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Abstract

Blast waves from explosions can cause lethal iegutio humans. Development of injury criteria hasnbe
ongoing for many years, but with the main focusfree field conditions. However, with terrorist asts as a
new threat, explosions in urban areas have becdnmuoh more interest. Urban areas provide a complex
environment for blast wave expansion, thus increpgie difficulty of injury and lethality predictio

TNO and FFI have examined the topic of blast injumya complex environment to find the most apprateri
injury criterion and develop a quick analysis prha®. A review of available models found the Asels model
to be the most promising. It can predict the injofythe air-filled organs in both complex and ffeedd blast
situations. Unfortunately, it involves a cumbersopmecedure, requiring four pressure signals on -aafied
Blast Test Device (BTD) as input. However, seveiagle point (SP) methods based on Axelsson todatfes
BTD have successfully been developed.

A potential problem with the Axelsson model (bothBand derived SP models) is that the injury prialicis
only calibrated against data from very small chargeaximum 1.36 kg). To further examine the vajidif the
Axelsson model, results can be compared with ptiedis by the Bowen/Bass curves, as these formulas a
calibrated to a different and much larger datalssth with explosives and in shock tubes.

Since the Bowen/Bass models are only applicableséenarios where the subject is either in an opedd or
next to a reflecting wall (whereas the Axelsson eldsl supposed to be valid for any complex scehaaidarge
range of such scenarios for different charge sizse constructed and numerically simulated to glewnput to
the different models.

Comparison between the injury predictions generalipwed good agreement, except that the Axelssdn an
Bowen/Bass models diverged considerably for veyrtsbut high amplitude blast waves. The reasontto
discrepancy was investigated and found to be duentertainties in the empirical formulas for blagive
parameters produced by a given explosive charge.
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1. Introduction

Blast waves from explosions can cause lethal ieputo humans. Development of injury
criteria has been ongoing for many years, but with main focus on free field conditions.
However, with terrorist actions as a new threapl@sions in urban areas have become of
much more interest. Urban areas provide a comphexament for blast wave expansion,
thus increasing the difficulty of the injury andHality prediction.

TNO and FFI have performed a study on the topigrmhary blast injury (i.e injury to the air
containing organs, particularly the lungs) in coexpénvironments. The goal of this research
was to find the most appropriate injury criteriamdao develop a quick and simple analysis
procedure.

2. Injury models for “open field” situations

It has been known for several hundred years thest Waves can cause injuries to humans.
However, the degree of injury was not examinedesyatically on a large scale until after



World War 2, when the development of nuclear weaporeant that blast waves could
propagate over very long distances.

2.1. Bowen

In the 1960s many animal experiments were performedhe Lovelace Foundation to
examine the lethality from exposure to blast wavés.a report by Bowen et. al. [1] these
were summarised and related to human injury, leptlirthe widely known and used “Bowen
curves”.

The animal experiments in total involved 2097 angraf 13 different species. The blast
waves were generated either by a detonation or ashock tube and in most experiments
the animals were exposed near a reflecting surfaéer scaling, this resulted in a number of
curves expressing the probability of human survagsa function of maximum pressitend
blast wave duratioif.

The original lethality curves of Bowen are striciply applicable to situations where the
subject is standing against a wall. However, bkintaa few assumptions, Bowen was able
to create curves for two other scenarios as well:

e Human standing in an open field
* Prone person (with body parallell to blast wavepagation axis).

To achieve this, Bowen invented the concept of Spuee dose”. He then postulated that the
same curves could be used for these scenariosyitiut different “pressure dose” as input
(the duration is assumed to remain the same itaahs).

« For a person near a wall, the pressure dose retleeted pressure (as before).
» For aperson in an open field, the pressure dabe igicident pressure p the
2
__ OPs
2ps+14p
« For a prone person, the pressure is just the intjgl@ssure

dynamic pressurg = %pvz

2.2. Bass and Rafaels

Recently, Bass and Rafaels [2,3] have included rdata in the analysis to produce updated
survival curves. These curves were also extenaldget open field and prone situation, but in
a different way than the Bowen-curves. For a praifation, the extension was similar with
Bass assuming (as Bowen) that the pressure dosthevaiscident pressung. Bass pointed
out that there was still no data available foritgsthis hypothesis.

