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Introduction

Injuries from explosions dominate the battlefield. Blunt force impact and penetration account for many of the injuries to dismounted warfighters. Injuries to occupants of vehicles encountering explosions are an injury mode that has increased greatly in the past decade. Blast overpressure on the human, although a lesser contributor to injury, is a threat unique to explosives and the injuries it causes are unique to blast. 

This paper reviews blast overpressure injury research history from the point of view of the driving objectives, tests performed, quantities measured, and conclusions drawn. This perspective is used to assess how far we have come and the challenges that face current research.

Blast injury research has been an international endeavor since its beginning and continues to be of world-wide concern and involvement. This review, however, focuses on the research in the US, in particular, the thread of research conducted at the Blast Test Site in Albuquerque, New Mexico, and the research sponsored by the US Army Medical Research and Materiel Command.

The “Nuclear” Era (1951 to 1980)
Overview

This “era” of blast injury research produced the most comprehensive data on the extreme effects of large explosions. The most iconic results of this period are the so-called Bowen Curves, which provide estimate of blast conditions that cause lethality. Despite their very limited range of applicability, these curves have left an indelible mark on characterization of blast injury.

From 1951 through 1977, first the Atomic Energy Commission  and later the Defense Atomic Support Agency provided primary funding for programs in the biologic effects of nuclear blast waves that created the Blast Biology Program at Kirtland AFB in New Mexico. See review [1]. 

This research was primarily conducted at the Biodynamics Laboratory and the Blast Test Site on Kirtland AFB in New Mexico, but also involved tests at the locations of large conventional and nuclear weapon explosions in other areas of the US. The researchers maintained a working relationship with a number of laboratories in the U.S., England, France, West Germany, Sweden, Norway, and Canada and NATO working groups.

The Blast Biology Program was under the direction of Dr. Clayton S. White, M.D, Director of Research, Lovelace Foundation, while Dr. Donald Richmond directed the Blast Test Site. The program was staffed by 14 scientists and technicians, providing expertise in medicine, physiology, physics, pathology, and explosives.

While the blast injury research highlighted the effects of blast overpressure, experiments also considered the additional and combined effects of ionizing radiation, thermal radiation, debris impact, and trauma of whole body motion. Most of the experiments involved air blast, but studies were conducted that explored injury from explosions under water.

Kinds of Tests Performed

Because of the pervasive concern over nuclear weapon effects, the research at the Blast Test Site during this period focussed on large explosives and the most devastating biological effects. To understand why the tests were conducted in a particular manner and why the data was analyzed with certain parameters, one has to consider the physics of large explosions.
 The character of blast waves (in the open) varies as the explosive size increases. To illustrate this variation, we consider the blast wave from a free air explosion at the distance that the Bowen Curve predicts a 50% pro​bability of lethality. As Figure 1 shows, this distance grows approximately as cube root of the explosive weight—being about 4 feet for a 5 pound explosive and over 400 feet for a 500,000 lb explosive. The peak pres​sure loading is greatest at short distances where the positive phase duration is very small, while at large distances the peak pressures are smaller, but the dura​tions greater.
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Figure 1: Distance of 50% lethality and duration of blast wave for various explosive charges.

The nature of the blast, however, is quite different at these two extremes. All blasts have a fast-rising, shock front that propagates at speeds greater than the speed of sound. The blasts from small explosives at close range are tight packets of compressed gas regions, whose “winds” have very short duration and small spatial extent. The forces delivered to the body by these waves primarily come from the pressure loading.  There is no significant drag force. 

The larger blasts are associated with long durations of both the overpressure and the winds. As Figure 2 shows, the average speed of these winds is about the same for all sized explosions (modestly above the speed of sound) however the long duration of the large explosives leads to the development of separation flow around the body and very large drag forces. These drag forces can accelerate the body to speeds that can also lead to lethality.
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Figure 2: Strength of blast winds and their translational effects on a human. While all blasts are associated with air motion (“winds”) that are around the speed of sound, only large 
explosions produce winds of long enough duration to create flow 
separation around the body and subsequent drag forces.

