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ABSTRACT

The honeycomb barrier behaviour has a major
influence on the vehicle structures designed to
absorb a frontal crash, for ECE 94 or Euro NCAP
and other NCAP frontal tests.

The increased use of modelling and the
improvements made on numerical capacities forced
us to be able to represent in a better and an in-depth
manner the numerical behaviour of the honeycomb
barrier in order to improve our prediction of the
vehicle behaviour in a frontal crash test, especially
on the load distribution in the car front-end.

PSA Peugeot Citroén launched a huge physical and
numerical program on the behaviour of the
regulatory honeycomb barrier in order to improve
its numerical model available of the major crash
software. This program focused on the instabilities
generated by the industrial barrier that can lead to
very different load distribution profiles.

Physical tests were performed from simple tests
(honeycomb static compression) to more complex
dynamic tests such as puncture tests, up to sub
systems tests where a rigid car front end was
propelled on a full ECE 94 barrier. This program
highlighted new phenomena that were not
represented up to now in the numerical barrier such
as densification and effect of air pressure in the
cells when high volume reduction and high
velocities occurred. Other important scatterings due
to bonding and cell wall thickness were also seen
as major parameters to take into account.

All these mechanical characteristics as well as the
aluminium mechanical behaviour are now included
in the enhanced modelling developed in the crash
software in order to represent all the simple tests
performed up to the more complex ones. This led
us to better predictive modelling of the honeycomb
barrier.

The paper will conclude with a direct comparison
between the standard barrier model and our
enhanced model and their consequences on the
prediction of the full car crash behaviour.

This brand new model is now used for the design of
the new vehicle programs at PSA Peugeot Citroén.

INTRODUCTION - AIM OF THE STUDY

Several car programs face difficulties due to the
honeycomb barrier behaviour in frontal impact.
These difficulties are due to the change in the
collapse of the structure and may induce significant
differences in the load distribution of the car front
end.

Considering the former problems vehicle have
encountered, two phenomena have to been
improved:

- Interaction between the 3 load path and the
barrier. This interaction precede the loading of the
body-in-white and the loading of the doors

- Behaviour of the side members interacting with
the frontal barrier bumper. The different behaviours
lead to different energy absorption and various load
paths to the base

For all the customer specifications, numerical
modelling is taking a growing part of the vehicle
development. It is the case for the passive safety
specifications for which modelling help to reduce
the cost of the industrial tools to manufacture the
cars as well as reducing the number of physical
prototypes needed for crash tests.

Therefore, PSA Peugeot Citroén decided to
increase its knowledge and enhance the modelling
of the current barrier face to prevent additional cost
due to inaccurate modelling.

PRESENTATION OF THE HONEYCOMB
BARRIER

As a short introduction, it is worth to present the
EEVC barrier used in ECE 94 [1] or in the current
Euro NCAP frontal impact protocol [2].

Figure 1. Exploded view of frontal barrier.
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This barrier is made to represent another vehicle
and consist of a main honeycomb block surrounded
by a backing sheet and the cladding sheet. The
honeycomb block is equipped with a bumper
element made by three independent pieces and
wrapped into the bumper facing sheet.

The whole barrier is made with aluminium and
adhesive (familiarly called glue).

PROBLEM DEMONSTRATION

In a frontal ODB crash test, interactions between
the vehicle and the frontal barrier lead to several
unstable phenomena which are very problematic to
reproduce in numerical modelling.

Problem 1

The load of the wheel and the front side-member
cause the barrier front part to bend forward (see
Figure 2).

This is strongly linked to the height of the 3 load
path which is an architectural parameter intrinsic to
each vehicle project (determined by the wheel
clearance volume).

In the current and standard numerical front barrier
model (volumic model), this forward bending is not
represented. This difference leads to a modification
in the load path of the body side of the vehicle.

Figure 2. Forward bending of the barrier front
which influence the interaction between the
barrier and the vehicle

(a) Physical Behaviour

(b) Numerical modelling with a standard barrier
model

The consequence of this forward bending leads to a
significant difference on the 3" load path in the end
of the crash, as shown in Figure 3.