However, for an open field situation, Bass and Bowwerge considerably in their approach.
Instead of the incident pressupe plus dynamic pressurg, Bass states that the reflected
pressure pfrom an imaginary wall (behind the subject) is gressure dose. Consequently,
for lethality, there is no difference between stagdn an open field and standing near a wall.

2.3. Discussion

The Bowen/Bass curves are plotted together in Eidufor different orientations. We note
that for the prone situation they are more or idestical, except for the dynamic regime
(roughly durations of 5-50 ms). Also the near vgakknarios are almost the same except for
the same region.
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Figure 1. Bowen 50% lethality curves compared with Bass aufgevarious orientations

The big difference lies in the open field situatievhich the Bass formula considers to be
much more dangerous than Bowen (in fact, just ag@®us as being near a wall). Finally,
the Bass curves have an odd behaviour for very dlumgtions, but this is not too important in
practise. Thus, the new experimental data incluojedBass has not made all that much
difference for the lethality prediction, but thefdient assumption on converting to an open
field situation has.

Both the Bowen and Bass formulas have severaldtioits. First, they assume a free field
blast wave and are therefore not applicable to ¢exniplast waves that develop in a situation
where the initial wave reflects against one or sgwsalls/obstructions. Secondly, they only
consider lethality (probability of death) and niot idegree of injury.

3. Axelsson BTD

Axelsson [4] addressed the shortcomings of the Boawgves by creating a mathematical

model which could take input data for a blast wa¥veany shape and provide an injury

prediction for a person exposed to this wave. Akelsson BTD model is a single degree of
freedom (SDOF) system meant to describe the chaltr@sponse of a human exposed to a
given blast wave (Figure 2). It requires pressapeit data from four transducers located at
90 degrees interval around a 305 mm diameter Blest Device (BTD) (Figure 3), exposed

to the relevant blast wave. Besides lung injuing Axelsson BTD model also accounts for
injuries to the respiratory tract, the thorax ahe abdominal area. (Stuhmiller [5] has

developed a similar mathematical model, but siheeactual model is not public, it was not

studied any further).




—» X Name Explanation
A Effective area
M Effective mass
K A Vo Lung gas volume at x=0
p(t) _/V\/\/_E Vgo J Damping factor
— K Spring constant
M _ Biiung Po Ambient pressure
pi(t) External (blast) loading pressure
Pitung(t) Lung pressure
I g Polytropic exponent for gas in lungs
X Chest wall displacement

Figure 2. Mathematical model of the thorax according to Aseis[4]
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Figure 3. Blast Test Device

The mathematical formulas for the Axelsson BTD modee expressed by the four
independent differential equations of (1).

d®x dx _ 5
M2+ IB -+ K= AL R() = Ry (0] 512,34

@)

g
— VO
pi,lung (t) - pO (VO _ AEK J

The values of the model parameters are given ineThb However, it is not stated anywhere
in Axelssons original article [4] how these wereided.

For each of the foyp;(t) pressure histories measured on the BTD, Equatipnan be solved
for chest wall positions;(t), chest wall velocities;(t) and lung pressumg ung(t). There are



no restrictions on the input pressure histopés, so the Axelsson BTD model is not limited
only to free field blast waves.

Table 1 Model parameters for the Axelsson BTD model (fi@i)

Parameter Units 70 kg body Scaling Factor
M kg 2.03 (M/70)
J Ns/m 696 (M/70)7*
K N/m 989 (M/70)"
A m’ 0.082 (M/70)7*
Vo m° 0.00182 (M/70)
g 1.2

Axelsson found the following quantity, called tl#est Wall Velocity Predictor (V), to
provide the best correlation as a measure forynjur

Y, :%i max(Vv (t)) (2)

Johnson [6] performed experiments using small estpdocharges (579 — 1361g C4) with
anesthetized sheep in closed containers with BEDwescribed by the Axelsson BTD model
to record the pressure histories. After the expeniis, the injuries of the sheep were assessed
and quantified with an ASII-number indicating thgury level in each case. Evidently the
experiments showed huge scattering, but by usitey fdam 177 of the 255 sheep, Axelsson
used curvefitting of these data to derive EquafBrfor the correlation between ASII and V:

ASII = (0.124+ 0.11¥% 3 3)

The correlation between injury level, ASIl and ¢, shown in Table 2. We see that the
various regimes are overlapping due to the largedainties.

