[image: image34.wmf][image: image35.jpg]}
A NATO
\4% OTAN




 TITLE   \* MERGEFORMAT 
Increased Blast Injury Potential in the

Vicinity of Reflecting Surfaces and VBIEDs
 TITLE   \* MERGEFORMAT 
Increased Blast Injury Potential in the

Vicinity of Reflecting Surfaces and VBIEDs

Increased Blast Injury Potential in the Vicinity 
of Reflecting Surfaces and VBIEDs

Jean-Philippe Dionne, Ph.D., P.Eng., Aris Makris, Ph.D.

jp.dionne@allenvanguard.com 

Abstract

The current paper first describes experiments, carried out in conjunction with DRDC Suffield (Canada), involving mannequins facing explosives located near walls, corners and corridors. These tests confirmed previous numerical simulation findings (through Martec Ltd – Halifax, Canada) demonstrating the enhanced threat level due to the reflecting surfaces, as well as new data involving walls located behind the individual facing a blast. Under this specific configuration, there exists an “optimal standoff” from the explosive charge where blast parameters are minimized, due to a balance between the blast exponential decay with distance, and increased blast threat from reflecting surfaces. This study also highlights experiments where EOD suited mannequins were subjected to VBIED threats. Instrumentation data, qualitative information on the EOD PPE and high speed videos were collected.

In addition to investigating potential injuries through the analysis of the overpressure field itself, experimental data has been collected on how far human mechanical surrogates are propelled by the force of the blast in various explosive configurations. A model to estimate the launch distance resulting from force of the blast is presented in this paper, without focusing on injury outcomes.

1.0
INTRODUCTION

Explosive Ordnance Disposal (EOD) technicians often face IED threats that deviate from the ideal “free-field” conditions involving a bare explosive charge, on which many theoretical injury models and validation tests are based. Walls and large objects in the vicinity of the explosion can effectively increase the blast strength through reflection and subsequent local amplification of the incident wave [1]. As a result, expected levels of injury can be higher than for equivalent (same charge and standoff distance) free-field conditions.

Moreover, the explosives themselves can be confined within some casing - an extreme case consisting of Vehicle-Borne Improvised Explosive Devices (VBIEDs). In such cases, not only is the pressure field significantly affected by the casing, but fragmentation from potentially large vehicle parts add a challenging and unpredictable element to the threat posed [2].

The current paper first describes experiments, carried out in conjunction with Defence R&D Canada - Suffield (DRDC Suffield), involving mannequins wearing EOD personal protective equipment facing explosives located near walls, corners and corridors. These tests confirmed previous numerical simulation findings (through Martec Ltd – Halifax, Canada) demonstrating the enhanced threat level due to the reflecting surfaces [3] (focusing on enhanced blast impulse and even blast pressure in some cases), as well as new simulation data involving walls located behind the individual facing a blast [4]. Under this specific configuration, the numerical simulations indicate that there exists an “optimal standoff” from the explosive charge where blast parameters are minimized (either peak impulse or peak pressure), due to a balance between the blast exponential decay with distance, and increased blast threat from reflecting surfaces. This study also highlights experiments where EOD suited mannequins were subjected to VBIED threats, as another example of complex blast threat to military personnel. Instrumentation data, qualitative information on the EOD PPE and high speed videos were collected, to provide a cursory level of understanding of this now common blast threat in the field, and how the personal protective equipment may respond to such threats.

In addition to investigating potential injuries through the analysis of the overpressure field itself, experimental data has been collected on how far human mechanical surrogates are propelled by the force of the blast in various explosive configurations. A model of such motion resulting from force of the blast is discussed in this paper [2]. The model focuses on the “launch distance” from the blast (as opposed to impact velocity for instance). An analysis of resulting blunt impact injuries is beyond the scope of this work. Assumptions related to the relative position of the individual with respect to the blast (standoff, height of burst, height of centre of gravity of individual) are required to feed into the model. 

The study is thus intended to provide an increased awareness of the hazards faced by EOD operators confronted with IEDs located in confined environments or in a VBIED configuration, representing common examples of complex blast.