':,Indicator of an

additional load

Figure 3. Consequence of the forward bending
of the barrier front at the end of the crash

(a) Physical Behaviour

(b) Numerical modelling with a standard barrier
model.

Problem 2

Rupture in the frontal barrier is also frequent and
produced a reduction in the load wheel path (see
Figure 4).

In modelling, the prediction of rupture in
honeycomb is not represented.

Figure 4. Rupture in the barrier which modifies
the load on the wheel.

Problem 3

Kinematics and deformation of front side members
are sometimes affected. The different behaviours
induce very different load distributions to the
structure as presented in Figure 5.
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Figure 5. Different type of collapse

(a) Axial collapse of front side member
(b) Bending collapse in calculation.

These phenomena induce a lack of reproducibility
that blurs the analysis and results of the crash-tests.

A PSA research program has therefore been
launched to improve the modelling of the barrier
face to get a more realistic behaviour of the
interaction between the car front end and the barrier
face. At this stage of the paper, it is wise to notice
that these unrealistic effects we want to eradicate
are purely due to the characteristics of the
honeycomb barrier and are totally decoupled from
the compatibility problem.

PRESENTATION OF THE RESEARCH
PROGRAM

The guiding lines of the test campaign are:

- Use of rigid impactors (including a “rigid
wheel” in order to simplify its modelling and
therefore focus the modelling improvements on the
honeycomb behaviour

- Impactors have to load the honeycomb barrier
or the bumper in different global or local modes
(compression, bending, shearing, puncture, etc.).

- Use progressive test complexity from the
simple compression to a simplified rigid front side
member to get a final model answering to all the
requirements

- Use the maximum energy for each test in order
to obtain the maximum information concerning the
densification, and air effect if it is physically
present.

This full test campaign did not have the aim to
integrate the natural material scattering. This aspect
has been previously performed through other
internal specific researches conducted by PSA
Peugeot Citroén..

The results of this scattering quantification have
been introduced in this analysis and in the
enhanced barrier modelling.

The different parameters and types of
loading/behaviour identified in the barrier during
an ODB frontal crash test are listed below:

- Stiffness modifications of the honeycomb and the
bumper element

- Bumper element interaction into the honeycomb
- Perforation of the honeycomb cladding sheet

- Rupture in the honeycomb or in the bumper
element

- Separation of the bumper and the honeycomb

- Absorbed energy

Different types of measurements were carried out:
- high speed videos
- load-cell wall

- accelerometers

To characterize the honeycomb barrier at the
maximum energy possible, without creating any
damage to the test rig, a safety layer of honeycomb
was put between the rigid wall and the backing
sheet. This honeycomb layer has been cut in block
in order not to influence the load cell
measurements.

The [3], [4], [5], [6] and [7] were used to identify
the best sub-system test configurations.

The different types of test (sub-system tests)
performed in this campaign are presented in
Figure 6.

Test 1:
Shear test
XY et XZ of
honeycomb

Test 2:
100%
compression
of
honeycomb
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Test 3:
Load from a
rigid wheel

Test 4: 50%
compression

Tests5 & 6:
Local
compression
on
honeycomb
and complete
barrier

BLELOOL S
SOPOLE0Ld

Tests 7 &8:
Puncture of
honeycomb
and complete
barrier

Test9:
Simplified
side members

Test 10 :
Simplified
side members
and rigid
wheel

Figure 6. Different testrtypes pérformed in our
test campaign.

Additional test campaigns have also been
performed on:

- Traction on Aluminium tube samples to
improve the material constitutive laws

- Local puncture on the honeycomb

- Local puncture on the bumper element

- Characteristic test on glue to define a
corresponding model

RESULTS OF SUB-SYSTEMS TEST

The different physical phenomena reproduced in
sub system tests help us to understand the different
physical behaviour encountered during a vehicle-
to-barrier test.

The numerical activity took place roughly during
one year and led to two different models of barrier
combining different hypothesis of rupture and
global modelling (one or two thickness in
honeycomb)

For this paper, we decided to present in details the
three following tests:

1. Test 2:100% compression

2. Test 3: Load from a rigid wheel

3. Test 7: Puncture of honeycomb

For each test configuration, the physical results are
presented first. In a second part, the modelling with
different type of mesh or constitutive laws is
presented and compared with the physical results.

