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Numerical approach to a reverse problem using LS-DYNA3D analysis: collision
of an aeroplane door with the ground

Menglong Ding and Wieslaw K. Binienda

Department of Civil Engineering, The University of Akron, Akron, OH, USA

ABSTRACT
Nonlinear finite element analysis (FEA) with LS-DYNA3D is used to determine the initial conditions
needed for aircraft components to become damaged as observed after impact with the ground.
Determining initial conditions of aircraft or components—impact velocity, orientation with respect to
the ground before impact, and average soil properties—could reproduce the damage observed at the
final state and reveal the condition of the structures immediately prior to collision with the ground.
Predictive methods using FEA require detailed reverse engineering modelling of components, highly
accurate material model characteristics and multiple numerical simulations for unknown parameters in
order to identify average soil properties and initial conditions of components such that the numeric-
ally generated final results will agree with the condition observed following impact. A case study is
presented in which various scenarios are considered for the impact of the door of a large passenger
aircraft with soil at the crash site.
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Introduction

Often at aircraft crash sites, some fragments of an aircraft
are found buried in the ground, while others create visible
grooves or craters in the soil at the site. One of the tools
available to crash investigators is a reconstruction of the
physically possible conditions of the aircraft and its compo-
nents immediately before impact with the ground that can
reproduce the final damaged state of the component and
the ground at the impact area. Since the nonlinear finite
element analysis (FEA) code LS-DYNA3D can be used to
compute large models using a parallel computer cluster, it
has become possible to determine the unique initial condi-
tions needed to reproduce the final damage state of the air-
craft components or the entire aircraft [1–3]. Hence, the
inverse problem can be solved to determine the initial state
based on information about the final state.

Recently, Zinzuwadia and Olivares [4] described such an
inverse problem solving (or ‘reverse engineering’) effort con-
ducted by the U.S. National Institute for Aviation Research
(NIAR) for simulation of the crash of Turkish Airlines
Flight 1951, a Boeing 737 aircraft that crashed during its
approach to Amsterdam Schiphol Airport, Netherlands, on
25 February 2009. The results of this study were used to val-
idate a predictive methodology developed by NIAR that can
help to simulate other collisions or can be used to evaluate
designs from the point of view of structural crashworthiness
when, for example, new materials such as fibre-reinforced
composites are incorporated. The Federal Aviation
Administration of the United States (FAA) now requires
that applications of composite materials into an aeroplane

structure must produce a design at least as safe as the best
understood aircraft materials that are composed of metals
and metal alloys, and the NIAR methodology may prove
useful in validating new designs.

In the study presented in this paper, the same NIAR
methodology used to simulate the crash of Turkish Airlines
Flight 1951 has been applied to identify the initial condi-
tions for the passenger door found buried in the ground fol-
lowing the crash of a Tupolev Tu-154M aircraft in
Smolensk, Russian Federation, on 10 April 2010. Based on
the investigation of this door, the final damage condition
and configuration of the door in the ground was established:
the door was embedded in the ground to a depth about 1m
and found in a position that was nearly perpendicular to the
ground. After the door was excavated, the level of damage
was documented in a photograph and was also represented
by a schematic, as shown in Figure 1. The ground was pene-
trated by the door plate, starting with the long edge origin-
ally positioned forward (toward the front of the aircraft),
which is defined here based on its final orientation as the
bottom leading edge, since it was the edge that had pene-
trated most deeply into the ground. Hence, at the moment
immediately prior to impact with the ground, the door was
positioned in such a way that the inner side (concave face)
of the door pointed in the direction of motion of the air-
craft, the door was rotated 90� sideways (with the long
edges of the door at the top and bottom), and the door shell
was in a nearly upright position (i.e. was perpendicular to
the ground) with the long forward edge making first contact
with the surface of the ground. The damage to the door, as
observed on the inner face, is shown in Figure 1.

