

Cell
apha
ne 
mem
bran
e 

Cellap
hane 
membr
ane 

Univ
ersity 
of 
Göte
borg 

Univ
ersity 
of 
Göte
borg 

71 2
0
0
8 

Saijo Neuro
pathol
ogy 
and 
pressur
e in the 
pig 
brain 
resulti
ng 
from 
low-
impuls
e noise 
exposu
re 

Biomech
anics 

Rat/Air-
driven 
Shock 
Tube 

8.7 
kP
a 

Outside 
the 
shock 
tube 

200 
mm 
dia
met
er, 
160
0 
mm 
driv
er, 
150
0 
mm 
driv
en 

Vari
ous 
posit
ions 

Not 
repo
rted 

Not 
reporte
d 

Univ
ersity 
of 
Göte
borg 

Univ
ersity 
of 
Göte
borg 

72 2
0
0
9 

Long, 
Bentley 

Blast 
Overpr
essure 
in 
Rats: 
Recrea
ting a 
Battlef
ield 
Injury 
in the 
Labora
tory 

Biomech
anics 

Rat/com
pression-
driven 
Shock 
Tube/ 

12
6, 
14
7, 
kP
a 

Outside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th - 
533
4 
mm 

Pron
e 
trans
vers
e 
posit
ion 

Myl
ar 

Friedla
nder 

Walt
er 
Reed 

Walt
er 
Reed 
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73 2
0
0
9 

Alley, 
Schimizz
e 

Experi
mental 
modeli
ng of 
explosi
ve 
blast-
related 
trauma
tic 
brain 
injurie
s 

Biomech
anics 

Explosiv
es Shock 
tube 

82-
45
5 
kP
a 

Outside 
the 
Shock 
Tube 

Vari
able 
leng
ths 

NA NA Not 
reporte
d 

Purd
ue 
Univ
ersity 

Purd
ue 
Univ
ersity 

74 2
0
0
9 

Bauman An 
Introd
uctory 
Charac
terizati
on of a 
Comba
t-
Casual
ty-
Care 
Releva
nt 
Swine 
Model 
of 
Closed 
Head 
Injury 
Resulti
ng 
from 
Expos
ure to 
Explos
ive 
Blast 

Biomech
anics 

Swine/ 
Shock 
Tube 

23
4.4 
kP
a 

Inside 
the 
Shock 
Tube 

Sho
ck 
tube 
leng
th: 
213
36 
mm 

Pron
e 

Not 
repo
rted 

Not 
reporte
d 

Walt
er 
Reed 

Walt
er 
Reed 

75 2
0
0
1 

Cernak, 
Wang 

 To 
determ
ine the 
memor
y 
deficit 
due to 
damag
e in 
hippoc
ampus.  
Nitric 
Oxide 
Produc
tion, 
Electro
n 
micros
copy 
study 

Biochemi
stry 

Rat/large
-scale 
BT-I 
Shock 
Tube/ 
Small 
scale 
BT-111 
Shock 
tube 

33
8.9 
± 
9.1 
kP
a 
44
0 
kP
a 

Not 
Reporte
d 

Not 
Rep
orte
d 

Not 
Rep
orted 

Not 
repo
rted 

Not 
Report
ed 

Johns 
Hopk
ins 

Johns 
Hopk
ins 
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