Table 2.Correlation between injury level, ASIl and V

Injury Level ASII V (m/s)
No injury 0.0-0.2 0.0-3.6
Trace to slight 0.2-1.0 3.6-7.5
Slight to moderate 0.3-1.9 4.3-9.8
Moderate to extensive 1.0-7.1 7.5-16.9
>50% Lethality >3.6 >12.8

The Axelsson BTD model solves the problems mentomigh the Bowen/Bass approach, but
unfortunately the price is added complexity. Th&DBprocedure complicates things
considerably since each experiment or simulationady predict injury at the BTD location.
Fortunately, a variety of single point (SP) modblsve been developed to address this
problem.

4. Single Point models

In this chapter, we will briefly outline some SP dahets for blast injury prediction. All these
models are based on the Axelsson BTD model, buhaking various assumptions they are
able to give an injury estimate without the needddBTD. For those SP models, only the
side-on pressure history at the relevant locasaequired.




4.1. Weathervane SP

The Weathervane SP model [7] is an approach tiest based on the single point (SP) field
pressure, to estimate what the pressure would haga for the four sensors if a BTD had
been present.

A fundamental assumption in the Weathervane SP hisdbat one of the (non-existing)
pressure sensors always faces directly towardbldst wave. Given that, the procedure to
estimate what the four sensors would have meassiasifollows:

Sensor facing blast wave;(t): Maximum pressure and total impulse are assumed|do
the reflected blast load on a rigid infinite wallhese values can easily be found analytically.

The full pressure historpy(t) is then represented by a modified Friedlander féemthe
pressure wave. The decay parametas found by an iteration procedure until the total
reflected impulse is correct.

Side sensorp,(t) andps(t): Assumed equal to the field (side-on) pressure.
Rear sensqp,(t): Assumed equal to the ambient pressuyre p

These pressure histories are then used as inplg tAxelsson BTD model (Equation (1)) for
calculation of the chest wall velocity predictor V.

4.2. Modified Weathervane SP

A problem with the Weathervane model is that figdithe front pressure(t) is not
straightforward, but involves a cumbersome iterapoocess to find the correct impulse. For
implementation in a hydrocode this is inconvenienfo get around this, an alternative
approach is possible, where the Friedlander wamefsrnot used, but instead the estimated
sensor pressurp(t) is assumed equal to the reflected pressure fromala This will be
called the Modified Weathervane model [8,9].

Thus, the estimates fop,(t), ps(t) and ps(t) are exactly the same as in the original
Weathervane model, onpi(t) changes.

4.3. Axelsson SP

The Axelsson SP model is just the Axelsson modéhout the BTD, but using the single
point (SP) field pressure (i.e non-BTD) in the envlocation as input to the Axelsson

differential equations. The four differential etjoas are then identical, so that= max(v, ).
In [10] the relationship between ASII and V wasaldarated for the Axelsson SP model
ASllg, = 0.1750V 42

4.4. TNO SP

TNO has developed an approximation procedure oAtesson BTD model. The method is
fully described in [11]. Instead of solving theufadifferential equations, the Axelsson chest
wall velocity predictor V is estimated from the mdilast characteristics: peak pressures, the
impulses, and the points in time of the differeeals (see Figure 4). An exact pressure-time
curve is not necessary. The calculation procedwmsists of a set of equations and a
selection procedure (if — then relations). This hodt is particularly appropriate in
combination with semi-empirical load prediction. Isé for this SP-approach a specific
relationship between ASII and V has been determined
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Figure4: Relevant characteristics of an arbitrary shock wawth two peaks, used for
the approximation procedure of TNO [11].