CONTACT Wieslaw K. Binienda wbinienda@uakron.edu
� 2019 Informa UK Limited, trading as Taylor & Francis Group

INTERNATIONAL JOURNAL OF CRASHWORTHINESS
https://doi.org/10.1080/13588265.2018.1549008

http://crossmark.crossref.org/dialog/?doi=10.1080/13588265.2018.1549008&domain=pdf
http://orcid.org/0000-0003-0113-5196
http://www.tandfonline.com


Research objective and approach

The objective of this work is to determine the initial condi-
tions that can uniquely reproduce the damage of the air-
craft door found fully embedded in the soil at the Tu-
154M crash scene in Smolensk Russia and to identify the
appropriate soil properties to be used in impact simula-
tions that will reproduce the observed damage of an air-
craft and its components.

In determining the condition of the door just prior to
contact with the ground, two possible scenarios must
be considered:

� A scenario where the door was separated from the fusel-
age in the air and impacted the ground at high velocity,
which would be the case if an explosion had occurred
inside the aircraft (referred to herein as the impact scen-
ario, where studies were conducted by NIAR [5] and
only the best cases are presented here).

� An alternative scenario which assumes that the door was
still in contact with the aircraft fuselage and that the
door was pushed into the ground by the falling fuselage
(referred to herein as the pushed door scenario).

To find the initial conditions for the door of the Tupolev
Tu-154M, the following steps were undertaken:

� Step 1: Apply a reverse engineering process to generate
the geometry of an intact door, using a three-dimen-
sional (3D) scan and measurements of the dimensions of
the components.

� Step 2: Develop a 3D computer-aided design (CAD) of
the structure of an intact door based on the 3D scan,
thickness measurements and a review of technical docu-
mentation for the aircraft.

� Step 3: Define the type, location and orientation of fas-
teners on the intact aircraft door.

� Step 4: Develop an explicit finite element (FE) model.

� Step 5: Define material properties for all material com-
ponents and select constitutive models, which includes
the selection of soil model parameters.

� Step 6: Conduct a parametric study for the impact scen-
ario, where the door is injected perpendicularly into the
ground by an explosion in the fuselage of the aircraft;
this involves the analysis of impact conditions to deter-
mine the door–soil penetration for various velocities and
orientations.

� Step 7: Conduct a soil model selection study by focus-
sing on a door that is pushed perpendicularly into the
ground by a fuselage moving at different velocities in
order to determine the appropriate soil model to use for
full embedment.

� Step 8: Conduct a parametric study for a scenario where
a moving fuselage with velocity 75 m/s horizontally and
12 m/s vertically pushes the door perpendicularly into
the soil model selected in Step 7, using various initial
orientations to determine the final damage condition and
orientation for the door.

Reverse engineering effort (Steps 1 to 3)

Although aircraft manufacturers offer maintenance manuals
for their aeroplanes, they do not provide FE or CAD models
for their aircraft. Hence, some reverse engineering is typic-
ally required to produce a 3D CAD model of aircraft struc-
tures before an FE model of the structure can be generated.

As part of the reverse engineering effort, NIAR used 3D
scanning and hand thickness measurements to generate a
CAD model of the door of a Tu-154M aircraft. This aircraft
door is a structure having a complex shape with locking
mechanisms riveted and/or bolted to structural components
that are made of thin sheets of aluminium alloys. Using a
3D scanning technique, the internal and external shape of
the door could be accurately reproduced, generating the so-
called loft shape of the door. Next, the rivet locations were

Figure 1. Final damage state to the aeroplane door as seen from the inner face (left); the orientation of the door as embedded in the ground (right). Reproduced
with permission of NIAR [5].
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defined as points on the inner and outer surfaces of the
door such that all components of the door structure are
connected to each other and the locking mechanism and
window are incorporated into a single CAD structure.

