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ABSTRACT

This paper describes the development of a basic finite element simulation model of a concept for an adaptive
structure made with carbon fiber reinforced plastic materials. Thereby in particular the prediction of the
mechanical properties of necessary deformation zones in the structure, that are realized with an elastomer matrix
system, is challenging due to the different properties of this material compared to conventional composites.
Available material models in the FE-Code LS-DYNA are analyzed for their usability in this task. For the
parameterization of the material models a number of coupon tests are conducted and the deviations between the
material with the elastomer matrix and the material with the conventional duromer matrix systemisanayzed. The
results of these testsis used to validate the material models for both, the material used in the expansion zone and
the conventional composite material in the rest of the structure. It is shown, that the prediction of the shear
properties of the elastomer based material creates difficulties with the used material model (MAT_54) but in total
the correlation between test and simulation is good and comparable for both materials.

The first task that has to be approved for an adaptive structure made of FRP-materials is the expansion-process
from the initial to the pressurized final geometry. For this purpose a quasistatic inflation test is performed. The
results of the test and a corresponding simulation correlate well for the pressure at which the expansion of the
structure begins. Regarding the maximum burst pressure and the location of the material failure deviations
between test and simulation occur. Possible reasons for this deviations are analyzed and discussed.

Finally the additional necessary stepsin the creation of a predictive simulation model for an adaptive FRP structure
under crash-load and possible approaches for the latter are discussed.

INTRODUCTION

Currently the automotive industry is highly demanding simulation models that are able to predict and optimise
the crash behaviour of mass produced Fibre Reinforced Polymer (FRP) composite structures, which will be
increasingly used in vehiclesin the future. The ability to investigate crashworthiness of FRP vehicle structures by
numerical simulation is very important for these lightweight materials to see widespread use in future cars.

In this paper, the current status of the development of simulation models for shape-adaptive FRP-Structures, as
shownin (1), isdescribed. It isanalysed if state-of-the-art modelling-approaches and existing material models can
be used, or if novel developments are necessary to predict the mechanical properties and behaviour of such
components. The process of the parameterization of a material model, including the conduction of material tests
as well as the validation of the models, is described.

MOTIVATION

Shape-adaptive FRP-Structures address the demand for lightweight vehicles structures as well as the need for
reduced injury-risk of car occupants. The potential benefits of those two topics are summarized in the following:
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Use of FRP-Materialsin automotive application

The increasing demand on reduced emissions, lower fuel consumption and higher safety in the automotive
industry requires not only adevelopment of alternatively powered vehicles, but a so consistent lightweight design.
The use of lightweight materials such as glass or carbon FRP is a possible approach to achieve these goals. In
contrast to metal materials FRP have very high values for specific stiffness and strength. The usage of FRP
structures within new vehicle concepts beneficialy leads to a further enhancement of structural safety while
lowering the vehicle’s mass.

Compared to metal materials the use of FRP for the Body-in-White (BIW) shows a weight saving potential of up
to 60% to 70% (2), (3). This potential has been exploited for many years in motorsport and comes more and more
into focus for conventional cars. In particular for future alternatively powered vehicles, weight saving is directly
linked to increased range which brings FRP-materials into such carsin greater extent (e.g. BMW i3 (4)).

In addition to the weight saving potential FRP also show a very high ratio of energy absorption per weight,
compared to metal structures (CFK~ 100kJ/kg vs. Al ~50kJ/kg (5)). This makesit a very interesting material for
the crash-structures in a car. Actual applications can be found predominantly in sports cars (e.g. Mercedes SLR
(6)) but as soon as some shortcomings of those materials (e.g. cost, recycling, ...) are solved, it isvery likely that
they are applied also in more vehicle typesin the future.

Adaptive structuresin automotive application

Recently expandable structures, which provide different mechanical properties due to a geometrical adaptivity,
have come into focus of vehicle safety development. These structures are principally folded in their undeployed
state to minimize the cross section. Thus these adaptive structures are very compact, which brings benefits
regarding packaging in the vehicle. Due to the fact of cross sectional adaptivity, the structure shows very high
potential concerning weight reduction. Wall thickness can be reduced due to increased stiffness, as aresult of the
increased moment of inertia by the expansion of the structure and additionally also due to the pressure within the
structure (7).
Adaptive crash structures show potential for further increase of safety and lightweight performance. Different
approaches with varying design goals and realisations have been discussed in recent publications. The main goals
for the use of adaptive structures can be summarized as described in (8):

- Increase of deformation length

- Increase/decrease of crash load levels

- Increase of energy absorption

- Weight reduction

- Packaging benefits

One dternative approach describes the goal of improving the driver’s vision by use of adaptive A-pillars (9).
Adaptive structures made of steel have already been developed by Daimler AG and used in prototype vehicles
such as the Experimental Safety Vehicle (ESF 2009). For example, by expanding structural components to the
ouside of the car, additional space for deceleration of impacting objects is created, which leads to a significant
reduction of intrusion velocities of the door in case of aside impact (10).

When one tries to combine the above described benefits of FRP material and crash adaptive structures, an
elementary question arises: Is it possible to realize a structure that allows for geometrical adaptivity with FRP-
materials that are typically very stiff and allow only very low enlongations at failure?

One possible concept for a successful realisation of such a solution is described in (1). For a better understanding
of the development of a corresponding numerical model, the chosen approach for this structure is summarized
briefly.

For therealization of a shape adaptive CFRP (carbon fiber reinforced plastic) structure anovel hybrid-matrix
approach is used to integrate multiple matrix materialsinto one CFRP structure. This hybrid-matrix approach
allows the local integration of elastomer matrix material. Since the matrix material significantly influences
the bending stiffness and strength in FRP, an elastomer matrix material leads to a strong flexibilization (11).
Herewith, alarge geometry change in FRP structures can be realized.

Based on the hybrid-matrix approach a suitable design concept for areinforcing door structure is devel oped
which is capable of a significant change in shape in case of an inner pressurization.

In the unpressurized state the hollow structure has a u-shape cross section at the expansion area (see Figure
1). In case of pressurization the cross section areas with the elastomer matrix material can change into a
semicircle shape, which almost leads to a doubling of the structure’s moment of inertia. The bottom area of
the cross section geometry as well as the end area of the structure do not change their geometry due to the



rigidity of the thermoset matrix material. At the rigid end areas both, the fixation to the door frame and the
integration of the pressurization device can be realized.
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Figure 1: Shape adaptive FRP-Structure

This design concept represents the background for the manufacturing of prototypes which are tested regarding the
inflation behaviour and their mechanical propertiesin pressurized and un-pressurized state.

The materials in the expansion area of this structure vary considerably to conventional FRP-materials with rigid
thermoset resins as matrix materials. In particular the large strains that have to be sustained in the expansion-area
require tailored material properties.

In addition to the proof of concept with prototypes as described above, numerical models of the used materials
are developed and validated with coupon- and component-tests. In this paper the process of the development and
validation of the material models, that are able to predict the mechanical behavior the adaptive FRP-Structure
described in (1) is shown. Prior to that the state-of-the-art modelling techniques as well as the available standard
material models are analyzed.

METHODS

In general the FE-simulation models are set up based on athree level development processthat is shown in Figure
2. This process consists of a basic material, a principle component and finally of a full vehicle implementation
testing and validation level.

Level 1 Level 2 Level 3

Material Testing Component Testing
& Validation & Concept Evaluation

Figure 2: Development process of FE-Model of adaptive FRP Structure

Implementation

At the material level, tests on coupon level are performed to derive the necessary data for the parameterization of
the selected material models. In addition to the tests literature datais used (if available) for the verification of the
test results.

At the principle component level the derived FRP simulation approaches are used to develop and evaluate the
functionality and effectivity of design concepts of adaptive FRP structures. The FE models are used to investigate
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and evaluate the adaptive behaviour of the FRP structure. Therefore all essential influencing parameters to the
adaptive structure like, for instance, the use of different materials, wall thickness, FRP lay-up, position of the
elastic areas, needed internal pressure for the unfolding process as well as the maximum burst pressure of such
structures will be investigated in detail. Moreover, the FE simulation will be used to configure the setup for the
component tests.

Once the second validation step is finished, the designed adaptive structure can be integrated into a full-vehicle
simulation model and its potential regarding weight saving and increase of occupant safety can be assessed.

Beginning with a review of possible modelling techniques and available material models, a first simulation
approach which is capable of predicting the behaviour of the laminate is defined. In order to derive the parameters
necessary for the material models, a series of coupon tests are conducted and for each test a corresponding
simulation model with the adjusted boundary conditions is created. Beginning with literature values and
information of data-sheets, the material parameters are optimized iteratively to fit the test results as closely as
possible. For this process also optimization tools (LS Opt) are applied.

In the following, the used data and the selected numerical tools are described in detail and the results of the first
two validation steps are presented.

MATERIAL TESTING AND VALIDATION
Simulation approach for the laminate

In general, modelling techniques for FE simulation have to be classified into simulation of FRP UD
(unidirectional) and woven laminates. First, UD laminates are simulated by the use of solid and layered shell
element formul ations in combination with special FRP material models. With the aid of these material modelsthe
elastic behavior as well as the failure and damage behavior can be simulated based on several available failure
and damage criteria (e.g. (12)). Second, woven laminates are basically simulated by the use of two different
modelling approaches (13), the cross ply and the smeared ply approach (see Figure 3).

These specia approaches are motivated by the fact of interweaved, undulating fibersin warp (0°) and weft (90°)
direction within one single layer. Within the cross ply approach interweaved fibers are split into two single
unidirectional layers with half the thickness of the real woven single layer. One represents the warp and the other
one the weft fibers. In contrast, within the smeared approach the warp and weft properties are smeared to one
single layer.

In general the smeared approach is easier to apply concerning parameterization of the material models but gives
less quality results regarding failure behavior. Thisis caused by the fact that existing failure criteria are designed
for UD laminates but not for woven ones. In contrast, the cross ply approach is more elaborate regarding the
parameterization of the material model caused by the split modelling of the woven fabric. Within this approach
the failure and damage behavior can be simulated by using the existing failure criteria.

For this study the cross ply approach is used for ssimulation of woven laminates within the adaptive CFRP
structure. The simulation of possible failure and damage mechanism during pressurization and external loading is
of main interest to evaluate the structural effectivity of the adaptive structure.

cross ply approach |

smeared approach

N

unidirectional

I

Figure 3: Modelling approaches for woven fabrics

Selection of material model

Once the modelling approach is set, a suitable material model has to be selected. As the properties of the used
materials (i.p. expansion zone) vary significantly from conventional thermoset FRPs, it has to be evaluated firstly
which material model can describe the mechanical behavior in the best way. The used FE-Code LS-DY NA offers



a large variety of available material models dedicated for the smulation of FRP-materials (14) with different
advantages and disadvantages (15).

With the chosen modelling approach of the laminate comes the need for the definition of material parameters that
describe the integral mechanical properties of the FRP-material. A possible first step isto calculate the laminate
properties (e.g. stiffness, strength in principal axis) based on the material properties of fiber, matrix system and
the layup (16). This generally provides agood initia value for the subsequent validation with experimental data.
With these determined first material parameters the different available material models of LS-DY NA were filled
in, to provide an initial estimation of the usability of the different material models. With the comparably simple
models: MAT_22, MAT_54 and MAT_58A, aready a good correlation can be achieved. For those material
models the previous calculation of the mechanical properties provide most of the required input parameters. For
non-existing input parameters the material card must be completed with literature data and assumptions.

The application of more recent material models such as MAT_261 and MAT_262 is currently not considered,
because they require very extensive material testing for the determination of the individual input parameters. For
these material models many assumptions would have been necessary, which would have led to a worse
predictability of the models.

Performed coupon tests

The data required for the parameterization of the models can be divided into “basic” data (e.g. Youngs modulus,
poisson ration, etc. in longitudinal and transverse direction) and parameters that describe the material behavior
after failure. In particular for the latter, the more complex material models (e.g. MAT_261, ...) need more
parameters for the definition and validation of the failure- and damage models and therefore require additional
test configurations.

The values of the “basic” material parameters can be determined with tensile and compression tests in different
layup configurations. For the shear properties atensile test with a[+45°]s laminate has to be carried out.

In order to be able to parameterize the material models used in the adaptive structure, the material used in the
flexible areas as well asthe stiffer material with the duromer resin system have to be examined.

An overview about the conducted testsis given in the following figure:

Test Norm No. Of Tests
Tensile Test[0/90). | DIN EN ISO 527 5
Tensile Test [+45/-45]. | DIN EN ISO 527 5
Compression Test Boeing 5
[0/90], Compression Test
Compression Test Boeing 5
[+45/-45]. Compression Test |
ENF [0/90]. AECMA prEN 6034 5 ?Kﬁﬁfﬁ?
DCB [0/90]. ASTM D5528-01 o Eihon Fanser Vel 209
MMB [0/90], ASTM D6671

Figure 4: Overview of performed coupon testsin the MATISSE Project

For the creation of the first simulation models, only the tension and compression tests are used. They are going to
be analyzed further in the next chapters. The additional three tests (ENF, DCB and MMB) are used for the
validation of a novel delamination model which is not part of this publication. This model has already been
presented in (17) and (18).

Results - Validation of material models

In the following the results of test and simulation with the final material model are compared and discussed:

Elastomer matrix system — Expansion area of adaptive structure

For the expansion area of the shape-adaptive structure, which has to sustain large deformations during the
unfolding process, the material model *MAT_54 was selected. The latter is a simple progressive failure model
for FRP materials. It requires only a few input parameters, thus it reduces the difficulty and extensive material
testing for input parameters. *MAT _54 describes a progressive failure within the limits of strength and strain (19).



For the determination of the input-parameters a number of material testsin longitudina and transverse direction
are performed. In 0° tension loading, the material shows an almost linear behavior up to failure (see Figure 5).
This characteristic can be realized very well by the use of *MAT_54.

The shear component is adjusted by a 45° tension test. Typical duromer based FRPs show a non-linearity under
shear loading (20). The elastomer based FRP does not show such a behavior, its force deflection curve is aso
nearly linear, as can be seenin Figure 5.
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Figure 5: Tension tests: Elastomer matrix system

The simulation results of the [0/90]s laminate under tension loading show a high correlation to the test. In contrast
the results of the tension test with a[+45°]s laminate show a significant difference to the simulation. The increase
of the reaction force under predominant shear loading of the material is overestimated, the elongation at break is
too small whereas the maximum force correlates well with the test results. In the selected material model the
ascent of the reaction force cannot be reduced without degrading the corréelation in the [0/90]s configuration.
Therefore for thisfirst smulation approach the fair correlation in the shear propertiesis accepted.

Under compression load (see Figure 6) ahigher variation in the test results can be seen. In the [0/90]sconfiguration
the curves show a distinct peak value before first material failure occurs. In contrast at the [+45°]s tests the force
level is almost constant when the material beginsto fail. After a certain value of deformation the reaction forces
rise again in both test settings. This characteristic is mainly driven by the test setup.
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Figure 6: Compression test: Elastomer matrix system
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When comparing the test results with the corresponding simulations it can be seen, that in particular at the [0/90]s
configuration the ascent of the reaction force in the simulation is significantly higher. In this test-setup it hasto
be taken into account, that already smallest errorsin the alignment of the upper and lower clamp of the specimen
or deviations in the angle can artificialy reduce the stiffness of the material. This effect is even higher, when
testing soft materials such as the elastomer-matrix system used in this case. Asthe ascent of the reaction forcein
the area of elastic deformation correlates perfectly for the tension test with the [0/90]s, layup it is assumed that the
above mentioned effects influence the results to a certain extent.

For both cases the peak force before material failureis correlating well with the test results. After thisinitial peak
the damage model in the simulation is obviously not capable of representing the real material characteristic. After
failure the broken material is still supporting itself to some extent. In addition, the small test length leads to a
buckling and an increase of thickness, which is not happening in the simulation model. Anincrease of the stiffness
of the material after failure, which would be necessary to predict such a behavior, is not possible in any of the
analyzed material models.

