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Il-76TD air crash. Aircraft loading evaluation

The purpose of the paper was to study the accidental collision of the Il-76TD aircraft flying at speeds of up to
240 m/s with an obstacle, and the condition of dangerous goods being transported. According to the results
of calculations, comparisons with the available analytical solutions and data on real accidents, we developed
a prediction model of the IL-76TD aircraft, the model reflecting the aircraft mass-dimensional and power
characteristics. Furthermore, we estimated the parameters of the load pulse acting on the transported cargo
and the impact of the obstacle material on them. The resulting load pulse parameters are the basis for the
development of packaging, the design of which should ensure compliance with regulatory safety requirements
for the transport of dangerous goods.
Keywords: transportation, Il-76TD aircraft, dangerous cargo, air crash, collision with obstacle, g-load, duration,
impulse.
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R(t ) = P[ξ(t )] + ξ (t )2 µ [ξ(t )],

(1)

where P[ξ(t )] – limiting load of aircraft destruction;
ξ(t ) – aircraft length from the fore-body;
µ [ξ(t )] – the aircraft weight per unit length.
The method was verified based on the results of Phantom II aircraft tests (the tests are described in detail in [2] and in Section “Influence
of obstacle material on loading of the cargo transported by aircraft” hereof).
The calculation method developed by J. Riera
was continued in the works of Russian scientists –
A. N. Birbraer, A. Yu. Roleder, etc. who calculated
crashes of different types of aircraft [2]. Boeing
707 aircraft for which the analytical calculation is
in place has the weight and size parameters closest
to Il-76TD. Thus, the lengths of Boeing 707 and
Il-76TD airplanes (Fig. 1) are equal to, respectively,
44.6 and 46.6 m, heights – 12.8 and 14.8 m, maximum take-off weights – 200 and 210 t.
The results of the analytical calculations of
Boeing 707 are provided in [2] as the curves of
distribution of the aircraft weight per unit length
of the aircraft and the response of the obstacle
for different values of the aircraft speed at the
approach to the obstacle. These curves were used
to verify the calculated model of the considered
Il-76TD aircraft.
Calculated model of Il-76TD aircraft
The calculated model of Il-76TD aircraft was built
using the data from the public-domain sources.
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Il-76TD aircraft may be used for cargo transportation to the destination. In this case an emergency situation may occur, resulting in the aircraft collision with an obstacle. If the transported
cargo is hazardous (hereinafter – HC), i. e.,
contains toxic, explosive or radioactive substances, the problem of its state in the conditions of intensive impacts is critical from the
environmental safety viewpoint. A peculiar feature of aircraft accidents is high speed of approaching the obstacle. Thus, in case of crashing
from the cruise flight it may reach 240 m/s.
Meanwhile, the material of the surfaces (obstacles) the aircraft collides with may be different –
clay, concrete, granite, gravel, etc. [1].
Analytical solution of the problem of aircraft
collision with the obstacle
The first person who solved the problem of aircraft hitting the obstacle was American scientist
J. Riera, as applicable to evaluation of the state of
buildings and structures in case of aircraft falling
thereon. The calculation method consisted in the
aircraft schematic representation as a rigid-plastic
rod and in each moment of time it was divided
into the crushed part adjacent to the obstacle with
the speed equal to zero and the part falling on
the obstacle. The force affecting the obstacle in
case of an aircraft hit was determined using the
expression
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Fig. 1. Overall views of Boeing 707 (a) and Il-76TD (b)
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During model development the objective was to
attain maximum compliance of its weight and size
characteristics with the respective parameters of
Il-76TD aircraft with the maximum fuel loading.
Simulation of the HC and elements of their
fastening inside the aircraft was carried out as follows. In the fore-part of the aircraft cargo compartment, at the length about 4 m wooden boxes
are usually stacked with the documents and accessory parts. The said boxes are simulated with one
box structure with the properties corresponding
to those of wood. Then, 2 m farther three cargoes
are located set as cube-shaped weight-dimensional
mockups with the side dimension of 1.5 m and
weighing 2 tons each. The calculation did not
account for the potential plastic deformation and
destruction of the HC, which enables obtaining
higher design overloads than expected in a reallife situation. A preliminary strength analysis of
the fastening elements of the standard packages
simulated by the cargoes for the calculation purposes demonstrated that lugs are the weakest link.
The destructive load for the lugs is estimated as
about 100 kN. Herewith, the package (cargo) release from the fastening elements is expected at

