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This paper describes the experimental and numeneaktigation of an explosion in an
intersection built up of four concrete boxes. Sda&periments (1:5) with a total of eight
charges (0.4 and 1.6 kg) of PETN detonated at vatiecations and were registered using a
total of 25 pressure gauges. The experimental teesubre used to validate numerical
simulations made in the explicit code AUTODW\prior to the experimental performance.
An automatic remapping procedure used in the sitiomis is briefly described and a
coherence measure to compare experimental and mwameesults is introduced. It is
concluded that AUTODYN managed very well to predice blast load obtained in a
complex urban environment.

INTRODUCTION

The Swedish Rescue Services Agency (SRSA) is raesilenfor the building regulations of the Swediskilc
defence shelters. The shelters have specific régungafor how they are planned, built, equipped araintained [1].

It is also the responsibility of SRSA to maintamdadevelop the knowledge connected to these stegtBased on
this it has been concluded that there is a neédctease knowledge about the origin of blast loanid how they
affect their surroundings. Accordingly, a reseapcbject, Resistance capacities of buildings for extreme dynamic
loading [2], was initiated in 2006 wherein the main aimtésincrease the knowledge of how to determine the
capacity of any given building or group of buildintp withstand the effect of a blast load. Thiskvsrdivided into
two stages: determination of the load charactesstsulting from the blast load and developmerst wiethod to be
used to estimate the capacity of a building subtd such loads. This paper is part of the fiage.

Predicting the load caused by a propagating blastewin urban environment, in which phenomena suh a
reflection, diffraction and confinement are to b&en into account, is a complex task. RemennikdVigs three
types of methods to be used: empirical (or anai}tisemi-empirical and numerical methods. For bomplex load
cases it is usually sufficient to use engineero@s based on empirical data, e.g. ConWep [4].96onewhat more
complex geometry, though, it is necessary to usa@-sepirical methods, i.e. methods based on moidelghich

the important physical process is accounted faa simplified way. Several researchers have alseldped such
models, e.g. [5]-[9], that work well within giveinlits and that provide an increased understandinbeoresulting
blast load. However, when the geometry gets mormeptex, which might be the case in an urban enviremmit
may no longer be possible to use such simplifietstd10].

In such cases numerical methods incorporating ctetipnal fluid dynamics (CFD) techniques, so-called
hydrocodes, may be used. However, even thoughdimpuatational possibilities, regarding both the ctamipy of



the analysis and the required computer time, dieadirease, it is still of utmost importance to kaasure that the
results obtained in such methods are correct. Haheee is a need to verify such programs agaixgeremental
results. Once this is guaranteed it is possibles® hydrocode programmes to at least in part reptapensive
experimental performances.

In this project the explicit code AUTODYN [11] is used and it has been shown in [12] thatdvides satisfactory
agreement with ConWep in analyses of sphericabaists. However, it was necessary to verify thi @ftso is the
case in a more complex urban environment. Accoldiran experimental test-series was conducted iopayation
between the Swedish Rescue Services Agency, thedgian Defence Estates Agency and the Swedish Pefen
Research Agency. The aim of this project is twafdld increase the knowledge about blast load irompex
environment and to investigate the possibilityAfTODYN to predict the resulting load charactedstbbtained in

a complex environment.

The outline of the paper is as follows: The secttXPERIMENTAL SETUP show how the experiments were
performed. The section FINITE ELEMENT MODEL discubsw the model was set-up and what material
properties were used for the explosive and aithen RESULTS section analyses are carried out asultseare
shown. Finally CONCLUSIONS summarises the findings.

EXPERIMENTAL SETUP

The experimental location consisted of four coreratbic boxes (dimension 2.3 m) positioned at sadie of
2.3 m apart. Three types of charges, 0.4 kg PET®Ikg PETN and 1.6 kg TBX, were used and positiogititer
close to the ground (0.20 m) or at mid height (Irf)5of the concrete boxes in four different locaipsee Fig. 1.
The tests were carried out in scale 1:5 meaningthigaconcrete boxes approximately correspondedftar-storey
building of height 11.5 m with a small charge of kg pentolite, detonating 1.0 m above ground; aghreat
situation roughly equal to what might be expectedifa small car bomb.
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Fig. 1. Top view of the experimental set-up andggasulocated on the concrete boxes. The chargesplared in
four different positions (#1 —#4) 0.2 m (0.4 kg8 or 1.15m (1.6 kg PETN) above the ground. The
naming of the gauges is as follows: Building lettdauge no., Low or Centre. All lengths are in egtr