To study the effects of these large explosives, two kinds of tests were performed. The first and most direct simulation of nuclear blasts was created by true nuclear explosions, huge conventional explosions, modestly large conventional explosions. Figure 3 depicts the Operation Teapot nuclear event that incorporated animal subjects. Only the modest explosive tests were performed at the Blast Test Site, but were most carefully controlled. 
[image: image3.emf]
Figure 3: Operation Teapot (22 kT yield) on April 15, 1955. 
This test contained both large animal and test manikins.
The second kind of simulation placed explosives and animals in large shock tubes. The nature of blast waves no longer exactly follows the characteristics of large free field explosions, but it offered a practical way to create blast waves of long duration and strong winds using modest amounts of explosives. Figure 4 depicts one of the large shock tubes at the Blast Test Site.
[image: image4.emf]
Figure 4: Large shock tube at the Albuquerque Blast Test Site.

Experiments often involved operational envi​ro​nments of wartime, for example in forests or vehicles or building, but virtually all of the experiments conducted to determine the simple lethality rules were conducted with animals placed against a solid wall, not standing in the open. This is why the only Bowen curve based on experimental data is for humans near a wall.

The Nuclear Era was also characterized by using the most diverse animal species: mammals from mice to oxen, birds, and fish. Also, over this nearly 30-year period, a wide variety of studies were conducted, although the most prevalent by far were those to determine lethality. 
Table 1 summarizes the general study nature and the types of animals used for the approximate 80% of the studies that have been identified to date. Clearly, this era offers a treasure trove of data for those studying blast injuries. 
Table 1: Test animals identified in Blast Test Site studies.
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Rat Hamster Rabbit Mouse G. Pig Monkey Sheep Pig Goat Dog Cat Bovine Duck Fish Quail

Lethality 1356 110 400 1826 2055 39 94 264 594 51 53 6842

Combined Injury 12 201 86 299

Performance 93 93

Injury 100 12 76 10 29 227

Nonblast 806 246 55 1107

Underwater 6 5 6 343 37 81 777 1255

Physiology Response 74 254 308 105 65 806

Total 2435 110 659 1826 2363 69 1065 10 264 780 51 53 81 777 86 10629

Small Animals Large Animals Other Species


As Table 1 shows, many of the animal tests were part of lethality studies. Surprisingly, all of the lethality tests were conducted with the animals lying flat against the ground (for explosions in the open) or lying flat against metal plates (for explosions in shock tubes). This configuration is very different from the conditions that exist in normal open field exposures or in enclosures. In these studies, the blast pressure was characterized by a pressure gage placed within the reflection zone of blast interaction with the wall. Furthermore, this test configuration adds the potential complication of animal being crushed into the solid wall. 
A number of underwater studies were conducted. Many involved fish, but large animals (sheep) and small animals (rats) were also tested. Studies also combined blast overpressure with impact, thermal radiation, and ionizing radiation. The most concise summary of the biological findings for blast overpressure alone can be found in the review of White et al. [2]. 
Kind of Quantities Measured
Large explosions in the open create the simplest blast exposure environment. An explosion above the ground creates a blast wave that radiates spherically from the detonation point (Figure 5). When the expanding spherical wave encounters the ground, it generates a second, reflected wave. In general, an explosion results in two blast waves of different strength, timing, and traveling in different directions. When the blast waves are very strong, however, the incident and reflect blast waves interact nonlinearly and produce a single, stronger blast wave, called the Mach wave, that moves parallel to the ground. Consequently, strong explosions have the simplest of all blast waves.
[image: image6.emf]
Figure 5: Exposure  condition for "free field" Bowen tests.

Because the Mach wave moves horizontally and expands radially from the initial detonation point, it is possible to always place a pressure gage so that it is perpendicular to the shock front. This so-called “incident” or “side-on” gage records a pressure signal that is unambiguous and the blast can be totally characterized by that one measurement. Such a simplistic situation does not exist for lesser explosives or for explosions in enclosures or explosions from multiple sources.