the overload of about 10 units.
The aircraft finite element model (FEM)
(Fig. 2) consists of the shell elements with the possibility of destruction and removal upon achievement of the ultimate strain of material (highstrength aluminium alloy V95 [3]).
Thin-wall stiffeners of the main body with
predominantly open profiles (stringers, frames)
capable of resisting relatively low loads and torques in case of aircraft longitudinal crushing were
not described in the calculation model as their influence was accounted for by the equivalent thickness of the main body shell at which the ultimate
strain of the aircraft destruction ( P[ξ(t )] value in
formula (1)) matched the analytical value received
for a similar aircraft.
The cargoes were simulated as solid components. The fastening units – as the elements of
the tension rod with their removal upon achievement of the breaking force. The obstacle at the
first stage of the calculations was simulated as the
absolutely rigid flat surface located in front of the
aircraft fore-body. At later stages the obstacle was
a massive body (the obstacle weight exceeded the
aircraft weight by factor more than 20) with the
properties corresponding to the materials of potential obstacles – granite, clay, concrete, gravel,
and pebbles.
Due to the symmetry of the analytical model
relative to plane XY, half of the aircraft cut off by a

Fig. 2. FEM of Il-76TD with HC:
1 – cargo 1; 2 – cargo 2; 3 – cargo 3; 4 – mooring elements
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symmetry plane was considered. Loading – initial
speed v was set for all the model nodes.
The Il-76TD analytical model was verified
by means of comparison with the analytical solution of the problem of Boeing 707 collision with
the obstacle, namely – with the response of the
obstacle to the frontal impact of the aircraft flying
with speed v = 100, 150, 200 m/s. Fig. 3 shows
the curves of the obstacle response to the impact
of Boeing 707 (analytical solution) and Il-76TD
(numerical solution) for the case v = 200 m/s. The
comparison of the curves enabled making the following conclusions:
• on all the curves 4 sections may be singled
out: the initial section with the increasing force
due to the crashing of the conical fore-part of the
main body; the second section with the force close
to constant due to the crashing of the front cylindrical part of the main body; the third section of
variable force characterized by involvement of
the wings and engines impact on the obstacle; the
fourth section with the decaying force due to the
end of the aircraft braking process;
• the differences of the most dynamic third
sections of the curves are due to the fact that the
numerical calculation enables a more precise description of the loading scenario, whereas the
analytical assessment determines the obstacle response integrally;
• maximum values of the obstacle response
differ by max. 15 %.

Obstacle response, N

.
.
.
.
.
.

Time, ms

Fig. 3. Verification of Il-76TD FEM with cargoes (
)
based on analytical calculations of similar aircraft –
Boeing 707 (
) [2]

Based on the verification results, the conclusion was made that the obstacle loading process
combined with the aircraft braking is correctly
described by the developed FEM. Therefore, this
FEM of Il-76TD aircraft (see Fig. 2) adequately
describes its weight-dimensional parameters and
power characteristic in case of impact on the obstacle [2] and may be used for the assessment of
the loading of an HC being transported in case of
the aircraft emergency crashing.
Results of calculations of aircraft collision with
absolutely rigid obstacle
Based on the developed model the problems of
aircraft collision with an absolutely rigid obstacle
at the speed from 90 to 240 m/s with the obstacle
approach angles from 0 to 90° were considered.
The calculation results are analysed in detail in [4].
Based on the analysis results the following conclusion was made: the most intensive impact on
the cargo is observed in case of a frontal impact
of the aircraft on the absolutely rigid obstacle at
the speed v = 240 m/s; in this case the maximum
overload on the cargo is 3·104 units.
Influence of obstacle material on loading of the
cargo transported by aircraft
The following stage of the calculation studies is
devoted to the assessment of the obstacle material
influence on the loading of cargoes transported by
the aircraft. A frontal impact of the aircraft on an
absolutely rigid obstacle at the speed v = 240 m/s
was studied. The characteristics of obstacle materials (average values from the [5–7]) are provided
in Table 1.
To assess correctness of the numerical calculation results, first the analytical calculations of
the depth of the aircraft penetration into obstacles
were performed ( ∅ ). This parameter, alongside
with the aircraft deformation, may significantly
affect the duration of the impact pulse affecting
cargoes in the aircraft. The results of the available
impact tests of the aircraft and real-life emergency
situations were also considered.
1. The penetration depth of the steel elastic
striking end with a conical tip into unfrozen ( ∅нм )
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Table 1
Obstacle material characteristics
Parameter

