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Abstract

Blast overpressure loads applied to the thorax can cause injury to the lungs without penetrating or blunt impact wounds. Body armor can provide protection against blast lung injuries, and a laboratory method to evaluate the protective capacity of personal protective system concepts is needed. Cost and time effective laboratory methods are required to support the material research and development process to ensure successful live fire  tests, which may be included in the final evaluation process for fielding. However, a laboratory method needs to be demonstrated to simulate the field blast loading conditions adequate for material testing. A model-based shock tube method has been developed for material concept screening to protect against blast lung injury. The model used - INJURY-A - has been developed to evaluate the effects of materials on blast lung injury based on the normalized work methodology. INJURY-A has been compared with animal data from field tests using the Blast Test Device (BTD) and Modified Blast Test Device (MBTD) to collect loading data to build material models for coupling with the chest motion to predict lung injury. Applying the model to shock tube testing, pressure loading data are taken with and without material covering to construct the material model. Then, using INJURY-A to calculate normalized work, the material model is coupled to chest motion. Tests have been performed for a range of material variations with results showing similar trends as those from the field tests. Tests were conducted using an open 4-inch diameter shock tube. Sensitivity studies were carried out to evaluate the effects of shock tube diaphragm and material mounting methods on prediction results. This paper will present findings and results that will guide material developers on the use of shock tube testing to screen material concepts to down select promising candidates for prototyping for live fire testing. The development of a model-based approach is significant because INJURY-A predictions are based on an understanding of blast lung injury mechanism. 

1.0
Introduction

Violent explosions can result in blast waves traveling at supersonic speeds through the air. These blast waves can impact the body resulting in lung injuries that are not associated with any penetrating or blunt trauma injuries. Both thermobaric and conventional high explosives can result in blast overpressure events that can cause primary blast injuries (PBI) to the lungs. Body armor systems have the capability to not only reduce penetrating and blunt trauma to the thorax, but can also provide protection against blast overpressure injuries. Evaluating the protective capacity of an armor system requires information regarding the likelihood of lung injury with and without the armor system in question. Modeling provides a way to analyze both scenarios for a subject under a given blast condition and to evaluate the protection that a personal protective system can provide.

Based on the normalized work damage mechanism 
 ADDIN EN.CITE 

[1]
, the US Army model, INJURY 8.3, was developed to predict blast lung injuries related to blast overpressure events. INJURY 8.3 consists of a lumped parameter thorax model (a modified Lobdell model) that is used to evaluate the dynamic chest wall motion for a given blast overpressure event. The chest wall velocity is calculated and from this the normalized work done on the lungs can be determined as well as correlations of lung injury with normalized work, enabling a prediction of the likelihood of lung injury. The U.S. Army Medical Research and Materiel Command (USAMRMC) conducted a series of tests, known as the Blast Overpressure Project (BOP) in Albuquerque, NM from 1981 through 1997. These tests used over 1,000 sheep subjects to study the effects of blast overpressure on lung injury in free field and complex blast configurations. Correlates between normalized work and lung injury were derived from this extensive dataset. The normalized work correlations with injury are considered fundamental biomechanical correlates and therefore can be implemented regardless of  whether armor is present 2[]
. What is needed is an armor-coupled method to calculate normalized work as implemented in INJURY-A. 

Building upon the INJURY 8.3 model, a methodology was developed to evaluate the protective capacity of body armor for PBI. Modified blast test devices (MBTDs) can be used to quantify blast overpressures both without armor and under armor during field testing. A material model representation can be derived from the field testing and then coupled to the same dynamic thorax model from INJURY 8.3 2[]
. INJURY-A was initially developed for field testing, however, field testing can be costly and time consuming, especially if there are a large number of candidate armor systems. Field testing can also be quite variable, with each explosion being a unique blast overpressure event. While field testing is likely necessary to fully assess the protective capacity of body armor systems, it is possible that controlled laboratory testing can provide a cost and time efficient method to screen materials before moving to field testing. Therefore, the goal of this study was to explore the usefulness of shock tube tests to screen armor systems candidates before further assessing their potential for blast overpressure protection in the field. 