Description of the different numerical models

Three different types of models were studied
during this research.

The first one is a classical/standard honeycomb
model which is often called “the initial model” in
this paper. This initial model is a standard volumic
model where each numerical element is associated
to a standard honeycomb constitutive law.

The two new models are made through shell
elements reproducing the actual walls of the
aluminium constitutive element of the honeycomb
barrier:

- “Type 1 model” is a shell element formulation
with a first set of parameters representing rupture in
the cladding sheet and the bumper facing sheet
(same materialt ype).

- “Type 2 model” is a shell element formulation
with different wall thicknesses and a second set of
rupture parameters.

Results of Test 2: 100% compression

The test was performed with similar speed as the
vehicle-to-barrier test. This speed is a key point to
the physical phenomenon of air effect.

Figure 7 presents some images of the deformation
during the test.
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Right view Left view
5ms : honeycomb deforms from rear to front

After impact, the barrier shows a residual
deformation between 75 and 80% of the dynamic
global displacement.

Test 2
Energy vs. displacement

: Elastic
recovery —

Figure 8. 100% compression test — Energy vs
displacement and elastic recovery.

While the stiffness of the barrier is constant, there
is however an increased effort from a quarter to the
three quarters of the total displacement. It can be

= attributed to a phenomenon of confinement of the
L= air inside the cells of the honeycomb barrier.
=
= 4 Test 2
B" = Effort vs. displacement
— == ,—[ <‘ — Testz—_ load wall ‘
nght view Left view —— Theoretical effort |
25ms : 1 explosion on the left side due to the air
containment in the honeycomb cells “Air effect
3 explosions simultaneously on the right side |
Figure 7. 100% compression test — Deformation ~ <«—Confinement __, QensTeagy

at different times.

Despite the theoretical constant stiffness of the
honeycomb, the video clearly shows that the
deformation is not uniform but occurs from the
front (impactor side) to the back (load cell wall
side).

It is only at the end of the compression that the
honeycomb starts to deform uniformly on the
remaining thickness.

There is also a significant elastic recovery of the
barrier. This phenomenon is illustrated in the
following Figure (see red marks).

| "N“W"W“W: e

Right view at I Right view at final
displacement displacement
Figure 8. 100% compression test — Illustration
of the elastic recovery between maximum

deformation and barrier after impact.

Extra energy
available on
barrier test

Figure 9. 100% compression test — Force vs
displacement: theoretical behaviour (constant
force) and force increase due to air confinement
as measured through the load cell wall.

To quantify this phenomenon, an extrapolation of
the theoretical curve without confinement was
created, taking the following assumptions:

- Densification occurs at 75% of compression

- Maximum compression occurs at 90% of his
displacement (without bumper part).

In this test, the energy absorption due to the
confinement is assessed to approximately 13% of
the total energy

In comparison, densification brings around 8% of
total energy.

Therefore, this test shows that air confinement
could be of the same importance as densification.

Without air containment or densification, the
maximum potential energy of the barrier is about
90kJ (measured as the area under the curve of the
theoretical effort).
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Considering the two phenomena (densification and
containment), the increase of energy is around
33%.

Test 2: 100% compression - Comparison with
calculation

Test 2
Effort vs displacement
Test Theoretical
Initial
Type 1 / |r
AN = ]
| R o i
T T =
_,‘/,Q"_

Figure 10. 100% compression test —
Comparison of force vs displacement modelling
and test result.

The main findings are:

- The initial numerical barrier does not present
any spike as those found with the new ones. This
effect has been improved recently via specific
studies with good result for the enhanced modelling
but they are not presented on this report neither on
this graph.

- The type of shell model in “type 1” or “type 2”
has the ability to take densification into account (to
some extent). These barrier models present an
improvement in numerical modelling with respect
to the standard volumic model.

Additional numerical studies were carried out to
understand the densification effect. The
formulation of hourglass appears to be the main
parameter of influence.

- None of the three barrier models is able to take
into account the phenomenon of confinement. This
explains why the final forces are overestimated in
the 3 cases.

Results of Test 3: Load from a rigid wheel

Another type of test, more complex was conducted
and analysed: the load from a rigid wheel.