Concrete

Clay

Gravel

Granite

2200

1900

2150

2700

Modulus of elasticity, MPa

60,000

170

50

75,000

Shear Modulus, MPa

24,000

64

19

30,000

0.18

0.4

0.3

0.2

Static yield stress, MPa

–

2.9

–

–

Static ultimate tensile strength, MPa

8

–

–

8

Static ultimate compressive strength, MPa

70

10

–

100

Static ultimate shear strength, MPa

10

–

–

10

3

Density, kg/m
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Poisson’s Ratio
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and frozen soil ( ∅м ) may be evaluated using empirical formulas from [8].
For the aircraft with the weight m = 2.1 · 105 kg
with the conical part length LN = 33.5
,5 мm and
v = 240 м/с
m/s we obtain: ∆ м = 13
13.4
, 4 мm, ∆ нм ≈ 80 м
m.
Concrete cracking depth determined using
expressions from [2] is evaluated as ∆ б ≈ 55мm.
The conducted analytical calculations do
not account for the deformation of the striking
end (aircraft), therefore the obtained results may
be considered as the upper estimate of the depth
of aircraft penetration into obstacles.
2. In 1988 a full-scale experiment was conducted in Sandia National Laboratories (US).

Phantom II aircraft (weight 20 t) was tested in
frontal collision with an obstacle at the speed of
v = 215 m/s
м/с [2]. The obstacle was a reinforced-concrete slab with the weight of 470 t installed on
aerostatic bearings. As a result of the aircraft impact the obstacle was displaced by 1.83 m. Virtually
on the entire front surface of the obstacle cracks
with the maximum chipping depth of about 60 mm
were recorded. Based on the experiment results
a conclusion was made that 94 % of Phantom II
kinetic energy were used for the aircraft destruction and only 6 % – for the obstacle destruction.
3. The results of emergency falling of different aircraft types (crater or soil furrow depths) are
Table 2

Data on emergency crashes of different aircraft types
Accident conditions

Depths of craters
(furrows) in the
ground ∅ , m

Airplane kinetic
energy during
impact, J

MiG-15 fighter –
Yuri Gagarin’s
aircraft (6 t)

Moscow region, Schelkovo, 1968. The airplane
fell down from the altitude of about 5 km and hit
the ground at 40° at the speed of about 190 m/s

2.5
(crater diameter
6 m)

2.2·108

Tu-154
(104 t)

Iran, 2009. Due to engine failure the aircraft fell
down from the altitude of about 10 km and
exploded upon impact on the ground

10

3.0·109

An-22
(200 t)

Tula, 2010. Due to steering failure the aircraft fell
in the forest. Speed upon impact – about 104 m/s

Approx. 4
(crater diameter
22 m)

1.1·109

MiG-29 fighter
(29.7 t)

Moscow region, Voskresensk district, 2014. The
aircraft fell on the sand soil with the speed during
the collision of about 300 m/s

4 (furrow length
12 m)

1.3·109

Su-24
(33.5 t)

Khabarovsk, 2015. At the take-off stage the
aircraft hit the ground at the speed of about
200 m/s and exploded

Approx. 20

6.7·108

Aircraft (weight)
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provided in Table 2 according to public-domain
sources [9]. The last column contains the aircraft
kinetic energy upon approaching the obstacle calculated using the formula K = mv 2 / 2 .
Analysis of the data of the calculations, experiment, and crash accidents allows to make a
conclusion that in case of the aircraft hitting the
ground without subsequent explosion the penetration depth may exceed 4 m and in case of the
aircraft hitting a concrete obstacle its cracking
is expected without substantial penetrations.
Then a numerical calculation was performed
of the frontal collision of the aircraft with obstacles
made of different materials at the speed of 240 m/s
(without accounting for potential explosion).
The first calculation case is a frontal collision of the aircraft with a concrete obstacle at the
speed of 240 m/s. Fig. 4 shows the deformed state
of the aircraft FEM with the cargoes on board at
different moments of time.