2.0
Methods

A two phase methodology was used to evaluate the protective capacity for a given armor material system. First shock tube tests were conducted to quantify the bare and under armor loading for a given blast event. Then the pressure data was utilized in a model, INJURY-A 2[]
, to evaluate the protective capacity of an armor material system. All protected injury results were compared to an unprotected injury result and shock tube results were compared to field results. 

2.1
Shock Tube Descriptions
Blast waves are produced inside a shock tube when pressurized helium contained in a compression chamber ruptures a diaphragm. The resulting blast wave travels down a barrel mounted to the compression chamber. The barrel must be long enough to allow adequate time for the blast wave to become planar before hitting the end plate or armor system. The diaphragms are mounted on one end of the compression chamber. 

For this study, a 4” diameter shock tube was fitted with a barrel 6 ft long (Figure 1). The shock tube barrel was open on one end with the blast wave directed into a sound damped room (not shown) for tester safety. The room was fitted with a viewport for high-speed video recordings of material behavior during blast events. A single pressure sensor (PCB Piezotronics 102A06 Sensor, Depew, New York, USA) was mounted in the circumferential center of an endplate, collecting pressure data for the 4” tube (Figure 2). Two armor material systems were evaluated with the shock tube for this study, designated System A and System B. Each system consisted of soft armor materials behind a hard aluminum plate. A 4” diameter sample was created for each armor system.
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Figure 1: The 4" diameter shock tube used for experimental armor systems testing.
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Figure 2: Endplate for the small diameter shock tube containing the pressure sensor.

2.2
4” Shock Tube Armor Offset Selection

Offset distance of the armor system had to be considered during testing in the open tube. The offset distance was defined as the distance between the end of the shock tube and the face of the armor system (in this case, the face of the hard aluminum plate). For a bare blast the offset distance was defined as the distance between the end of the shock tube and the end plate. A sensitivity study was conducted to evaluate the effects of offset distance on the peak pressure of the blast wave. These results showed that there was a small difference (within 2% between tests) in peak pressure recorded between offset distances of 0, 1 and 2 inches (Figure 3). A slightly slower decay in pressure was noticed in the 0” offset test, which can be attributed to the fact that the blast wave had little means of escaping the shock tube end. In an actual blast, the pressure wave would not be directly applied to the armor system with no means of escaping and therefore the 0” offset was not selected for the shock tube testing. An offset distance of 2” was chosen to allow adequate view for the high-speed camera.

[image: image3.jpg]Pressure (kPa>)

2500

2000

1500

1000

500

——0inch Offset
— 1 inch Offset

—2inch Offset

Time {ms)





Figure 3: Pressure versus time plots of the varying offset distances for 40mil, 6” chamber bare tests.

A method to standardize the 2” offset was developed for the shock tube. Four rods were placed at the end of the shock tube and 2” spacers were placed on each rod (Figure 4). Additional spacers were added depending on the thickness of the armor system being tested in order to maintain the 2” offset from the shock tube end to the front of the armor system. The end plate with the pressure sensor was mounted at the end of the four rods.
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Figure 4: High-speed video tracking of the plate during a shock tube test.

2.3
Armor Mounting Methods

A sensitivity study was conducted to select a mounting method for the shock tube. Two methods of securing the sample to the end plate with tape were tested. The first method involved using a cross (“+”) pattern with six layers of tape (Figure 5a). The first layer was aligned vertically with the second layer perpendicular to the first. The subsequent layers were the same pattern, laying on top of the previous layers. The second taping method was a three layer “flower” pattern (Figure 5b). With this method, the first layer was aligned vertically with the remaining two layers oriented 45° on either side of the first. 
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	a. Six tape layer cross method
	b. Three tape layer flower method


Figure 5: Illustration of the six tape cross pattern and the three tape flower pattern armor sample mounting method. The cross method consisted of a total of six perpendicularly aligned, alternately layered tape sections. The flower pattern method used three layers oriented 45° to the vertical.