Duromer matrix system — “Stiff” parts of adaptive structure

To simulate the parts of the structure that are built with conventional carbon fiber/duromer material system, the
material model *MAT _58 isused. *MAT _58 is a continuum damage model for representing unidirectional tape
and woven fabric composite materials (21). The material behavior of aconventional carbon fiber/duromer material
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system under atension loading in [+45°]s fiber direction shows a nonlinear load deflection curve, while aloading
in fiber direction resultsin alinear response. Results for the different layups are shown in Figure 7.
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Figure 7: Tension tests: Duromer matrix system

It can be seen that in both configurations the results of simulation and test correlate regarding the peak force and
also the elongation at break. For the [+45°]s tests, the behavior after the peak force as well as the non-linear
characteristic of the f-s-curvein particular in theinitial ascent show a difference to the simulation results.

In case of the compression test with the duromer matrix system and a [0/90]s layup the material fails completely
at very low strain levels. No residual force can be observed. In contrast the tests with [+45°]s shows a certain
residua force but the increase of the reaction forces at larger deformation, as seen with the elastomer matrix
system under compression load, cannot be seen.
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Comparing the results of test and simulation the values for the initial ascent of the reaction forces correlate well.
The peak forcefitsto thetest resultsin case of the[0/90]s configuration, but is significantly too high for the [+45°]s
layup. The above mentioned issue with the damage model allowing no increase of stiffness after material failure
leads to good results for the [0/90]s and comparable deviations as seen at the elastomer matrix system.

The shown correlation is the result of an iterative optimization of material parameters, whereby their respective
physical boundaries are respected. A compromise setup is chosen in order to minimize deviations between test
and simulation in all analyzed loading configurations.

It can be summarized that the available simple standard material models can be used in order to ssimulate the
mechanical behavior of materials that alow for a shape adaptivity of a FRP structure. The correlation of the
simulation with the conducted coupon tests is comparable for the conventional FRP based on a duromer matrix
system and the material dedicated for the expansion-zones based on an elastomer matrix system.

COMPONENT TESTING AND VALIDATION

Also for the testing, a stepwise approach for the proof of concept was chosen with the final goal to conduct
a dynamic impactor test on an adaptive beam, which is expanded within few milliseconds by a pyrotechnical
inflator. Before that a number of intermediate steps have to be carried out, beginning with the verification,
that the actual expansion process of the beam can be realized without failure of the structure. For this purpose
the structure is pressurized with water, slowly increasing the inner pressure.



Inflation-Test of expandable beam with quasistatic pressure
This test also gives some essential information for the validation of a corresponding numerical model:

- Pressure at which the structure begins to unfold
- Unfolded beam-geometry
- Burst pressure of entire beam

For that purpose the inflator is replaced by a water-pump that slowly increases the pressure within the
structure. As the mountings for the inflator can be used for that purpose, there is ho modification of the
structure necessary. The following pictures show the attachment of the pressurization device and the beam

in the process of unfolding.
g

'

Figure 9: Mounting of pressure transducer Fiﬁre 10: Unfolded shape of beam

This test shows, that the static expansion process of the beam from the folded to the final shape begins at a
very low pressure of around 100 to 200 kPa. After the expansion the elastic areas of the beam are creating a
more or less semi-circular cross-section, whereas the areas with the duromer-resin maintain their initial
shape.

The pressure is further increased to see at which level and at which location the first material failure occurs.
At an inner pressure of around 4.400 kPa, a first small leakage can be observed in the transition area of the
u-shape to the attachment points as displayed in Figure 11.

Figure 11: Expanded structure with initial leakage at 4.400 kPa

This leakage is not necessarily caused by a material failure as water could also have leaked through an area
with higher porosity. Nevertheless, this pressure value gives a first idea of the possible pressure level that
can be sustained.

In order to validate the simulation model of the component with this test, the same boundary conditions as
in the test are applied to the model and the material data, which has already been validated with the coupon
tests, is used.

Simulation approach for theinner pressure

Besides the availability of valid FRP material models a detailed approach to simulate the inflation process
is mandatory for the cost and time efficient development of crash adaptive structures. Therefore, LS-DY NA
offersthree fundamentally different methods to mathematically model the inflation process of the expandable
pressurized structures.



Depending on the optimization task and the level of detail, one of the following approaches can be used:
- Uniform Pressure Method (UP)
- Arbitrary-Lagrangian-Eulerian Method (ALE)
- Corpuscular Particle Method (CPM)

Typically, in the early development stage of crash adaptive structures no inflator specifications like heat capacity,
mass flow rate and temperature profile of the inflowing gas mixture are known (22). Instead of calculating the
inner pressure based on the inflator data the UP-approach offers the possibility to specify an idealized pressure
versus time profile.
Due to the not existing discretization of the inflowing gas mixture the pressure distribution within the structural
component is uniform. Accordingly, thisyields to the following drawbacks:

- exact representation of the internal pressure requires technical measurement during inflation tests of

the original component (hardware needed)
- nolocal interaction between gas and structure due to global pressure value
- evaluation of local temperature or pressure peaks (eg. close to the inflator) not possible

It is obvious that, as soon as the pressurization is realized with an inflator, the CPM or ALE-Method has to
be applied in order to achieve arealistic loading of the structure in the simulation model. For the test with
the quasistatic water-pressurization there is no benefit by applying this more complex approach, therefor the
UP-Method is used.

Results - Validation of component test

In the selected simulation model of the structural member, both ends are constrained allowing only
translational movement in the longitudinal direction of the beam. The structure can expand its shape without
interacting with any other component. The pressure is steadily increased to reach 5.000 kPa after 500ms.
These values are chosen to simulate the “slow” increase of pressure compared to an inflation with a
pyrotechnical device. Even though the material properties are not modelled with strain rate dependency as
described above, still the dynamic of the structure is influenced by the rate at which the inner pressure is
rising in the simulation. The chosen configuration thereby is a compromise in order to limit the necessary
calculation time. The inflation process as well as the curves for pressure and inner volume of the structure
are displayed in Figure 12.
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Figure 12: Simulation of quasistatic pressurization



It can be seen that the volume of the structure in the initial status is about 3 liters. The unfolding and thus
the gain of volume begins at a pressure level of 100 kPa. At a pressure of around 150 kPa the expansion zone
of the structure has completely unfolded and from that time on the increase of volume is caused by a
transition to a more or less circular cross-section of the structure. Even though the pressure during the
expansion process is low, the unfolding itself takes place with high dynamics. This effect correlates well
with the conducted test in which the expansion process also begins already at very low pressure levels.
With increasing pressure also the volume slightly increases until the first material failure in the model at a
pressure level of 2.800 kPa. This failure occurs in the transition area between the attachment and the
expansion zone (see Figure 12, 250ms) which is not correlating with the location of the leakage in the test.
By evaluating the stress-distribution within the layup areas with high loading can beidentified. Thisanalysis
shows, that the area of the leakage in the test is the zone of the structure loaded with the highest shear-
stresses. The part of the structure in which the failure occurs in the simulation is the zone with the highest
principal normal stress.

This leads to the assumption, that the parameterization of the failure models for the two materials found in
the coupon tests does not fit perfectly for the loading situation found in the structure.

Another issue is, that the geometry in the area of material failure shows some very small radii that lead to
discretization errors caused by the mesh. That could be addressed with a refined mesh in that specific part
of the model, which has the drawback of increased calculation time.

SUMMARY/CONCLUSION

The goal of this study was to find suitable material models that are required to allow for an accurate
simulation of the geometrical adaptivity of FRP structures. By comparing the results of conducted coupon
tests with corresponding simulations it was demonstrated, that this goal can be achieved already with
standard material models. The achieved correlation for the elastomer-based material in the expansion-zone
is comparable to the standard-material used in the remaining parts of the structure. For the shear-stiffness of
the elastomer-based CFRP only a fair correlation between test and simulation could be achieved with the
used material model.

Whereas the results in the coupon tests match well, asignificant deviation in the simulation of the component
tests is noticed. With the performed coupon tests only in-plane compression and tension loading was
analyzed. Based on these results the damage- and failure models in the chosen material models (MAT_54
and MAT_58) were parameterized. In the current structure obviously more complex loading conditions occur
(inner pressure, bending load, ...). That might be one reason, why the results for maximum pressure of the
simulation is not matching the results of the component test. This issue suggests additional coupon tests
(e.g.: 3 pt. bending, etc.) in order to have awider basis for the parameterization of the damage models. With
additional material data available also the application of more complex material models can be taken into
account.

The first step in the development process for numerical models of shape adaptive beams is the capability of
the simulation of the unfolding process. Based on this work it can be demonstrated that the used hybrid-
matrix approach, which is one suitable concept for the realization of the necessary flexibility of the structure,
can also be represented in a numerical model. Limitations of the chosen material models and the conducted
coupon test lead to deviations in the correlation between simulation and tests. In order to improve the
predictability of the simulations some possible approaches were discussed.

For the prediction of the mechanical properties of shape adaptive FRP-structures under crash-loads, the
complexity of the modelling increases significantly:

Firstly it is assumed, that the unfolding process itself already causes local damage of the material which can
lead to a weakening of the structure in the actual crash-load. First of all, this effect has to be analyzed by
tests in order to understand the influencing parameters. Then basically two approaches are possible for the
integration of this effect in the model of the structure: Either the used material model provides a “damage-
history” that allows for the use of different parameters for the first loading (expansion — no damage) and the
second loading (crash — pre-damage). Alternatively it is also feasible to run the expansion process in a pre-
simulation and the actual crash-simulation with an exchanged material model.

Secondly it isknown, that FRPs and hereby in particular the matrix materials show a high dependency of the
mechanical properties to the loading velocity (23). This effect was not considered for the above presented
numerical model but for the final purpose of this study it cannot be neglected. For the expansion process as
well as the crash loading itself such effects can lead to a different stiffness and strength of the structure but
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also to different failure modes. Strain rate dependencies can be considered also with the material models
used in this study but the parameterization of these models requires an enormous amount of material testing.

Finally, it has to be considered that for the pressurization of the structure an inflator is used. Depending on
the used inflator-technology the exhaust gas can reach several hundred degrees Celsius. The combination of
hot gas and its high velocity in the area of the inflator, abrasive damage of the structure material can occur.
This needs to be considered in the design of the structure. This effect cannot be simulated, so extensive
testing is necessary.

The global heating of the structure during and after the inflation leads to varying material properties, which
can be significant for plastic materials (24). Due to the very short time of interaction of the hot gas with the
structure, this effect is possibly neglectable but it has to be confirmed for concept evaluation. A heat-
dependency of material properties is not yet realized in available material models of LS-DYNA. So
alternatively, after a pre-simulation for the expansion process the material model can be adjusted to simulate
the material with the actual temperature during the crash-load.

It can be concluded that still alot of research topics have to be solved in order to create a predictive numerical
model of a shape-adaptive FRP structure but with this work afirst step was achieved.
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ABSTRACT

Objective

Composites may enable further weight reductions for plastic composite intensive vehicles. Among the challenges associated
with greater adoption of composites in the automotive industry are the need for novel design procedures, the use of
composites in impact applications and the greater variability during composite manufacture. Here, are method is presented to
account for composite manufacturing variability in the design phase.

Methods

The method is based on measuring the variability in a part and the translation into a simulation. As an example a side-pole
impact into a doorsill subassembly was chosen. The test data are used to validate numerical simulations models for the
impact situation. The simulation is then used to study the sensitivity of the system with respect to manufacturing variability.
A novel optimization was also used that decouples multiple manufacturing variations and allows identifying limits on
acceptable variability levels.

Results
The experimental tests exhibit changes in mechanical performance due to the existence of manufacturing variations. The
numerical simulation including these manufacturing variations shows reasonable agreement with the experimental data. The
FE model was then used to vary the manufacturing variations and to identify allowable intervals within defined performance
criteria.

Conclusion
The design methodology has significant benefits for automotive composite design and manufacturing since it may enhance

the robustness of composite crash-structures, reduce part cost and eliminate excessive safety factors to account for unknown
manufacturing variations.

KEY WORDS: Crash, Crashworthiness, Finite Elements, Vehicle Design
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INTRODUCTION

To enable further weight reductions and fuel savings for future vehicles, Plastic Composite Intensive Vehicles
(PCIVs) (Barnes, Coles, Roberts, Adams, & Garner 2011) may become more widespread. Advanced Fibre
Reinforced Plastics (FRPs) exhibit excellent mechanical and crash performance when compared with
conventional metallic structures. Both the specific stiffness and energy absorption capability of FRPs exceed
common automotive materials, such as aluminium and steel, making them highly suitable for crash application
for frontal, side and rear impact.

However, composites exhibit different deformation behaviour than steel or aluminium, thus requiring an
adaptation of design philosophies for vehicle safety (Ferenczi, Kerscher, & Méller 2014). In addition, FRP
mechanical performance may vary significantly due to manufacturing variations (MV) such as fibre
misalignment, fibre waviness, gaps or folding. Safe structural design of composite vehicles containing MVs
may thus require enhanced design methods and processes. An example for this is introduced here.

Impact Of Imperfections On Mechanical Performance

Some of the most common MVs are fibre misalignment, fibre waviness, laps and gaps, and porosity. The focus
of this work will be on preforming MVs, which include in- and out-of-plane waviness and longitudinal and
transverse folding. An early study into the impact of fibre waviness by Mrse and Pigott (Mrse & Piggott 1993)
studied the compressive properties of thermoplastic carbon fibre prepreg, which had some initial waviness and
were crimped to introduce additional waviness. The authors observed some reduction in compression modulus
but a significant reduction of compressive strength with increasing wave character.

Daniel and co-workers (Chun, Shin, & Daniel 2001; Hsiao & Daniel 1996a, 1996b) focused on the impact of
fibre waviness on the elastic properties of carbon-fibre reinforced epoxy prepreg. An analytical model was used
to evaluate the impact of waviness on tensile and shear modulus as well as Poisson’s ratio. In-plane tensile
modulus was found to degrade significantly as a function of waviness, up to 35% for a graded wave with
characteristic value of 0.1, while transverse in-plane tensile modulus were found to increase.

Compressive stiffness and strength were more significantly affected and the reduction in compressive strength
could be up to 80% for a graded wave with a characteristic value of 0.1. Similar observations were made for
Poisson’s ratios and shear moduli. Trends were consistent for uniform and graded waviness but significantly
less pronounced for localized waviness, which had only a small impact on overall property changes. Garnich
and Karamani (Garnich 2005; Garnich & Karami 2004a, 2004b) used Finite Element (FE) simulations to
demonstrate that fibre waviness had increasing impact on mechanical performance with increasing fibre
misalignment and obtained stiffness reductions of up to 70%. Chan and Chou (Chan & Chou 1995) studied the
impact of misalignment on the flexural properties of laminates and observed that waviness yielded more severe
stiffness and strength reductions in highly stressed plies.

Most of this early numerical work assumed either some form of symmetry, such as a sinusoidal waviness, or
that the waviness would be confined. However, as mentioned previously out-of-plane waviness may affect
neighbouring plies making it very difficult to separate the effects of waviness in individual plies. For example,
Joffe et. al. (Joffe, Mattsson, Modniks, & Varna 2005) studied the mechanical properties and deformation
behaviour of NCF using both FE-models and extensive testing proposing a linear approximation between
misalignment angle and obtaining a reduction of 40% in mechanical performance for a misalignment angle of
15°. A linear relationship between MV and mechanical property had previously not been predicted. In addition
the reduction was lower than what might have been expected. Pansart, Sinapius and Gabbert (Pansart, Sinapius,
& Gabbert 2009) presented a coupled FEM/analytical approach to study the impact of both fibre misalignment
and fibre waviness on the compressive strength of NCF and reported increasing reductions in compressive
strength with increasing fibre waviness angle and wave half wavelength of up to 40% for 10deg waviness and a
half wavelength of 5. El-Hajjar and Petersen (El-Hajjar & Petersen 2011) proposed a new approach to model
waviness using a Gaussian function as opposed to the sinusoidal approach used previously and tested the tensile
stiffness and strength of wavy laminates with reported strength reductions of up to 60%. Potter and co-workers
(Bloom, Wang, & Potter 2013; Lightfoot, Wisnom, & Potter 2013a, 2013b) have studied waviness including
wrinkles experimentally and observed a reduction of up to 50% for the tensile strength. While most of the
experimental work thus tends to confirm the initial analytical predictions we can conclude that experimentally
measured reductions in mechanical properties are lower than the predictions from early models. In addition most
experimental results tend to show a linear relationship between MV characteristics and mechanical property.
Since the focus of this work is the crashworthiness of composite vehicle structure an important aspect is the
impact of such MVs during dynamic deformation as opposed to the quasi-static tests commonly employed. This
has been studied by Hsiao and Daniel (Hsiao & Daniel 1999) for fibre waviness. It was demonstrated that the
effect of waviness was less severe for increasingly dynamic loading due to the strain rate dependent increase in
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stiffness. It can thus be concluded that the used of quasi-static test data to model the impact of MVs on the
crashworthiness will represent a conservative estimate.