This paper addresses the following topics from this NATO conference: Blast and energy specific to IED and similar devices – explosive threats, Personal Protective Equipment – Human vulnerability/injury, and Tests and Computational Modeling of Blast Injuries – Computational Modeling: FEM, CFD (fluid dynamic).

2.0
TEST setup

2.1
Reflected Blast Threat

2.1.1
Numerical Simulations of Reflected Blast

The effect of reflecting surfaces such as walls, in the vicinity of a blast, can readily be investigated using numerical simulations, by comparing pressure profiles obtained in a free-field configuration (no obstacles other than the ground), and configurations involving walls.

In a first series of numerical simulations, a single threat was considered – 5.0 kg of cylindrical shaped C4 explosive, at a height of burst of 1.2 m. Three different target environments were simulated, including blast near a wall, confined by a right-angle corner, and a 2 m-wide street corridor. The distance between the explosive charge and the reflecting surface (a wall, a corner or a corridor), also referred to as the “charge-wall” distance, was 1.0 m for all cases considered in this paper. These target environments as well as the explosive charge parameters were selected to match experiments carried out at DRDC Suffield, Canada (see Section 1.1.2 below).

All scenarios were simulated using Chinook, a high-speed flow solver from Martec Limited (now part of Lloyd’s Register). The charge was modelled using Martec Limited proprietary C4 parameters, and a detailed blast profile was generated on a fine two-dimensional mesh, using an axisymmetric calculation. Given the near-field proximity to the wall structures, a detailed model including charge initiation, detonation propagation, transition to air blast and afterburning was required. This blast profile was mapped onto a coarser two-dimensional mesh, and a two-dimensional axisymmetric free field test run was conducted.

The 2D calculations were performed until the leading shock was on the verge of reaching a distance equivalent to the position of the reflecting wall surfaces in the 3D scenarios. Two profiles from the 2D simulations (at 0.08 ms and 0.24 ms) were captured to be subsequently used to initialize the 3D calculations. The 2D calculations were performed using a mesh of 2.4 million quadrilateral cells, with a resolution of about 1 mm, to ensure that the profile was captured with sufficient detail. Chinook’s mapping function was then used to map the resulting 2D profiles onto the relevant 2D and 3D grids, which have a cell resolution of 2 cm.

Figure 1 is a schematic of the test configuration for the re-entrant wall case, where one can see that the explosive is located between the wall, and the location represented by the human figure where pressure is monitored, to investigate the case where the individual is facing both the explosive and the reflecting surface. 

In a second series of numerical simulations, a different configuration was selected, as illustrated in Figure 2. In that case, monitoring points located between the explosive and the wall are considered, to investigate the case where an individual is located in between the explosive and the reflecting surface. In the configuration from Figure 2, the extent of the standoff distance between the explosive and the reflecting surface (here, a corner), is limited by the presence of the walls.

This second series of calculations was conducted by modelling the pressure field in areas of a closed structure (four walls, floor and ceiling) in which an explosive is detonated. Figure 3 illustrates the size of the room as well as the location of the monitoring points. Once again, the results were obtained through the Chinook advanced 3D computational fluid dynamics software from Martec. For a given explosive charge and location near the centre of the room, pressure measurements were made in areas of the room that were likely to be subjected to more severe loading (walls and corners).
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	Figure 1: Configuration for the first series of numerical simulations where the explosive is located between 
an individual and the reflecting surfaces.
	Figure 2: Configuration for the second series of numerical simulations where the individual is located between the explosive and the reflecting surfaces.
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Figure 3: Geometry of the simulated closed structure, with the position 
of the explosive charge and pressure monitoring points.

For both series of numerical simulations, the pressure was monitored over time at various locations, for eventual comparison of the various cases (e.g. wall, corner, corridor, relative position of the explosive with respect to the wall and monitoring points). For the second series, only the corner data is considered here.

2.1.2
Experimental Trials at DRDC Suffield

To provide some experimental validation of the numerical simulations presented in Section 2.1.1, DRDC Suffield has funded experimental blast trials involving Hybrid III automotive crash-test mannequins wearing EOD Personal Protective Equipment (PPE) subjected to complex blast loading arising from the presence of rigid walls. More specifically, this present study experimentally investigates the effects of confinement on some elements of injury predictions to EOD personnel. 