To further simplify the matter, under ideal conditions the blast pressure and winds can be theoretically described by only two parameters: a normalized charge weight and normalized distance. Thus, it is theoretically possible to completely characterize a blast wave by measuring two characteristic pressure parameters. For the vast majority of blast injury research history, those two parameters have been the peak of the “side-on” pressure and the positive duration of the “side-on” pressure. Just as with the Mach wave, this is a simplification that does not hold for many of the blast exposures of current interest.
Although lethality was the primary end point of interest, a gross pathology recording system was developed that was used in one form or another for nearly six decades that allows some reconciliation of data across all of the eras. 
Kinds of Correlations Drawn
The most iconic result of the Nuclear Era was the Bowen Curve for predicting Lethality (Figure 6). There are many variations of this correlation, but only the one correlating animals lying against a flat wall are based on experimental data. Nonetheless, the strength of the correlation and its scaling across body mass is remarkable. All experimental data used to form the Bowen Curve was collected at Albuquerque (elevation 5000 feet; atmospheric pressure 82% of sea level) so the pressure scaling rule is untested.
[image: image7.emf]
Figure 6: Bowen Lethality Curves. All data was taken with animals against the ground 
or a steel plate at the end of a shock tube. Small animals have much smaller 
tolerances and rhesus monkeys fall into the “small animal” behaviour.
One striking conclusion of this data is that, even though the lethality conditions for all “large” mammals coincide when the positive duration is scaled by body mass to the one-third power, “small” animals do not follow the same pattern. Note, significantly, that one of the “small” animals is the rhesus monkey. This finding has important implications for today’s research using small primates.

Probably the most enduring legacy of the Nuclear Era is the vast amount of animal blast and combined injury data that was generated. For budgetary and ethical reasons, it is unlikely that most of these studies would ever be repeated. Despite the crudeness of the instrumentation, which can be overcome by recreating the physical tests with modern instrumentation, the mortality, morbidity, and physiological data collected are critical to unraveling many of the current problems. Many of the most significant findings from the Blast Test Site in the Nuclear Era were summarized in the Biodynamics of Air Blast [2].

The “Occupational” Era (1980 – present)

Overview

In 1979, a new howitzer with a high energy round capable of traveling 20 km finished development and was readied for operational testing and training (Figure 7). The initial, unmanned firings produced pressures in the crew area that exceeded the “non-auditory” limit of Military Standard 1474D. This limit had been established over a decade earlier as a prudent limit on occupational exposures to prevent (unknown) internal injury. Further testing and all training were suspended until the risk of this exposure could be understood. The US Army Medical Command was responsible for determining the risk to these new exposure conditions.
[image: image8.emf]
Figure 7: Crew protection during training was the driver of a new era of blast injury research.

The “occupational” era of blast injury research history stands in stark contrast to the previous “nuclear” era. The goal of these studies was to determine the threshold and progression of blast injury at the lowest levels of blast exposure, not the extreme of lethality. The blast environment was primarily the everyday, occupational conditions that occur during training, not the world-ending nuclear exchange. The sponsoring organization, the US Army Medical Research and Development Command (now the US Army Medical Research and Materiel Command) brought an operational medicine perspective to complement the physical science perspective of the Test Site. But the most significant difference was the conscious decision at the outset of the era to have a program in mathematical modeling to parallel the field testing. See review [3].
From 1980 to 1996, testing occurred at the Albuquerque Blast Test Site with a portion of the researchers that had participated in the Nuclear Era testing at the same location. From 1985 until 1996, researchers from the Walter Reed Army Institute of Research (WRAIR) actively participated at the test site and introduced more sophisticated instrumentation and pathological examination techniques. WRAIR would help transition the blast field testing knowledge from the Albuquerque site when it closed in 1996 to the Blossom Point site from 2002 on. The Blossom Point studies have been sponsored by the Natick Soldier Research, Development, and Engineering Center primarily for the study of armor effects on blast injury.

Kind of Tests Performed
In contrast to the Nuclear Era that tested every variety of animals, the tests at the Blast Test Site during the 

Occupational Era involved only a single animal species: sheep. Sheep was selected because lung injury was the most well documented blast injury and the sheep thorax is very nearly the same size as the human thorax.

The tests were conducted at levels that were characteristic of occupational exposures. For explosions in the open, the explosive weights were moderate sized and the distances were great enough to produce threshold levels of injury, primarily. Because these explosives were modest in size, the simple Mach wave was often did not form, creating a more challenging measurement situation. Furthermore, most of the free field testing was conducted with repeated exposures to assess the cumulative nature of the injury process.

Since the effort was initiated by the noise of the M198 howitzer, field tests were conducted that mimicked a variety of weapon noise conditions. In addition to animal tests, human volunteer studies were conducted to examine the validity of auditory injury standards (Figure 8).

[image: image9.emf]
Figure 8: Human volunteer exposure to noise from a mortar simulation to evaluate auditory standards.

Military Operations in Urban Terrain (MOUT) was becoming more important, so studies were conducted with explosions inside enclosures and studies that simulated firing weapons from enclosures (Figure 9).
[image: image10.emf]
Figure 9: Computational Fluid Dynamics simulation of the over pressure filled inside an 
enclosure when firing a weapon through a window. The simulation shows 
regions of pressure concentration that are confirmed in actual tests.