METHODS

Two sets of carbon fibre reinforced plastic (CFRP) subassemblies of a doorsill were manufactured with different
MV distributions. The sets where then mechanically tested to measure the maximum deformation into the
doorsill assembly, representing a loading situation comparable to an FMVSS214 side pole impact (Anon 1998).
Additionally, MVs were recorded through destructive testing and the information was incorporated into a
numerical simulation to replicate the test results. The simulation was then validated against the test data. Based
on this validated FE simulation a method is introduced that enables direct simulation of MVs and their impact
on structural performance for a side pole impact. Latin hypercube (LHC) sampling is then used to vary the
characteristics of the MV. The sampling results are then used to generate an analytical regression model. A
novel optimization method is then used that aims at finding the largest hyperbox containing good designs within
the solution space, thus generating limits on the characteristics of the MV.

Component Manufacture

The subassembly studied here is the side frame of a composite vehicle body structure made from carbon fibre
reinforced epoxy. Within the vehicle architecture one of the functions of the side frame is protection of the
passengers in an impact event, such as a side pole test. During a side pole test the intrusion into the passenger
cell have to be mitigated, while the supplementary restrained systems, i.e. airbags and curtains, are being
deployed and the vehicle is stopped at the pole.

This occurs while the side frame undergoes significant deformation, which can exceed 100mm locally. To
prevent large deformations of the side frame the incoming loads are normally redistributed in the floor structure
and then to the vehicle non-struck side. Consequently, the side frame is supported by cross members and
ancillary structural elements, which enable load transfer to the non-struck side of the impact, Figure 1. The side
frame is an assembly of individual parts through co-curing for the inside and outside parts and adhesive bonding
for the inside and outside. The key components under investigation here are the inner and outer doorsill parts,
the inner reinforcement and the inner top cap and frontal cap, five parts in total, Figure A 1. This assembly is
referred to as side frame-set of which a total of six was manufactured for two different MV combinations,
referred to as “A” and “B”. To manufacture parts with different MV severities and types the temperature of the
mould as well as the mounting of the plies in the frame was modified. Of the six side frame-sets each, three
were visually inspected and three were cured with resin and tested mechanically. This way it was ensured that
the side frame-sets for inspection and mechanical inspection were from the same batch. This was important as
the MV's were assumed to be identical between visually inspected and mechanically tested subassemblies. For
visual inspection the parts were segmented into plies again and for each segment the MV’s in the plies were
recorded. To record the MV’s a grid with a side length of 50x50mm was projected onto the vehicle in all
projection planes. Here we are concerned with a side frame subassembly only and consequently only the y-z-
vehicle plane is used to record MV’s. For each ply the part was then inspected visually progressing from one
quadrant of the grid to the next.

y,\T/,x Impact Location
Figure 1a) Overview of the vehicle layout and coordinate system with the side frame highlighted and b) Illustration of

principal loading of a doorsill in a side pole impact. The loading conditions are comparable to a five point
bending configuration.
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For each quadrant the in- and out-of-plane waviness, longitudinal and transverse folding amongst other MV’s
such as tearing of the stitching yarn was recorded. Then each MV was categorized according to its
characteristics, with six different characteristics categories for each MV. The categories are dependent on the
MV type but can generally be related to physical variables for a given MV, for example for waviness the MV
category is related to the waviness height and length. This process for both MV locations as well as MV
characteristics was then carried out by three different quality inspection staff to ensure that all MVs were
recorded and that the characteristics was recorded correctly. In case of disagreement between individual
recordings the defect with the highest severity was retained. This process was then repeated for each ply in the
part and for all three produced parts. The result was a feature map for all three parts combined for every ply
were both the location of the MV’s as well as their characteristics could be easily accessed. Table 1 provides an
overview of the recorded MVs that were used in this study to develop the simulation model.

Table 1: Varied MVs and Characteristic Range. The Characteristic Range is a normalized classification relating to  the physical
dimensions or shape of a given MV.

o —
S = @
o g o 3 S & o
MV 52 52 22 3£
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Size Range 1-6 1-6 1-6 1-6

Testing

The principal loading of a side frame in a vehicle may be approximated using a five-point bending configuration,
Figure 1. Consequently, the test set-up was designed to replicate this vehicle situation as shown in Figure 2. A
loading frame consisting of two supports on the lower and two supports on the upper side was manufactured.
The mounting positions were equipped with machined interfaces that would fit the complex geometry of the
doorsill and would prevent torsion and bending while allowing some transverse movement. The entire setup
with the side frame section mounted into the loading frame was placed into a drop tower where an impactor
with a diameter of 254mm would impact the side frame in the same position as the side pole in a full vehicle test.
An accelerometer on the impactor was used after testing to calculate the force on the impact side. A laser beam
system was used to measure the displacement of the impactor. This was levelled to zero on top of the side
frame for each test. The loading frame was then aligned with the impactor and fixed to the ground to prevent
further movement during testing.

An initial FE simulation was setup to generate a test configuration, were the load level and energy absorption of
the side frame were comparable to the full vehicle loading. From the FE-simulation a total drop weight of 352kg
and a test speed of 5.65m/s were found to be comparable to the full vehicle-loading situation. For each feature
map “A” and “B” three side frames were tested and the acceleration and displacement at the impactor were
recorded. After recording, the data were filtered using a Butterworth filter with a channel frequency class of 60
(Anon 1995). The experimental results are summarized in Table 2.

Support 1 Impactor Support 4
| Support 2 Support 3

Figure 2: Test setup for dynamic five-point-bending of a doorsill in a drop tower.
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Table 2: Experimental Results. The labels “A” and “B” designate two subassembly configurations with known, but different
MVs in the parts.

Test Maximum Intrusion Mean

[-] [mm] [mm]

Al 99.7

A2 101.9 101.1 + 12
A3 101.7

B1 111.4

B2 105.7 108.9 + 3.0
B3 109.7

FE Model with Manufacturing Variations

To replicate the experimental results a baseline model was set up in the commercial FE-Code Abaqus 6.11-2A
(Dassault Simulia 2013). The composite parts were modelled using the ABQPIly-Fabric composite material
model within Abaqus using a single shell element over the thickness incorporating the physical layers into a
shell section. Typical mesh size was 10mm for the composite parts. In total the model consists of 240613
elements, while the composite parts were modelled using 67107 shell elements of the type S4R. The composite
parts stacking sequence, ply thickness and ply orientation were modelled as composite sections with an offset
from the respective shell element plane. The inner and outer side frame were glued together, this was modelled
by cohesive elements along the bond line, which had energy based material degradation behaviour.

The Impactor and the four supports were modelled as rigid bodies. The impactor had a reference node on the
perimeter in line with the impact point to enable simple comparison with experimental results. All six degrees of
freedom of the supports were fixed. The impactor was attached to a reference point, with and impact mass of
352kg and the impact velocity of 5.65m/s as initial condition with displacement in the z-direction (vehicle y-
direction) only. Total simulation time was 0.7s. Forces and displacements from the simulation were measured at
the reference node, which was identical to the accelerometer location in the physical test. To translate the MVs
from visual inspection onto the FE-model material definitions were necessary. These were generated through
extensive mechanical testing of coupons, for example in tension and compression. The generation of these FE
material definitions are not the focus of this paper. As a result specific material data for different MV types and
their characteristics were available.

The MV’s from specimen manufacture that were translated into the FE model were in- and out-of-plane
waviness, longitudinal and transverse folding, Table 1. The mapping of the MV’s was scripted in ANSA (Beta
CAE 2014). First the visual inspection data was used to segment the side frame into areas with different material
behaviour, depending on whether defects were present or not and taking into account individual plies as well.
This information was recorded in the shell section definition of each element by modifying the material
definition of all the affected plies. As an example in one element the third ply and sixth ply might be associated
with in-plane waviness material definition while all remaining plies would retain their nominal material
definition. A neighbouring element might be associated with through-thickness waviness in the 4" to 61 ply of
the shell section.

Then, for each area the plies were associated with the corresponding MV severity ranging from 1 to 6 from the
visual inspection data. The result is a model with a significant number of unique shell sections.

This is illustrated in Figure A 2 where the different shell section definitions are shown through colour coding.
The grey area contains nominal material properties, while the coloured areas are associated with MVs in the
shell sections. Since data from multiple preforms and inspectors were mapped simultaneously an approach was
needed to identify which MVs would be mapped onto the final simulation part. As mentioned previously the
aim was to map the most severe MV onto the geometry. Here a stiffness based mapping approach was used,
where the MV’s were ranked according to their combined impact on tensile and compressive stiffness in the
fibre direction, E11+ and E1a.. The plies were then associated with appropriate material definitions, which were
generated through testing. Since material definitions for out-of-plane waviness were not available the material
definition for in plane waviness was used here as well.

Optimization

The goal of the optimisation proposed here is to simultaneously define allowables for multiple optimisation
goals, such as multiple MVs. In other words the process is aimed at defining a maximum solution space. To
achieve this, the approach proposed by Zimmermann and Edler von Hoessle (Zimmermann & von Hoessle
2013) is adapted here for the optimisation of composite structural MVs. The optimization algorithm by
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Zimmermann and Edler von Hoessle combines stochastic sampling and Bayesian interference to generate a
feasible maximum solution space.

Initially, a good design is created using classical optimization techniques such as gradient based
optimization or genetic algorithms (GA). Starting from this good design a randomly defined search box is
populated with sampling points. The iteration can be divided into two phases, Phase 1 and Phase 2.

In the first phase the search box is generated and the results are evaluated with respect to a performance
criterion, for example the maximum intrusion. By removing poor designs from the initial search box the largest
possible box is computed that contains no poor designs and a maximum of good designs. This may not
necessarily be the largest bounding box for all good designs. In additional steps this box is extended or reshaped
and new Latin Hypercube samples in the bounding box are calculated. This process is repeated until the
bounding box is stationary and at maximum size.

In the second phase new samples are generated inside the box and the box is shrunk or reshaped until
the bounding box contains only good designs. The new box is then populated again using Latin Hypercube
sampling. This process is repeated until a number of consecutive Latin Hypercube seeds within a bounding box
produce only good designs, after which the process is stopped.

Performance criterion: Since the optimization approach described above uncouples all MVs, which are simulated
simultaneously, it is possible to generate allowable intervals for each MV independent of the others. All repeated
tests including full vehicle crash tests exhibit a standard deviation that is their tests results vary to a certain extent
between nominally identical tests. This may be due to the fact that no vehicle undergoing testing is free of MVs,
variability in the test facility or the accuracy of the measurement equipment to name a few here, this fact is being
used as definition for the performance criterion for the MV optimization. If the scatter between two nominally
identical tests is equal to or greater than the change in performance that can be attributed to different MVs in the
vehicle, then MVs are having an insignificant impact on vehicle performance since a distinction between scatter due
to MVs and the test configuration cannot be made. This may be defined as

Admy < Adrest 1)

where Adyy is the relative change in Intrusion due to MV’s and Adr.g; iS the relative change between
tests. While this repeatability of the BMW test facility is established it is not being used in this paper for
confidentiality reasons. Instead, the scatter of the impact tests for side frame configuration “A” of 1.2% is being
used here. This value has no connection to the repeatability of the full vehicle test facility and is simply used
here to illustrate the process. Since the base simulation without any MVs had a maximum intrusion of 97.6mm,
the maximum allowable intrusion in a model containing any MVs is 98.8mm.

Workflow: The following section introduces a workflow, which controls the creation, execution and result handling
for the FE simulation and optimization. The goal of the optimization procedure is to identify allowable intervals for
MVs, which will ensure that the variability of the response, or intrusion, stays within certain limits.

The optimization workflow is shown in Figure A 3. The optimization starts with the setup of the initial
model. Here all MVs are mapped onto the respective locations on the part and plies as described previously for
the validation simulation. Lastly, all characteristics are set to zero, i.e. the material card without knockdown is
used to calculate the baseline result for the simulation. From this model variants are then generated using a
scripted Latin Hypercube simulation approach. By varying the characteristics of the MVs 400 variants were
generated. They location on the part and the ply was fixed. The models were then solved in parallel on an HPC
Cluster with 16 CPUS for variant. Abaqus Explicit 6.11-2A was used as solver. Typical runtime was 75 minutes.

From the simulation the intrusion of the Impactor was evaluated as Latin Hypercube Output. The nodal
displacement of the impactor was extracted using a python script and the maximum value was recorded.
ClearVuAnalytics (Divis 2014) was then used to generate a Response Surface Model (RSM). From the available
methods within the software the random forest tree algorithm consistently generated the highest degree of
correlation R? between the FE-data and the regression model for the optimization. It was thus used to compute
the RSM. Allowable intervals for the MV characteristics were then calculated based on the RSM using the
bounding box optimization described previously. This process was then repeated by setting the maximum
severity of the MV characteristics to the allowable intervals from the previous optimization. Here, the process
was stopped after two iterations. Lastly, the allowable intervals form the optimization were validated using 10
FE simulations with discreet MV characteristics.

RESULTS

The FE-simulation was computed using Abaqus 6.11-2A on 16 cores with double precision. Results are
shown in Figure 3.
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Figure 3a): Experimental and numerical load-displacement curves for MV’s for subassembly A with comparison to the
baseline simulation and MV simulation and b) for subassembly B.

The base simulation without any MV’s yielded a maximum intrusion of 97.6mm, 101.9mm for MV
map A and 102.5mm for MV map B. When comparing the simulation results with the experimental results in
Table 2 it can be seen that the simulation replicates the experimental results well for MV map A, while it
significantly under predicts the experimental results for MV map B. This may be explained through the fact that
now all MVs are mapped and that the mapping of through-thickness waviness is based on the material data for
in-plane waviness. For the subsequent optimization of the limiting samples for each part model A was used.

Two consecutive iterations of the Latin Hypercube Simulation Process were conducted to develop the
analytical model for the MV optimization. From the first 400 variants that were generated for the Latin
Hypercube simulation 391 design points were simulated successfully. Based on this data set an analytical model
was generated using a random forest algorithm. The R? of the RSM was 0.91. For the second 400 variants the R?
of the RSM was 0.9. The results of the Latin Hypercube simulation are summarized in Table A 1. The results of
the corridor calculation are shown in Table 3. The numbers indicate the allowable intervals for the MVs
characteristic for each MV.

DISCUSSION

The optimization generates limits on the maximum characteristics of the MV that do not detrimentally affect
mechanical performance. The optimization demonstrates that MVs have different bearing on the change in
functional performance, which is governed by both the characteristics of the MV, such as the angle of fibre
waviness, as well as the location. The method thus enables safe structural design of advanced composites by
linking manufacturing and structural design.

Variability of the MV location was typically very low since the MV locations remained relatively constant for
all visually inspected side frames. MV characteristics fluctuated, which could be explained amongst other things
by the variability of the areal weight of the incoming NCF. This validates the assumption that the MV location
in the mechanically tested side frames is comparable to the visually inspected side frames.

Table 3: Allowable Intervals for the MV Characteristics investigated in the FE simulation and optimization.
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This is a significant shortcoming of the results presented herein, and further work is aimed at addressing this in
the future (Deobald et al. 2014). Further, it should be noted that not all manufacturing variations present in the
as manufactured side frames were translated into the model.