4.5. Comparison of SP methods

In [8,9] these SP approaches were compared andnstwoagree quite well with the Axelsson

BTD model for a wide range of scenarios (differehtarge sizes (9 kg — 1500 kg) and
distances from a wall). In particular, the AxelsseP model was suited for use in numerical
simulations. Comparison of the results given lg/rodels for a few scenarios are shown in
Figure 5.
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Figure5: Chest wall velocity predictor for the different apaches (Case 2: 50%
survivability according to Bass), based on 3D ADYN simulations

5. Comparison between the Axelsson models and the Bowand Bass curves

The Axelsson BTD (and derived SP formulas) havenbmesed exclusively on experiments
with relatively small charges (56 g — 1361 g). iAteresting question is how they compare
with the Bowen/Bass formulas which rely on a muggér database of experiments.

Since these formulas are quite different from theel8son formulas it is not trivial to
compare them. The Bowen/Bass curves give probalofideath, while Axelsson gives the
degree of injury. Further, Bowen/Bass can onlyubed for ideal detonations with subjects
either located in an open field or near a wall, rghs Axelsson, in principle, (if correct)
should work for any scenatrio.

So, to compare the formulas, we need to relateAttedsson ASII to probability of death.
According to Axelsson [4], an ASII=3.6 corresporids50% lethality. Assuming that this



criterion is correct, we can use numerical simalsito compare predictions for a subject
standing in free field or next to a wall for AxedesBTD, Axelsson SP, Bowen and Bass.

This can be done by defining blast wave scenaeibiser in open field or near a wall, which
according to Bowen or Bass would give 50% lethalifyor the Axelsson models to be in
agreement with Bowen or Bass, the predicted ASlkafbthese situations should be as close
to 3.6 as possible. (However, remember that bathads have huge error bands, so exact
agreement should not be expected.)

5.1. Definition of 50% lethality scenarios

We will use the same range of charges (9 kg — K80UNT) as in [8,9], where a study was
performed comparing predictions of Axelsson BTD &Rl Additionally we will include 500
gand 1 kg TNT.

The scenarios were defined using the computer anogONWEP. This code uses empirical
formulas from the American manual TM-5-855-1 toiraaste blast wave parameters for a
given charge. For each charge we made iteratiots@@NWEP until we obtained a distance

from the charge that corresponded to a pdihf)(that was on the relevant 50% lethality
curve.

We used the 50% lethality curves for both operdfeatd standing near wall for both Bowen
and Bass. The final scenarios are given in Table Rote that since the Bass approach
predicts no difference between standing in an dpdd and near a wall, the scenarios are
exactly the same in both cases. In contrast, el scenarios differ for the two cases.
Also note that for small charges, the Bowen andsBaflecting wall scenarios are the same,
and there is not much difference for bigger chargthger. This could, of course, be expected
from the comparison between Bowen and Bass in Eigjur

Table 3: Scenarios that were studied. The distance is tremter of the charge and to the
rear of the BTD.

Bass (50%) — Bowen (50%) — | Bass (50%) — Bowen (50%) —
open field open field near wall near wall
0.5 kg 1.01m 0.78 m 1.01m 1.01m
1 kg 1.35m 1.06 m 1.35m 1.35m
9 kg 3.40m 2.65m 3.40m 3.40m
20 kg 4,90 m 3.62m 4,90 m 470 m
200 kg 12.40 m 8.85m 12.40 m 11.65m
400 kg 16.60 m 11.48 m 16.60 m 15.10 m
1500 kg 26.60 m 18.60 m 26.60 m 24.50 m
5.2. Numerical set-up

The numerical simulations were performed using ANSYS AUTODYN 13.0 hydrocode
[12]. The following set-ups were compared in timwations:

e Axelsson BTD (3D-simulation involving a BTD, withodir gauges at 90 degrees
interval).

* Modified Axelsson SP (3D-simulation without BTD aadly a single pressure gauge
where the BTD centre would have been located).



In all cases, the simulations were run using tHeweng procedure: The detonation and
ensuing blast wave propagation was initially sptaly symmetric, enabling us to calculate
everything in 1D using a grid resolution of 7 mmhe output from this 1D-simulation was
then mapped into a coarser Euler Multi-material @idl when the situation was no longer
spherically symmetric, i.e. when the blast waveched the BTD. For the 3D-simulations, a
graded grid with a resolution of 7 mm around theDB¥as used, but a coarser grid further
away. The gauge points for the BTD were placethénBuler grid right outside the BTD.