In the course of the collision, first of all the
aircraft fore-body is crushed and destroyed, then
the cylindrical part of the main body and cargo
compartment is deformed and then wings become
involved in the process of contact with the obstacle.
As a result of the impact on the obstacle the aircraft
is completely destroyed. In the cargo compartment
the wooden box is crushed first. Then the load fastening elements are broken and interact between
one another and with the aircraft elements. Maximum acceleration of cargoes (their centre of mass)
reaches 150 mm/ms2 (1.5 · 104 units) (Fig. 5).
Similar calculations were performed for the
cases when the obstacle material is clay, granite
or gravel. The calculation results are provided in
Table 3.
Based on the results of the calculations of
aircraft frontal collision with obstacles made of
different materials at the speed of 240 m/s the
following conclusions were made:

c

d

Fig. 4. Frontal collision of the aircraft with a concrete obstacle at v = 240 m/s: a – t = 14 ms;
b – t = 44 ms; c – t = 60 ms; d – t = 140 ms
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Fig. 5. Graphs of variation of cargo accelerations in case of aircraft hitting a concrete obstacle:
– cargo 1;
– cargo 2;
– cargo 3
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Results of calculation of a frontal impact of Il-76TD aircraft on obstacles of different materials
Calculation parameter

Concrete

Clay

Gravel

Granite

Overload on cargo 1, units.

12,000

5600

5800

6200

Overload on cargo 2, units.

15,000

8300

7300

9200

Overload on cargo 3, units.

12,000

8800

6000

14,000

Pulse duration, ms

3

4

4

3

Depth of penetration into the obstacle, m

2

8.5

6

1.5

• the minimum overloads on the cargoes
transported in the aircraft (from 5600 to 8800
units), maximum depths of the penetration into
the obstacle (from 6 to 8.5 m) and pulse durations
( τ = 4 ms) are observed in case of the aircraft hitting the obstacle of clay or gravel;
• the maximum overloads on the cargoes
reaching 1.5 · 104 units are expected in case of the
aircraft hitting the obstacle of concrete or granite.
Hereby the minimum pulse duration ( τ = 3 ms)
and depth of penetration into the obstacle (2 m)
is observed.
Analysis of calculation results
The numerical calculation results are presented as
markers on the graph of the maximum overload on
the cargoes in the aircraft as a function of the depth of
aircraft penetration into the obstacle
(Fig. 6).

.
Maximum overload on cargoes, units.
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Table 3

.
.
.
.
.
.
Aircraft penetration into obstacle, m

Fig. 6. Graph of the maximum overload on the cargoes as
a function of the depth of penetration into the obstacle:
1 – absolutely rigid obstacle; 2 – concrete; 3 – granite;
4 – gravel; 5 – clay; – calculated values;
– logarithmic function
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The graph is a decreasing function which at the section ∅ from 0.0002 to 8.5 m may be represented
as a logarithmic relationship:
(2)
The graphs of the maximum overload as
a function of time nmax (t ), obtained based on the results of these calculations and from [4] for the case
of the aircraft collision with the absolutely rigid obstacle normalized to one moment of attainment of
the maximum are shown in Fig. 7. For the purposes
of comparison with the data of the tests and calculations on the assessment of the HC state in case
of an autonomous collision with the obstacle at the
speed of 90 m/s (in accordance with the safety rules
for transportation of radioactive materials [10],
tightness retention in the said test is a safety criterion in case of cargo transportation by air), Fig. 7
also provides the relevant graphs nmax (t ) .
The areas under the curves nmax (t ) during
transition to the dependency of the force on time
F (t ) are the values of the force pulses (N ) affecting
the cargoes in the course of an emergency collision of the aircraft with the obstacle:
t2

N = ∫ F (t )dt .

