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Introduction 

 IMPACT2014 and SMASH are interlinked projects which focus mainly 
on the different phonomena arising in an event of an aircraft crash 
against concrete structures 
 IMPACT2014 concentrates on empirical testing providing input data for 

and serving as validation of the simulations carried out within SMASH 
project 
 Three different sub-topics are studied within the projects: 

 Behaviour of the target structure under impact loading 
 Spreading and combustion of jet fuel released during the impact 
 Behaviour of a concrete structure subjected to chemical explosion 
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Aircraft parts divided on the basis of loading and 
damage they cause 

Fuselage (body of the aircraft) 
• Much more deformable than the structure it 

collides against (soft missile) 
• Loading considered to be mainly mass flow 
• Causes 

• large deformations yielding possible 
rupture of the bending reinforcement 

• vibrations of the building which may 
cause malfunction of the critical 
equipments 

(Semi)hard parts: motors, landing 
gear… 
•Much less deformable than the structure it 
collides against (hard missile) 
•May cause perforation of the wall 

Fuel tank(s) 
• Disintegrates during the impact 
• Causes 

• loading peak due to large mass 
• fires of fuel bursting out of the tanks 

and consequently smoke which may 
enter ventilation channels of the 
building 

 
 

Wings 
•Knife effect – cuts through the structure 
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Structural analyses 



5 4.4.2013 

Combined bending and punching test X1 
 Geometry and supporting Reinforcement and strain gauges 

Bending:Φ10 mm c/c=90 mm in both directions 
and on both sides→ ~8.73 cm2/m,  
Shear:Φ6 mm closed stirrups ~17.22 cm2/m2 
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X1 – high speed video footage 
Soft missile, 
m=50.04 kg, 
v=165.9m/s 
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TDOF model (2 d.o.f) 

 
 

Shear strength due to concrete,  
stirrups and bending reinforcement 
 
  

TDOF model (modified CEB model) describing bending and shear cone formation. 

Spring 1 and mass 1 are connected  
to the global bending deformation 
 
Spring 2 and mass 2 are used in describing  
the local shear behaviour at the impact area 
 
Constitutive law for rebar: elastic-plastic; concrete: elastic plastic with tensile cracking 
 

Bending stiffness 
 
  



8 4.4.2013 

Shell element model (2900 d.o.f) Abaqus 
 2 900 degrees of freedom 
 One quarter model 
 Four-noded shell elements with reduced 

integration 
 Loaded area determined by assuming a load 

spreading angle of 45o in the slab thickness 
direction 

 Reinforcement is modelled as layers 
 Shear reinforcement is not taken into 

consideration 
 Energy dissipation happens through non-linear 

material properties 
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Inherent FEM program  

 16 DOF plate element based on Kirchhoff plate 
theory (FE-KR) (no transverse shear) 
 12 DOF plate element based on Reissner-Mindlin 

theory with transverse shear (FE-RMR) 
 models use moment-curvature relationships for 

reinforced plate sections 
 10 by 10 element model for symmetric quarter for 

X1 (484 d.o.f) 
 impact load given as in Abaqus models 
 both models give about the same results for test X1 
 no prominent shear deformation at impact area 
 FE-RMR model can detect shear cone formation 

(as well as the TDOF model) 
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Solid finite element model (520 000 d.o.f) 
 520 000 degrees of freedom 
 Quarter model 
 Includes missile and all 

reinforcements 
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Prediction of loading function due to missile impact 
 

1) Finite element method 
2) Riera method assuming folding visco-plastic crushing mechanism 
3) Curved/straight folding model: stretching and bending energies of the 

cylindrical shell are taken into account in computing the crushing force and 
rotationally symmetric deformation mode is assumed. Strain hardening and 
strain rate sensitivity are also taken into account. 

 

Deformation at the end of folding cycle 
(wall center line)  

Folding memchanism consisting of circular  
arcs and straight elements 
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Prediction of loading function due to missile impact 
 

Predicted load functions for test X1 
with an impact velocity of 166 m/s. 

Stainless steel pipe 
φ=256mm, t=3mm 
 m=50.04 kg 

Observed and predicted missile shapes at the end 
of test X1. 

The missile 
shape before 
and after the 
test. 
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Displacements as a functions of time 

At the centre 
With sensor 5 

Structural models 
Abaqus = Abaqus shell element model 
Abaqus_3D = Abaqus solid element 
model 
FEKR = Bogner-Fox-Shcmidt plate 
element model 
TDOF = simple 2 degree of freedom 
model 

Loading models 
fvp=Riera method with folding taken into 
account in an averaged sense 
fold=Riera method with true folding 
mechanism model 
Abaqus_3D=missile included in the 
model 
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Results calculated by TDOF model 
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Strains in reinforcement bars 
Measured in test 

Calculated with Abaqus shell 
element (S4R) model 

test 

Calculated with FEKR  
plate element model 
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Strains in shear reinforcement 

 21 ms 

 8 ms 

 4 ms 

 Axial strain in steel 
rebars (front rebars 
removed) 
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Back surface of the X1 slab  

3D solid FE model 

 Cracking of concrete 
 Tensile damage of 

FE model 

 21 ms 



18 4.4.2013 

Cross-sections sawn through the centre-lines of the X1 slab  

 Vertical 
cross-section 

 Horizontal 
cross-section 

 Shear strains indicated by colour contours 

Missile impact radius 

 at 4 ms (middle of impact) 

3D solid FE model 
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Concrete structures under chemical 
explosions 
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Simulating the effects of shock pressure loads 

 DETO-code has been developed at VTT to model pressure 
loads to a planar wall 
 Both pressure effect of incident shock wave and reflection 

waves are calculated by the DETO code 
 An interface that transfers the pressure transients calculated 

by DETO code to a form suitable for a FE-analysis using 
Abaqus software has been developed 
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Simulation of shock wave effects on concrete structure 

 Calculation models for shock wave effects 
were calibrated in 2011 in SAFIR2014 project 
SMASH. 
 