The modeling portion of the USAMRMC blast program identified issues that required laboratory testing. The University of California, San Diego conducted in vitro tests that determined the material properties of lung tissue and small animal tests that quantified internal dynamics during blast and the roll of parenchymal compression waves in the damage process.
Kind of Quantities Measured
The “side-on” gage pressure measurement that had been previously used to universally characterizing blast was no longer adequate. Explosions in the open generally had multiple blast components and in the presence of the geometry of the weapons and vehicles introduced even more components. Blasts in enclosures were completely unrelated to pressure gages and vary dramatically from location to location and by orientation. Furthermore, in small enclosures, the presence of other objects in the room alters the blast characteristics. 

In addition, Computational Fluid Dynamics (CFD), confirmed by measurements made around the test animals, showed that even in the limited conditions when the blast wave was simple, the reflections off and the refractions around the test animals led to complex pressure distributions on the animals.

These observations led to the development of a new kind of blast characterization instrumentation: the Blast Test Device (BTD). The BTD began as cylinder with a diameter approximately that of the sheep thorax with pressure gages flush mounted on each quadrant. The goal of pressure measurement evolved from trying to characterize the blasts to characterizing the blast load distribution on the body. The BTD has since evolved into versions that have an anthropomorphic shape (Figure 10) and with advanced instru​men​tation that captures the details of loading under clothing and body armor.
[image: image11.png]



Figure 10: The Anthropomorphic Blast Test Device (ABTD) is the latest in the series 
of the blast instrumentation providing load data for biomechanical modeling.

Because the USAMRMC research focused on injury, the location and magnitude, rather than just survivability, the pathological observations became more sophisticated. To maintain a connection to the data from the Nuclear Era, the simple pathological grading system was retained, but an expanded system was developed by consensus between WRAIR, Jaycor, and the Blast Test Site. The need to characterize the injury more completely has led to the development of automatic photo interpretation and grading software (Figure 11). 
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Figure 11: Image analysis software is used to objectively grade the intensity and location of lung contusion seen in animal tests. This data allows the development of more detailed injury characterization and guides the development of functional disruption models.
As the understanding of the mechanism of injury evolved, especially the role played by compression waves in the lung parenchyma, tests were devised to provide data that would confirm these mechanisms. For example, micro-pressure sensors were placed within the small airways of the lung, starting from positions close to the thorax wall and progressing deeper into the lung lobe. The data showed the passage of the parenchymal pressure wave and provided validation of dynamic models. Laboratory tests, using lung surrogate materials, reconstructed these results in a controlled environment. 
The NSRDEC studies on the effects of body armor on blast injury have shown that the load transmitted to the thorax is governed by the mechanical contacts of the armor with the body and result in patterns of injury that can be different from bare exposures. The need for more detailed loading description has led to a multiple-sensor Blast Test Device (mBTD) (Figure 12). 
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Figure 12: The multi-sensor Blast Test Device (mBTD) provides data on the force loading 
reaching the body from external blasts to targets wearing body armor. This data is used 
by the biomechanical model to estimate injury and develop blast armor models.
Kind of Conclusions Drawn
The focus on injury during the Occupational Era provides the data needed to quantify the trends in injury location and severity. Figure 13 shows the broad variation of organ injury for explosions in an enclosure. The vertical acces is the explosive intensity (energy released normalized by the volume of the room)—this quantity is only provided in relative terms. Each organ is characterized by the intensity that produces threshold injury and the intensity that produces serious injury.
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Figure 13: Explosion intensities associated with threshold and serious injuries for major internal organs.

It is clear that the air containing organs (the upper respiratory tract, the lung, and the gastrointestinal tract) are injured at the lowest intensities. In fact, within the scatter of the data, these organs all have the same, approximate threshold of injury. This finding debunked the initial hope that injury to the URT, which could be detected with a simple throat examination, would be a precursor to serious internal injury; in the same way that temporary threshold shift can be used as a precursor to auditory injury. If that had been true, then human exposures could be used to set occupational limits. Injuries to the solid organs (xxx) don’t start to appear until much higher blast intensities, when the air-containing organs are experiencing serious injury. In fact, lethality also appears at these levels. As a result, models were developed for these organs, however because of the serious consequences of lung injury; effort was primarily on this organ.