Testing with reflective surfaces can involve a large number of possible parameters to consider (e.g. reflective surface configuration, level of compliance of reflective surface, relative proportions of all surfaces for more complex reflection configurations, placement of the explosive, standoff and orientation of the mannequins, protection level). Therefore, to limit the scope of the investigation, only three types of complex environments were considered: a single wall, a corner wall and a corridor.

In this investigation of the effect of confinement, a single threat was considered – 5.0 kg of cylindrical shaped C4, at a height of burst of 1.2 m. Four different target environments were simulated, including blast near a wall, confined by a right-angled corner, a 2 m-wide street corridor, and finally the free-field case as a baseline. See Figures 4 to 7 for photos of all 4 test configurations. Three trials were conducted in each of the three blast configurations, with two mannequins used in each.

Anthropomorphic mannequins and reference pressure sensors were used to provide a quantifiable estimation of the blast and overall injury effects caused by an explosive in a complex environment. Two mannequins were employed to maximize the amount of data that can be obtained from each blast configuration. The two instrumented anthropomorphic test devices, i.e. automotive crash test mannequins (Hybrid III – pedestrian model), were either left unprotected or suited in Med-Eng EOD 9 Ensembles (Allen Vanguard, Ottawa, Canada) surrounding the explosive. A Hybrid III mannequin is representative of a 50th percentile North American male subject, standing 1.75 m tall and weighing 77 kg. Both Hybrid III mannequins were provided and instrumented by DRDC Suffield. Prior to each test, the mannequins were placed on a specially designed positioning apparatus and supported under the arms in a standing position. These stands allowed the mannequins to freely fall back with the force of the explosion, thus not interfering with their initial natural response. The focus in the current paper will be on the displacement of the mannequins under blast.

As seen in Figures 4 to 7, Blast Test Devices (BTDs), consisting of cylinders equipped with pressure sensors around their periphery, were used. However, the data from BTDs is not discussed in this paper.
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	Figure 4: Experimental setup for the free 
field configuration at DRDC Suffield.
	Figure 5: Experimental setup for the single wall configuration at DRDC Suffield. Mannequins are 
either standing facing the wall, or along the wall.
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	Figure 6: Experimental setup for the corner configuration at DRDC Suffield. Mannequins 
are either standing mid distance from both 
walls, or along one of the walls.
	Figure 7: Experimental setup for the corridor configuration at DRDC Suffield. Mannequins 
are standing mid-distance from both walls. 
The corridor has a width of 2 m.


2.2
VBIED Threat

As another example of complex blast, Vehicle-Borne Improvised Explosive Devices (VBIEDs), or car bombs, were tested in the context of human survivability for individuals (namely EOD technicians) located in their vicinity. While blast complexity in the reflecting wall cases (Section 2.1) arose from the interaction of the blast with the rigid surfaces, the complexity in VBIED trials arises mostly from the confinement of the blast in the vehicles, and the added fragmentation threat from the exploding car.

Two sizes of explosive charges were used (50 and 100 kg TNT), built into approximate cubes to best limit the shape effects. They were located on the back seats of the cars. Equivalent free-field trials with the same explosive charges were conducted to better characterize the effect of the car confinement on the explosive.

Two types of human surrogates were used to quantify the response of a bomb technician during a catastrophic explosive event. The first type of human surrogate was an anthropomorphic test mannequin (Hybrid II – pedestrian model), suited in an EOD Ensemble (Med-Eng EOD 9, from Allen Vanguard), as described in Section 2.1.2 and visible in Figures 4 to 7. The Hybrid II mannequins were placed on a specially designed positioning apparatus. The positioning apparatus, or stand, supported the mannequins in a standing position at the under-arm location and allowed them to freely fall back, or be lifted, when hit by the force of the explosion, thereby not interfering with their initial natural response.

The second type of human surrogate used was referred to as a “steel mannequin”, laser-cut into a ⅜” steel silhouette of the human body form (see Figure 8). The steel mannequins were designed such that their projected area, height and overall mass were representative of a Hybrid II mannequin wearing an EOD Ensemble. The mannequins were designed with a 3° pitch towards the charge such that their centre of mass rests above the centre of the steel feet, for stability prior to the blast. Lastly, a non-secured bracing iron was placed between the mannequins and the charge to prevent them from falling due to large wind gusts, while not affecting their response to the blast.