There was little variation in the peak pressure and timing between the two taping methods (Figure 6). The three tape flower method was chosen for the open tube armor mounting method due to the ease of setup. Additionally, the orientation of the tape in the six tape method caused it to reflect light at a high-speed camera (discussed in detail later), hindering the capability to track the plate during the blast event while the three tape flower method permitted high quality, high-speed camera data capture. 
	[image: image7.jpg]Pressure (kPa)

2500

2000

1500

1000

500

—3 Layer
——-6 Layer

Time {ms)





	[image: image8.jpg]Pressure (kPa)

1000

800

600

400

200

—3 Layer
——-6 Layer

Time {ms)






	a. System A
	b. System B


Figure 6: Comparison of taping methods for the 4” open shock tube. Little difference 
was seen between the two different taping schemes using both armor systems.
Once the sample was secure, the endplate was then fitted on the four rods via through-holes and secured by tightening a nut and washer on the end of each rod, clamping the endplate to the shock tube end (Figure 4). Data acquisition was triggered using an incident pressure sensor (PCB Piezotronics 8510B-500, Depew, New York, USA) located one foot from the shock tube barrel end. The pressure data (both with and without armor) was sampled at 100 kHz.

2.3.1
Loading Pressure and Impulse: Effect of Chamber Size and Diaphragm Thickness
Tests confirmed that longer compression chambers and thicker rupture diaphragms both cause an increase in blast pressure magnitude. To set the blast wave magnitude, the compression chamber length and rupture diaphragm thickness were considered. The chamber length was explored using a diaphragm thickness of 40 milli-inches (the largest diaphragm thickness tested in this study) and varying the chamber length to 6, 12 and 18 inches. The 6” chamber produced the lowest blast pressure magnitude with the 12” and 18” chambers producing higher blast wave pressures. Depending on the intended blast environment for the armor system being tested, larger shock tube blast waves can be produced by increasing the chamber length. For this particular study, the tests were carried out using the 6” chamber as this length was able to provide adequate loading similar to blast pressures experienced in the field experiments. After the chamber length was selected, diaphragm thickness was investigated. Four different diaphragm thicknesses were explored (10, 20, 30 and 40 milli-inches) and the material models derived were analyzed using INJURY-A to quantify the effect of the blast loading on injury prediction. 

2.3.2
Shock Tube Testing Variability

Tests were performed to evaluate the variability of the shock tube loadings for bare and armored conditions as measured on the end plate. Results show excellent repeatability of the loading data with variability between shots typically between 1-4%. Sample bare and under-armor waveforms are shown in Figure 7. 
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Figure 7: Sample pressure traces for the bare and armor system shock tube tests.

2.3.3
High-Speed Camera Setup

A high-speed camera (Phantom V310, Vision Research, Wayne, NJ, USA) was used to record the shock tube blast events in the open shock tube. The camera was activated using the same signal that triggered the data acquisition system and recorded the event at 20,000 frames per second. The plate in the armor system was painted a matte green, such that custom tracking software (written in MATLAB [Mathworks, Natick, MA, USA]) tracked the green pixels and computed the compression amount of the armor system during the blast. For each test, a pixel to inch calibration was input into the software. This calibration was determined by selecting known distance landmarks such as the offset distance. The software then traced the armor compression as a function of time and computed the plate velocity and acceleration. This data was used to validate the predicted armor compression from INJURY-A. 

2.3.4
Field Data Acquisition

Field testing remains the gold standard in body armor testing.  INJURY-A has been compared against animal test data from the field for the two armor systems in this study. The shock tube INJURY-A results were compared to the field INJURY-A results to evaluate the effectiveness of the shock tube for material screening (more information regarding the field related INJURY-A tests and results can be found elsewhere 2[]
). A Blast Test Device (BTD) (Figure 8a) was used to obtain field blast overpressure data. The BTD is a rigid cylindrical object with approximate dimensions of a sheep torso. The BTD was fitted with a total of four pressure sensors placed 90° apart, separating the device into four quadrants: front, right, back, and left (with numerical labels of 1, 2, 3 and 4, respectively; see Figure 8b), with the front face always oriented in the direction of the blast. No armor system or covering was fitted to the BTD.

A Modified Blast Test Device (MBTD) was used to obtain blast overpressure data under the protection of an armor system in the field (Figure 8c). The MBTD is identical in shape and dimension to the BTD, however, the MBTD can be fitted with 36 pressure sensors (9 in each quadrant). A minimum of 5 sensors is required to quantify the distributed pressure pattern located directly underneath the protective armor system during a blast event. A custom armor wrap system was used to mount to the MBTD (Figure 8d).
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	a. The BTD used in the field trials
	b. The quadrant labeling of the BTD
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	c. MBTD sensor setup
	d. MBTD wrapped with an armor system


Figure 8: Images of the BTD and MBTDs used in the field.