The researchers measured the thickness for each compo-
nent of the structure and incorporated the measurements
into the CAD model. A major effort was required to iden-
tify the hundreds of rivets and other fasteners and orient
them so they are perpendicular to the connecting surfaces.
A photograph showing the internal structural components
of a Tu-154M door, a 3D laser scan of the door and the
resulting CAD model are shown in Figure 2. The result is a
door with overall dimensions of approximately 1.9484m in
height, 0.8889m in width and 0.0947m in thickness. All

components of the door (shown in Figure 3) were incorpo-
rated into a single CAD structural assembly.

Finite element model mesh discretisation (Steps 4
and 5)

Once the CAD model is complete, all components can be
meshed and attached to each other with the appropriate
beam fasteners. Appropriate contact algorithms have to be
assigned between the soil elements and the door compo-
nents in order to be able to predict the contact forces caus-
ing damage to the door as well as the level of compaction of
the soil during the door–soil interaction. In order to achieve

Figure 2. Door of a Tu-154M: photo showing interior of the door (left), point cloud of a 3 D laser scan (centre), and the resulting 3D CAD model (right).
Reproduced with permission of NIAR [5].

Figure 3. Fastener points, locking mechanism and other components of the CAD assembly for the door. Reproduced with permission of NIAR [5].
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predictive capability for the door model, finite elements that
are between 3mm and 20mm in length were used. The
resulting FE model of the door developed by NIAR [5]
required a total of 103,896 nodes and 74,826 shell elements
for the aluminium sheet components and window material
plus an additional 8383 elements for locking rods and lock-
ing handle components (Figure 4).

The next step in the FEA model development is to asso-
ciate each component with a particular material model, as
shown in Figure 5. The door materials were selected based
on common design guidelines and repair manuals for single
aisle commercial aeroplanes [5, 6] and in particular Tu154M
[7]. For aluminium alloys, the ‘Piecewise Linear Plasticity’
(�MAT_024) and Tabulated Thermoplastic Constitutive
Material Models (�MAT_ 224) are used, as validated by the
FAA [8] and the Aerospace Working Group [9]. Fasteners
were modelled as Type 9 Beam (SpotWeld) elements using
�MAT_100 for defining the connection materials (a list of
all material parameters for the components can be found in
Figures A-1 to A-5 in Appendix A). For non-structural
components, such as rivet heads, point masses were added.

The overall mass, the centre of mass and the components of
the moment of inertia for the door were calculated, and the
calculated mass (80.459 kg) agreed well with the actual
weight of the door of a Tu-154M (80.45 kg), as can be
noticed from Figure 6.

Three different types of contact algorithms were defined
in this analysis to ensure proper interaction between differ-
ent parts of the door and the soil [5]:

� For the contact between the door components,
�Contact_Automatic_Single_Surface [10] was applied.

� For the connection of the beams, �Contact_SpotWeld
[10] was applied.

� For the contact between the door and the soil,
�Contact_Eroding_Surface_To_Surface [10] was applied.

The soil at the crash site in Smolensk was modelled as a
sufficiently large block using 367,360 solid elements having
a minimum element length of 50mm to produce a block
with the following overall dimensions: 5.6m in length, 4m
in width, and 2m in depth. Non-reflecting boundary

Figure 4. FE model: shell (left), solid (centre) and beam elements (right) used for various door components. Reproduced with permission of NIAR [5].

Figure 5. Association of various material models with specific door components. Reproduced with permission of NIAR [5].
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conditions were applied in all surfaces except for the top
surface, which was placed in contact with the door to limit
the spatial extent of the elements, as shown in Figure 7.

To improve the accuracy of the simulation, the average
mechanical properties for the soil to be used in the simulation
need to be chosen from the available library of soil models that
are based on actual soil samples. Using soil properties that are
too soft will not generate a level of damage that is sufficient to
induce the damage observed on the door from the Smolensk
crash site, and soil parameters that are too hard will produce
damage that is more severe than the damage for an aircraft door
at the same embedment depth as that found at the crash site.