While the mannequins were instrumented with various sensors, the focus of the current paper is on the final launch distance of the two types of mannequins following the detonation of VBIEDs or bare charges (free field). The physical set-up for each of the trials consisted of steel mannequins and Hybrid II mannequins placed at various standoff distances from the central explosive charge either in a free-field configuration, or located within a vehicle. Four lollipop-style side-on pressure sensors were also set-up at appropriate distances to coincide with standoff distances of the mannequins. Finally, high and low-speed cameras were also placed at varying angles to capture video of the blast event

Figures 9 and 10 show examples of the free field configuration with 50 kg TNT (Figure 9) and 100 kg TNT (Figure 10). Steel and Hybrid II mannequins are visible on these photos. Figures 11 and 12 show setup photos for the VBIED case, with Figure 11 emphasizing the very close standoff used for the steel mannequins, Figure 12 showing a 50 kg explosive and Figure 13 a 100 kg TNT case. Figure 14 shows a typical overall setup for a 50 kg VBIED case.

Once the set-up was completed, photos were taken and the site was evacuated while the munitions personnel prepared the explosive. The charge was remotely detonated. After the munitions personnel ascertained the site was safe, post-blast photos of the mannequins and test site were taken and blast integrity observations were made. Then the mannequins were set-up again (sometimes the mannequin had to be re-dressed and/or the positioning rig had to be moved) for the next test. Launched distances were measured after the blasts for each mannequin type. Distances were measured with respect to the initial position of the mannequin, not from ground zero. All mannequins were re-used for a number of tests.
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	Figure 8: Steel mannequin representative of Hybrid II mannequin with 
EOD Suit.
	Figure 9: Free Field setup with a 50 kg TNT charge. Steel mannequin (closer) and Hybrid II mannequin (further away) visible on the photo.
	Figure 10: Free Field setup with a 100 kg TNT charge. Steel mannequins (closer) and Hybrid II mannequin (further away, being positioned) visible on the photo.
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	Figure 11: VBIED setup emphasizing the proximity of steel mannequins with cars.
	Figure 12: VBIED setup showing a 50 kg TNT charge located on the 
back seat of the vehicle.
	Figure 13: VBIED setup showing a 100 kg TNT charge located on the 
back seat of the vehicle.


[image: image14.png]50 kg TNT VBIED

Reference

Steel Mannequins Pressure Gauges |

Hybrid Il Mannequin
with EOD Equipment

]

Hybrid Il Mannequin with
Protective Ensemble





Figure 14: Overall setup for a typical VBIED test (50 kg TNT). Three steel mannequins 
(standoffs of 2 m, 3 m, and 6 m), and four Hybrid II mannequins (Standoff 6 m) shown.

3.0
test results

3.1
Reflected Blast Threat

3.1.1
Numerical Simulations of Reflected Blast

Figure 15 compares the pressure-time traces for the three simulated “confinement” cases: free field, wall and corner, with the same explosive charge (located on the ground) and standoff from the explosive (in other words, only the confinement is different, everything else is the same). This corresponds to the first series of simulations (see Figure 1). For the corner and wall cases, the explosive was located 0.5 m away from the corner or wall respectively. When comparing the free field (green) and single wall (blue) cases, it can be seen that the effect of the wall is only perceived as an additional hump in the pressure trace, following the main one and the one due to the reflection from the ground. As a result, both the blast impulse and blast duration are increased, while the primary peak pressure is not affected. On the other hand, both the peak pressure and impulse are significantly increased in the corner case, as can be seen on the same graph (red trace). In that particular case, the pressure hump resulting from the interaction with the ground merges with that resulting from the interaction with the two corner walls, resulting in a single very large second pressure spikes, now exceeding the peak from the initial spike. It can be observed that the magnitude of the first spike remains the same for all three configurations though (see dotted lines).