2.4
INJURY Modeling

The INJURY-A modeling methodology is based upon 30 years of research on PBI lung injuries. INJURY 8.3 is the latest model software released by the USAMRMC for calculation of normalized work for non-auditory blast injury assessment without body armor 3[]
. This model has been described in great detail elsewhere 
 ADDIN EN.CITE 

[1, 2, 4, 5]
. Briefly, the INJURY model relates the extent of lung injury to the total amount of irreversible work done to the lung during a blast. The irreversible work done to the lung is related to the rapid motion of the chest wall caused by the blast loading. In earlier studies by Stuhmiller, et al. 
 ADDIN EN.CITE 

[1, 4]
 it was found that the irreversible work done on the lung, normalized by the product of ambient pressure and initial lung volume, correlated well with lung injury. Subsequent studies have shown that in the case of a strong air blast, such as a survivability study, chest wall velocities can be quite high and nonlinear effects become important 5[]
. The full nonlinear form for normalized work is given as 
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where V is the chest wall velocity, Aeff is effective frontal area of the chest wall, Pa is ambient pressure, Vo is initial lung volume, ρ is lung tissue density, γ is the ratio of specific heats and c is sound speed in the lung 5[]
.

The normalized work equation requires the chest wall velocity which is dynamically calculated using a modified version of the Lobdell model of the human thorax 6[]
 adapted to air blast loading as illustrated in Figure 9.
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Figure 9: INJURY 8.3 thorax model. Subscript 2 denotes the chest wall, and subscript 3 denotes 
the whole body. The blast overpressures acting on the anterior and posterior surfaces of 
the thorax are obtained from two of the four pressures measured on a BTD placed 
at a matching position and orientation as the modeled animal subject.

To model the multidimensional aspect of thoracic geometry and effects of subject orientation, an effective normalized work Weff is defined as
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where Wc, Wr, and Wl denote the normalized work components calculated from the one-dimensional response model for the chest, right and left sides, respectively using equation Figure 32

. The force arising from the pressure acting on the posterior of the thorax is included in the model as an opposing force restricting the whole body motion (1

. The work on the posterior of the subject, Wb, is assumed negligible considering the anatomical structure of the posterior thorax and therefore is not included in equation  GOTOBUTTON ZEqnNum824641  \* MERGEFORMAT ). The constants fc, fr and fl in equation 2

 are weighting factors fi which account for the area fractions of the respective sides of the thorax. These weighting factors are species dependent. Values of fi for sheep are


fc = 0.2, fr = fl = 0.4
 MACROBUTTON MTPlaceRef \* MERGEFORMAT 3

and area weighting factors for a human subject are


fc = 0.5, fr = fl = 0.25
 MACROBUTTON MTPlaceRef \* MERGEFORMAT 4

The weighting factors fi always sum up to 1.0. 

The effect of repeated exposures can also be taken into account by considering the total effective normalized work Wtot as a product of the effective normalized work, Weff and the number of exposures ns raised to a constant power p,
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It should be noted that the INJURY 8.3 model requires the subject mass as an input parameter for both evaluating the dynamic thorax response as well as for calculating the normalized work. The mass of a subject is used to scale model parameters Aeff and Vo, the effective chest wall area and lung volume, respectively, to appropriate values for the subject in equation 5[1

. The ratios (Ms/M0)2/3 and (Ms/M0)1/3, respectively, are applied as multiplicative factors, where Ms is the mass of the subject and M0 is the mass of an average human male (75kg). Additionally, the physical parameters in the Lobdell model, such as chest wall mass M2, whole body mass M3, and the spring and damper constants are also scaled by dimensional analysis  GOTOBUTTON ZEqnNum824641  \* MERGEFORMAT ]
.

