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ABSTRACT

The blast environment inside a building resultingnf an internal detonation is a coupled fluid and
structural dynamics problem that depends on thengxdf failure of the interior walls surroundingeth
blast. As the walls fail, the propagating airbleshvects the wall debris to adjacent rooms, crgadim
hazardous environment. To improve our understandirigternal blast damage and fragment dispersion
phenomena associated with transient and quasi-dtetdings, the Defense Thread Reduction Agency
(DTRA) has initiated a combined experimental anchpotational effort. The program investigated the
response of interior walls made of various matsrial blast loading. This paper will describes the
numerical methodology, the application of the cedplcomputational fluid dynamics (CFD) and
computational structural dynamics (CSD) methodoltgythe study of concrete masonry unit (CMU)
walls response to a blast in the detonation (maioin, and prediction comparisons to experimentsd.da

INTRODUCTION

Over the past years we have seen a proliferatibf@strunning codes, intended to predict the
effect of external detonations, expressed as airbiaading on structures, and the structural
response to such loading. These fast-running coale®e based on either empirical equations or
look-up tables, and most-recently, even coarsexdrest-principles codes. In comparison, very
little effort has been expanded on developing sagtast running predictive methodology for
internal detonations, no doubt due to the signifilyamore complex environment resulting from
multiple reflections from adjacent walls, blast pagation through wall openings, debris
loadings, etc. To remedy this deficiency, the Dséeihreat Reduction Agency (DTRA) has
embarked on a program to investigate the blastremwient and the response of building interior
walls subjected to loading from internal detonagiormhe program indents to generate
experimental data for validation of first-principlas well as future fast-running codes used in
weapon effects planning tools, initiate the develept of fast running engineering models and
help calibrate first-principles based coupled cataponal fluid dynamics (CFD) and
computational structural dynamics (CSD) mobéier prediction of wall response to blast and
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debris. This paper describes the numerical ressltsell as some experimental data obtained in
a single test of this large and evolving program.

Technical Approach

Mesh generation for both CSD and CFD is performsidgiFRGENS3D. This unstructured grid
generator is based on the advancing front methbd. GFD mesh is composed of triangular
(surface) and tetrahedral (volume) elements. Thil @fsh includes beams, triangular or quad
shells and bricks for the solids.

The flow solver employed is FEFLO, a 3-D adaptivastructured, edge-based hydro-solver
based on the Finite-Element Method Flux-Correcteah3port (FEM-FCT) conceptlt solves
the Arbitrary Lagrangean-Eulerian (ALE) formulatief the Euler and Reynolds-averaged
turbulent, Navier-Stokes equations. The code ireduc large variety of state-of-the art
numerical shock-capturing schemes, from FCT, eaaapproximate Rieman, to ENO to HLLC,
and from second-order to eight-order accuracy, @cehthat is continuously updated as new
schemes are developed. The spatial mesh adapistiased on local H-refinement, where the
refinement/deletion criterion is a modified H2-saomir® based on a user-specified criteria.
FEFLO supports various equations of states inclydeal air, water, SESAME and JWL with
afterburning, and has been coupled to CHEETAParticles are treated as a solid phase,
exchanging mass, momentum and energy with the. fluid

The structural dynamics solvers used was SAIESDThis code solves the continuous
mechanics equilibrium equation. The weak formaolafjvirtual work principle) is written in the
spatial configuration (actual configuration) andsidiscretized in time using an explicit second-
order central difference scheme. In space, thealinvork equation is solved by using stable
finite element types. The most used elements ddl mtegrated large-deformation Q1/P0 solid
element (hexahedra with an 8 nodes interpolatidmerse for the cinematic variables and
constant pressure) which does not present hourghasdes and it does not lock for
incompressible cases. Several 3-node and 4-node-teeformation shell elements (Hughes-Liu
shell, Belytschko shells, MITC shells, ASGS stateiti shells) which are formulated using
standard objective stress update schemes (Jaunaaemia, co-rotational embedded axis, etc,),
are fully integrated to avoid hourglass spuriousde® Finally, some objective truss and beam
elements (i.e. Belytschko and Hughes-Liu beamsg ledso been implemented. Many different
material models have been included into the cotte. Most used are: a plasticity model which
relies on a hyper-elastic characterization of tlastee material response for the solid elements,
and a standard hypo-elastic plasticity model fa shell, beam and truss elements. The most
often used failure criterion is based on the maxmeifective plastic strain and the stress tensor
inside the element. The fracture may be simulayeelément erosion and/or node disconnection.