One Interesting result is the fact that certain combinations of manufacturing variations result in a
reduction of the maximum intrusion. There are several possible explanations for this that need to be explored
further. The first would be numerical noise, for example due to different domain decompositions for various
models. The second is the fact that certain MV’s, such as longitudinal and transverse folding as well as in-plane
waviness can actually improve the stiffness of a ply either in the fibre direction or transverse which may
improve stiffness locally and this effect was also captured by the FE model. The third explanation would be a
change of failure sequence due to MV’s which would result in a redistribution of the load on a part and could
change the severity of a MV, this effect is explored in more detail for out-of-plane waviness in another paper
(Deobald et al. 2014).

Here, a novel concept for designing composite structures has been shown which is based around

optimization of the entire product development including manufacturing. Historically, most MVs in composite
parts are not accepted because they may be detrimental to safety and are difficult to reproduce in a serial
prototype-manufacturing environment often encountered in the aerospace industry. In addition, they are
detrimental to achieving ultimate lightweight designs. However, ultimate lightweight design is not desirable if
cost and production volume constraints are taken into account. Consequently, designing with MVs becomes a
potential target for improving the composite development process with respect to automotive requirements.
Potential improvements include a direct link between manufacturing and design to simultaneously optimize both.
Further, design with MVs may enable a trade-off between lightweight design, cost and production volume.
A workflow that enables safe structural design with MVs is demonstrated here for a generic composite crash
structure. An approach for translating MVs from testing into an FE simulation is first shown. The FE model that
was developed here demonstrated reasonable correlation between the simulated and experimentally observed
structural response for two representative MVs maps. One model was then subsequently used to optimize the
manufacturing variations with respect to their impact on structural performance. The method and simulation
approach shown herein may enable significant improvements to production cost, rate and part quality for
composites components for the aerospace and automotive industry.

ACKNOWLEDGEMENTS

The author would like to thanks BMW Group for the opportunity to carry out and publish this research. The
author acknowledges the support from David Becherer, Viorel-Constantin lonescu and Dr Stefan Kerscher from
the BMW Group. The author would also like to thank Lyle Deobald, Chul Y. Park, Nihar Desai and Mary
Matthews from the Boeing Company for the invaluable feedback and discussions.

REFERENCES

Anon. (1995). Instrumentation for impact test - Part 1 - Electronic Instrumentation (Vol. J211-1): SAE
International.

Anon. (1998). U.S. Department of Transportation: Federal Motor Vehicle Safety Standards and Regulations.
Retrieved 23rd February 2013, from http://www.nhtsa.gov/cars/rules/import/fmvss/index.html

Barnes, G., Coles, I., Roberts, R., Adams, D. O., & Garner, D. M. J. (2011). Crash Safety Assurance Strategies
for Future Plastic and Composite Intensive Vehicles (PCIVs). Cambridge, Massachusetts, USA: Volpe
National Transportation Systems Centre.

Beta CAE. (2014). ANSA.

Bloom, L., Wang, J., & Potter, K. (2013). Damage progression and defect sensitivity: An experimental study of
representative wrinkles in tension. Composites Part B, 45(1), 449-458.

Chan, W., & Chou, C. (1995). Effects of delamination and ply fibre waviness on effective axial and bending
stiffness’s in composite laminates. Composite structures, 30, 299-306.

Chun, H. J., Shin, J. Y., & Daniel, I. M. (2001). Effects of material and geometric nonlinearities on the tensile
and compressive behaviour of composite materials with fibre waviness. Composites Science And
Technology, 61(1), 125-134.

Dassault Simulia. (2013). Abaqus 6.11-2A.

Deobald, L., Park, C., Desai, N., Ramnath, M., Jin, O., Lukaszewicz, D., & Kerscher, S. (2014). Simulation of
Composite Manufacturing Variations to Determine Stiffness and Strength Reductions in Automotive
and Aerospace Structure. Paper presented at the ACS 29th Technical Conferences, San Diego

Divis. (2014). ClearVu Analytics.

El-Hajjar, R. F., & Petersen, D. R. (2011). Gaussian function characterization of unnotched tension behaviour in
a carbon/epoxy composite containing localized fibre waviness. Composite structures, 93(9), 2400-2408.

Lukaszewicz 8


http://www.nhtsa.gov/cars/rules/import/fmvss/index.html

Ferenczi, I., Kerscher, S., & Mobller, F. (2014). Energy Dissipation and structural integrity in frontal impact.
Paper presented at the 23rd ESV 2013 International Technical Conference on the Enhanced Safety of
the Vehicles, Seoul, Korea.

Garnich, M. (2005). Localized Fibre Waviness and Implications for Failure in Unidirectional Composites.
Journal Of Composite Materials, 39(14), 1225-1245.

Garnich, M., & Karami, G. (2004a). Finite element micromechanics for stiffness and strength of wavy fibre
composites. Journal Of Composite Materials, 38, 273.

Garnich, M., & Karami, G. (2004b). Finite Element Micromechanics for Stiffness and Strength of Wavy Fibre
Composites. Journal Of Composite Materials, 38(4), 273-292.

Hsiao, H. M., & Daniel, I. M. (1996a). Effect of fibre waviness on stiffness and strength reduction of
unidirectional composites under compressive loading. Composites Science And Technology, 56, 581-
593.

Hsiao, H. M., & Daniel, I. M. (1996b). Elastic properties of composites with fibre waviness. Composites Part A-
Applied Science And Manufacturing, 27, 931-941.

Hsiao, H. M., & Daniel, 1. M. (1999). Effects of strain rate and fibre waviness on the compressive behaviour of
composite laminates. Paper presented at the ICCM-12, Paris France.

Joffe, R., Mattsson, D., Modniks, J., & Varna, J. (2005). Compressive failure analysis of non-crimp fabric
composites with large out-of-plane misalignment of fibre bundles. Composites Part A: applied science
and manufacturing, 36, 1030-1046.

Lightfoot, J. S., Wisnom, M. R., & Potter, K. (2013a). Defects in woven preforms: formation mechanisms and
the effects of laminate design and layup protocol. Composites Part A, 1-35.

Lightfoot, J. S., Wisnom, M. R., & Potter, K. (2013b). A new mechanism for the formation of ply wrinkles due
to shear between plies. Composites Part A, 49(C), 139-147.

Mrse, A., & Piggott, M. (1993). Compressive properties of unidirectional carbon fibre laminates: Il. The effects
of unintentional and intentional fibre misalignments. Composites Science And Technology, 46, 219-227.

Pansart, S., Sinapius, M., & Gabbert, U. (2009). A comprehensive explanation of compression strength
differences between various CFRP materials: Micro-meso model, predictions, parameter studies.
Composites Part A, 40(4), 376-387.

Zimmermann, M., & von Hoessle, J. (2013). Computing solution spaces for robust design. International Journal
for Numerical Methods in Engineering, 94(3), 290-307.

Lukaszewicz 9



APPENDIX

Table A 1: Latin Hypercube Simulation Results And No. Of Designs above Critical Limit

Iteration R? Misclassifications [-] Misclassifications [%]
1st 0.91 125 31.9
2nd 0.90 72 18.3
Final - 43 10.8

Figure A 2: Example of a simulation model for the doorsill outside with mapped MV’s. The patches on the parts represent
discreet material definitions for the respective elements.

- MV Mapping
- Discounted Material Data
- Scripted in ANSA

Model Setup

A
» Monte Carlo Program

- Generation of Variants
- Modification of MV Characterisics
- Python Script
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25 S _ _ - Abaqus Explicit Run
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= % Computing Cluster
<
O @
285 " Extraction of FE-O
Ssc ) - Extraction of FE-Outputs
5 c 2 FE-Results - Python Script
©
o) N
2EE
SR
ey o
[SE=Ne]

- Response Surface Model based
on Monte Carlo Outputs

- Calculation of Corridors on RSM

- ClearVUAnNalytics

\
Validation - FE Sampling in Corridor Space

Figure A 3: Simulation Workflow for the MV corridors and the maximum allowable characteristic. The right-hand side
description provides details of the operations for each step of the simulation workflow.

Lukaszewicz 10



24™ ESV Conference
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ABSTRACT

In this research, the new calibration component test methodology and converted forces from strain gauge will be

proposed about measuring real time force of side structure like B-pillar, roof rail, door beams and side sill of ITHS side

crash and lower arm, A-pillar force of IIHS smalloverlap.

Key Word : Strain Gauge, Crash, side crash, smalloverlap, Force Calculation, Structure

1. Introduction

Strain gauges are commonly used in Aerospace and
vehicle durability tests but not for the vehicle dynamic
crash so often. Recently some vehicle crash institutes are
applying the strain gauge to predict the vehicle
deforming time in case of accelerometer measuring
failure or dummy ribs displacement but not for the force
measurement. "~

To know the force distribution of structure in vehicle
crash test is very important because all the strength
design of each part can be changed by it. In the CAE, we
can easily measure the value it but it's not easy in the real
car crash test because the most of side structure and
smalloverlap steel parts like lower arm and A-pillar are
in plastic deformation. But even if they are in plastic
deformation if the strain curve keep continuity and
reasonable value we assume the converted force is closed
to the real force. This would be profitable because we
cannot insert the load cell device worrying about its
breakage.

So in this research we will find how to attach strain
gauges efficiently to know side structure force of ITHS
side crash and lower arm/A-pillar of smalloverlap in
real-time. ITHS side To calibrate the component we also
developed some component tests which can be tested
easily. The side structure deforming modes are
simplified to make this calibration component tests.

*  Safety Performance Team 1 : Author or Co-Author
*#%  Crash Simulation Team : Co-Author

*** ACTS (Advanced Car Technology System) : Co-Author

2. Main Subject

2.1 Side Structure Force Measurement

2.1.1 Simplifying deforming mode

The side crash deforming mode is not simple as front
side member’s initial simple compressing. But
fortunately recent Hyundai-Kia vehicle are using hot
stamping material in B-pillar so the most deformation of
the structure is concentrated on the B-pillar, struck side
doors, roof rail and side sill if there is no tearing and cut
parts.

The used YD vehicle is the US model, it has Good
grade in structural rating with over 160mm distance from
B-pillar to seat centerline. There is almost no big
deformation in Y direction on the floor and A&C —pillar.
So we already made trolley test method for the only

evaluation of side structure. ®

max. v. Mises (Shell/Solid)

Strain Gauge

0.000
I83.333
166.667
250.000%
333.333
416.667
500.000

__583.333
666.667

I750.000

Fig.1 YD IIHS side trolley CAE model

When we review the strain distribution in YD ITHS
side trolley CAE model in Fig.1 we can define the
deforming modes as 3 types except doors. Firstly, the B-
pillar is on the bending. Considering the modes we
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attached rosette strain gauges at 3 positions of plane
surface and no big deformation after crash. Secondly the
roof rail is on the distorting mainly on the B-pillar
connected position. Considering the modes we attached
rosette strain gauges at 2 positions. Thirdly the side sill is
also on the distorting mainly on the B-pillar connected
position. Considering the modes we attached rosette

strain gauges at 2 positions.

In case of doors, the major strength parts are door
beams and they are in the simple bending mode with
both ends restricted. So we can make component test for

the calibration easily

2.1.2 Von Mises equation rosette calculation

The reason why we attached rosette strain gauge is we
don’t know the principle force, direction and equivalent
stress. If we calculate the rosette by Von Mises equation
we can get 2 principle stress value, 2 principle direction

and 1 equivalent stress.

24™ ESV Conference

400mm with 1.66mm/s speed.

e f
! A -
il X 2 -
- .
o d

i

Fig.3 YD B-pillar component test

shape pole. The pushing position on the B-pillar we
marked is the first plastic bending occurred place
z=548mm in car coordinates from CAE model. By
experience we selected maximum force 5.2ton and stroke

* Main stress formula: As a result, we got the F-D curve and strain gauges’
am:]Eu-‘”“;‘i ﬁ(}E ),ﬂ(&—asz(&—&)z value of 10Hz filtering by time. From 5 times test with
H B U . .
* Mohrcircle: 1,2,3,4 and 5 ton we can get the trend equation from Fig6.
any o 28-E—& N These values are equivalent stress from rosette macro
Ga—& D .
. Direction: calculation.
ot o Lo
— IfN>0 and D=0 then the direction is QD—E( +) 60000 250
N oo
— If N>0 and D<0 then the directionis @ = E(180 —y) 50000 . . .
— IfN<0 and D<0 then the directionis ¢ = l(18004111) / \_
2 40000 —~——
_ 1fN<0 and D>0 then the direction is @ = —(360°— ) / 1"
2 30000 ——LOAD(N)
/ ——STROKE(mm)
1 100
Fig.2 Von Mises equation 20000
50
10000
The equivalent stress is a fictive, single directional %
o 0

stress amount that equals the deformation caused by the o 20 40 80 80 100

real, multi directional stress configuration. So it can be Fig.4 YD B-pillar component test F-D (5ton)

used for real force and torque calculation.

For a two dimensional
equivalent strain us given by:

strain  configuration,

G =\ +G -GG +3-12

Using the main stress configuration, the shear will be
4)~5)

null and the equivalent stress.

o= \/()'124—0'32—0'1-0'3

2.1.3 B-pillar calibration test and calculation

120

0° 45°

the
B-PLR | jy
UPR Fo.001 \

140

MID

LWR

Fig.5 YD B-pillar component test SG graphs (5ton)

To calibrate the B-pillar with static we chose the side

strength test machine. The pusher, if it is too narrow it

can cause too partial bending, we selected 254mm round
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Diagramm from rosette macro calculation.
y=00101x - 33.135 0° 45° 90°

y = 0.0342x - 229.65
y=0.0191x - 51.499

00125
0,001
0075 00075
2000.00 00075

ROOF 0005 0.0005: 0.0005
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1500.00 / FRT M

0025 00025

W‘W W

00025

o o
/ —+— Rosette UP 25 50 75 100 15 150 175 25 50 75 100 125 150 17! 25 80 75 100 125 150 17

1000.00
—=— Rosette Middle
Rosette Down ROOF 0075 0075 00075
— TREND UP)
500.00 =
LINE Middie) RAIL 0005 0,005 0.0005
— __ . ..__._Down) RR
= 0025 00025 00025

00 = w w w

0.00 10000.00 20000.00 30000.00 40000.00 50000.00 60000.00

equivalent stress (MPa)

75075 160125 1h0 17! & 25 55 75 w0 125 ko 1 255575 160 185 e 17q

-500.00

Foree () Fig.9 YD roof rail component test SG graphs
Fig.6 YD B-pillar component test trend line Diagramm

y=0.2376x- 14.785

2.1.4 Roof Rail calibration test and calculation 50000 yosescsE
400.00 /

TO Callbrate the rOOf rall Wlth Stath we ChOSC the / —+— Rosette Rear Equivalent Stress

300.00

pulling test machine. We cut the B-pillar on the level of ~+- Rosete Front Equivalent Stress

200.00 =

Z=548mm because it is the bending start point in the side

—TREND Rear Equivalent
LINE
100.00 / Front Equivalent

equivalent stress (MPa)

crash and adequate to calculation the torque. The pusher,

we used the steel chain, Also we welded B-pillar 000
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00
reinforcing stand because the B-pillar could be deformed 10000

torque (Nm)

without it before roof rail distorting. By experience we

selected maximum torque 1kN with 1.66mm/s speed.

Fig.10 YD roof rail component test trend line

2.1.5 Side Sill calibration test and calculation

To calibrate the side sill with static we chose the pulling
test machine again. We cut the B-pillar on the level of
Z=548mm because it is the bending start point in the side
crash and adequate to calculation the torque. The pusher,
we used the steel chain, Also we welded B-pillar
reinforcing stand because the B-pillar could be deformed
% without it before side sill distorting. By experience we
Strain Gauge _ selected maximum torque 10kN with 1.66mm/s speed.