The air and detonation products were modelled uamdculer Multi-material grid, whereas
the BTD was modelled as a rigid boundary on theeEgtid. The standard air and TNT
models from the AUTODYN material library were uset@ihus, air was modelled as an ideal
gas and the TNT was modelled using the JWL-equation

Example pressure plots from the 3D simulationssa@vn in Figure 6. The gauge locations
on the BTD are also indicated.

Figure 6. Pressure plots in the 200 kg simulation from twitedent viewing angles (side
and top)

5.3. Numerical results for Bass scenarios

The results for the Bass scenarios are plottedignré& 7. Along the x-axis we have the
positive phase duration for the given scenarion@lthe y-axis the ASII-score. The black
horizontal line indicates the 50% lethality leaekording to Axelsson.
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Figure 7. Applying the Axelsson BTD and SP models to scen#rat according to the Bass
injury model should give 50% lethality. (Near wgdift) and Open field (right))




We note that for the "near wall” situation thereréatively good agreement between both
Axelsson BTD, Axelsson SP and the Bass formulaltmations of around 5 ms and upwards.
This corresponds to the charges in the range 9 X500 kg. In contrast, for the “standing in

free field” situation, agreement is very poor fdlr the scenarios. This is due to the Bass
injury model predicting that standing near a walbgd give the same lethality as standing in
an open field, a result which the Axelsson basedeatsoare unable to reproduce.

Also note that for the two small charges 500 g ankig TNT (i.e. short positive phase
duration), the Axelsson models predict much leggythan the Bass approach, even for the
near wall scenarios.

5.4. Numerical results for Bowen scenarios

In Figure 8 we have plotted the results from ughmgy Axelsson BTD and SP models on the
Bowen scenarios for 50% lethality.
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Figure 8: Applying the Axelsson BTD and SP models to santhat according to the Bowen injury
model should give 50% lethality.(Near wall (le®pen field (right))

Again the agreement is very good for the situatiear a wall for a duration of around 5 ms
and upwards, corresponding to charges in the r@nkg — 1500 kg. This is not surprising
because the Bowen criterion is almost the sambeaBass criterion for this situation. In an
open field, the agreement between Axelsson and Basveot equally good, but clearly better
than for the Bass scenarios. Further, there is#énee tendency of poor agreement for short
duration blast waves as for the Bass scenarios.

5.5. Main observations

In both cases there is good agreement between goreBTD and SP, reinforcing our earlier
conclusion that Axelsson SP provides a good estimifAxelsson BTD.

It is interesting to note that the Axelsson modehpares particularly well in the near wall
scenario, which is exactly the kind of experimentsch Bowen and Bass are based on. As
mentioned earlier, the lethality curves for opeeldi scenarios are mostly based on
assumptions and very few relevant open field expenis have actually been performed.

One open question is why there is so large disa®paetween Axelsson and Bowen/Bass
for short durations. In these cases Axelsson sugdeedicts significantly less injury than

Bowen and Bass, even for the near reflecting wadharios. It may be somewhat surprising
that the inconsistency occurs for small chargeschvare exactly the charges (56 g — 1361 Q)
used to calibrate the Axelsson model. If the Bowed Axelsson models were incompatible,
it would have been more natural to expect discrejgarfor large charges where the Axelsson



model has not been calibrated to data at all. iBatead, the agreement is almost surprisingly
good for these charges!

6. Short blast wave durations

The derivation of the Axelsson model has been sured earlier in [10,11] and, despite
some uncertainties, no major problems were fouret.us now look closer at how the Bowen
curves were derived. One important point is tlatshort durations (where there seems to be
a problem), Bowen did not actually measure thetbhl@ve duration, but instead relied on an
old empirical formula for Pentolite by Goodman [14h applying this formula to TNT and
some other explosives, Bowen assumed that Pentdiethe same behaviour, except that
Pentolite releases 10% more energy. Could theotiskeis old empirical formula possibly
have caused problems?