The results from these numerical simulations therefore clearly show how the pressure field can be affected by the presence of reflecting surfaces, resulting in all cases in increases in blast impulse, and in the extreme case of a corner, at least at the time shown on Figure 15, an increase in peak pressure as well. Although no injury analysis is performed here, it can readily be assumed that injuries resulting from such increased blast impulse and peak pressure for individuals exposed to the blast would be more severe than from the equivalent free-field case (same explosive, same standoff distance).

Results from the second series of simulations (see Figure 2 for illustration) are shown in Figure 16 below. This time, only the free field and the corner configurations are compared, still in terms of pressure-time traces. But this time, the standoff between the explosive and the location where the pressure is monitored (equivalent to the location of the bomb technician in Figure 16) is varied. The position of the corner wall with respect to the explosive remains unchanged at 3.35 m. Similar to the results shown in Figure 15 for the first configuration, additional pressure humps are visible for the case with reflecting walls, as compared to the free field, resulting in all cases with increased blast impulse.

First focusing on the blue traces corresponding to the free field case, one can clearly see, as can readily be predicted, that the peak pressure goes down as the standoff increases from 2.2 to 3.1 m. The situation is different though, for the corner wall case, as the additional pressure humps resulting from the interaction with the corner walls grow significantly in magnitude as the technician approaches the wall. Eventually, these pressure humps exceed the incident pressure spike in magnitude and even “almost” merge with it. The initial and secondary spikes do not actually merge, as if one were to zoom in on the pressure trace, a distinction between the two could still be observed.

From Figure 16, two main observations are made with respect to the corner case: while the peak pressure initially goes down with increasing standoff distance, it begins to rise as the blast reflection from the corner walls becomes dominant. This also implies that there exists an “optimal” standoff distance in this specific configuration for which the peak pressure is minimized.
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	Figure 15: Pressure-time traces for three different configurations (free field, single wall and corner) for the same explosive charge and 
standoff distance.
	Figure 16: Superimposed pressure-time traces for the free field and corner cases with a corner wall located behind the EOD Technician. The evolution of the pressure traces as the standoff is increased is shown.


Figure 17 illustrates the peak pressure results for the free field (blue) and corner (red) configurations for all explosive charges and standoffs simulated (configuration from Figure 2). For the free field case, an extrapolation (dotted lines) of the results towards ground zero was made using results from the CONWEP [5] software. One can see that while for the free field case the pressure keeps going down with increased standoff, as expected, a different situation is observed for the corner case, where an increase in peak pressure with standoff is observed beyond some transition point, where the blast reflecting from the corner more than compensates for the added standoff from the explosive. This results in an “optimal” standoff from the explosive where the peak pressure is minimized. In this particular case, the optimal standoff is of the order of 2.5 m. An interesting observation is that this optimal distance of 2.5 m seems to be constant for all three explosive charges simulated.

Figure 18 shows the same results, but now in terms of blast impulse. Here again, even though more data points would have been required, the corner data, when compared to the free field extrapolations, indicates the existence of an optimal standoff distance where the impulse is minimized (a bit below 2 meters). As a result, it can be observed that the “optimal” standoff that minimizes peak pressure does not exactly match the optimal standoff for minimizing the impulse, but the two values come relatively close.
Results shown in Figures 17 and 18 therefore clearly indicate that at least for the configuration tested, there exists an optimal standoff distance from an explosive in presence of reflecting surfaces, contrary to the free field configuration for which the “optimal” standoff is simply “as far as possible”. EOD and counter-IED staff dealing with explosives in confined environments must be mindful of this information on possible threats from both blast and reflecting surfaces.
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	Figure 17: Peak pressure as a function of standoff distance for both the free field and corner cases (with wall behind the individual) for three explosive charges. Optimal standoff distance shown.
	Figure 18: Peak blast impulse as a function of standoff distance for both the free field and corner cases (with wall behind the individual) for three explosive charges. Approximate optimal 
standoff distance shown.