Over the past several decades, the U.S. National
Aeronautics and Space Administration (NASA) has developed
a library of soil models based on experimental measurements
[11, 12]. Out of this library, the most promising models and
mechanical properties used in LS-DYNA are found in the
MAT_005: �MAT_SOIL_AND_FOAM constitutive model.
The validation of this soil model has been discussed in other
studies [5, 11, 12], and the definitions for the parameters can
be found in the user manual for LS-DYNA3D [10].

Of the five soil models considered by NIAR in the
impact scenario—Carson Sink Dry, Carson Sink Wet,
Cuddleback Lake A, Cuddleback Lake B and Norfolk Sandy

Loam—the Carson Sink Wet (CSW) soil model produced
the most accurate results (in the form of similar damage as
compared to the damage condition of the Tu-154M door
found at the crash site in Smolensk). Moreover, the initial
conditions shown in Figure 8 for the impact scenario
allowed full penetration of the door into the soil, as shown
in Figure 1. All results for the impact scenario were dis-
cussed in detail in the NIAR Report [5], so only the most
accurately producing final outcome results of the impact
scenario will be presented and discussed in Section 5.1.

In the subsequent sections, the focus will be on the alter-
native scenario of determining the damage condition and
the final orientation of a Tu-154M passenger door under a
pushed door by the falling fuselage. In this scenario, the
damage caused to the door results from the pushing action
of a rigid plate that represents the aeroplane fuselage, which
is moving horizontally at a velocity of 75m/s and is falling
toward the ground at a velocity of 12m/s, based on available
black box data from the crashed Tu154M 101 aircraft. In
order to produce the most possible damage to the door, the
three stiffest NASA soil models were considered: Carson
Sink Wet, Carson Sink Dry and Cuddleback Lake A. The
material parameters for these soil models as used in
LsDyna3D are presented in Figure A-6 in Appendix A.

Figure 6. Identified location of centre of mass for the door (left) and calculation results for mass, centre of gravity, and moment of inertia tensor components
(right). Reproduced with permission of NIAR [5].

Figure 7. Model of soil block in contact with the door (left); enlargement of FE elements at the corner (right). Reproduced with permission of NIAR [5].
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Simulations for different damage scenarios

This section provides more detail for the modelling work
completed at NIAR for the impact scenario as well as the
modelling work performed at The University of Akron for
the ‘pushed door’ scenario.

Impact scenario: parametric study results originally
reported by NIAR (Step 6)

In order to establish the setup for the numerical analysis,
both the aircraft door and the soil models were combined.
Subsequently, the aircraft door was oriented at angles H
(the angle between the leading edge of the door and the
ground surface) and b (the angle that the door deviates
from the vertical), as defined in Figure 8. For each initial
door configuration, the horizontal and vertical velocities
were considered and the gravity load was incorporated. The
initial conditions were chosen in such a way that the
embedment of a door in the soil to a depth of about 1m is
achieved. In order to achieve the position in which the
door was found at the Tu-154M crash site, it must pene-
trate the soil starting with the long forward edge (the lead-
ing edge) from the orientation almost perpendicular to the

ground. The outcome of the simulation must reproduce the
significant damage of the leading edge of the door that
occurred during the process of soil penetration, as shown
in Figure 1.

Several parametric studies were conducted to evaluate the
effect of the door orientation, the initial impact velocity and
the significance of the type of soil on the door deformation
and the door–soil penetration depth. Numerical results
were compared to the actual damage of the door and the
door–soil penetration observed at the actual crash site
(shown in Figure 1). The soil model producing the closest
match to the damage observed for the door and the soil
penetration at the crash site was obtained by using the CSW
soil model with a door orientation defined by the angle H
equal to 10� and the angle b equal to 20�, as shown in
Figure 8, with a horizontal velocity component between
20m/s and 30m/s and a vertical downward velocity compo-
nent between 125m/s and 135m/s.

The three best cases for the impact scenario—the ones in
the impact scenario that produce a damage condition that is
closest to that of the Tu-154M door from Smolensk—are
shown in Figure 9. The impact-related parameters for the
three cases when simulated using the Carson Sink Wet soil
model are also presented in Figure 9.