The most important finding was the mechanism of lung injury. The blast load on the thorax accelerates the chest wall into the underlying lung tissue. The speed of the chest wall is only 10-20 m/s, but the lung tissue because it is a dispersed air region has a compression speed of only 30-40 m/s. Consequently, the lung tissue next to the chest wall is crushed causing damage to the alveoli and leading to edema and hemorrhaging. The compression wave, started at the chest wall, propagates within the lung creating crushing concentrations at hard surfaces, which corresponds to the injuries seen in the lung at the diaphragmatic surface, the heart, and the spinal processes. To quantify this understanding, the process was studied as a series of causal processes.

First, laboratory studies identified the pathology of the injury at the smallest scale of the functional lung, the alveoli. The crushing and deformation of the alveoli structures due to internal compressive waves led to disruption of the air-blood boundary that resulted in the intrusion of blood (hemorrhage), fluid (edema), and the introduction of gas into the vascular system (emboli) that are associated with lethality. This understanding of the local damage guided the model development.

Finite Element Modeling (FEM) was in its infancy, but it was clear that material properties of the lung, appropriate to the rapid dynamics associated with blast loading would be needed. Measurements of the viscoelastic properties of isolated lung tissue were used to develop a material constitutive model. Dynamic experiments on the isolated lung and with surrogate material provided insight into the dynamic component of the material behavior. A correspondence to the behavior of compressible materials under forced external loading provided the final link between the gross motion of the thorax and the localized crushing of lung tissue. The dynamic behavior was validated against specially instrumented animal tests at the Blast Test Site.

Finally, a biomechanical model that could provide the dynamics needed to connect the external blast loading to the internal tissue stress was developed. At that time, FEM was not robust enough to make this calculation, so lumped parameter models of increasing complexity were developed. The current version of this model accounts for the blast loading in all sides and for the anatomy of both sheep and man. See Figure 14.
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Figure 14: Biomechanical model of human thorax response to blast loading.

The total, irreversible amount of work done on the lung tissue was found to be dose that could be correlated with lung surface damage,  both area and intensity, edema formation, and lethality. A cumulative damage model extended the findings to repeated exposures. The injury and lethality predictions of this model are now used both to set occupational exposures around weapon systems during training and to assess survivability in live fire tests (see Figure 15, Figure 16, and Figure 17). This model also reproduces the Bowen Curves for lethality, the findings that slow rising waves are less lethal, etc. 
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Figure 15: Correlation of lung contusion area with normalized work.
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Figure 16: Correlation of probability of lung injury severity with normalized work.
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Figure 17: Correlation of probability of lethality with normalized work.
Recently, the INJURY model has been implemented in miniaturized electronic components and combined with a pressure sensor to create a wearable blast dosimeter (Figure 18) that objectively reports blast exposure risk for internal thoracic injury and lethality. 
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Figure 18: A blast dosimeter combines pressure sensor, microprocessor implementation of injury models, storage of results, and wireless transfer of results in a light weight, wearable package.
The “Operational” Era (Current)

Overview

There is a large difference in exposure conditions from those that produce the threshold injuries of concern to occupational assessors and those that produce lethality and threaten survivability. In between are the real-life, operational conditions that military personnel have to “fight through”. Furthermore, many of the consequences of blast exposure are not immediate, but will be debilitating for hours or days or perhaps a life time. 
Many of these effects are known, but poorly understood. Physiological consequences, such as apnea, occur nearly instantly and are thought to be a neurological reaction, are known, but not understood. Impairment effects, such as reduced physical performance following moderate lung injury are observed, demonstrated in pilot studies, but not thoroughly quantified or predictable. More subtle, long term neural pathologies, such as mTBI, are suspected, but not understood on any level.

Consequently, we are entering a blast injury research era that has the greatest implications for military operations and human well being, but has scientific challenges that are far greater than any previous.

Challenge for the Operational Era

To accomplish the objective of understanding the immediate and delayed impairments that arise from blast exposure, in times of limited resources and even more limiting restrictions on animal testing, will require innovative approaches. Some of the challenges that face this effort are

There will be fewer large animal tests than were previously conducted because of budget and animal use considerations. Many of the previous conclusions were supported by thousands of large animal tests. Today, understanding will have to be gained from far fewer tests. Furthermore, because the damage occurs in deep tissues at very subtle levels, only large animal models will allow those measurements to be made and there will need to be much more comprehensive instrumentation of those animal tests. Biomechanical and physiological modeling, surrogate testing, and re-examination of historical data will play a much greater role in developing an operational understanding.