The normalized work injury correlations were established using the field data from the historical USAMRMC Blast Overpressure Project (BOP) 3[]
. A total of 1,047 sheep subjects, with test conditions varying from free field to complex blast conditions over a wide range of blast levels, were used to develop the correlations. The test subjects were primarily in a configuration with the right side facing the blast. Necropsies were performed approximately one hour after blast exposure. Lung injury was divided into four categories, namely, trace, slight, moderate and severe, corresponding to petechiae (or detectible soft tissue injury), less than 10%, from 10-50% and over 50% of lung surface area contused, respectively (Figure 10) 7[]
. Normalized work was calculated for each sheep subject using matching BTD data. Ordered log-logistic regression analysis was carried out for each injury category to establish the injury correlations. These correlations for each injury condition were implemented into the INJURY 8.3 model and provide a means of predicting the probability of the severity of injury occurring based on measured blast overpressure data. The normalized work correlations with injuries are considered as fundamental biomechanical correlates for large animals and humans, whether or not armor is present. 
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Figure 10: Examples of trace, slight, moderate, and severe 
lung injury resulting from blast overpressure.

The INJURY 8.3 model cannot predict the probability of lung injury in the presence of armor; therefore, the INJURY-A methodology was developed to predict the probability of lung injury for blast behind armor. The INJURY-A modeling method consists of two main parts, material model building and injury analysis. 

2.5
Material Modeling

Matching bare and under armor pressure data are used to build material models applicable to the test conditions. The pressure data can be obtained from BTD (bare) and MBTD (under armor) testing done in the field or from shock tube testing. The material model was assumed to be a non-linear spring with a damper to capture energy dissipation effects. Using a one-dimensional lumped parameter approach, the blast loading on top of the armor material PB(t) was provided by the bare pressure data, and the under-armor loading PUA(t) was provided by the under armor pressure data as functions of time, t (Figure 11). The mass of the armor material being tested was lumped as M placed on top of the MBTD. In the model, when a blast loading is applied to the top of the armor material, it will deform toward the MBTD in the x-direction (Figure 11). By applying Newton’s Second Law, the plate velocity v(t) was solved for with a single integration with respect to time, and the deformation x(t) was solved for with double integration with respect to time,
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where a(t) is the acceleration of mass, M, and A/M is the inverse of the material mass areal density. Through optimization, PUA(t) was related to x(t) and v(t), with the material model transfer function PA(x,v) defined as
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where t is the thickness of the soft armor material. The material model was fit for the loading portion of the curve only (up to peak pressure). Sensitivity studies have indicated for field testing that PA(x,v) only needs to be calculated for the quadrant of the MBTD which experiences the highest pressure loading for a single armor system as represented by the material wrapper. Therefore, for comparison purposes, the 40 milli-inch diaphragm pressures were used in both shock tubes as these tests provided the highest pressure loadings in this study. It was assumed that the same armor materials were wrapped around the entire thorax.

[image: image24.emf]
Figure 11: Use of BTD and MBTD data for material model construction.

2.6
Dynamic Response Model

Once the material model was known, normalized work calculations were carried out by coupling the armor material to the thorax model (Figure 12). Based on INJURY 8.3, the equations of motion for the dynamic response of the thorax were modified to account for the coupled effects of armor materials for INJURY-A. Once the chest wall response had been solved for in INJURY-A the effective normalized work was computed using the same equations as INJURY 8.3 (equations 5

). It should be noted that using the armor-coupled INJURY-A model, the loading inputs for injury predictions are the same BTD data that was used as an input for INJURY 8.3. For both the shock tube and field data the same BTD data inputs were evaluated in INJURY-A to quantify the normalized work done on the lungs. The shock tube data was used only to build the material model which was coupled to the thorax. 
1

 through 
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Figure 12: Material model coupled with the thorax. Subscript 1 denotes the lumped armor mass, subscript 2 denotes the chest wall, and subscript 3 denotes the whole body. The blast overpressures acting on the anterior and posterior surfaces of the thorax are 
obtained from two of the four pressures measured on a BTD placed at a 
matching position and orientation as the modeled animal subject.