Figure 11 shows the behaviour of the barrier at a
specific time.

13ms : 15ms
Early separation of the cladding sheet from the
honeycomb block

Figure 11. Load from a rigid wheel — View of
the cladding sheet separation from the
honeycomb block.

As shown in the both views of Figure 11 it is
interesting to notice that the bumper is not
compressed during the test. The bumper is just bent
by the impactor and forces the impactor to raise on
the barrier body.

Figure 12 presents the load cell wall results at three
different times.

60 ms 65 ms 70 ms

Figure 12. Load from a rigid wheel — load cell
wall at three different times.

The measurement of maximum force per cell on the
load cell wall clearly shows the increase in the
support surface horizontally through the bumpers.
The load cells located directly in front on the rigid
impactor (lines 6 and 7) only measure 50% of the
total load. This means that the honeycomb barrier
spread 50% of the localized input force.

Another important point in the deformation of
barrier is the absence of rupture of the cladding
sheet and the bumper element (see Figure 13).
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(b) Front view

Figure 13. Load from a rigid wheel — Post
impact view of the cladding sheet sliding and the
bumper non deformation.

The detachment and sliding of the cladding sheet
from the honeycomb block of the barrier has
contributed in limiting the work of the cladding
sheet in traction.

Contrary to the previous test, we do not visually
notice any elastic recovery of the barrier. This is
probably due to the complex deformation of the
barrier which is subject to very different internal
constraints as in the initial test.

In summary:
- no rupture in the cladding sheet

no shear in the bumper element.
- little or no compression in the bumper element

- no separation of the bumper element from the
cladding sheet

- there is an important “peeling” (separation) of
the cladding sheet from the barrier body which
force it to slide into the centre of the barrier

Test 3: Load from a rigid wheel - Comparison
with calculation

Here again, the modelling can be compared to the
results of the physical test (see Figure 14).

1
L)
T
et BN
aua
ﬁ-‘-"

S

Front view Left view
(@) Initial barrier model

Front view Left view
(b) New shell barrier model: type 1

Front view Left view
(c) New shell barrier model: type 2

Figure 14. Load from a rigid wheel -
Comparison of the three different models.

Figure 14 left view, clearly shows that with the new
shell models, the forward bending of the top front
of the barrier is well reproduced whereas the initial
version of the barrier model is unable to make it, as
mentioned in the introduction.

Figure 15 presents the comparison of the force-
displacement curves between the three models and
the physical test.

Test 3
Effort vs. displacement

Test
|| Initial
model - .
Shell type _— — }

- il

Figure 15. Load from a rigid wheel —
Comparison of the force-displacement curves.

The main findings are:

- The “type 1” model is the only one presenting a
small peak of initiation (that is even not present in
the test). But, then it reproduces with a good
accuracy the test curve even if a partial rupture of
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the bumper facing sheet is present in the model but
not in the physical test.

- The “type 2” model is very well correlated up to
a quarter of the total displacement. The force is
then somewhat underestimated while staying in the
acceptable order of magnitude. It is interesting to
notice the break in the cladding sheet and in the
bumper that is not present in the test, and the
insufficient separation of the cladding sheet from
honeycomb block. This last point alone may
explain the failure of the cladding sheet. This test
shows that the different parameters are highly
coupled: an adjustment in a rupture parameter of
the cladding sheet will be linked to the rupture in
the bumper and eventually will have an influence to
the overall effort.

Results of Test 7: Puncture of honeycomb

Two different rigid impactors are used during the
same test. One impactor has a rounded shape. The
other presents a flat surface.

Figure 16 and 17 shows the behaviour of the barrier
at different time and the final deformation of the
barrier body.

1 ms: loading ' 10 ms: End of 42 ms: Late side
starts in the loading in the effects related to the

cladding sheet. cladding sheet -
Rupture in the cladding sheet
cladding sheet at inside the barrier

the centre. body

folding of the

An interesting point to notice, as shown in Figure
17 is the pure shearing phenomenon induced by the
square impactor, despite its small cross section of
100 x 100 mm. The honeycomb cells in contact
with the square impactor have been fully
compressed. Whereas, with the rounded shape
impactor, the honeycomb cells have been deviated
from their initial location and the impactor ends its
journey on the backing sheet.