Figure 8. Impact problem definition and best case results for the configuration matrix. Reproduced with permission of NIAR [5].

Figure 9. Impact damage results for best cases in the parametric study using the Carson Sink Wet soil model. Reproduced with permission of NIAR [5].
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As a subset of the study, NIAR considered the effect of
increasing the soil density from 1422 kg/m3 to a fully water
saturated density of 2000 kg/m3 (Figure 10). The effect on
damage to the door, depth of embedment in soil (700mm
for a soil density of 1422 kg/m3 and 637mm for a soil dens-
ity of 2000 kg/m3) and the shape of the soil cavities created
by the impacting door were almost identical to the cases are
shown in Figure 9. Hence, the change in density of CSW
soil from 1422 to 2000 kg/m3 is not as significant a factor in
comparison to the initial velocity of the door. For additional
results and conclusions, please refer to the full report by
NIAR [5].

Pushed door scenario: parametric studies (Steps 7
and 8)

This section describes the work conducted in the study to
examine if there is another physical case that can produce
the same combination of damage to the door (as shown in
Figure 9) with the same soil penetration depth of about 1
meter. This work considers the possibility that the damage
was produced by pushing of the door (by the plane fuselage)
as opposed to an impact (or high momentum action) of the
door. The ‘pushed door’ problem definition, which includes
the door orientation as well as the contact surface between

Figure 10. Damage to the door: Using Carson Sink Wet soil with density of 1422 kg/m3 (at left, top and bottom); using Carson Sink Wet soil with density of
2000 kg/m3 (at right, top and bottom). Reproduced with permission of NIAR [5].

Figure 11. ‘Pushed Door’ problem definition: door orientation angle b (left); contact area at the start of push (right).

INTERNATIONAL JOURNAL OF CRASHWORTHINESS 7



the top surface of the door and the pushing surface (i.e. the
fuselage), is shown in Figure 11.

In the simulation, the fuselage has a large mass that is
modelled as a rigid plate moving at a constant velocity hav-
ing horizontal and vertical components. A contact surface is
created between the fuselage (plate) and the structure of the
door, and it is assumed that the door contact points may
slide with respect to the surface of the fuselage plate, where
the coefficient of friction between door and fuselage is 0.9.
The initial velocity of the door is assumed to be zero so that
the contact points will slide on the fuselage surface; the vel-
ocity of the contact points must increase to 75m/s, the
same velocity as the horizontal velocity of the fuselage. The
typical curve for the horizontal velocity of a contact point of
the door is shown in Figure 12, which demonstrates the
level of variation of velocity of the sliding over the fuselage
elements of the door from 20m/s to 75m/s due to friction,
damage and deformation of the door structure.

Three cases are considered in the parametric study of a
pushed door:

1. Vertical push of the door into Carson Sink Wet soil by
a rigid plate that represents a fuselage falling with a vel-
ocity of 9 m/s and 12 m/s (Step 7).

2. Vertical push of the door with a velocity of 12 m/s with
application of three different soil models: Carson Sink
Wet, Carson Sink Dry and Cuddleback Lake A (Step 7).

3. Push of a rigid plate using a velocity with a vertical vec-
tor component of 12 m/s and a horizontal vector com-
ponent of 75 m/s as well as two different soil models
(Carson Sink Wet for soft soil and Carson Sink Dry for
harder soil) with the application of various initial door
orientation angles with respect to the normal of the
ground surface (Step 8).

The first study presented here is focussed on vertical
push of the door into the Carson Sink Wet soil by a rigid
plate representing the fuselage falling with a velocity of 9m/
s [5] and 12m/s, as shown in Figure 13. We can compare
the damage produced by these conditions with the damage
of the real door and the damage produced in the impact
cases shown in Case B1 (Figure 9), which demonstrated the
acceptable similarity with the damage to the real door. Case
B1 represents the impact case with initial velocity vector
components 125m/s in the vertical direction and 20m/s in
the horizontal direction.