1200
/ 1 150
1000
/ ——LOAD(N)
200 ——STROKE(mm)

/ 1 100
800 —

Fig.11 YD side sill component test

0 o
o 20 40 60 a0 100 12C 140 160

Fig.8 YD roof rail component test F-D )

As a result, we got the F-D curve and strain gauges’
As a result, we got the F-D curve and strain gauges’ value by time. From 5 times test w1th'2, Afl’ 6, 8_ and
value of 10Hz filtering by time. From 5 times test with 10kNm torque we can get the trend equation from Figl4.
0.2, 0.4, 0.6, 0.8 and 1kNm torque we can get the trend

equation from Figl0. These values are equivalent stress

These values are equivalent stress from rosette macro
calculation.
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25000 350
1 300
20000 L
1 250
15000 200
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— STROKE(mm)
150

10000
/ 4 100
5000
1 50
o o
o 50 100 150 200 250
Fig.12 YD side sill component test F-
0 45° 90°
N |
L L
S/SILL
FRT
S/SILL k-
RO i

Fig.13 YD side sill component test SG graphs

Diagramm
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y=0.0784x + 36.463
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-100.00
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Fig.14 YD side sill component test trend line

2.1.6 Side door beams calibration test and calculation

To calibrate the door beams we chose the pulling test
machine again. We mounted the 3 types of door beams
(front, rear upper and lower) on the jig and pulled by
60mm width belt to prevent from point-concentrated load
g with 1.66mm/s speed.

until plastic
p B

bendin

A

Fig.14 YD door beam component test

The breakage force of door was 2.9 ton at front door
beam and 3.3 ton at rear door upper beam. For the rear
door lower beam the breakage force was not measured
because we limited the maximum force as 4 ton.

35000 70
e A // 8
25000 / V"/ 50
20020 40
—LOAD(N)
—— STROKE(mm)
15000 // 30
10000

/ -
5000 10

o 5 10 15 20 25 30 35 40 45

Fig.15 YD rear door upper beam component test F-D

RR DR LWR

FRT DR
" N

RR DR UPR

< [
~ |

Fig.16 YD door beam component test SG graphs

As a result, we got the F-D curve and strain gauges’
value by time. From 6~16 times test with different forces
we can get the very linear trend equation from Figl6.

These values are simple voltage because we think beam
deformation is simple bending mode.

y=-8E-07x - 0.0003
y = -7E-07x - 6E-05
y=-3E-07x + 0.0001

Diagramm

0.00500

0.00000

a.w 1000000  15000.00 20000.00 ~25000.00 3000000
-0.00500

\ —e— Front door
-0.01500 \\\
-0.02000 =

-0.02500

—=— Rear door up
Rear door down
— TREND ioor)

LINE  foorup)
foor down)

-0.01000

Output (V)

Force (N)

Fig.16 YD door beam component test trend line

2.1.7 Force calculation in YD ITHS side trolley test

By each trend line we did get the forces of the primary
parts like table.1. We were successful for 8 points in 10
measuring place.

DOOR BEAM ROOF RAIL B-PLR S/SILL

7.3t (FRT) 1.2kNm (FRT) 20t (UPR) Error (FRT)
3.4t (RR UPR) Error (RR) 26t (MID) 7.1kNM (RR)
21t (RR LWR) - 5t (LWR) -

Table.1 MaxForce and Torque results
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Fig.17 YD side trolley Converted to force graph
2.2 Smalloverlap Structure Force Measurement

2.2.1 A-pillar calibration test and calculation

We assumed the A-pillar deformation and attached 2
strain gauges on the edge place where there is no plastic
deformation. We pushed at side door strength test bench
with 0.33m/s speed until 400mm deformation. Because
the vehicle test was MD, we carried out the component
test also with MD A-pillar.

¥#10ZD0¥0r

FORCE i-

A-PLR UPR

Fig.20 MD A-pillar component test SG graphs

As a result, we got the F-D curve and strain gauges’
value by time. From 5 times test with 2, 4, 5, 6 and 7 ton
force we can get the trend equation from Fig21. These

values are equivalent stress from rosette macro

Fig.21 MD A-pillar component test trend line

2.2.2 Side sill calibration test and calculation

We assumed the side sill deformation and attached 2
strain gauges on the edge place where there is no plastic
deformation. We pushed at side door strength test bench
with 0.33m/s speed. But unfortunately, in the MD
vehicle test, we didn't get meaningful voltage data. But
this type of test method for side sill can be used in the
next research.

Strain Gauge

T A -
| mamu—

QI

N
o
[9)
N
(=}
=
w

Fig.22 MD side sill component calibration test

ssill

y = 0.00000135x - 0.03880048
y=0.00001776x - 0.08124762

2.0000

1.5000 /

%0000 —o—Front
£

5 ——Rear
B5000

3

o

0.0000 — et

0.00 30000.00 100000.00 150000.00
-0.5000
Force (N)

Fig.23 MD side sill component test trend line

2.2.3 Lower arm calibration test and calculation

We also tried to calculated YD smalloverlap lower arm
A & B point removal force. We pulled G point at the
chain pulling device with 3.33mm/s in 3 ways, firstly
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only A point fixation and pulling in Y direction,
secondly only B point fixation and pulling in Y direction

and lastly A & B point fixation and pulling in X direction.

We substitute YD smalloverlap trolley test which its
structure deformation and movement was very close to
the real crash.

Strain Gauge
(Axial & Lateral)
- |
G point

o 2
5 deg PuIIing % 90 deg Pulling

Fig.23 YD L/ARM component calibration test

90DEG for A point 5DEG for B point

a < “"M.‘ .
:‘f"?""’;m ey

,,,,,,

Fig.24 YD L/ARM component calibration test SG graphs

As a result, we got the F-D curve and strain gauges’
value by time. From 8~9 times test with different forces
we can get the linear trend equation from Fig25. These
values are simple voltage because we think lower arm
main load path is in axial direction.

o6 mV
4 -
* A:y=1.784x+0.0983 5 deg A-point SG1
B: y=1.784x-0.0133 -7 === 5 deg A-point SG3

“ . A —"‘:—"7): === 5 deg B-point SG1
05 e = 5 deg B-point SG3

M R ::"/ ¥ - = 90 deg A-point SG1
o2 ’/:,:/, Tox

T .

o1 P S .
° ”) ? . ;
° o2 o4 o8 o8  ton 1

Fig.25 YD L/ARM component test trend line

2.2.4 Force calculation in YD smalloverlap trolley test

By each trend line we did get the forces of the primary
parts of side and small overlap vehicle tests like table.2.
We were successful for 6 points in 8 measuring place. In
case of YD lower arm we selected the meaningful force
measuring time with A point disconnection and the B
point before being crushed from high speed video.

MD A-PLR YD L/ARM
12t (UPR) 13t@40ms (A point)
11t (LWR) 16.5t@44ms (B point)

Table.2 Max Force results
o | MD A/PLR UPR 10 YD A/PLR LWR

[ton]

0.05 o 05 02 0 0.07 o 015 07

§
KNI 757 [ yD L/ARM A POINT YD L/ARM B POINT
20

10 ‘

JRS

I T ) )
T‘ -l | Max 16.5t @ 44ms, before crushied ‘
\

-20
| Disconnected @ 40ms with 13t ‘ |

0,025 [ 0.025 0.05 0035 004 0.045 005 0055

Fig.26 MD/YD smalloverlap converted to force graph

3. Conclusion

As we discussed at the introduction, knowing the force
of each part is very important. If we know it, we can
optimize the parts' weight and design for the good
performance. To this time, those works were in the area
of CAE but with this research we can also try more from
test data. We expect test numbers side and smalloveralp
could be reduced half. For one vehicle development the
developing cost saving would be over $150,000. We are
planning this methodology adaptation from PD project.
We did know below facts in this research.

1) Even complicate deforming mode like side crash if
we simplify the modes and use rosette strain gauge
calibration, we can know its abbreviate real time force.

2) From the each part calibration test of the vehicle we
can check its unique F-D curve. This could be used for
the quality comparison.

3) For the YD IIHS side, the maximum force and
torque of B-pillar 26t, door beam 21t, roof rail 1.2kNm
and side sill 7.1kNm

4) For the MD smalloverlap, the maximum force of A-
pillar 12t. For the YD smalloverlap, the maximum force
of Lower arm A point was 13t and B point 16.5t.

If we stack these measurement and analyze we could
improve the prediction for the crash performance.

B Patent: Be submitted Diadem macro Rosette strain
calculation
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ABSTRACT

We demonstrate the effectiveness of a new method for expressing the load transfer in passenger car bodies
to improve structural performance in order to protect occupants in side impact. For vehicle structures, one of the
most important goals is the reduction of compartment deformation. For this purpose, indicating the load transfer
paths in a vehicle compartment is fundamentally significant. The present authors previously developed an index
Ustar (U*) to express the load paths in structures. Our purpose in the present study is to express the load transfer
using U* in a vehicle compartment in side impact.

The index U* is defined as U* = 1 —U/U’, where U is the work done at the loading point and U’ is the work
done when an arbitrary point is constrained. We can say that U* shows the connectivity between the loading
point and an arbitrary point. It is natural to think that the force is transferred along the highest part of the U*
distribution. The index U* can realize a way to obtain the overall view of load transfer in the vehicle
compartment during collisions.

We introduce the extended U* in which the effect of inertial force is included for the calculation of vehicle
collision. The calculated distribution of U* for a sample passenger car shows that the impact force is transferred
mainly to the lower structure of the compartment. However, the load is not transferred to the opposite body side,
because of the separation caused by the center tunnel structure. The U* distribution shows that among the
several transverse cross-members, the cross-member under the B-pillar plays a key role in load transfer. In
contrast, the cross-member under the front seat has a small effect for load transfer. These results of load transfer
are demonstrated by the colored U* contour lines in the entire compartment for any specified instant during
impact. The calculated results are expected to improve the side impact crashworthiness to reduce the risk of
injury to occupants.

As an example, to increase the load transfer of the cross-member under the front seat, we locate the
stiffener member between the side sill and the tunnel structure. The designation of the stiffener location is
pinpointed by the distribution of U*. A crash simulation of a sample vehicle equipped with the stiffened
cross-member reveals that the side sill intrusion deformation decreases by more than 30%. The value of the
decrease rate itself is not a key point of the result. The point of importance is the effectiveness of the deduction
process by U* for the strict determination of structural improvement.

INTRODUCTION

Occurrence of traffic accidents is a social problem, and reduction of injuries to vehicle occupants is the
inevitable research subject. Side impact accounts for a relatively large fraction of the total numbers of accidents
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and fatal injuries.

In order to decrease injuries caused by side impacts, improvement of both the occupant protection system
and the vehicle body structures is important. In the present study, we focus on the investigation of the vehicle
body structure. Reduction of the intrusion velocity of the vehicle body-side structure into the compartment is the
aim of the structural improvement ™ . Understanding the load transfer from a moving deformable barrier
(MDB) into the body structure is highly effective in increasing the stiffness of the compartment.

Load transfer in structures has been generally studied by examining the stress distribution ©!. However,
observing the load transfer using stress distribution is rather difficult because of the effect of stress
concentration around holes or notches. It is unreasonable to conclude that a hole or notch is effective for the
load transfer. A novel index Ustar (U*) previously developed by the authors has been used to express the load
transfer and load paths, thereby overcoming the abovementioned problem of stress concentration .

The concept of U* has been used in vehicle body structures ®' ). For the calculation of U* under dynamic
loading, a method has been proposed that includes the effect of inertial forces . Previously, using this
approach, we calculated the load transfer in a passenger car compartment during frontal collision .

Extending the study of frontal impact, in the present study, we introduce similar methods for side impact.
We apply the index U* to numerically depict the load transfer and load paths in a compartment structure during
a side impact.

In the U* calculation under side impact, the compartment structure except for the front-end structure of a
finite element model is assumed to be elastic. As will be mentioned later, we also use the assumptions of a
"dynamic-static method" and "equivalent inertial force method". Through application of these methods for the
side impact of a sample passenger car, the obtained U* distribution shows that the cross-member under the front
seat should especially be stiffened. A dynamic crash simulation demonstrates the significant effectiveness of the
newly stiffened cross-member.

METHODS
Index U* and Load Transfer

The concept of the index Ustar (U*) that was previously developed by the authors ¥ is summarized as
follows. Figure 1 shows a linear elastic body in which an external force p, is applied at Point A. Point B is a
support end, and Point C is an arbitrary point. The relationship between forces and displacements for these three
points is

(a) Expression with
three springs

A

Pidy

(b) Point C: Free (¢) Point C: Constrained

Figurel. Ustar calculation.
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where K, p, and d with suffixes are the internal stiffness tensor, force vector, and displacement vector,
respectively. The expression of Eq. (1) is not the elementary formulation of the finite element method (FEM)
but rather the representation of the overall behavior of an entire structure.

The work done by the force pa and the displacement d, at Point A in Fig. 1(b) is denoted as U. When Point
C is constrained as shown in Fig. 1(c), the work done under the same displacement d, at Point A is denoted
asU’. A non-dimensional value

« 1 U
U _1_U (2

indicates the definition of the index U* at an arbitrary point in the structure. The index U* means the stiffness
between the loading point A and an arbitrary point.

From Egs. (1) and (2), we have

(v Y
v _(l (KACdC)'dAJ (3)

where tensor and vector notations are employed instead of matrix notation for the products. The value of U* is
unity at the loading point A and zero at the support B. It can be seen that the index U* is expressed by Kac
which is a tensor value stiffness between the loading points and an arbitrary point. Although we can calculate
Eqg. (2) by FEM, the inspection load methods ! based on Eq. (3) can reduce the calculation time remarkably.

Load Path and Optimization

Figure 2(a) shows schematic U* distributions and contour lines. The ridgeline of a three-dimensional
curved surface is defined as the line that connects the highest points of stiffness in series from the loading point.
We define this ridgeline as a load path because it can be regarded that the line that connects the highest stiffness
points transfers the largest loading.

The actual U* contour lines and the load paths are calculated for a simple plate model shown in Fig. 2(b).
The stress concentration does not affect the load paths.

To confirm the concept of U* being applicable to structures, an optimization process using a genetic
algorithm (GA) for U* was previously tested "%, In the optimization process, the objective function was
determined based on the following three conditions for desirable structures.

() Uniformity: Uniform decrease in U* along a path (Fig. 3(a))
(b) Continuity: Smoothness of the curvature of U* along a path (Fig. 3(b))
(c) Consistency: Coincidence between a path from Point A and a path from Point B (S;and S; in Fig. 3(c))

For the flat plate model shown in Fig. 4(a), the design parameter of optimization was the thickness of each
element. The optimized structure obtained using U* in the 50th generation of the GA is shown in Fig. 4(b). For
comparison, the result of sensitivity analysis, which is one of the conventional optimization methods for strain
energy density, is shown in Fig. 4(c). There is no significant difference in the thickness distribution, and this
indicates the validity and effectiveness of the U* theory.

During both the optimization processes, the thickness distribution developed once into the Michell truss
pattern but then eventually attained a simple pattern using the operation of intensification.

It is important to see that this objective function using U* has no relationship to the concepts of stress.
Generally, the concept of stress is suitable as the parameter of strength, and U* is adequate for the index of load
transfer.

Since the above reference is for the confirmation of the concept of U*, hereafter we do not intend to
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discuss the optimization in the present paper.

Distribution of U*

(a) Load path

AVAVAVAVAVAVAVAY

(b) Distribution of U*

Figure2. Definition of load path and distribution of U*.

(c) Consistency

s/l
(b) Continuity

Figure3. Conditions of desirable structure.
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(a) Initial model

(b) Optimized model (c) Optimized model
(U*, GA) (Strain energy,
Sensitivity analysis)

Figure4. Structural optimization.

Effect of Inertial Force

For the calculation of side impact, the definition of U* under dynamic loading including the effect of
inertial force is required. Since we already developed the calculation method of U* under the effect of inertial
force !, here, we present only the abbreviated summary.

Figure 1 shows the loading point A, support point B, and arbitrary point C. Here, for the inertial force, we
introduce other points D; (i=1, 2, 3, ..., n, n: number of nodes) shown in Fig. 5.