Results of Test 7: Puncture of honeycomb -
Comparison with calculation

Comparing the test with the numerical models
shows the following.

The rounded shape impactor shows that the rupture
was first produced at the point of contact and
spreads to the sides in the 4 perpendicular
directions. The impression left in the cladding sheet
looks more like a square than a cylinder. This is
due to the mesh since it is the 4 "triangles" of the
cladding sheet that were folded inward in the
barrier.

Concerning the direct contact between the backing
sheet and the rounded shape impactor, as
previously mentioned, the phenomenon have been
reproduced numerically on both barrier type 1 and
type 2

Figure 16. Puncture of honeycomb — Three
specific times during the test.

View onto the honeycomb View onto the
deformed by square honeycomb deformed by
impactor round impactor
Figure 17. Puncture of honeycomb — Post

impact deformation.

(c) Shell barrier type 2

Figure 18. Puncture of honeycomb — Results of
the modelling.
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Test7
Effort vs. displacement

Test
Initial barrier

Shell type 1

L |
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Figure 19. Puncture of honeycomb — Force —
displacement comparison.
The main findings are:

- For the initial model, the first phase of the test
is rather well reproduced. Indeed, the 2 ruptures
occur simultaneously at 5 ms, in a force level very
close to the test. However, the initial model then
fails to predict the correct level of effort. It even
increases with the displacement and eventually
diverges completely from the test. It is likely that
the absence of rupture of the honeycomb block
during the perforation of the barrier associated with
a work of pure compression volume elements are at
the origin of this overestimation

- The “type 1” model also presents a rupture of
the cladding sheet simultaneously at 7.5 ms. The 2
ruptures are relatively close to those observed in
the test in terms of location and failure mode. The
barrier then faithfully reproduces the decay of the
effort during the next phase. The overall correlation
is already at a good level.

- The “type 2” model breaks too late in the
cladding sheet which results in an increase in effort
that is kept for too long. It then reproduces with
satisfaction the decay of the load even if it is
somewhat overestimated compared to the test. In
this test, the rupture parameter in the cladding sheet
does not seem to be correctly tuned. However, in
test 3, the same set of parameters gives good
correlation. This shows the different way of
rupture: traction-elongation, or tensile shear and the
difficulty to model both with the same set of
parameters.

- No barrier model at this stage of modelling is
able to reproduce the separation of honeycomb
from the barrier plate and its spread on the side as
the impactor punctures into the barrier.
Nevertheless, the prediction of effort is already at a
good level for barrier type 2.

SOLVING OF NUMERICAL ISSUES ON
QUASI-STATIC COMPRESSION

This part of the research was extremely complex
and required many months of study and
development.

As presented in the previous sections, there is a
clear need to continue to improve the numerical
models. This will be carried out via new parametric
studies that have already been initiated. The aim is
to represent more accurately some phenomena such
as the glue rupture, the cladding sheet rupture or
the peak load.

The plan of study focus on the following points:

- material laws for the various types of
aluminium

- modelling of the honeycomb and the bumper
- modelling of the cladding sheet
- modelling of the glue

Each element of the barrier was characterized up to
failure.

This report presents only part of the numerical
difficulties: the ones considered as the most
unexpected. The complexity in rupture analysis is
well-known and therefore will not be presented in
this paper.

The first simulation which was assessed is the static
compression. This test was performed in order to
verify the acceptability of the barrier model.

Figure 20. Test result of quasi-static
compression.

The first difficulty encountered was the global
effort of compression. The following parameter
was studied:

- material law
- hourglass formulation

Several parameters in the Johnson-Cook material
laws were studied, such as:

- perfect hardening

- low module of plasticity
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Quasi-static compression
Stress vs. displacement

1
— - Reference
e Influence of formulation
\-.__‘ Influence of material law
I e ST { YR

Standard Standard
lower limit upper limit

Figure 21. Quasi-Static compression - Influence
of hourglass formulation and material law on
stress/displacement response.

In this graph, either the constitutive law or the
hourglass formulation modifies deeply the load of
compression.

Although, the force level is drastically different, the
behaviour is quite similar in terms of deformation
between each honeycomb block.