3.1.2
Experimental Trials at DRDC Suffield

The current paper focuses on the experimental measurements of “launched distance” of the mannequins by the blast with the various levels of confinement. The objective of these tests was to confirm that increased confinement yields an increased blast threat. The launch distance thus served as a proxy quantitative measure of the blast threat. The launch distances were measured by comparing the initial position of the mannequins with their final position after the blast. The results are summarized in Figure 19 below, which shows all test results, together with an average value, for all test configurations. One can clearly see that the launched distance increases with confinement, starting from a value of approximately 1.4 m in the free field case, all the way up to approximately 4.6 m in the corridor case (for the same explosive charge and standoff distance between the mannequins and the charge). This is more than a three-fold increase. One can also observe that the results were quite consistent, with all data points for a given configuration being quite close to each other.

Finally, in Figure 20, the average launched distance results from Figure 19 are now compared with the corresponding blast impulse values obtained from the Martec numerical simulations for the exact same configuration. One can clearly see how launched distance correlates with blast impulse.

The confinement level “ranking” between the different configurations is observed to be in the following sequence, starting from the most benign: free-field, perpendicular to wall, along a wall, along a corner wall, corner centreline, and finally corridor. These results therefore confirm, through means other than measuring pressure alone, that confinement definitely increases the threat level for individuals exposed to blast, with all other parameters kept the same.
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	Figure 19: Experimental launched distances measured for 6 different configurations. All individual results as well as an average shown for each case.
	Figure 20: Experimental launched distances measured for 6 different configurations compared with the corresponding blast impulses obtained from the numerical simulations. This graph highlights how launched distance correlates with blast impulse.


3.2
VBIED Threat

3.2.1
Qualitative Observations 

As one would expect, the vehicles were severely broken-up by the blast with only a small number of identifiable pieces remaining for all tests. Non-metallic fragments as well as most of the sheet-metal fragments of the vehicle that were found were small in size (hand-held) and were not readily identifiable as belonging to a particular vehicle component. In one of the tests, the portion of the vehicle found closest to the pre-blast location was typically also the largest portion consisting of the engine block, transaxle, front suspension mounts, radiator and the left front wheel. This portion had been displaced 18.5 m in one of the tests (50 kg TNT).

Due to the force of the blast, the EOD Helmet was sometimes found removed from the mannequin’s head, with damage (outer visor layer in particular). The EOD suit remained fully in place on the mannequins for most cases, but in some cases the jacket closure had been opened up, and in the most extreme cases (100 kg TNT with and without a car), the strength of the blast caused one sleeve to become completely removed.

Damage was often observed on the jacket front for the VBIED tests as well as the trousers, due to the fragmentation from the car. Some hard plates in the suit were damaged (broken up or distorted). No penetrations were ever observed to the chest of the mannequins. The only observed penetrations (a few in total) were at the thigh location, at the shin location, and once at the periphery of the groin. One cut of the mannequin’s flesh was observed in one case at the wrist, where the protection is intentionally minimal.

In one case, a car door was found to hit one of the mannequins. Example of the car door and examples of the damage to the EOD protective equipment can be found in Figures 21 and 22 for the 50 kg TNT VBIED cases, and in Figures 23 and 24 for the 100 kg TNT VBIED cases.
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	Figure 21: Post-blast observations, 50 kg TNT VBIED case. Helmet removed from mannequin’s head.
	Figure 22: Post-blast observations, 50 kg TNT VBIED case. 
Helmet damage, car door hit the mannequin, and absence 
of complete penetrations to the chest area.
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	Figure 23: Post-blast observations, 
100 kg TNT VBIED case. Protective equipment secured to the mannequin.
	Figure 24: Post-blast observations, 100 kg TNT VBIED case. Some fragment penetration, one sleeve opened, and damage to the visor.


The steel mannequins also suffered some level of damage, ranging from distortion of parts (which could in most cases be repaired for the next trial) to more extreme cases where bolts were damaged and the mannequin separated into its two parts (top and bottom) which flew at different locations.

3.2.2
Quantitative Observations – Launched Distances

When the steel mannequins were placed at a relatively small standoff, they were displaced by a considerable distance, sustaining significant damage. For example, a steel mannequin originally positioned 2 m from the centre of a 50 kg TNT charge had its main body displaced 157 m, while its lower section separated from the main body and was found 99 m away from its initial position. The legs were severely distorted. The other steel mannequin, initially located at a larger standoff of 3 m was launched by a distance of 123 m (see Figure 25).