It can be observed that in the cases of a pushed door, the
damage to the bottom (leading) edge is negligible in com-
parison to the damage to the door at the crash site and to
all damage cases (B1, B2 and B3) shown in Figure 9. Also,
the average force required to push with a velocity that is
33% higher increased by 88%—from 25,000 lbf (111 kN) for
9m/s to 45,999 lbf (200 kN) for 12m/s. Such higher forces
generate visibly more damage at the top edge of the door

Figure 12. Typical variation of the horizontal velocity of a door point (curve B, shown in green) near the contact with the plate moving with constant velocity of
75m/s (curve A, shown in red).

Figure 13. Door damage pushed vertically (b¼ 0) by a rigid plate with 9m/s (left) and 12m/s (right).
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(i.e. the edge where the door and plate have contact),
but not much more damage at the leading edge of the door.
It should be noted that the real case (for the door found at
the crash site) requires leading edge damage to be much
larger than the damage at the top edge, a condition which
was not observed in the pushed door results shown in
Figure 13.

The second push door study is focussed on a vertical vel-
ocity of 12m/s but subjected to application of three different
soil models: the softest model considered is Carson Sink
Wet; the Carson Sink Dry is somewhat stiffer, and the stiff-
est is the Cuddleback Lake A soil model. Final damage in
all three simulations is shown in Figure 14. Again, the lead-
ing edge damage with Carson Sink Wet and Carson Sink

Dry is much smaller than that of the impact cases shown in
Figure 9. The Carson Sink Dry model produces slightly
more damage at the top and leading edges due to the fact
that the average pushing force has increased from 45000 lbf
(200 kN) to 75000 lbf (334 kN)—which is nearly a 70%
increase—due to the stiffer characteristics of Carson Sink
Dry soil. While the damage at the top edge may be too large
in comparison to that of the real door, the bottom leading
edge damage is still too small. Finally, the Cuddleback Lake
A soil model is far too stiff; it does not allow for full pene-
tration into the soil. Instead, the door buckles in the middle
due to the applied average pushing force of 200,000 lbf
(890 kN). Hence, the Cuddleback Lake A soil model can be
excluded from further analysis.

Figure 14. Door damage (b¼ 0) produced by a plate pushing 12m/s down for three soil models: Carson Wet (left), Carson Dry (centre), and Cuddleback A (right).

Figure 15. Kinematics of door moving from b¼ 50� (top) and b¼ 60� (bottom), as pushed into the Carson Wet soil by a rigid plate moving 75m/s horizontally
and 12m/s downward (coefficient of friction between door and plate =0.9).

Figure 16. Kinematics of door moving from b¼ 50� (top) and (bottom) b¼ 60� as pushed into the Carson Dry soil by a rigid plate moving 75m/s horizontally and
12m/s downward (coefficient of friction between door and plate =0.9).

INTERNATIONAL JOURNAL OF CRASHWORTHINESS 9



The third and final study is focussed on pushing the
door into Carson Sink Wet (soft soil) and Carson Sink Dry
(somewhat stiffer soil) by moving a rigid plate with a hori-
zontal vector component of 75m/s and a vertical vector
component of 12m/s and applying it to various initial door
orientation angles with respect to the normal to the ground
surface as shown in the leftmost image in each row in
Figure 15. The friction coefficient between the plate and the
door is assumed to be 0.9. The kinematics of the process is
shown only for critical door orientations (i.e. 50� and 60�)

for each soil model in Figures 15 and 16. It can be observed
that for the initial door orientation from 0� (perpendicular
to the surface) to 50�, the door is first pushed into the
ground but subsequently is rotated with respect to the lead-
ing edge in such a way that it is dragged horizontally by the
fuselage and ends up in the horizontal position with the
inner face down. If the initial orientation angle is increased
more than 50�, as shown in the sequence of the simulation
for the initial 60� orientation in the lower row of Figures 15
and 16, the door cannot be rotated forward; instead, it is

Figure 17. Door position inside the cavity and cavity shape for ‘push door’ cases with b from 0� to 50� (top) and b> 50� (bottom).