 Spalling and breaching of concrete walls was 

simulated using explicit FE-analysis with 
traditional element erosion technique. 
 
 In 2012 a new simulation method called 

cohesive surface methodology was applied in 
simulating similar cases. 
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Cohesive surface methodology in simulating  
shock wave effects 

 In the methodology each bulk element 
in the model is surrounded with thin 
cohesive elements that are able to 
damage and fail due to loading 
 No solid element deletion that violates 

the conservation of mass and creates 
empty voids in the model is needed. 
 Figure top: Axisymmetric model of 1 m 

thick slab. Bottom: Close-up of the 
cohesive elements. Coloring indicates 
randomness of material parameters. 
Thickness is increased for 
visualization. 
 
 

Shock wave pressure 
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Explosion simulation results 1/2 

Time 0.005 s. 

Time 0.010 s. 

 Axisymmetric FE-model 
 Slab thickness 0.5 m 
 Load 100 kg TNT 
 Tensile strength 2 MPa 
 Strain-rate effects included 
 Fracture energy 100 J/m2 

 Load defined using pressure-time 
functions on the top surface 

Time 0.001 s. 
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Explosion simulation results 2/2 
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Jet fuel dispersion 
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Aircraft impact fires – three levels of research 

1. Experiments on liquid dispersal 
 Determination of CFD boundary conditions 
 Validation data for CFD 

2. Spray CFD simulations 
 Learning how to simulate high-speed sprays 
 Verification and validation of Fire Dynamics  

Simulator CFD-code 
3. Plant scale applications 

 Generic studies on impact fires 
 Capability for design-spesific studies 
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Experiments on liquid dispersal 

 IMPACT-tests with water-filled missiles 
 High-speed video for spray speed and direction 
 Ultra-high-speed video for drop size, velocity and massflux statistics. 

 Back-light illumination with pulsed high-speed diode lasers  
(810 nm, 300 ns pulse) 
 Frame rates up to 100,000 fps. 
 Resolutions down to 5 µm / pixel 
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Results 
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Plant-scale simulations using Fire Dynamics Simulator (FDS) 

Assessment of flame and smoke spreading and thermal 
impact 



30 4.4.2013 

Conclusions (1) 

 Displacements calculated with three different methods applying two 
different loading functions were compared with the experimental 
recordings. 
 Simplified models (due to simple data generation and short 

execution time) are valuable in making parametric studies in 
preliminary design phase and when judging  the reliability of both the 
test results and the more extensive numerical simulations. 
 The two mass system is, however, sensitive to the assumed angle 

of shear failure cone and 3D finite element solutions are needed for 
comparison and more detailed studies. 
 As the impulse is constant assumed shape of the loading function 

did not significantly affect the results in the considered case. 
 It should be noted that these results are sensitive to the material 

property assumptions e.g. high strain rate in concrete increases the 
tensile strength value. 
 The applied damping value affects the bending vibration behaviour. 
 Experimental research is needed to obtain relevant data on damping 

for numerical analyses. 
 

Structural 
analysis of 
reinforced 
concrete 
walls under 
impact 
loading 
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Conclusions (2) 

 Spalling and breaching of concrete, caused by chemical 
explosions, was simulated with FEM using a new method 
called cohesive surface methodology. 
 Pressure transients used as an input for the structural 

simulation was predicted using an in-house code called 
DETO. 
 5 experiments with water filled missiles were carried out to 

measure the liquid spray properties. 
 These serve as an input and validation for CFD simulations 
 To our knowledge, this is the first time when the size 

distribution of the flying droplets has been successfully 
measured from a full-scale impact experiment. 
 The liquid measurements were used in the plant scale impact 

fire simulations.  

Concrete 
structure 
under 
chemical 
explosion 

Jet fuel 
dispersion 


	IMPACT2014 (IMPACT) and �Structural Mechanics Analysis of Soft and Hard Impacts (SMASH)
	Introduction
	Aircraft parts divided on the basis of loading and damage they cause
	Structural analyses
	Combined bending and punching test X1
	X1 – high speed video footage
	TDOF model (2 d.o.f)
	Shell element model (2900 d.o.f) Abaqus
	Inherent FEM program 
	Solid finite element model (520 000 d.o.f)
	Prediction of loading function due to missile impact�
	Prediction of loading function due to missile impact�
	Displacements as a functions of time
	Results calculated by TDOF model
	Strains in reinforcement bars
	Strains in shear reinforcement
	Back surface of the X1 slab 
	Cross-sections sawn through the centre-lines of the X1 slab 
	Concrete structures under chemical explosions
	Simulating the effects of shock pressure loads
	Simulation of shock wave effects on concrete structure
	Cohesive surface methodology in simulating �shock wave effects
	Explosion simulation results 1/2
	Explosion simulation results 2/2
	Jet fuel dispersion
	Aircraft impact fires – three levels of research
	Experiments on liquid dispersal
	Results
	Plant-scale simulations using Fire Dynamics Simulator (FDS)
	Conclusions (1)
	Conclusions (2)


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'paino'] [Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Euroscale Coated v2)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