For simplicity, we consider the case of n = 1, which means that the inertial force is applied to only one
node of a finite element. In Fig. 1, an elastic body with Points A, B, and C is expressed by three springs.
Introducing the new Point D, we should use the six-spring model as shown in Fig. 6. For the new model, the
definition of U* is given as

-1
U*={l— 2 } Q)
[(kAC _kADkDD ch)dc]'dA

instead of Eq. (3), where k with suffixes expresses the internal stiffness tensor between two points. The suffixes
represent the two related points. The stiffness in the six-spring model is different from the stiffness in the

three-spring model: kac # Kac.

(a) PointC: Free (b) PointC: Constrained

Figureb. Elastic structure with three springs.
(D4, Dy, D3, ... : inertial forces)

Figure6. Elastic structure with six springs.
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For the case of zero inertial force, the U* value of Eq. (3) should coincide with that of Eq. (4). Remembering
that the displacement d or dc can be given independently of the stiffness and that the stiffness is constant for a
given structure, the following equation

KAC = kAC - kADkDD_lkDC ®)

is obtained. Equation (5) shows that it is unnecessary to calculate its right side; rather, it is sufficient to know the
left side, which can be determined by the static U* calculation using Eq. (4) with the inspection load method.
However, in Eq. (4), we should adopt the value of dc under dynamic loading.

FULL-WIDTH FRONTAL COLLISION @

Application of U* to Frontal Collision

In our previous report ©1, we applied the index U* to the full-width frontal collision (56 km/h) for a sample
vehicle structure. Since the index U* is applied only for elastic structures, we used the following assumption of
structural separation. Namely, we assumed the passenger compartment as an elastic body for the calculation of
the load transfer by using U*. The original material properties of the vehicle front-end crash region were not
changed, and the rear end was assumed to be rigid (Fig. 7).

The dynamic crash behavior for the vehicle model was calculated by LS-DYNA. A deformed body at an
arbitrary instant in the crash was extracted. The extracted compartment model was used for the static U*
calculation by MSC Nastran. The combined operation above using the dynamic simulation and static calculation
is called the “dynamic-static method.”

The loading area for the static U*calculation was located at the boundary between the front-end structure and
the passenger compartment. The support area was located at the boundary between the compartment and the rear
end (Fig. 8).

Equivalent Inertial Force
We used the abovementioned definition of U* (Eq. (4)) under the dynamic condition. In this calculation, inertial

Original
I Elastic
M Rigid

Figure?. Structure separation.

-

C ‘\ »

Figure8. Loading and support.
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force should be applied to every FE node. Using the abovementioned dynamic-static method, we obtained
displacement vectors of every node for the extracted compartment at any instant during collision. The necessary
static force on each node for reproducing the obtained displacement was inversely calculated by NASTRAN.
The necessary forces for such displacements from the initial configuration can be regarded as inertial forces. We
call the present process the “equivalent inertial force method.”

Although the calculation of the above-described entire process requires complicated operation, automated
software that had been developed beforehand was used.

Load Transfer in Frontal Collision

The load transfers from the front-end structure and the rear end are shown in Fig. 9 using U* at 30 ms after
frontal barrier collision. Although the maximum U* value from the front-end structure is 1, we set the maximum
value from the rear end to 0.034, which is decided by the ratio of the frontal force to the rear supporting force.

By inspecting the U* value from the front-end structure shown in Fig. 9(a), we can see that the frontal
loading is transferred mainly to the under-floor member. In contrast, as shown in Fig. 9(b), the supporting force
from the rear end is transferred to the side sill. We call such a discrepancy the inconsistency of load paths (Fig.
3(c)). This discrepancy indicates that an increase in the stiffness of the connecting member between the
under-floor member and the side sill is required.

Side sill

(b) Distribution of U* from support area

uU*
(0 =TT e ().0559

Figure9. Distribution of U* (30ms).
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(a) Original torque box (b) Stiffened torque box

Figurell. Comparison of deformation (x40 deformation, 40ms).

For a clearer observation, the scatter diagram of U* is shown in Fig. 10, where the U* value of each FE
node is plotted on the x-y plane (x, y: longitudinal and lateral coordinates, respectively, of a compartment
structure). The FE nodes of the connecting member (torque box) between the under-floor member and the side
sill are indicated in the figure, which shows the rapid decrease in U* along the connecting member.

Based on these results, the torque box was stiffened for a remodeled vehicle. The vehicle with such a
stiffened body was calculated for the frontal impact by LS-DYNA. Comparison of deformation between the
original body and the stiffened body is shown in Fig. 11. As expected, an undesirable large deformation of the
under-floor member in the original body was improved by the use of the stiffened torque box.

SIDE IMPACT
Calculation Model

Application of the U* calculation to side impact is the final goal of the present study. The FE model of a
passenger car with 272,485 elements for side impact is shown in Fig. 12(a). The model type of the MDB is
ECE-R95 (Fig. 12(b)). The impact speed is 55 km/h. For the dynamic and static calculations, LS-DYNA and
MSC Nastran, respectively, are used. The loading area and the supporting area are shown in Fig. 13.
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(b) Moving deformable barrier
* National Crash Analysis Center, Dodge Neon, Detailed model,
Date posted: 2006 Jul. 3, available from
(http://www.ncac.gwu.edu/vml/models.html)

Figurel2. Calculation model.

Figurel3. Loading and support (Static U* calculation).

Calculation Process

Since the U* calculation is applied to only elastic bodies, as mentioned above, it is necessary to assume
that the material property of the passenger compartment is elastic. However, based on the assumption of
structural separation as shown in Fig. 14, the original material property is used for the outer panels of both the
body sides of the compartment including doors as the crash area and the supporting area.

The dynamic vehicle behavior under side impact is calculated by LS-DYNA, and the deformation of the
compartment structure at an arbitrary instant is extracted. In the same manner as described above for frontal
collision, using the dynamic-static method, we statically calculate the extracted frozen compartment model to
obtain the U* distribution by MSC Nastran (Fig. 15).

For the definition of U* under dynamic condition (Eq. (4)), the equivalent inertial force is applied to every
FE node as the distributed external force in the static U* calculation (Fig. 16). For retaining the deformation of
the extracted compartment at any instant, the necessary static force on each node for reproducing the deformed
shape of the body is conversely calculated by NASTRAN. The calculated forces can be regarded as the
equivalent inertial forces.

Selection of U* Theory
From the definition of U* (Ustar), the forced deformation at the loading points is constant during the
calculation of load transfer. Namely, deformation is the parameter of the applied work. From the definition of
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Figurel4. Structure separation.
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Figurel5. Dynamic-static method.

Figurel6. Equivalent inertial force.

another index U** (Ubistar), on the contrary, force at the loading points is constant during the calculation,
wherein force is the parameter of applied complementary work ™.

Since the MDB is equipped with an aluminum honeycomb, the applied force is almost constant during
impact. Thus, for side impacts, application of U** is more desirable than application of U*. However, the MSC
Nastran U*Toolkit ™ saves calculation time, and FRONE U*PRE ™ performs systematic dynamic calculation
for U*. For these reasons, here, we use the conventional U*.

Load Transfer in Side Impact

For the above passenger vehicle, U* values from the loading area under side impact are shown in Fig. 17
for 10, 20, 30, and 40 ms after impact. From the definition of U*, which is non-dimensionalized, the maximum
value of U* is 1 at any instant during a collision. However, to express the process during impact, the maximum
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U*
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Figurel7. Distribution of U* from loading area during side impact.
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value of 1 is multiplied by the resultant crash force of each instant. The ratio of the resultant crash force is
shown in the figure.

From Fig. 17, we can see that the input loading is transferred mainly to the lower structure. Despite the
important role of the lower structure, the load transfer is interrupted by the tunnel structure. The floor structure
is explicitly separated from the viewpoint of stiffness continuity, and the degree of separation is clearly
represented by the U* distribution.

Figure 17 shows that among the several cross-members located across the floor panel, the cross-member
located under the B-pillar is intensively effective. The impact force from the MDB presses the B-pillar strongly,
and the force is transferred directly to the cross-member that is beneath the B-pillar.

On the other hand, the second cross-member that is located under the front seat has a small effect for the
load transfer. Actually, by observing the scatter diagram in Fig. 18, which shows the U* distribution of the
lower structure, we can clearly see the rapid decay of U* at the second cross-member.

The U* distribution from the support end is shown in Fig. 19, which indicates the support capability of the
opposite body side. Because of the existence of inertial force, the upper structure including the roof panel has
relatively large U* value. Figure 19 indicates that the upper structure has effective support capability, though the

Rapid decay

(Second cross-member)

0
600
0
X [mm]

-700

0

Yy [mm
0.01 -1200 700 B ]

(a) 30ms

Rapid decay
(Second cross-member)

=0 -700
X [mm]

-600 0

Y |mm
il -1200 700 Y lrmen)

(b) 40ms

Figurel8. Disutribution of U* scatter diagrams.
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(b) 40ms (max: 0.167)

U*
0 e— e ()2

Figurel9. Distribution of U* from support area during side impact.

transferred impact force from the B-pillar to the roof panel is small.

STIFFENED CROSS-MEMBER

As shown above, the load transfer along the second cross-member located under the front seat is relatively
small. To improve the stiffness of the second cross-member, we locate the stiffener member between the side
sill and the tunnel structure. The beam model of a steel pipe (length: 606 mm, diameter: 48.6 mm, thickness: 3.2
mm) is used for the stiffener. The location of the pipe is shown in Fig. 20. The pipe end at the side sill is located
at a point where the stiffness decreases rapidly.

The rapid decrease point of the stiffness is determined using U* from the loading area (Fig. 20(a)). Another
pipe end at the tunnel structure is decided by the rapid change point of U* from the support (Fig. 20(b)).

In general, for determining the location of a stiffener, it is necessary to connect the following two points:

(1) the point with the maximum U* from the loading area

(2) the point with the maximum U* from the support area

In the present study, we used the determination process of the stiffener location by inspecting the U*
distribution from both sides as a typical example of the above general application method of U*.

Using the above stiffened body, we recalculated the side impact by LS-DYNA under the same crash
condition as that for the original vehicle. The calculated result is shown in Fig. 21, where the side-sill intrusion
deformation along the side sill upper edge at an instant 60 ms after the crash is plotted.

Although the maximum side sill intrusion deformation decreased by more than 30%, the value of the
decrease rate itself is not a key point of the result. The point of importance is the effectiveness of the deduction
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Figure20. Stiffener location.
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Figure2l. Side sill intrusion (upper edge, 60ms).

process by using U* for the strict determination of structural improvement.

CONCLUSIONS

With the aim of increasing the stiffness of a vehicle body structure in side impact, we investigated the load
transfer and load paths into the passenger compartment from a moving deformable barrier (MDB) by using the
new theory of Ustar (U*).

(1) The dynamic crash behavior for a sample vehicle model was calculated by a dynamic simulation. A
deformed body at an arbitrary instant during the crash process was extracted, and the extracted
compartment model was used for the U* calculation by a static simulation.

(2) The input loading to the sample vehicle structure is transferred mainly to the lower structure. Despite
the important role of the lower structure, the load transfer is interrupted by the tunnel structure. The
U*distribution shows that in contrast to the effective cross-member located under the B-pillar, the
cross-member under the front seat has only a small effect for the load transfer.

(3) To improve the stiffness of the cross-member under the front seat, we located the stiffener member
between the side sill and the tunnel structure. The designation of the stiffener location was pinpointed
by inspecting the distribution of U*. With the use of the stiffened body, the side sill intrusion
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deformation improved by more than 30%.
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ABSTRACT

In order to protect the occupants effectively in side impact crashes, the main tasks are (a) to minimize the intrusion of the
deformed body structure after the impact in order to reduce direct contact force with the occupant and (b) to reduce the
relative impact velocity of the intruding structure at the start of contact with the occupant. The existing concepts similar to
SIPS (Side Impact Protection) system are basically based on good structural integrity with seat-mounted side air bags and
roof-mounted curtain air bags for overall protection of the occupant in side impact crashes. However, for higher level of
external input load at an inclined angle from high front-end SUVs acting on the side of an ordinary PV in case of SUV-to-
PV side impact crashes, there is a room to have more efficient structural load-path system layout. A new inclined L-
shaped High Efficiency Load Path System (HELPS) was developed and incorporated at the back of the existing seat back
frame to bypass a part of the incoming load to the central console through the seatback frame. At first, a number of full
vehicle FE-simulation studies were carried out to verify the performance in IIHS and SINCAP tests to assure the
effectiveness of the concept. Finally, it is tuned to a feasible optimized structure in order to ensure other functional
aspects, such as, seating comfort of the front passenger, leg-room of the rear occupants, etc. Its performance was
calculated assuming various seating positions of the frontal occupant to examine the robustness of the concept in real
world safety. Human Body Model (HBM) simulations were also carried out to compare two systems, one with HELPS and
the other without HELPS concept. Similar to the results of the dummy response in IIHS and SINCAP tests, reductions in
occupant injury level were observed in HBM simulations.

INTRODUCTION

Side collisions remain a frequent cause of fatal and serious injury. From accident analysis, it is found that 60%
of the fatal and serious injuries to front seat occupants in side collisions were to the struck side occupants, and
40% were to the non-struck side occupants [3], [4]. In lateral impact at the intersection of roads, the distance
of occupant’s chest and the front end of the colliding car is only few hundred millimeters. The advanced safety
cage of recent vehicles is designed with careful mix of different steel grades of various strength and thickness
to provide carefully controlled lateral deformation of the whole body structure in order to minimize the
injuries of the occupant inside the vehicle compartment. The side airbag and roof curtain airbag provide
additional protection of the pelvis, abdomen, thorax and head for both the front seat occupants as well as to the
rear passengers. Strong rigid steel tubes of Volvo’s SIPS concept across the seat frame help to transfer loads to
the center console to maintain the seating space after the impact. It is very effective for a lateral input at a
lower height when colliding with passenger vehicles. However, in case of collision with SUVs having higher
front-end stiffness, it may not be that effective in an inclined lateral input load at a higher height from the
ground. It is known that occupants in cars will encounter serious chest injuries when struck by vehicles with
high front-end stiffness and high ground clearance such as sport utility vehicles (SUVs), multi-purpose
vehicles (MPVs) and 1-box type of vehicles [3],[6],[7]. As these types of vehicles become increasingly more
prevalent, consideration should be given to the vehicle structural design in light of the changing and mixed
vehicle fleet [2], [5].
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BASIC INITIAL DESIGN CONCEPT

The Figurel shows the basic concept of HELPS. The system consists of four main elements: 1) an outer
contact element, 2) an inclined and curved seatback cross-reinforce member 3) an inner contact element and 4)
a strong center console. The outer contact element facilitates an early contact of the seat frame to intruding
door deformed by the moving barrier or a vehicle at the level of the bumper height. The input load to the seat
is then transferred diagonally to the opposite side of the seat through the inclined cross-reinforce member
which is located at the back of the seat and connects the two sides of the seat frames to secure a higher level of
structural integrity of the whole seat frame (Figure2). It also enables more space between the pelvis of the
occupant and the inner door panel for proper deployment of lower chamber of the side air bag to have a better
coverage of the whole pelvis as shown in Figure3(a, b).

more protection from SUV

Figurel. Basic concept of High Efficiency Load Path Structure (HELPS).

(a) Existing Concept (b) Proposed Design Concept

Pipe reinforcement

-

Seat load-path

Figure2. FEM model of the initial concept design level. (a) Existing system (b) Proposed design concept.

As shown in Figure2, an initial design concept was made and consequently the safety performance was evaluated
with help of a detail FEM model to study the feasibility of the concept in full vehicle side impact crash simulations
for IIHS and SINCAP test conditions. With more deployment space for the inflating side airbag, it can absorb
more input energy of the incoming deformed door as shown in Figure3. Consequently it becomes easier to
decide the crash performance specification of door trims for better energy management. The inner contact
element comes in contact with the center console which is properly reinforced to evenly distribute the load to
over a large area of the vehicle floor and the propeller shaft tunnel.
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(b) with HELPS concept (30msec)

Figure3. Comparison of cross-sectional views of side airbag during deployment phase at abdomen level.