(3)

t1

The values of pulses affecting the cargoes
obtained using formula (3) made up:
• in case of the aircraft hitting an absolutely rigid obstacle at the speed of 240 m/s
Nc.ж = 4.33·105 N·s;
• in case of the aircraft hitting a concrete obstacle at the speed of 240 m/s Nc.б = 4.20·105 N·s;
• in case of the aircraft hitting a clay and gravel
obstacle at the speed of 240 m/s Nc.г = 3.8·105 N·s,
Nc.гр = 3.5·105 N·s , respectively;
• in case of the autonomous cargo hitting
a concrete obstacle Nа.б = 3.3·105 N·s.
Analysis of the results enables making the
following conclusions:
• the maximum value of overload affecting
the cargoes in the aircraft is 1.5 · 104 units in case
of the aircraft collision with a concrete or granite
obstacle. If the obstacle is gravel or clay, the overload does not exceed 9 · 103 units;
• the values of pulses affecting the cargoes
in the aircraft in case of a frontal collision with
the obstacle at the speed of 240 m/s and in case of
an absolutely rigid obstacle and concrete obstacle
differ insignificantly (by 4 %). But increase of the
pulse duration promotes acceleration amplitude
reduction by factor 2 (in case of a concrete obstacle) and more (in case of a gravel or clay obstacle);

.

Overload, units

.
.
.
.
.

.

.

.

.

.
.
Time (pulse duration), ms

.

.

.

.

Fig. 7. Graph of the maximum overload on the cargoes as a function of impact pulse duration:
– impact of the
aircraft on absolutely rigid obstacle, v = 240 m/s (calculation);
– impact of the aircraft on concrete obstacle,
v = 240 m/s (calculation);
– impact of an autonomous package on concrete, v = 90 m/s (experiment);
– impact of an autonomous package on concrete, v = 90 m/s (calculation);
– impact of the aircraft on clay obstacle
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• the maximum value of overload affecting
the cargo in case of its impact at the speed v = 90 m/s
on a concrete obstacle (1.4 · 104 units) is close to the
corresponding value of overload on the cargo in the
aircraft at v = 240 m/s (1.5 · 104 units). Hereby, the
value of a force pulse affecting the cargo in the last
case is 20 % larger due to longer duration.
Conclusion
Based on the developed and verified FEM of Il-76TD
aircraft the problems were considered of a frontal collision of the aircraft having cargoes on board with an
obstacle made of different materials at the speed of
240 m/s. Upon the calculation results the following
conclusions were made:
• accounting for the real properties of the obstacle significantly affects the level of loading of
the cargo transported in the aircraft, the relationship
between the maximum overload on the cargo and
the depth of aircraft penetration into the obstacle
is satisfactorily described by the dependency
nmax = −2 ⋅ 103 ln(∆ ) + 1,3 ⋅ 104;
• the maximum value of overload on the cargoes is nmax = 1,5 ⋅ 104 units in case of a frontal collision with a massive obstacle of concrete or granite;
if the obstacle is made of gravel or clay, the overload
value does not exceed 9 · 103 units;
• the maximum value of overload affecting an
autonomous cargo in case of its impact with the speed
v = 90 m/s on a concrete obstacle (1.4 · 104 units) is
close to the corresponding value of overload on the
cargo in the aircraft at v = 240 m/s (1.5 · 104 units);
• the obtained overload parameters are the basis
for the development of packaging, the design of which
should ensure compliance with the regulatory safety
requirements for transportation of dangerous goods.
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Транспортная авария самолета Ил-76ТД.
Оценка нагруженности перевозимых грузов
Исследовано аварийное столкновение самолета Ил-76ТД, летящего со скоростью до 240 м/с,
с преградой и состояние при этом перевозимых опасных грузов. По результатам расчетов, сопоставлений
с имеющимися аналитическими решениями и данными по реальным авариям разработана расчетная
модель самолета Ил-76ТД, отражающая его массо-габаритные и силовые характеристики, выполнены
оценки параметров действующей на перевозимые грузы ударной нагрузки (импульса) и влияние на
них материала преграды. Полученные параметры нагрузки являются базой для разработки упаковок,
конструкции которых должны обеспечивать выполнение нормативных требований безопасности при
транспортировании опасных грузов.
Ключевые слова: транспортирование, самолет Ил-76ТД, опасный груз, авария, столкновение с преградой,
перегрузка, длительность, импульс.
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