When the same explosive charge (50 kg TNT) was placed inside a vehicle, the results were strikingly different. The steel mannequin located initially at a 2 m standoff distance from the explosive was launched by a distance of 51 m, as compared to the distances of 157 and 99 m for the two parts of the steel mannequin for the equivalent free field test. The steel mannequins initially located at a standoff distance of 3 m remained intact, only slightly bent, and were launched at a significantly shorter distance of approximately 11 m and 24 m, as compared to 123 m for the equivalent free-field scenario (see Figure 26). Launched distances obtained with the Hybrid II mannequins were very similar to those obtained with the steel mannequins, when located at the same position prior to the blast. Further launched distance results are shown in Section 4 below, in the context of the development of a model for blast-induced launched distance.
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	Figure 25: Launched distance results for the 50 kg 
TNT Free Field (no car) case – Steel Mannequins.
	Figure 26: Launched distance results for the 
50 kg TNT VBIED case – Steel Mannequins.


4.0
blast-induced launch distance model

An analytical model to estimate the total distance travelled by individuals submitted to blast was developed, from basic principles. In this model, it is assumed that the reflected impulse from a hemispherical blast (as calculated by CONWEP [5]) accelerates the body at an initial launch velocity, with the launch angle being determined by the angle between the individual’s centre of gravity (position-dependent) and the height of burst. Along the trajectory of the individual, air friction is then considered through a coefficient of drag, assumed to be equivalent to that of a skydiver, where CD ≈ 1.05 in the x-direction for full-frontal projected area, and CD ≈ 1.0 in the y-direction for smallest human projected area [6]. The launch distance is then estimated as the distance reached at the time of hitting the ground.

Results from the model were generalized to provide estimates of the final distance launched with respect to the initial standoff distance, assuming an individual with total weight of 106 kg (Hybrid mannequin donning EOD protective equipment), and an explosive charge located 0.5 m from the ground (see Figure 27 for an illustration of the setup). The distance launched and the initial standoff distances were scaled by dividing their respective values by the explosive mass to the one-third power. An exponential correlation provided the best least-square fit to the large array of analytical data generated by the model for various standoff distances, for the free field case. For a standing individual (centre of gravity of 0.85 m and corresponding angle), and an explosive charge with a height of burst of 0 m, the following equation relates the final launched distance (D) as a function of the explosive mass (m) and the initial standoff distance (d):
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Figure 28 compares the experimental results from this study with the model from Equation 1 for the 50 kg TNT case without a car (free field). One can see that the curve matches the experimental results well. Equation 1 can then be reorganized to isolate the explosive mass in terms of the initial standoff and final launched distance, for free-field post-blast analysis purposes, as seen in Equation 2:
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	Figure 27: Illustration of the parameters needed for the launched distance model (mass of explosive, height 
of burst, standoff distance, and angle which can 
be obtained from height of centre of gravity for individual). The mass of the individual is also needed.
	Figure 28: Launched distance results for the 50 kg 
TNT no car case (free field). The experimental 
results in red, with the dotted line representing 
the model developed for this purpose.


In Figure 29, the launched distance results are now shown for the VBIED case, but this time, using scaled distances (scaled with the cubic root of the explosive mass), on a log-log plot. On such a plot, the curve for the launched distance model becomes a straight line (shown on the graph). One can see in Figure 29 that the model line does not match the data very well for the VBIED case. Careful examination of the data demonstrated that a better match between the VBIED experimental data and the launched distance model was obtained when only 50% of the explosive charge was considered. Thus, in Figure 30, the same data as in Figure 29 is shown, but this time with the model curve shown for 50% of the charge, resulting in a much better agreement.
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	Figure 29: Launched scaled distance results for the 50 kg TNT VBIED case for both types of mannequins. The model predictions are shown with a dotted line.
	Figure 30: Launched scaled distance results for the 50 kg TNT VBIED case for both types of mannequins. The model predictions are shown with a dotted line, but this time using 50% of the total charge to account for car confinement.