A total of 25 pressure gauges were used to registgpressure-time relations at various locati@@sgauges (brand:
Kulite) had fixed positions in the concrete boxB3:low (L) at a level of 0.20 m, 8 in the centrg & 1.15 m above
the ground and 2 on the roof (R), see Fig. 1. Aliges but two were positioned in the middle ofwiadl/roof. The
last two gauges (BA6L and BA7L) were positionedseldo the ground 0.20 m from one of the wall edgesn
attempt to get an approximate reading of the effleetdiffraction has on the pressure. The remaifingauges
(brand: PCB) were fastened on wooden boards plagdtie ground and had various positions accordingd. 2,
depending on the position of the charge. Even thalbgauges were active in every detonation thgmeges set
low and in the centre were mainly used for the @atidn of 0.4 kg and 1.6 kg charges, respectively.
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Fig. 2. Top view of the different ground pressuerige positioning for each charge location. All lsgare in
metres.

The explosive used was the Swedish PETN, Spranmdég;, with a density of about 1 500 kg/rwhich consists of
approximately 86 % pentolite and 14 % mineral Aitcordingly, the 0.4 kg and 1.6 kg charges usecsisted of
0.344 kg and 1.376 kg pentolite, respectively. tm@ep [2] the equivalent weight (compared to TN pentolite

is given as 1.42 kg and 1.00 kg for pressure arpliise, respectively. However, when determining ghessure-
time relations for pentolite ConWep uses the awe@ghese values, i.e. 1.21 kg, and accordingbhage of 1 kg
Sprangdeg m/46 corresponds to 0L8&1= 1.04 kg TNT. Using this correlation an approximeadue of the scaled
distanceZ = RW*? can be determined. The horizontal projection @ thstance between the charges and the
pressure gauges varied from 1.15 m to about 1Gsuylting in 1.5 Z< 13 m/kd” and 1.0< Z < 8.5 m/kg?”* for

the 0.4 kg and 1.6 kg charge, respectively.

In this paper only the results for PETN chargesl tiien mainly those caused by the smaller 0.4 leggds, are
presented. For more detailed information abouettperiments and the analyses performed, see [13].

FINITE ELEMENT MODEL

The blast simulations were performed using theieitxgiode AUTODYN [11]. All simulations were madefore
the experiments were carried out, which means thatexperimental results are used to validate hall w
AUTODYN manage to describe the blast load in a dempnvironment similar to that in a city.

In the numerical model the physical domain wasegsgnted by rectangular boxes in 3D which in turnevigled
with cube shaped hexahedral linear elements. Heeddithese rectangular boxes varied based onlasedrenarios
as well as the different remap stages and the pkyrametry present. A typical series of 3D remapsrover 4



stages would have approximate rectangular domaes sif: (2 nj, (4 my, (8 my and (16 mj. The element size
used highly depended on the remap stage and thlentainber of elements employed in the numericallmé&be
high resolution runs strived to utilise the maximaomber of elements possible under the 32 bit addrg space
providing approximately 4.5 million elements, whiichturn yielded an element size of approximateélyrm at the
first 3D remap stage. The remapping ratio was awiag, consequently doubling the element size ah elirection
at every new remap stage. The four concrete blacksthe ground were modelled using rigid boundarfés
outflow boundary condition was only applied duritige last 3D remapping stage to the external phatd¢ke
domain. At all other stages no boundary conditiamese necessary since the blast wave front was alhially
contained inside the corresponding numerical domain

Each simulation involved separate runs over sevstafjes in which a self-developed automatic renmappi
technique, further discussed below, was used. ifstestage involved a 1D spherical symmetric rumgiss Multi-
Material Euler solver simulating the initial detdioa phase with both explosive material and air.réfmap
procedure was then performed into a 2D axial symmelomain using the same Multi-Material Euler solv
Finally the simulation was concluded by a serie8DBfremapping runs using an Euler-FCT solver withoaly.
Some of these 3D remapping stages involved plamametry, in which case the symmetry was fully expld in
the simulations. All of the eight blast scenariosrev completed with as many as 7-9 AUTODYN simulsgio
employing different mesh resolutions for qualitg@snce and convergence studies. Fig. 3 illusttagesimulation
procedure over the various 3D remapping stages.

Stage 33D remap Stage #1: plane Stage 53D remap Stage #3
symmetry

Stage 43D remap Stage #2: plane Stage 63D remap Stage #4: full model
symmetry

Fig. 3. lllustration of the principal layout of tHmite element model for simulation of charge atdtion #1 for
Stages 3 to 6: 3D stages using automatic remap$itage 1 (1D spherical symmetry) and Stage 2 (281 ax
symmetry) are not shown.