There are other advantages of this concept, such as, better and more flexible design layout of door pockets.

RESULTS OF INITIAL DESIGN CONCEPT

Figure4 shows the comparison of cross sectional views of the deformation patterns with von-misses stress
distribution for (a) without-HELPS concept and (b) with-HELPS concept in I1HS side impact test conditions.
It is very clear that a large amount of force can be transferred from the body side to the center console through
the inclined seat reinforcement structure which absorbs some amount of external input energy. It also
constraints the amount of total intrusion of the B-pillar and door with respect to the center line of the vehicle
denoted by arrows.

(a) without HELPS concept (b) with HELPS concept

Figure4. Comparison of deformation and stress at B-pillar, door and seat in full vehicle simulations.

Measurement

1‘ locations of

door intrusion
velocities

Figure5. Location of evaluation points on interior door trim at different heights of ES2 dummy.
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Figure6. Comparison of door intrusion velocities of interior door trim corresponding to different locations
of ES2 dummy. (blue line: without HELPS concept and red line: with HELPS concept).

Figure6 shows the comparison of door intrusion velocities corresponding to different locations on the dummy
as indicated by yellow circles in Figure5. After 25msec, the intrusion velocities dropped due to the load
transfer from the body side to the center console through the inclined reinforcement structure of the seat. It is
also effective in reducing the cumulative impact load on the dummy at the later phase of the structural
deformation of the B-pillar intruding inside the vehicle compartment. The rib displacement will be reduced by
3 to 4 mm or more depending on the level and position of reinforcement. In this specific CAE result, the effect
of outer contact element is omitted. Inclusion of outer contact element will make the starting time of the
reduction of intrusion velocity a little earlier than 25msec and it will also change the initial phase of velocity
profile before 25msec. Refer to the comparison of intrusion velocity time history plot (base vs final prototype)
of a physical test as shown in Figure8.

RESULTS OF FINAL DESIGN CONCEPT

To meet target performance level
/ +100% \

weight > 50%

Weight

BASE design BASE + HELPS concept

(a) Final prototype (b) Performace chart to meet target safety performace.

Figure7. Final concept and weight reduction chart to meet required target performance.
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Figure7 indicates a considerable amount of reduction in weight due to increased structural integrity of the
system in which one will be able to reduce the maximum intrusion and also the intrusion velocity of the
surrounding intruding structures at different heights starting from pelvis to chest level of the dummy as
illustrated in the intrusion velocity diagram (Figure8) and the deformation pattern diagram (Figure9),
respectively.

Reduction in B-PLR intrusion velocity

Time (msec)

Figure8. Maximum change in intrusion velocity of the surrounding structures around the occupant in
physical test (red line: base design without HELPS and blue line: final prototype with HELPS concept).

seat reinforcement

deformation line

spacer console-reinforcement

Figure9. Deformation mode of the final prototype
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RESULTS OF HBM SIMULATION

Figurel0. Full vehicle FE simulation with HBM.

Figurel10 shows a typical FE simulation set-up of a human body model (HBM: GHBMC, AM50 model, [8]) in
SINCAP condition. By this simulation, a comparative study was carried out (i) with HELPS and (ii) without
HELPS concepts to estimate the efficacy of the proposed system in real world. Comparison of (i) and (ii) was
carried out on the amount of plastic strain distribution of chest rib and lower leg bones (pelvis and femur
regions). The quantity of plastic strained regions across different bones was used as a comparative estimate for
studying injury pattern. Bones will sustain plastic strain until a certain limit without failure and beyond certain
threshold value of plastic strain, fracture will be initiated. Hence, a threshold of T* (T*=one-tenth of GHBMC
reference value for fracture) was assigned for plastic strain and the total volume of elements crossing the
threshold was calculated. By comparing the volumes of threshold elements across different bones, the injury
pattern was estimated. The percentages of plastic strain>T* in chest ribs, pelvis and femur bones are shown in
Figurella,b. Detail of this plastic strain estimation method can be found in reference [1] where a detail
description was given in female pedestrian human FE model development and its validation procedure based
on PCDS pedestrian accident database combined with detail FE simulations.

(b) Pelvis-Femur bones

100 | (a) Rib bones 100 - ‘

Base Config-1 Config-2 Config-3 Base Config-1 Config-2 Config-3

~
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% of plastic strain > T*
% of plastic strain > T*
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Figurell. Comparison of relative plastic strain in bones for AM50 driver HBM simulation
(Base: without HELPS; with HELPS in three different design configurations (i) Config-1: -0.3m.sec,
(ii) Config-2: -0.6m/sec and (iii) Config-3: -1.0m/sec average reduction of intrusion velocities)
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Figurel2. Kinematics of AM50 driver occupant (HBM) and plastic strain distribution of bones with a plastic
strain threshold T* (T*= 1/10th of GHBMC reference value for bone fracture criteria)

Figurell shows the degree of effectiveness of the HELPS system based on the above mentioned plastic strain
criterion of the bones with various levels of HELPS reinforcements related to (a) base design without HELPS
concept, (b) low level of reinforcement with an average reduction of intrusion velocity of 0.3m/sec and (c)
medium level of reinforcement with an average reduction of intrusion velocity of 0.6m/sec and (d) high level
of reinforcement with an average reduction of intrusion velocity of 1.0m/sec. The higher is the level of
reinforcement, the more is the effectiveness to reduce occupant injury, especially at the abdomen level of the
dummy corresponding to the lower most ribs of the thorax of the human model. In case of human, unlike the
upper and middle ribs which form a closed ring structure, the last few ribs are open and not connected to the
sternum.

Figurel2(a,b,c) show the occupant kinematics at Omsec, 30msec and 60msec. The level plastic strain of the
chest ribs (Figurel2d,e,f) and the lower leg region (pelvis and femur, Figurel2g,h,i) are shown in second and
third rows, respectively. It is clear that the amount of plastic strain volume of bones in the ribs and the lower
leg regions are increasing with the increase of external load and deformation from the start Omsec to the end
60msec.

Figurel3 shows the degree of effectiveness of the proposed system in reducing the thorax rib displacements
corresponding to various levels of reinforcements of the HELPS concept with respect to the base design in (a)
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base design without HELPS concept having no reduction of intrusion velocity, (b) lower level of reinforcement
with an average reduction of intrusion velocity of -0.3m/sec, (c) medium level of reinforcement with an
average reduction of intrusion velocity of -0.6m/sec and (d) high level of reinforcement with an average
reduction of intrusion velocity of -1.0m/sec. It is clear that the amount of rib displacement starts decreasing
with the increase of reinforcement level in HELPS concept. The rib displacement at each individual rib is the
deformation measured between the outermost points of the left and right side of the corresponding rib. They
are indicated by two white lines (i) dotted line (initial state) and (ii) solid line (deformed state) at the 5" rib
from top as shown in Figurel2d and Figurel2f, respectively. Maximum amount of reductions in rib deflections
occurred around the ribs 8-12. These three ribs (8, 9, and 10) are located at the similar position and height of
the lower chest rib of ES2 dummy. There were also reductions in rib displacements in rib 11 and rib 12 which
correspond to the abdomen region of a side impact dummy. Similar trends in injury reduction were also
observed in ES2 dummy response of actual vehicle tests.

110 4 Comparison of relative rib displacements from rib1 at the top to rib12 at the bottom

[En
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Figurel3. Comparison of relative rib displacements for AM50 driver HBM simulation
(Base: without HELPS; in three different design configurations Config-1: -0.3m.sec,
Config-2: -0.6m/sec and Config-3: -1.0m/sec average reduction of intrusion velocities)

CONCLUSIONS

The following are the main conclusions of this study.

A new concept of side impact occupant protection system is proposed by using the concept of a high efficiency
load path system (HELPS) which consists of a combination of reinforced seat, center console and floor-tunnel
structure. The system consists of four main elements: 1) an outer contact element, 2) an inclined and curved
seatback cross-reinforce member, 3) an inner contact element and 4) a strong center console.

A two-step design development approach was performed to evaluate the feasibility of the present system. The
first step is the basic feasibility study phase of the proposed concept to estimate the benefits based on safety
performance requirements using extensive CAE simulations. The second step is the final prototype design
phase by CAE together with verifications of safety performance in actual crash tests. All the necessary design
constraints to meet other functional requirements, such as, seating comfort, minimum leg room space and size
of the center console box etc. were also taken into account in determining the final design specifications.

Apart from the verification of the effectiveness of the proposed system using side impact dummy ES2, the
human body model (GHBMC, AM50 occupant) was also used to estimate its effectiveness in real world
accident. Similar to dummy response, the results of AM50 human model simulation also showed similar trend
regarding the level of effectiveness of the system. Even though the numbers of simulation cases performed
with HBM were very limited in number and related to certain specific test conditions, one can expect some
benefits in real world accidents if HELPS concept is incorporated in conventional design.

The key essence of the present system HELPS is to effectively reduce the average intrusion velocity and the
amount of intrusion of the deformed B-pillar, the surrounding door structures etc. to further decrease the level

Pal 8



of front seat occupant injuries in severe side impact crashes. However, the level of effective of this system will
vary depending on the size, the category and the type of upper body structure of vehicles under consideration.
Hence, to incorporate the proposed HELPS system in the existing vehicle design process, additional merits and
demerits should be evaluated and judged carefully in order to get maximum benefits based on total vehicle
system performance.
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GLOSSARY

AM50: 50th percentile American male

ES2: Side impact dummy; the next generation of the EuroSID1 dummy

GHBMC: Global Human Body Model Consortium

HBM: Human Body Model

HELPS: High Efficiency Load Path System

PCDS: Pedestrian Crash Data Study

SINCAP: Side Impact New Car Assessment Program (US motor vehicle safety standard)

IIHS: Insurance Institute for Highway Safety
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ABSTRACT

Despite the considerable rollover crashworthiness research carried out to date, there is still a need to establish exactly how spine
and neck injuries occur to a seat-belted occupant during a rollover. This paper details an experimental and Finite Element (FE)
analysis aimed at demonstrating how a stronger vehicle roof can reduce the potential for neck injuries to a seat belted occupant
seated in the front on the rollover far-side.

An analysis was carried out of the head-torso kinematics of a seat-belted Anthropomorphic Test Device (ATD) measured during
two rollover crash tests conducted on a weak- and strong-roof sport utility vehicle (SUV), respectively. Both experimental
laboratory rollover tests were performed under the same nominal conditions using the original Center for Injury Research (CFIR)
Jordan Rollover System (JRS) located in Goleta, California. Further, a comparison of the ATD kinematics was then carried out
using data obtained from detailed FE simulations of vehicle rollovers carried out using the FE model of the University of New
South Wales (UNSW) JRS located in Sydney Australia, and an FE model of a SUV, first with the original production roof and
then with a reinforced roof.

The analysis of the experimental tests indicated that an excessive roof crush would likely cause the head to be captured within the
crush zone long enough for the torso to apply a large inertial axial-compression load to the neck. In contrast, a stronger roof
continuously guides the occupant’s head moving it along an arc in a smoother manner, thus reducing any significant change in
velocity between the head and torso, and any consequent inertial axial-compression loading. However, preliminary computer
simulations confirm this mechanism only in part, and further simulations of the refined computer model of the UNSW JRS and
SUV models are being conducted and will be reported on when completed.

INTRODUCTION

Although vehicle rollovers are relatively rare events, they are particularly dangerous crash modes with one of the
highest fatality rates per crash. Generally, rollovers are responsible for 20 to 35 percent of the total fatalities in
vehicle crashes, with specific percentages varying from country to country. Specifically, in the USA, vehicle
rollover crashes account for around 35 percent of the total motor-vehicle road crash fatalities [1]. Similarly, in
Australia, coronial investigations indicated that 27 percent of the occupants killed in a vehicle crash are involved in
vehicle rollovers. Studies of rollover-related deaths in Australia found that around half of the victims were not
wearing a seat belt [2,3], with the majority being ejected from the vehicle. Nonetheless, the remaining half of
rollover-related fatalities involved properly restrained occupants, clearly indicating the magnitude of the risk for
serious injuries and fatalities during vehicle rollover crashes, even for restrained occupants.

Understanding the mechanisms that cause severe injuries during vehicle rollovers is essential to develop future
effective countermeasures, such as restraints and curtain airbags. In rollover crashes, spine and neck injuries account
for around one-third of the total serious or fatal injuries [4,5]. There are a range of mechanisms proposed among
researchers in regards to how an occupant’s neck and spine are being injured in rollover crashes. Initially, Moffat [6]
and others [7-9] proposed that such injuries result from a diving-type mechanism and that, consequently, roof
strength is not causal to the degree of injury. He claimed that it did not matter that the roof crushed around the head,
neck and torso of the occupant once that part of roof where the head was located inside the vehicle came into contact
with the ground [10]. According to the diving theory, occupant injuries occurring in rollover crashes are simply
associated with the severity of the rollover. In contrast, work by Brumbelow [11,12] and others [13-17] using real-
world statistical crash data reveal some form of a relationship existing between serious and fatal injuries and roof
crush and/or roof strength. Moreover, some of the authors have previously shown mathematically that when roof
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crush occurs, neck loading is exacerbated [10,18,19]. More interesting is that Rechnitzer and Lane [18] indicated
more than 20 years ago that entrapment of the occupant’s head by the side header rail could lead to spinal cord
injuries even under low levels of roof intrusion. However, when there is considerable roof crush the neck loading is
exacerbated and significantly higher in these circumstances than in the case of low intrusion as discussed below.

However, the arguments presented by researchers advocating a causal relationship between roof crush and neck
injuries are still being debated. In particular, the diving and the roof crush mechanisms have been found difficult to
separate because neck loading resulting from either mechanism cannot be distinguished mathematically from each
other [10]. Either mechanism appears to occur when observing the vehicle and occupant relative to the roadway
inertial frame. Camera views taken inside the vehicle (i.e., relative to the vehicle reference system) highlight neck
compression resulting from roof crush but, when viewed outside the vehicle (i.e., the roadway inertial reference
system), the Anthropomorphic Test Device (ATD) appears to be diving into the roadway when the vehicle’s far-side
roof crushes against it. However, the difference is subtle albeit noticeable as pointed out in [20] and in Figure 1.
Nonetheless, injuries occur in conjunction with considerable roof crush.

Despite extensive rollover crashworthiness research having been carried out so far, there is still a need to establish
exactly how spine and neck injuries occur to a seat-belted occupant during a rollover. This paper aims at
demonstrating how a stronger vehicle roof can reduce the potential for neck injuries to a properly restrained
occupant seated in the front seat on the rollover far-side (i.e., the side opposite to the leading side of the rollover).
The authors propose as a potential injury mechanism that, when considerable roof crush occurs, the head movement
relative to the vehicle’s center of mass (CoG) is associated with an amplification of the neck loading (Figure 2). This
is due to an increase in inertial compressive load being applied by the torso to the neck as it keeps moving towards
the head [20]. In contrast, when a strong roof limits the extent of the roof crush, the ATD’s head position relative to
the vehicle’s CoG does not change to the same extent as in the case of the weak roof vehicle. The head is effectively
guided away by the strong roof and allowed to continue smoothly in its motion path relative to roadway. Whilst
some torso augmentation occurs to the neck, the neck load induced is smaller than that when the roof is weak
(Figure 3).

An analysis was carried out of the head-torso kinematics of a seat-belted ATD measured during two rollover crash
tests conducted on a weak- and strong-roof vehicle, respectively. Both rollover tests were performed under the same
nominal conditions using the CFIR JRS [21]. Further, a comparison of the ATD kinematics was then carried out
using data obtained from detailed FE simulations of vehicle rollovers carried out using the FE model of the UNSW
JRS (located in Sydney Australia) and an FE model of a SUV, first with the original production roof and then with a
reinforced roof.

The analysis of the experimental tests indicated that excessive roof crush in the right circumstances can cause the
head to be captured within the crush zone long enough for the torso to apply a large inertial axial load onto the neck.
However, the author’s preliminary computer simulations have yet to fully demonstrate this mechanism using FE
modelling. Nevertheless, some interesting results were generated and are discussed. Further analysis with both
experimental tests and refined computer models of the UNSW JRS and SUV models are being conducted and will
be reported on when completed.