Figure 22. Quasi-static compression -
Plastification of sample.

Finally, the major parameter in this test series was
the global size of the honeycomb block. The side
effect is much more important in the case of
numerical calculation than in reality.

We decided to increase the size of the honeycomb
block beyond its actual size as recommended by
numerical modelling experts.

The results of simulation with a larger size of
honeycomb block are encouraging concerning the
load level, but the honeycomb deformations are not
as progressive as expected.

Quasi-static compression
Stress vs. deformation

Standard Standard
lower limit upper limit

J

Figure 23. Quasi-static compression - Influence
of cell in honeycomb block.

Figure 24. Quasi-static compression - Global
crushing of honeycomb block.

In this modelling, the honeycomb block deforms
uniformly as a whole, instead of getting a large
deformation localized in the front part of the
barrier.

To solve this problem of behaviour, a number of
numerical parameters were studied:

- number of integration points
- type of deformation law for material

- shell plane stress plasticity (radial return or
iterative projection)

Quasi-static compression
Stress vs. displacement

Figure 25. Quasi-static compression — influence
of integration points in shell.

The results are inconclusive.

All characterizations in effort-displacement
obtained are less stable than the reference
configuration.

Even for smaller mesh sizes, the convergence of
the deformation is not obtained.

An elementary study was then conducted: an
isolated hexagon was studied to understand the
numerical difficulties encountered.

The numerical structure appears to be too slender
(even if the case does not appear in physical
honeycomb). Thickness must then be artificially
increased in the hexagon to find a satisfactory
behaviour in terms of deformation.
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Figure 26. Quasi-static compression -
Deformation of a honeycomb cell.

In conclusion, modelling the complete barrier in
shell elements was very complex. Large numerical
instabilities appeared and did not produce the
expected improvement.

However, thanks to some trade-off we finally
obtained a satisfactory modelling.

Some minor adjustments are still under study.

PROJECT APPLICATION

A first application was performed on vehicle
projects.

Problem 1: Forward bending of frontal barrier

Even if the shell barrier presents some major
improvements in deformation and kinematics of
honeycomb, the project application is not
satisfactory with the new barrier shell (see
Figure 27).

: ndicator of an

additional load

____-,$l P
=8
_
ya

c)
Figure 27. Project application - Global crushing
of honeycomb block

(a) Physical Behaviour

(b) Numerical modelling with a standard barrier
model

(c) Numerical modelling with a shell barrier.

However, the rupture in the honeycomb block and
the cladding sheet allow minimising the additional
load injected in the 3" path load as seen in

Figure 28.

Figure 28. Project application — Deformed view
of the barrier.

Problem 2: Rupture in the honeycomb block

Additional analysis show that the complete rupture
is not far (see Figure 29)

Figure 29. Project application — Side view of the
barrier with plastic deformation.
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Problem 3: Crush behaviour

The shell model presents an enhancement in the
prediction of the side member deformation. The
deformation is correctly reproduced.

(c)
Figure 30. Project application —Different type of
collapse

(a) Axial collapse of the front side member

(b) Bending collapse in calculation with the
initial model

(c) Axial collapse with the shell model.

CONCLUSIONS

The study of the enhanced modelling of the frontal
barrier led us to understand the physical
phenomena which trigger the unstable behaviour of
the barrier. Both the physical and numerical part
enabled us to this understanding. These phenomena
are mainly:

- forward bending of front barrier
- rupture in honeycomb

Their understanding and their enhanced modelling
allow us to improve the interactions between the
vehicle and the frontal barrier through its different
load paths:

- side member
- wheel to sill
- upper load path

Numerically, the study permits to understand the
influence of each parameter. The major parameters
are highlighted are:

- material law
- hourglass formulation

- size and thickness of cell
However, some defaults of modelling are always
under study for improvements:

- peak load (very important for calibration)
- rupture in glue

- adjustment/tuning of the rupture in the cladding
sheet

The shell formulation of the barrier has shown is
ability to improve the numerical behaviour of the
overall crash of a full vehicle into the frontal ODB
barrier.

The final enhanced model will be more faithful to
physical phenomena and is now quite ready to be
applied on projects in large dimensioning phase.
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