3.0
Results 

3.1
High-Speed Camera Validation

Using the custom software to track the plate, the peak armor compression was determined from the video capture data. The peak armor compression calculated from the bare and under armor pressure difference was also determined for comparison. This was done for both systems tested (Table 1). The difference between the model predictions and the high-speed video capture normalized by the video data was small, indicating that INJURY-A captures the actual compression quite accurately. For System B the percentage error seemed large, however, the absolute difference between the measured and computed compression was only 2.9 mm. The quantified accuracy of the high-speed video camera was approximately +/- 0.9 mm. Differences in the measurement between the high-speed camera and the INJURY-A prediction can be attributed to a coarse video resolution and camera positioning. Additionally, INJURY-A provides a mean representation of the behavior of the entire plate while the camera tracks a small portion of the plate which may result in differences in the plate that did not compress uniformly.

Table 1: Average percentage error in compression prediction expressed as (xcalc-xvideo)/xvideo.

	Material System
	Error 

	System A
	9%

	System B
	28%


3.1.1
Diaphragm Thickness Effects on Pressure

Each armor system was tested using a 6” compression chamber with an increasingly thick rupture diaphragm (10, 20, 30, and 40 milli-inches). As the diaphragm thickness increased, the onset of the bare pressure occurred sooner as expected from a stronger shock wave (Figure 13). The under armor pressure also had the same timing phenomenon for both Systems A and B (Figure 13). Peak pressure increased with an increase in diaphragm thickness, as well. 
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Figure 13: Effects of diaphragm thickness on shock tube pressure. Increasing thicknesses 
had a direct relationship with the blast pressure magnitude and blast overpressure onset.

Material models were computed for each diaphragm thickness. The material model fits compared well with the computed compression and velocities as a function of pressure (Figure 14 and Figure 15). Although there were timing and peak pressure differences for each diaphragm thickness, the material curves (represented as pressure as a function of compression and pressure as a function of velocity) were consistent for each material (Figure 16 and Figure 17). As the diaphragm thickness increased, the compression of each system and the plate velocity increased; however, all curves showed the same material properties during loading.
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Figure 14: Material model fits for System A. The material models compared well to the compression and 
velocity profiles as a function of under armor pressure that were calculated from the shock tube tests. 
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Figure 15: Material model fits for System B. The material models compared well to 
the compression and velocity profiles as a function of under armor 
pressure that were calculated from the shock tube tests. 
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Figure 16: Pressure as a function of compression and 
plate velocity for System A material model fits.
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Figure 17: Pressure as a function of compression and plate velocity for System B 
material model fits. Note the x and y axes are not the same scale as Figure 16.

The four material models derived from the shock tube data were then coupled to the INJURY-A model. The loading to the thorax was from a series of field tests with pressures quantified using BTDs. Six different charge weights were simulated with 6 to 21 simulations at each charge weight. Results indicated that there was no significant difference between the injuries predicted using the four material models for each charge level (Figure 18). 
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Figure 18: Severe results for the varying diaphragm thicknesses. Six charge weights were 
analyzed, indicating no significant difference in injury predictions between diaphragm 
thicknesses for either system at any of the investigated charge weights. 

The shock tube pressure traces were compared to the MBTD traces generated from the field testing. The 20 milli-inch diaphragm results with the standard 6” chamber were used to compare to the field pressure results. For the field pressure a charge weight was selected to derive the material model to be coupled in INJURY-A for comparison. As shown, the results did not differ significantly in injury prediction for the 10, 20, 30, or 40 milli-inch diaphragm tests and therefore the 20 milli-inch diaphragm data was selected as it provided the most similar peak bare pressure loading and blast duration between the shock tube and the field testing (as determined by the average pressure response on the front and back of the BTD, Figure 19 and Table 2). 
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	a. BTD front bare trace comparison
	b. BTD back bare trace comparison


Figure 19: Bare pressure plots comparing the shock tube with the front (a) and back (b) side of the BTD. Care 
was taken to align the pressure data by matching the timing of the onset of the bare pressure, however 
as these are two distinctly different tests no claims can be made regarding the timing of the events.

Table 2: Numerical comparison of the peak pressure and duration of initial blast between the front and back BTD sides and the varying diaphragm thicknesses. As indicated in bold the 
20 milli-inch blast wave best represented the average field blast measured 
by the BTD and was therefore selected for comparison with field data.