RESULTS

For this test, all four rooms of the facility weneodeled. To help clarify the terminology, we
refer to bay 1 as the room closest to the detomatiom (Fig 1), while bay 3 is the furthest from
the detonation room. The test walls are labeletviedls 1 through 4, where test wall 1 is the
wall between the detonation room and bay 1. Othstistused walls materials representative of
interior partition walls, such as steel or wooddstalls with gypsum wall board sheating. Here
the test included 6" normal-weight concrete masamits (CMU). The CMU conformed to
ASTM C-90 specifications for grade “N” units withnf = 1500 psi. The explosive source
consisted of a bare explosive located in the dgton room at a height of approximately three
feet above the floor.
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Fig 1. Schematics of the facility

Sixteen pressure gages were fielded, eight of wigtdted on the ceiling, are marked in Fig 2.
Two blast pressure gages were placed on the ceibhthe detonation room, Bay 1 and Bay 2.
Bay 3 only had 2 blast pressure gages. A pressige wyas also installed in the center of the test
walls in Bays 1 and 2.

F| g 2 Statl on gage |Ocat0r . * Gagemounts in ceiling (5/bay)




The numerical integration was initiated with a
bare charge detonated some distance from

Zone 4, half symmetr
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detonation+/- 4m

staggered mesh. Rather than using the m
expensive adaptive refinement procedu
where the mesh is adapted to the flow gradig
every 7 time steps, we used an approach
have developed and applied successfully
notebook computet® We start with a small
domain which includes the explosive, ar
interpolate the solution to successively-larg
domains as the simulation progresses. Each _ _ _
domain contained about 120 million elementd;9 3. Coarse-grain adaptive meshing sirategy.
concentrated at the zone of interest.

Interpolation from one domain to the next is autboydriggered by the shock wave arrival to
pre-defined "sensing stations". A schematics f@ piocedure is shown in Fig. 3.

Figures 4 shows pressure and velocity contourquat @3is, 93is, 203is, 0.2ms, and 0.3ms,
respectively. The approach outlined above enabfesxremely accurate modeling of the
detonation event. This explosive was modeling ugtiegFEFLO code coupled with Cheetads
energy is being released long after detonation been completed. The results shows the
seamless integration from zones 1 through 3, abldst wave expands.

pressure

velocity

time=3ps time=63ps time=93pus time=203pus

Fig 4. Pressure and velocity contours at times jof, 3is, 93is, 203s, 0.2ms, and 0.3ms,
respectively.



Figures 5a through 5¢ show superimposed pressmtewrs on the plane-of-symmetry and the
rigid surfaces, and CSD velocity contours on thelCMalls at times of 1.0ms, 10.0ms and
25.0ms, respectively. The blast wave impacts thik ateabout 0.85ms. At 1.0ms (Fig 5a) we
observe the initiation of wall breach nearest tharge, at the nearest stagnation point. For an
HOB near a wall we typically expect to observe tvigh-pressure locals: 1. the point on the wall
nearest the charge (i.e., same height as the H@lli&xe the flow stagnates; and 2. at the nearest
corner (actually, plane-of-symmetry at ground Igvile second stagnation point. These high-
pressure locations are observed in Figs 5a andeShljting in high-velocity of the responding
CMU blocks, as shown at later times in Figs 5b aoydat 10ms and 25ms, respectively.

The pressure contours at later times show blaseweawverberation within the detonation room,
with continuous release through the opened 'dd@'the breach occurred at later times we
observe a strong jetting into bay 1, due to thelgahopening of the breach. Hence, we would
not expect to see strong shocks in Bay 1, andingrtaot in further-out bays.