The vast number of simulations with their accompagyemapping stages performed in this projectedafior
automation at several levels of the simulation pssc A quite complex system integrating automatiéps
generation with AUTODYN-linked Fortran user-subiioes were therefore developed. This automationesyst
enabled the batch simulation run of an unlimitechhar of 3D blast scenarios, each containing sevenahp stages
with arbitrary geometry and symmetry conditionstima click of a button. The main idea of this metblogy is to
enable automatic detection of the shock front duthre blast, so that a remap process can be édtiat the time
when the shock front is close to the boundary. gloeal script file controls the whole process frtm generation
of the new remapped FE models up to the batch @ownftiseveral simulations running in series.

In AUTODYN there are four different pre-defined maal models for the explosive PETN, where the malte
densities are set to: 0.88 kgim.26kg/mi, 1.50 kg/ni and 1.77 kg/m Which model should be used was unclear,
and therefore, an investigation of the differenterial models were carried out in order to find wadtat pressures
and impulse intensities could be expected for téfie values of the scaled distarite RW. This was done in
AUTODYN using a one-dimensional wedge analysis $atmg an undisturbed spherical pressure releake. T
results were compared with a corresponding analysiENT, [12], and are for the overpressure sumsaatiin
Fig. 4. Here the overpressure is presented as didanof the scaled distance and based on thissthevalent
weight of TNT was determined. From this it can bersthat the resulting pressure will be almosttidahfor the
PETN material models, with densities 1.26 kijand higher, available in AUTODYN. It can also mcluded that
the equivalent weight, based on the average valu@# Z < 10 m/kd”, is about 1.45 kg for the pressure. The
corresponding relation for the impulse intensitysvagetermined as well and was found to be very ammilith the
same average equivalent weight of 1.45 kg. Comgaitiese values with those given in ConWep — 1.4%0kg
pressure and 1.00 kg for impulse — shows that ¢juévalent weight based on pressure was very sirbilsrthat it
differed considerably for the impulse intensity.
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Fig. 4. Results obtained for different explosiveTREmaterial models in AUTODYN: Pressure as functmih
scaled distance (left) expressed as correspondinigaent weight of TNT (right).

Based on the above and an approximation that thivsixe in the charges used had a density of abaukg/nf,
[13], the PETN material model with density 1.77rkg/was used in the final AUTODYN simulations of the
experimental set-up. The explosive was modelledguie JWL Equation of State (EOS) with automatiowersion
into Ideal Gas EOS when the entire explosive hadlred a compression value of -0.95. Furthermonheastart of
the first 3D remap stage the explosive was congdri® air, thus facilitating the use of the singhaterial Ideal-
Gas-EOS-Only Euler FCT solver. Input parametersaifioand explosive are listed in Table 1.



Table 1. Summary of input parameters in AUTODYN diarand explosive PETN with density 1.77 kd/m

Air PETN 1.77
Po 1.226-1C (g/cn?) Po 1.77 (glcm)
Y 1.4 C-J Detonation velocity| 8 300 (m/s)
Po 101.3 (kPa) C-J Energy density 1.07-@0/nt)
C-J Pressure 3.35/1(kPa)
RESULTS

Most of the ground pressure gauges (FFO1 to FFE3 wositioned within a straight line free from tbstions
from the charge, see Fig. 2, meaning that a dzentparison with results from ConWep is possibleFig 5 the
peak pressures, registered in the ground gaugedifferent charge locations in the experiments, @mpared to
that of ConWep. The correspondence is fairly gomdthfie short distances of 1.15 m and 2.3 m whilis lless
accurate for the longer distances of 4.6 m andr6.9his difference is partly due to the confinemeffiéct that the
concrete boxes present (especially true for thegehat location #4) but can not fully explain thifedence
observed. It should be noted, though, that the peegsure might be a bit difficult to capture pndpand that the
impulse intensity is a more reliable measure fig tipe of comparison. However, the disturbancesed by the
surrounding concrete boxes, i.e. confinement arftbateon effects, make such a comparison with CopWe
irrelevant. Nevertheless, the results are regatdduoe sufficiently close to ConWep to be satisfactand more
detailed information of resulting pressure-timeatieins from the experiments are presented togeilithr the
numerical analyses below.
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Fig. 5. Comparison of overpressures obtained airgtgressure gauges (FFO1 to FF13 in Fig. 2) irix@nts
and ConWep. The left diagram shows the incidentrmressures while the right shows these pressures
expressed as a ratio of the peak pressure obtair@dnWep. The deviation observed for charge ation
#4 is expected due to confinement effects.