	System
	Peak Pressure (kPa)
	Blast Wave Duration (ms)

	Field Front
	707.3
	0.98

	Field Back
	1422.01
	3.38

	Field Average
	1065.7
	2.18

	10 milli-inch
	610.1
	1.57

	20 milli-inch
	1165.5
	2.09

	30 milli-inch
	1941.0
	2.74

	40 milli-inch
	2421.1
	2.96


The material models were coupled to the thorax model in INJURY-A and the probability of severe injury was calculated for complex wave blasts. As with the injury results for the varying diaphragm thicknesses, the loading to the thorax was from a series of field tests with pressures quantified using BTDs. Six different charge weights were simulated with 6 to 21 simulations at each charge weight. The trends of the severe injury results from the shock tube tests were consistent with the field predictions (which have compared well with animal data for armored tests) as shown in Figure 20. 
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Figure 20: Probability of severe injury calculated using field data 2[]
 and shock tube data. For both armor systems tested, the trends were the same between the field and shock tube results.

Results from the field studies have indicated that the injury predictions for the materials examined in this study are dominated by the mass of each system. System A had significantly less mass than System B (Table 3). When the mass areal density for System B was applied to the material model for System A, the probability of severe injury decreased. Conversely, when the mass areal density for System A was applied to the material model for System B the probability of severe injury increased. Essentially the protective capabilities of the two systems were reversed when the masses were switched. The shock tube results showed the same mass dominated injury results (Figure 21).

Table 3: Mass areal densities for System A and System B. 
System B was significantly more massive than System A.

	Material
	Mass Areal Density
(kg/m2) 

	Bare
	N/A

	System A
	29.4 

	System B 
	41.66 
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Figure 21: Probability of severe injury when the mass of each armor system was swapped. Prior studies 2[]
 have indicated that the mass is a dominating factor in the performance 
of an armor system for preventing blast related lung injury. The shock 
tube results are also able to predict this finding.

4.0
Discussion

While this study focused on a small number of shock tube testing configuration parameters, there are numerous configurations that can be explored for shock tube testing, however, the results of this study indicate that a 4” open shock tube can be used to screen armor system candidates. The open shock tube provides the ability to take high-speed video capture to observe the compression behavior of the materials during a test as well as to validate models and results. For this study the open shock tube also provided a more realistic simulation of an explosive device as the blast wave was able to escape the area. There may be cases, such as in the event of a blast inside a vehicle (or other type of complete enclosure) or a prolonged blast event where a closed shock tube that prevented the blast wave from escaping and kept the surrounding area pressurized may be used instead. Work is ongoing to explore using a larger (10” diameter) shock tube (presently configured as a closed shock tube followed by studies with the shock tube configured as an open tube) for armor screening. This work will identify if there are benefits to testing a larger material sample as well as the differences between shock tube size and open versus closed configurations.

For the materials tested, the diaphragm thickness did not have a significant effect on the injury predictions. For comparison with field testing the diaphragm thickness which provided a peak pressure loading most comparable to the field test was selected. It is suggested that bare testing with a variety of diaphragms and chamber lengths be conducted to select the pressure loading most similar to the threat of interest. Only two armor systems were tested in this study and were modeled using a single material model function. An analysis of a variety of other systems is necessary to further test the methodology proposed in this paper. Other material model functions should also be explored as there may be systems which are characterized by unique material behaviors, (such as a system with a crushable foam). Finally, the initial loading phase of the material behavior was the only thing quantified in this study. To accurately capture the material behavior, it is necessary to explore the materials energy dissipation characteristics more completely during unloading. The mounting methodology used in this study is not sufficient to explore the unloading characteristics of any armor system as there is significant rebounding that occurs and often breaks or stretches the tape that was used for mounting. The development of a mounting fixture which allows accurate capture of both loading and unloading and can still provide visual access for a high-speed video camera is necessary to quantify the unloading properties of each material.

The goal of this study was to evaluate the use of shock tube testing to screen armor system candidates before moving to more extensive field testing. The methodology discussed in this paper focuses on synergizing material testing with a blast behind armor injury model which was compared well with data from field testing for armoured sheep 2[]
. The INJURY-A model is based on an understanding of blast lung injury mechanisms and provides a basis to evaluate the lung injury threat for a given blast based upon biophysical principles. The injury prediction trends for each armor system were similar to those seen in the field, suggesting that shock tube tests can be used to screen armor system candidates for further field testing. 
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