Inspection of the original report by Goodman [1dyealed some intriguing facts. Goodman
collected blast wave data (pressure amplitude amdtidn) from various different sources.
He writes that the measurement of positive phasatidn was not as precise as the side-on
pressure measurements. The data points show aybiteof scatter and Goodman therefore
did not make any least squares curve fit to tha.dalowever, one curve was “drawn by eye”
and tabulated in his report. Presumably this &t is where Bowen collected the duration
data.

Later, new pressure and duration data have bedectadl by Kingery and Bulmash [15] to
create updated curves for the duration (and otinelaat parameters). The empirical formulas
developed by them are implemented into TM5-855+1d (eonsequently CONWEP) and are
widely used today.

However, inspection of the original report by Kingeand Bulmash [15] revealed something
quite interesting. The authors expressed sevewbtsloabout the interpretation of the
experimental data for the positive duration phase:

“When recording overpressures in the range of 00 BPa and a negative pressure of less
than 100 kPa, then it is very difficult to determihe time of which the overpressure changes
to an underpressure. There can be large variationghe individual interpretations of the
positive duration of the blast wave”.

In fact, the problems were so significant that King and Bulmash did not base their
empirical formula for duration on the relevant dataall. Instead their equation was based
solely on hemispherical data using a 1.8 reflectamtor. Further investigation revealed the
hemispherical data to consist of only 4 tests, ewgitih huge bombs (5, 20, 100 and 500 tons
TNT). On comparing this with the (uncertain and need) free field spherical data, the
empirical curve of Kingery and Bulmash did nottfie data at all.

Scaling the experimental results of Goodman andy&iy'Bulmash according to charge mass,
we can plot them together with AUTODYN results [13]the same diagram for comparison.
This is done in Figure 9.
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Figure 9: Comparison of experimental data and predictionpasitive phase duration

There are several aspects of Figure 9 worth conmingemin. As already mentioned, the
widely used Kingery and Bulmash equation does motthe experimental data. Most
importantly, there is substantial difference betw&woodman and Kingery/Bulmash for short
distances, whereas they seem to more or less gmb@r larger distances. This is probably
due to it being much more difficult to actually rseee duration at short distances. With this
insight, we look once more at what happens withitipary prediction formulas for short
duration blast waves.

7. Bowen revisited

Let us look more closely at the tests Bowen useabtain his formula, especially those with
small charges close to the animal, which theref@ee short blast wave duration. The 12
sheep tests in Bowen’s Group 128 are a good exan(@ccording to Bowen 9 of these 12
sheep were exposed in free field, though the reftepressure is given, either measured or
calculated, against an imaginary wall behind theegplh. The charge was 454 g pentolite
(which makes it equivalent to a 500 g TNT scen#rigentolite is assumed to release 10%
more energy). There were 2 fatalities among thehEep.

The measured (or calculated from an imaginary waflected pressure is given by Bowen as
8681 kPa. This corresponds to an incident shogliarde to be 1392 kPa. The distance
from the charge to the rear of the animal was $&m® according to Bowen. To find the
positive phase duration, Bowen consulted the Goodrmamula for this distance and
obtained a duration of=0.288 ms. This gave Bowen one data point for his afmsly=or
(0.288 ms, 1392 kPa) there were 2 fatalities itebgs.



Bowen had no other choice than to use the Goodmata gince the duration measurements
were not accurate and no other empirical equatiostexl at the time. But, if CONWEP
(Kingery/Bulmash) had been available for him to,uskat would he have found? It turns
out that CONWEP gives a duration ®&1.26 ms for the same scenario, which is an
enormous difference from Goodman. This would hgiwven Bowen a very different data
point for his analysis: For (1.26 ms, 1392 kPa)¢hwere 2 fatalies in 12 tests.

Similarly, if Bowen could have used the AUTODYN earin Figure 8, he would have
obtained a duration df=0.59ms. Clearly the differences in duration estimatesnot just of
academic interest, but they have a major influercéhe Bowen curves.