An important empirical finding from the present study is thus the fact that in the cases tested, placing the explosive charges in a vehicle had the effect of reducing the effective explosive mass by approximately 50%, implying that the remaining 50% of the blast energy was used to break and accelerate the vehicle parts. This finding was also backed up by the reference pressure gauges that also demonstrated a reduction of approximately 50% in the peak pressures when charges were located in a car, as opposed to free field. As a result, to predict the amount of explosive used in a VBIED incident, Equation 2 can be modified as follows:
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Equations 1 to 3 thus provide convenient relationships to estimate the launched distances for both free field and VBIED incidents (although not involving reflected walls). They also provide convenient relationships to estimate the amount of explosives used when the launched distance is known, thus providing a useful post-blast analysis tool.
5.0
discussion and conclusion

The present paper considered a few different cases of so-called “complex blast”, where the associated pressure profiles deviate from the ideal “Friedlander” profile. Cases of complex blast considered here included the effects of reflecting surfaces (walls) in different configurations, as well as vehicle-borne improvised explosive devices (VBIEDs).

Numerical simulations of reflected blasts clearly indicated that the pressure profiles were significantly affected by the presence of these obstacles, resulting in higher blast impulse, and even in higher peak pressure in some cases. A configuration where the reflecting surface was located behind the region of interest (representing an individual located between the explosive and a wall) also demonstrated that not only the pressure profiles were modified by the walls, but also that there existed some optimal standoff distance from the explosive and wall to minimize the peak pressure and the blast impulse, due to a balance between the exponential decay in blast pressure with distance, and the increased blast threat from reflecting surfaces. This finding is relevant as it shows a contrast with the free-field case, for which a larger standoff distance is generally considered safer. Even though the observations made related to the optimal standoff were derived from one specific room configuration, it is hypothesized that the concept of optimal standoff would apply to various other 3D confining structures in a general sense (where an individual is located between an explosive device and surrounding reflecting surfaces). The numerical simulation results presented in this paper should be validated through experimental studies.

The findings related to wall-reflected blasts also emphasize the need for bomb disposal technicians to avoid close proximity to walls and other obstacles, both around the explosive device itself, and surrounding the operator, in order to minimize the potential for overpressure injuries.

A different type of complex blast explored was related to vehicle-borne improvised explosive devices (VBIEDs). In that case, what made the blast complex was the confinement provided by the vehicle, which resulted in lower blast effects as compared to an equivalent “free field” blast with the same amount of explosive. Of course, while the blast overpressure threat was reduced, the fragmentation threat from VBIEDs is quite detrimental, with fragments of various sizes (ranging from large car parts to tiny metal shrapnel) are accelerated at high velocity randomly around the explosion site.

For both of these complex blast scenarios (reflected walls and VBIEDs), this paper has investigated the “launched distance” from the blast, as a way of providing a proxy of the blast loading, in a quantifiable manner, which may eventually be linked to blunt impact injury (although blunt impact injury assessments were not attempted in this paper). In the cases of reflected blast, the presence of walls resulted in the Hybrid II mannequins under test to be launched further by the blast, as the level of confinement increased, despite the amount of explosive and initial standoff being the same. On the other hand, confining the explosive in a car (VBIED case) resulted in lower blast loading, hence lower body launched distance. Nevertheless, given the large explosive charges typically associated with VBIEDs (50 and 100 kg TNT tested here), the launched distances were found to be significant (sometimes in excess of 100 meters), which should definitely translate into possibly lethal injuries, let alone other blast injuries (primary and secondary) also associated with VBIEDs. 

Many existing injury models, such as the Bowen curves [7], developed in the 1960s, and more recently updated by Bass et al. [8] are strictly valid only for the ideal free field case, and are thus not applicable for complex blast. While no attempt was made in this paper to arrive at injury predictions for individuals exposed to these complex blast scenarios, the significant difference in pressure profiles clearly limit the use of injury models developed for ideal Friedlander waves. Alternative blast injury models have been validated for complex blast, such as those developed by Stuhmiller [9] and Axelsson [10]. However, in both cases, full pressure-time traces are required to arrive at injury predictions. Knowledge of the initial standoff and explosive charge does not help.

The concept of “optimal standoff” and the confinement effects of VBIEDs reported in this paper are very relevant to EOD operators and more general counter-IED military staff dealing with explosive devices in confined environments, as it may influence the standard operating procedures associated with the disposal and disruption of such devices.
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