Small animal models will become more prevalent; however, previous studies have shown that small animals are much more sensitive to blast because of their biomechanically weaker anatomy. These differences cannot be accounted for by simple body mass scaling. Consequently, the design and interpretation of small animal conditions to provide meaningful relevance with human exposures will be a challenge. Again, modeling will play an important role.
The damage and functional disruption that are responsible for these impairments occur on a small scale and are not easily quantified by gross pathological measures. Noninvasive measurement techniques of internal response will be required to guide and validate our understanding. The ideal form of these techniques is beyond the current state of the art.
The blast effects that reach the human body are significantly modified by personal protection equipment, helmets and body armor. This equipment not only modifies the blast loading, but redirect and redistribute the effects. A useful understanding that can be used to guide better protective equipment will have to be based on a correct understanding of this interaction.
The lack of blast facilities capable of supporting animal tests and the inability to do explosive testing in laboratory setting will significantly hamper research. Gas-driven shock tubes have emerged as an economical alternative; however, without careful design and operation they will generate strong and nonrepresentative winds that confound true blast exposure. Furthermore, laboratory shock tubes only exposure parts of large animals, creating injury patterns that are not completely representative or, in the case of small animals, create blasts that are equivalent to crushing exposures, instead of shock wave exposure.

Finally, some of the endpoints of greatest interest, notably cognitive impairment, may not have a simple equivalent in an animal model. While physical and behavioral changes can be created, it will be paramount to be able to confidently relate these animal end points to relevant human ones. Being able to draw the correct conclusion about the meaning of an animal test will require close coordination and concurrence with researchers on the clinical side.

Summary

Blast Injury Research has Evolved
Over the past 60 years, blast injury research has evolved, changing purpose, techniques, and outcomes along the way. That evolution has been characterized by three “eras: Nuclear, Occupational, and Operational.

The driver of blast injury research began because of the threat of nuclear weapons and the high magnitude, long duration blast waves that generated powerful winds that are of equal threat to the unprotected. The next concern was for occupational safety and the need to study blasts at the other end of the intensity spectrum that soldiers might endure repeatedly in training. Today, we are concerned about blast injuries that occur in conflict environments that are intermediate in strength and often complex.

The expectation for the impact of blast injury research has evolved. Initially, the need was simply to estimate casualties and understand the gross protection that structures and positions might offer. Next, it was expected that research would provide guidance on safe limits of exposure. Today, we want to go beyond the immediate effects of blast exposure and understand the consequences on physical and cognitive abilities for long periods of time.

The characterization of the blast exposure itself has dramatically evolved over this time. Large explosions produce relatively simple blast waves that can be characterized by a couple of parameters measured by an isolated pressure gage. Smaller explosions, especially those around other structures or inside enclosures, are not defined by a few parameters, resulting in the development of direct loading measuring instrumentation. Today, we must go even deeper to characterize blast effects by measuring internal responses of the body.

The sophistication of our prediction capability has evolved. In the Nuclear Era, a simple correlation of survivability was sufficient, perhaps supplemented with some rules of thumb about what the effects of orientation would be. With the advent of a biomechanical understanding, we now routinely expect to predict the probability and severity of injury for explosions in the open, in enclosures, from conventional and novel explosives, for single and multiple exposures, and even account for the effects of body armor.  

While the challenges of the “Operational” era are greater than those that went before, the state of the art of medicine, biomechanics, biochemistry, and instrumentation are also at their peaks. It will take a close and nontraditional collaboration of engineering, medicine, and animal testing to accomplish what needs to be done to solve these problems successfully.

References

1.
Martinez, B.S., Blast Overpressure Research Program, Kirtland AFB, 1951-1998. 1999, Jaycor, Inc.: San Diego, CA.

2.
White, C.S., et al., The Biodynamics of Airblast. 1971, Lovelace Foundation for Medical Education and Research: Albuquerque, NM.

3.
Stuhmiller, J.H., Blast Injury: Translating Research into Operational Medicine, in Borden Institute Monograph Series, W.R. Sante and K.E. Friedl, Editors. 2010, Borden Institute: Washington DC. p. 36.

































RTO-MP-HFM-207
KN2 - 1
KN2 - 18
RTO-MP-HFM-207
RTO-MP-HFM-207
KN2 - 17