From Figure 9 we see that Goodman consistently sgismaller durations than the
Kingery/Bulmash formula. If Bowen had used CONWRERonstructing the injury curves,

the calculated durations would always have beegdoifor the same lethality. This means
that the injury curves would have been shiftechiright, or equivalently we could say they
would have been shifted upwards for a given dumatitn any case, this implies that for a
given durationT, a higher pressure is needed to achieve the given lethality.

This would have a major impact on the definitionoof scenarios in Table 3. Now a more
dramatic scenario is needed to give 50% lethalitghe Axelsson models are applied to such
a scenario, they would return a higher ASII vatheis moving them closer to ASII=3.6. It is

likely that this explains the disagreement betwBewen and Axelsson for small charges.

Note that since there is less uncertainty for longgration, a modification of the Bowen
curves is not necessary in that range, meaninglieagjood correspondence between Bowen
and Axelsson for large charges will remain. Thus Axelsson model seems quantitatively
OK for long duration loads and probably for shartation loads as well.

8. Summary

The most important available blast injury models #re Bowen curves, the Bass curves,
Axelsson BTD and various Axelsson based singletd@R) models.

The Bowen and Bass injury models are totally erogiriethality curves based on animal
tests, where the subjects were mostly exposedasi blaves near a reflecting surface. While
Bass added new data to the Bowen analysis, it eas that this did not make all that much
difference to the 50% lethality curve. The majdffedence between the Bowen and Bass
curves was due to different assumptions being tise@xtending them to the open field

situation.

Unfortunately, the Bowen and Bass models only workblast waves with a clearly defined
amplitude and duration. Thus, they can not beiegb situations with complex geometry
where the blast wave may have several peaks dugfléztion. The Axelsson BTD model
was developed to solve this problem. However, tislel required input from four pressure
sensors on a Blast Test Device (BTD), making it sersome to apply in a practical situation.

To overcome this problem, several Axelsson basadlesipoint (SP) models have been
developed. Typically, in these models only thespuee in the relevant location is needed to
determine the degree of injury from a blast wawe.previous studies [8,9] the SP models
were shown to generally provide a good approximatiothe Axelsson BTD model.

The Axelsson models have only been calibrated pements with small charges. To see if
they could be extended to large charges, we sysiaia compared Axelsson BTD and
Axelsson SP models with the injury curves of Bovaesidl Bass. This was done by selecting



50% lethality scenarios from the Bowen and Bassetspdvhich were supposed to give an
ASII of 3.6 when applied to the Axelsson modelBhe results were almost surprisingly good
considering that the Axelsson models have not besdibrated to large charges at all.

Especially for the near wall situation there wasy\good agreement, while for the open field

situation, where little experimental data is ada#aand everything rests on assumptions,
there was some discrepancy but within the uncdytaange.

However, the comparison revealed a large differebesveen the Axelsson and Bowen
models for blast waves with short duration. Sitlee Axelsson model is calibrated to small
charges this was surprising. To find the reasonttis discrepancy, the foundation of the
Bowen curves was studied in detail. It turned &t twhen the calibration experiments of
Bowen were performed nearly fifty years ago, thespure measurement equipment was not
good enough to experimentally measure short dursitiorherefore Bowen relied on an old
empirical relationship from Goodman for duratiopuh to his model. Further investigation
showed there to be enormous differences in thenat#s for short duration blast waves
between Goodman and the newer Kingery/Bulmash fasnthat are implemented in
CONWEP. If the Bowen model was corrected with KingBulmash duration data, or if
Bowen was used with Goodman’s equation, it wouldehl@ad to better agreement between
Axelsson and Bowen also for these charges.

However, yet further inspection revealed the widebed Kingery/Bulmash relationship for
blast wave duration to be very uncertain. It wak/dased on four experimental tests with
huge hemispherical charges and did not fit the exm@atal data for spherical charges at all.
Therefore, until better duration data is availabiere will always be some uncertainty in the
Bowen/Bass curves for short durations. Possibithén work could include performing
experiments to obtain such blast wave data.

While total agreement can not be expected in taid,fthe Axelsson model so far seems to be
consistent with all available experimental dataithwhe various Axelsson based SP models
described earlier, simple but accurate proceduresa@ailable for predicting human injury
from blast waves in complex scenarios.
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