Table 2 presents a comparison of key parametenprssure B arrival time § and impulse intensity"iand i
obtained in the AUTODYN simulations and that of #ageriments. Here, the impulse intensity is defias the
sum of all positive and negative phases, respégtiwdthin the time period,,q as shown in Egs. (1) and (2).
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Table 2. Summary of key parametd?s t,, i

+

andi” from AUTODYN analyses and experiments. The impulse

intensitiesi* andi” are determined according to Eq. (1) and Eqg. (20 Wiy = 50 ms. A “-* in the table
indicate that the experimental result was not valid

Location #1 Location #2

Gaugs AUTODYN Experiments AUTODYN Experiments

Pt ot if i | PTt, i i | Pt T PPt it i

[kPa] [ms] [Pas] [Pas][kPa] [ms] [Pas] [Pas][kPa] [ms] [Pas] [Pas][kPa] [ms] [Pas] [Pas]
FFO1| 656 0.62 143 137 480 0.65 248 . 755 061 155 1529 89.46 240 160
FFO2| 129 242 85 94| 168 258 57 - 137 241 86 b8 161 2 2.277 97
FFO:| 32 76¢ 52 50 | 47 814/ 8 54 | 33 77: 50 51 | 41 78 51 41
FF12| 14 1345 35 35 20 14.27 38 35 | 140 236 167 16§ 111 252 150 1P2
FF13| 16 989 32 32 18 10.50 28 31 52 762 74 72 47 803 70 8p
BAIL| 51 371 61 67 - - - - 12 794 35 37 11 8.00 33 B5
BA2L| 7 9.6¢ 49 48 8 102¢ 53 49 [ 12 79/ 62 63 | 12 850 60 62
BA3L| 51 371 113 115 63 3.89 112 110 233 282 165 1591 2290 190 176
BA4L|2100 0.63 461 208| 17450.63 429 - 233 2582 127 126 155 296 93 116
BA6L| 94 156 76 14€ | 114 1.6¢ 104 107 | 47C 1.4% 20€ 17% - - - -
BA7L|1221 1.05 290 211| 599 1.02 187 452 470 143 192 159 37346 159 134
BBIL| 6 15.34 20 22 11  16.76 22 19 4 1659 21 22 6 1772 21 21
BB2L| 3 2200 21 20 3 233 23 20 4 194¢ 15 15 4 20.6: 16 15
BB3L| 6 1534 42 44 11 16.63 45 44 24 1331 59 60 30 14.17 60 61
BB4L| 14 13.41 68 70 - - - - 26 11.76 69 63 26 12.23 67 62

Location #3 Location #4

Gaugs AUTODYN Experiments AUTODYN Experiments
FFO1| 698 062 226 184 610 061 237 704 755 0.61 177 (731 056 168 210
FFO2| 136 238 140 141 93 253 120 220 142 238 152 [6019 1243 141 167
FFO:| 33 7.7¢ 76 77 | 45 77¢ 71 66 | 50 7.6¢ 73 71 | 47 80z 54 11€
FF12| 136 2.38 137 141 93 263 113 185 25 13.382 42 38  13.73 40 41
FF13| 34 761 114 112 37 821 106 102 13 928 34 B5 1463 9. 35 28
BAIL| 8 971 52 51 8 9581 49 47 13 7.99 35 35 12 839 3=1
BA2L| 52 3.7¢ 11F 115 | 40 3.9C 11C 11€ | 234 2.8¢ 158 154 | 11C 2.9C 126 147
BA3L|2258 0.63 505 235 2369047 763 328| 234 283 154 153 238 3.00 131 191
BAAL| 52 373 70 73 58 381 73 74 13 799 35 5 11 8452 331
BA6L |127: 1.08 328 23¢ | 991 1.0z 34t 23¢ | 11 4.6€ 126 125 | 11¢ 4.81 118 13C
BA7L| 103 161 70 132| 146 165 72 174 22 548 47 59 3484 5. 52 60
BBIL| 8 11.55 34 31 8 1234 32 27 13 799 35 35 12 812 33 31
BB2L| 5 135 33 35 5 138 32 33 | 13 79¢ 35 35 | 12 76z 37 35
BB3L| 51 7.93 115 112 54 839 99 9 234 283 154 153 14887 124 144
BB4L| 77 645 131 127 73 6.89 122 118 234 283 155 1544 12.86 127 151

From this summary it is also clear that the comesience between experiments and AUTIDYN simulatiions
several cases are very good. However, to get arlgtiture of how well the results coincide a cemee measure,
according to Eq. (3), was introduced.