Figure 18. Effective von Mises stress distribution at 0.7ms after the first contact of the fuselage with the door.
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pushed backward and also lands horizontally—but this time
with the inner face up. Hence, the horizontal movement of
the fuselage does not allow for perpendicular embedment of
the door for any initial orientation of the door.

Moreover, it can be noticed that the level of damage to
the door for all soil cases and all initial orientations consid-
ered in the pushed door cases is too small at the bottom
leading edge. In addition, the cavity or indentation pro-
duced by the rotational and sliding movements of the door
while pushing into the soil is completely different from that
observed in the real door found at the crash in Smolensk.

Figure 17 shows that in the ‘push door’ cases the door is
at the bottom of large uncovered crater with either inner
face down (for initial orientation angles of 0� to 50�) or
inner face up (for initial orientation angles higher than 50�).
These positions are very different from the observed pos-
ition of the real door in Smolensk. The real door was ori-
ented almost perpendicularly, and it was completely
embedded and cover with soil, with significant damage at
the bottom leading edge, as shown in the impact simulation
cases of Figure 9.

Damage at the top surface of the door depends on the
initial door angle orientation b, speed of loading, and hard-
ness of the ground. An example of high concentration of
the effective von Mises stresses at about 0.7 milliseconds
after the first contact between the fuselage plate and the
door for b¼ 50� and Carson Sink Wet soil model is shown
in Figure 18. A similar concentration is present at this stage
of contact for all other soil models. The maximum stress in
both upper corners of the door is almost 500MPa while the
stress at the leading edge is ten times smaller (no higher
than 50MPa). Hence, the larger damage at the top surface
for the pushed door scenario can be explained by the top
surface concentration of pressure over small sections of the
door that are in contact with the fuselage. The entire top
load is resisted at the bottom leading edge by a much
smaller pressure, which is distributed uniformly over the
entire leading edge as a normal stress, and some portion is
also distributed in the form of shear stress along all surfaces
of the side of the door that are in contact with the soil.

Conclusions

All conducted parametric studies show that the pushing of
the door by the fuselage is incapable, using any of the avail-
able soil models, to reproduce the damage induced in the
door of the Tu-154M excavated from the crash site.
Moreover, the only way to produce the same damage as that
of the door found at the crash site in Smolensk (i.e. very
large erosion and deformation at the bottom leading edge
and a final orientation close to perpendicular to the ground,
embedded to nearly 1m of depth and covered with soil at
the front and back sides) is only possible by applying the
impact conditions shown in Figure 9. The impact conditions
presented in Figure 9 have a large vertical component for
the velocity (125m/s or higher) and a smaller horizontal
component for the velocity (30m/s or lower) with an initial
orientation almost perpendicular to the ground.

Hence, the door on the Tu-154M at the crash site had to
be accelerated to the ground by a force that produced a ver-
tical velocity of 125m/s—which is more than 10 times faster
than the velocity of the falling fuselage—while reducing its
horizontal velocity component in comparison with the hori-
zontal velocity of the fuselage. The real door impacted the
ground with the front long edge and was fully embedded in
soft soil best represented by the Carson Sink Wet soil
model, leaving as the only possible scenario of an impact
resulting from an explosion as the most likely cause of
required high vertical velocity of the door.
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Appendix A

Figure A-1. Aluminium parameters for Mat_24 models.
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Figure A-1. Continued.
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Figure A-2. Steel parameters for Mat_24 models.

Figure A-3. Spot-weld material Parameters for Mat_100.
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Figure A-4. Aluminium plate model parameters.

Figure A-5. Aluminium parameters for Mat_224 tabulated model.

16 M. DING AND W. BINIENDA



Figure A-6. Soil material parameters for Mat_5.
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