The response of the complete wall 1 is depicteeigs 6. The results show the wall breach at the
HOB blast level and at the stagnation point onlab#om of the plane-of-symmetry. The results
at later times show that the wall response is otlett by the exerted pressure: increased CMU
velocity at all points where stagnation and heriigher blast pressures, are expected. These
include the two initial breach points, as well bs bther stagnation points: the top of the plane-
of-symmetry, and wall corners (top and bottom). T¥dU velocity at all points on the wall
directly correlates with the pressure observed.

Fig 5. Composite snapshots of pressure contourshenplane-of-symmetry and other rigid
surfaces, and CSD velocity on Walll (CMU) at 1.0&0ms and 25ms, respectively.
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Fig 6. CSD velocity contours describing the respookWall 1 at several times showing wall
breach and complete wall movement. CMU velocityastrolled by the exerted pressure.



Comparison of pressure time histories between mmedsand predicted results at several
locations is shown in Fig 7. Stations P1 and P2auated on the ceiling of the blast room (Fig
2), where P2 is closer to the charge than P1. Thadigied pressure contours show results of
three simulations: the first modeled CMU walls with mortar and rigid individual CMU units,
the second modeled rigid (non-responding) wallsilenvtne third modeled CMU walls where
mortar has been added between the CMU blockshkeutlbcks were not allowed to deform. The
results show that while the initial shock time-offzal, peak value and impulse were predicted
very accurately, the simulation at later time urgedicts the measured impulse. This can result
from either under-predicting the amount of energleased, or over-predicting the energy
required to break the mortar. As this coupled ¢d@@&FLO and CHEATAH) has been used
previously very successfully to model the afterbwi this explosive, this issue remains
unsolved. It should be noted that after conducthrey simulation, we visited the facility and
discovered that the as-built facility 'doors’ ararger than modeled (as the modeling was based
on the design data). Still, it remains to be protrext this change will be sufficient to explain the
energy deficiency.

Comparison of results for the stations located ay B, stations P3 and P4, show that the
simulations correctly predicted the wall breach #drainitial jetting timing and peak values. The
computational solution discontinuity occurs duetie CMU unit passing very close in to the
CFD cell where the numerical pressure transduckaceted, a numerical artifact resulting from
the embedded approach to coupling of CFD and CSi,also fairly similar to what a
experimental pressure transducer would observee Mt the simulation with mortar indicate
lower wall velocities, as well as later arrivalpgak values

Future simulations will model the facility as buithile adding structural response of the CMU
unit, as the results of the test indicate that muddt) blocks were broken, and energy required to
break these must be included in the model.
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Fig 7. Comparison of measured and predicted presand impulse values at the detonation
room (P1and P2)and Bay 1( P3 and p4).



CONCLUSIONSAND SUMMARY

The Defense Thread Reduction Agency (DTRA) hadateil a combined experimental and
computational effort intended to improve our untirding of internal blast damage and
fragment dispersion phenomena. The program encaegasoth experiments and numerical
simulations that investigated the response of imtewalls made of various materials to blast
loading.

The test case modeled in this paper included nimfiereed CMU walls between the detonation
room and the adjacent bay, as well as betweerttal dvays. The approach taken was to model
the non-ideal explosive detonation using a couploigFEFLO and CHEETAH, and the
structural response to the blast loading usingcthupled CFD and CSD methodology, where the
structural domain is embedded within the fluid doma

Several computations were conducted., modelingQhiJ blocks as rigid, with and without
mortar. Comparison of the predictions to the tesults show good agreement in the detonation
room. Both predictions and videos taken duringtdst show that the response of the masonry
walls was primarily a function of blast pressurel ampulse, and impact loading of wall debris
(for walls 2 and 3). While the pressure growth al\as peak pressure and impulse values in
Bay 1 are modeled accurately, it is clear thatctmueately predict the quasi-steady pressure in all
bays we must account for the structural respongbeeo€MU blocks, rather than model them as
rigid. The post-test results showed that all CMWckk in walls 1 and 2 were broken. In
addition, the as-built opening in the blast roonswager than originally planed (and modeled),
an issue that will be addressed in future, repeatlations.
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