Coh=1--—

l‘jﬂ Poo (t) = Pey (t) it

¥ P
IEXP"'IEXp

3

HerePap(t) andPgg(t) are the pressure obtained in the AUTODYN simutetiand experiments, respectively, while
i"ep andig, are the total positive and negative impulse iritexssfrom the experiments during the time interval
ta <t <teng. Thereby, it is possible to fairly straightforwbrdompare a large number of numerical and experiaie
results and get a measure of how well they coindideEg. (3) Coh = 1.0 signify a perfect match. However, in
general a coherence value of 0.5 or better correfspto very good agreement between simulated aperiexental
results, see Fig. 6.
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Fig. 6. Example of correlation between AUTODYN arsa&ls and experiments: charge location #1, gaugeLBA3
(top left); charge location #2, gauge BA3L (tophtlg charge location #3, gauge BB3L (bottom lefifla
charge location #4, gauge FF02. The coherences @82, 0.566, 0.436 and 0.477, respectively.

From Table 2 and Fig. 6 it can be seen that theesgent between experimental and numerical residtgenerally

very good. Even though it can be concluded thattmesults coincided well it was generally obsertiedt the

agreement between analyses and experimental ré@scieased when the peak pressure decreased. Wwhes,the

pressure reduces to less than about 50-100 kRgettexal agreement went from very good to excellarfig. 7 the

complete batch of coherence data for the 0.4 kgladdg charges, totalling 8 charges with almo$t &&ult series
(all in all about 10 gauges failed to produce angtivorthy results during the experiments), is enésd. The results
have been separated into two groups, 0.4 kg andgldharges, and it can be seen that the cohegararally is

somewhat higher for the larger charges. Furthezait be noted that about 65 % of the comparedtsesedich a
coherence of 0.5 or higher; i.e. a limit indicatweyy good agreement.
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Fig. 7. Coherence of 0.4 kg and 1.6 kg chargesepted as portion at given coherence (left) andigrotigher
than given coherence (right). A coherence valugbofut 0.5 or higher corresponds to very good ageaém
see Fig. 6, and this limit is reached by approxetyah5 % of the compared results.

CONCLUSIONS

An experimental and numerical study of blast loadraintersection has been carried out. The lofettsf of two
types of charges, 0.4 kg and 1.6 kg PETN, positiomefour different locations have been simulateihg the
explicit code AUTODYN and compared to the experitaémesults. It shall be pointed out that all AUTORN
analyses were made before the experiments welieadaut. Hence, the results presented herein & tasvalidate
how well AUTODYN manage to describe the blast behaviour domplex geometry such as in a city environment.

In the blast simulations in AUTODYN an automatianagpping routine is introduced. This routine enabled
automatic detection of the shock front close tooarmlary, and thus a criterion for when, in timejritiate the
remapping process. Consequently, an automatic ngimgpf the modelled volume is possible, allowing & more
simplified approach to large blast simulations icoaplex environment.

It is shown that there generally is very good agreet between the results obtained in the expersnant the
AUTODYN simulations. A coherence measure is inticetlfor comparing experimental and numerical resaid
it is concluded that this is a convenient methodyéb a rough estimation of how well the resultsncale. It is
shown that for the results presented herein a mead€oh > 0.5 signify very good agreement and that abou65
of the compared measurements fulfil this limit. §auges where the pressure was low (less than &0el@0 kPa)
the agreement went from very good to excellent.98qgnently, it is concluded that AUTODYN manage vwesfl
to describe the resulting blast effects in a complty environment.

As a sub result of this study the relations forsptee and impulse intensity for the four PETN egples,
predefined in AUTODYN, are presented and it is shakat there is only a minor difference betweeeéhof them.
It is also shown that the equivalent weight, coradaio TNT, is about 1.45 kg for both pressure anguilse for
scaled distances of<Z < 10 m/kd"; which differ to what is stated in e.g. ConWep.

Even though it is shown herein that AUTODYN perfednvery well in its prediction of the load charaidics

obtained in the experiments, it shall be pointed at empirical and semi-empirical methods stillfif an

important task in that they provide a basic expiamanecessary for understanding complex load sitos.

Accordingly, such less complex methods are stitiessary to better understand the results from a &@flysis, and
hence help prevent the latter from being transfarnmto a “black box”. It would even be beneficia tise a
combination of numerical simulations and experimakdata to further improve and develop semi-emalnoodels
in order to better understand the blast load obthin complex urban environments.
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