EXPERIMENTAL ANALYSIS

An analysis was carried out of the ATD kinematics and dynamics during two rollover crash tests conducted using
the CFIR JRS [22,23]. Each test was performed on a different SUV: a Jeep Grand Cheeroke with a roof Strength to
Weight Ratio (SWR) of 2.2; and a Volvo XC90 with an SWR of 4.6. The SWR is the peak load measured within
127 mm (5 in) of platen displacement divided by the kerb weight of the vehicle during a one-sided quasi-static roof
crush test. The crush test is carried out using a rigid flat platen 762 mm (30 in) wide and 1829 mm (72 in) long
applied to the vehicle front A-pillar at a pitch angle of 5° and roll angle of 25°.

Measurement of the ATD’s Head Motion

For both the cases of a strong- and weak-roof vehicle, frames from the high-speed videos were used to measure the
movement of the ATD’s head and the vehicle’s Center of Gravity (CoG) relative to the roadway inertial reference
system. The angle swept-arc relative to the vehicle’s CoG and the front header rail were considered, as shown in the
lines drawn in Figure 1. For both tests, the angular displacements, i.e., the change of the angular position between
two consecutive lines drawn on the considered frames, were computed and presented as shown in Figure 2.
Similarly, the distance between the ATD’s head and CoG of the vehicle were also measured and compared and
shown in Figure 2.

Kinematics of ATD’s Head with Strong and Weak Roof

Interestingly, in the test with the strong-roof vehicle, the ATD’s head continued to move through an arc, albeit the
velocity of the ATD’s head slows down more rapidly for the stronger roof vehicle compared to the weak roof
vehicle. In the weak roof vehicle, the distance between vehicle’s CoG relative to the ATD’s head increases to a
lesser extent than in the case of a strong roof vehicle (Figure 2). Moreover, in the case of the weak-roof vehicle, the
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ATD’s head was entrapped in the roof, which subsequently buckled, pushing the head back up relative to the
vehicle’s CoG and the roadway, as indicated in Figure 2. The ATD torso continued to move towards the relatively
entrapped (reverse thrusting) head, thus resulting in a greater axial compressive load being applied on the ATD’s
neck in the case of the weak roof compared to the strong roof vehicle.
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Figure 2. Left: Angular displacement of the ATD from CFIR JRS rollover crash tests of a strong roof SUV and weak roof SUV,
Right: Relative change of distance from ATD head position to vehicle CoG.

ATD’s Neck Load with Strong and Weak Roof

The plot of the compressive load measured by the ATD’s upper-neck load cell during the two tests, an SUV with a
strong-roof and an SUV with a weak-roof vehicle, are shown in Figure 3. A much higher peak compressive load of
around 10 kN was measured in the test in the case of the weak-roof vehicle, compared to a peak load of about 3 kN
in the case of a strong-roof vehicle.
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Figure 3. ATD’s upper neck load from CFIR JRS rollover crash tests of a strong roof SUV and weak roof SUV [22,23].

COMPUTER SIMULATIONS

Computer simulations of a vehicle rollover crash were also conducted in order to confirm the observations presented
above regarding the two experimental rollover crash tests of the strong roof SUV and weak roof SUV. Simulations
were performed using the non-linear FE solver LS-DYNA [24].

FE Model

A detailed FE model was constructed of the UNSW JRS, which was previously developed by some of the authors
[25,26]. The UNSW JRS operates under the same functional principles of the original CFIR JRS [27]. Results
obtained from simulations with the UNSW JRS model were expected to be consistent with the experimental results
of the two tests conducted with the CFIR JRS that were used to identify the injury mechanism. A FE model was not
available for either of the two different vehicles that were used in the experimental tests (i.e., a Volvo XC90 and a
Jeep Cherokee). Nevertheless, assuming that the injury mechanism is independent of any specific vehicle model and
it depends on the magnitude of roof crush, it was assumed the FE model of a 2003 Ford Explorer should be capable
of simulating such a neck axial loading mechanism. The Ford Explorer is a SUV, which is in the same vehicle
category as the two vehicles used in the experimental tests conducted using the CFIR JRS. The FE model of the
Ford Explorer was obtained from the National Analysis Crash Center (NCAC) [28] on-line calibrated models freely
available and further modified to more closely simulate the actual vehicle deformation. The modifications consisted
of changes to both the material and element properties of the windshield and some of the roof components. The FE
model of the UNSW JRS coupled with the modified FE model of the Ford Explorer was previously validated against
an experimental rollover crash test conducted using the UNSW JRS [26]. A FE model of the Hybrid III ATD, which
was obtained from Livermore Software Technology Corporation (LSTC) [29], was seated in the driver position
(right-hand drive configuration) and restrained using a generic three-point seatbelt model. The seatbelt model used a
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combination of both shell elements and discrete elements and included slipring and retractor modelling features
available in LS-DYNA.

To limit the time necessary to simulate the rollover test, as well as to minimise the potential for numerical
instabilities associated with excessively long simulation periods, the FE analysis was carried out in two phases, i.e.
Phase I — ATD, seatbelt and vehicle positioning simulation, and Phase II — reduced model impact simulation. In
Phase I the whole vehicle in the UNSW JRS is gradually accelerated to the desired roll rate, then it is released at the
appropriate roll angle and allowed to free drop under gravity similar to how it occurs in the actual experimental
crash test. This ensures that the ATD position, seatbelt configuration and vehicle response during a rollover just
prior to the roof impacting the roadbed is simulated accurately. Thus the ATD position, seatbelt configuration and
vehicle conditions just prior to the roof impacting roadbed are noted and stored. For Phase II the model was reduced
as shown in Figure 4 and Figure 5, and the initial conditions retrieved from Phase I were assigned to the reduced
Phase II FE model, i.e. set to the same conditions as those that were measured at the time the vehicle’s roof started
impacting the roadbed.

Modelling Issues and Validation

Determining the proper ATD initial conditions during Phase I as well as implementing these conditions at the
beginning of Phase II proved to be more challenging than what was initially thought. In the Phase I simulation, the
sash part of the three-point FE seatbelt had not slipped off the FE ATD’s right shoulder in contrast to what occurred
in the actual experimental CFIR JRS test where the sash had slipped off the ATD’s shoulder. Also, the Phase I
simulation did not completely replicate the change in direction of the ATD’s movement that was observed in the
experimental test just before the vehicle impacted the roadbed. An analysis of the test high-speed videos showed that
the initial ATD movement towards the vehicle’s center console gradually slowed down and the ATD eventually
started to swing back towards the far-side door. In contrast, in the Phase I simulation, the FE ATD kept moving in
the direction of the center console until the FE vehicle’s roof impacted the roadbed. Both these differences in the FE
seatbelt and FE ATD’s movement appear to have affected establishing the initial position of the FE ATD and FE
seat belt model for the Phase II simulation. This resulted in some differences in the simulated FE ATD response
during the impact compared with the experimental test results. Further, a limitation in LS-DYNA prevented
imposing independently an initial velocity field to the ATD and the vehicle model at the start of the Phase II impact
simulation, making the simulation task challenging.

A partial validation of the FE model of the UNSW JRS and the FE vehicle coupled with the FE ATD was
accomplished. However further work is required. The FE model (UNSW JRS, vehicle, ATD and seat belt)
validation was based on the ATD kinematics that was measured during an experimental test of the UNSW JRS
combined with the Explorer [25,26,27]. A comparison of the simulated FE ATD kinematics and the kinematics
observed during the experimental test is shown in the sequential frames in Figure 4. The simulated ATD kinematics
were different from what was observed during the actual rollover crash test, which was likely due to the above
mentioned issues related to the ATD and seatbelt initial configurations at impact.

There was a further complicating modelling issue. In the experimental test, at the start of the vehicle’s roof impact
with the roadbed, the ATD was offset from the seat cushion due to the vehicle roll position. During the first 150 ms
after the initial vehicle impact, the ATD’s posterior offset from the seat cushion remained constant. Unfortunately,
in the simulation, the FE ATD kept moving away from the FE seat cushion, towards the FE vehicle roof. This
incompatibility between the test and FE simulation resulted in two subsequent major differences when comparing
the results of the FE simulation to the experimental test in terms of (i) location where the head impacted the roof and
(i) magnitude of bending of the ATD’s neck. Further, in the experimental test, the ATD’s head impacted the side of
the roof in proximity to the far-side rail. In contrast, in the simulation the initial impact of the FE ATD’s head
against the roof occurred at a location directly above the center of the driver’s seat, i.e. further inboard of the side
header rail. Also, more extensive bending of the FE ATD’s neck occurred in the simulation, likely due to the FE
ATD’s posterior continually moving away from the seat cushion towards the roof.

Analysis of Simulations with Weak and Strong Roof

The FE model was then used to simulate a rollover under the same initial conditions as in the baseline experimental
test, but using a modified version of the Explorer model with a stronger roof. To increase the roof strength, the yield
stress and the wall thickness of the A- and B-pillars and the roof header were increased by 50 percent and one
millimeter, respectively. A comparison of the roof crush and ATD kinematics between the simulations with the
original and a strengthened roof is shown in Figure 5. Apart from the extent of the roof crush, the main difference
was that the FE ATD’s head stayed in contact with the far-side roof rail in the case of a stronger roof, while it was
pushed towards the near side by the crushing roof in the case of with the lower roof strength. This contrasted to the
experimental test with the weak-roof vehicle, where the ATD’s head was mainly held (entrapped [18]) in close
proximity of the far-side header rail during the roof crush. Moreover, the ATD neck load for the weak roof SUV
[22] was around 10 kN whereas the simulated FE ATD load for the strong roof vehicle shown in Figure 6 was
around 7.5 kN. This compares to the ATD’s neck load of around 3 kN for the strong roof vehicle [23] tested using
the CFIR JRS.
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Figure 4. Experimental and simulated ATD kinematics and comparison of initial ATD head impact on vehicle roof [25,26,27].

The simulated angular speed of the FE ATD’s head for both cases (original and strengthened vehicle roof) is shown
in Figure 6. Although crush of the weak roof contributed to slowing the FE vehicle’s roll motion as a result of
dissipating more roll energy than in the case with a stronger roof, it caused the FE ATD’s head to be pushed inboard
(left bottom frame in Figure 5). This in turn resulted in a smaller upper-neck compressive peak load being imparted
in the case with a weak roof compared to the case with a strengthened roof. In fact, in the case with a weak roof the
FE ATD head was forced to tilt laterally with a consequent bending of the neck, which mitigated the compressive
load applied onto the neck.

A possible explanation for the apparently opposite trends in terms of neck loading when comparing the CFIR JRS
experimental test results and the FE simulations is related to the different magnitudes of roof crush that occurred in
the weak-roof vehicle used in the experimental test compared with the FE vehicle model in the simulations. Also the
interior shapes and sizes of the Jeep Grand Cherokee and Ford Explorer interior is different to the Volvo XC90
causing the head to interact and move differently within the vehicle when in contact with the roof, i.e. the head tilts
rather than becoming entrapped.

In the experimental test, the weak-roof vehicle (i.e., Jeep Grand Cherokee) underwent larger roof crush than what
was observed in the FE simulation using the original Ford Explorer FE model. A bimodal non-linear relationship
between neck axial loading and the amount of roof crush seems to be consistent with a recent analysis of real-world
NASS CDS rollover crashes conducted by Bambach et al. [5] as shown in Figure 7. In that study, a higher frequency
of AIS 3+ occupant neck and spine injuries was found for either relatively small or very large magnitudes of vertical
roof crush. However, the number of AIS 3+ injuries was reduced for magnitudes of roof crush between these two
extremes.

A similar relationship would be expected between the neck axial compressive load and increasing amount of roof
crush (or weaker roof), assuming that neck axial compression was causal to the cervical and upper thoracic spine
injuries. Indeed, this trend was observed when comparing the simulated FE ATD neck load obtained using the Ford
Explorer FE model when the roof was further weakened as shown in Figure 7. The FE ATD’s Neck load for the
‘weaker roof’ (green curve) increased in magnitude compared to the ‘weak roof’ (red dashed cure). In other words,
a very weak roof will likely result in increased neck loading. As a further observation, bending of the neck during
roof crush may also be affected by other factors, such as localised buckling of the roof structure and/or roof interior
padding. These factors, may contribute to either entrapping the head in position [18] or force it to move laterally.
Whilst more detailed simulation work needs to be carried out, it appears that the orientation of the head relative to
the torso and head entrapment are critical factors in terms of axial compressive loads imparted to the occupant’s
head during a rollover crash.
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Figure 5. Simulated roof crush and FE ATD kinematics using Explorer model: strong (right) and weak (left) roof configurations.
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Figure 7. Distribution of occupant neck and spine injuries in rollover crashes based on vertical roof intrusion [5] (left) and
simulated FE ATD neck load with a decreased levels of roof strength (right).

CONCLUSIONS

This paper describes how neck injuries can occur to a seat-belted occupant, seated in the front of the vehicle on the
far-side opposite to the leading side of rollover, and are exacerbated in the case of a weak roof vehicle compared to a
strong-roof vehicle. An analysis of experimental rollover crash test results, on two SUVs carried out using a JRS,
indicate that in the case of a weak roof, the head can be entrapped within the crush zone. As a result, the distance
between vehicle’s CoG relative to the ATD’s head increases to a lesser extent than in the case of a strong roof
vehicle.

However, the analysis conducted using FE simulations resulted in different compressive neck loading with the FE
ATDs. In the case of a weak roof, the simulated FE ATD’s head was pushed towards the FE vehicle’s near side
exerted by the crushing far-side of the weaker roof. This had the effect of reducing the compressive peak load in the
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FE ATD’s neck. In contrast, in the strong roof FE Vehicle the FE ATD’s head remained aligned with the torso and
hence was subjected to a higher torso augmentation load (7.5 kN), albeit the load was less than that observed in the
CFIR JRS tested weak roof vehicle (10 kN). This in turn indicates that inducing an offset to the head, e.g. side
header rail air bag, that tilts the head inboard may alleviate the neck load in rollover crashes. This needs further
investigation.

Whilst this analysis focused on the magnitude of the axial compressive force on the neck, which is indeed an
important contributor to neck injury, future analysis should also consider neck flexion moments and shear forces.
Although the Hybrid III is widely used for many crash applications, including rollover crash tests, the neck of the
ATD has been observed to have limited biofidelity [30]. In particular, the neck response of the Hybrid III has been
shown to be stiffer than the actual human neck [31]. Further investigations should be conducted using simulations
with a detailed and validated human body FE model, such as the Total Human Model for Safety (THUMS) or
Global Human Body Model Consortium (GHBMC). Ultimately, experimental tests with post-mortem human
specimens should be considered as well.
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ABSTRACT

Rollover crashes are infrequent and account for approximately 2% to 3% of all vehicle crashes in the US annually.
However, when they do occur they are more likely to result in a serious injury or fatality than some other types of
crashes. In rollovers, the thorax has been identified as one of the three most frequently seriously injured body regions.
As such, research has been carried out over the last few decades to understand better environmental, vehicle and
occupant variables in a rollover crash which contribute to an occupant sustaining a serious, i.e. of severity greater than
or equal to three on the Abbreviated Injury Scale (AIS 3+), thoracic injury. The findings from the research described
in this paper will provide information for the development of a dynamic rollover crash test protocol which includes
assessment of thoracic injuries. The aim of this study is to determine if there is an association between vehicle panel
damage and AIS3+ thoracic injuries. NASS CDS data from 2001 to 2012 was examined for single vehicle rollover
crashes with occupants receiving serious thoracic injuries (cases) and those without thoracic injuries (controls).
Vehicle panel damage for both cases and controls were coded and logistic regression performed to determine if there
is an association between serious thoracic injury and vehicle panel damage.

The result of this study indicates that there is an association between thoracic injury and damage to the top-half of the
left front door, top-half of the right front door and left side of the vehicle rearwards of the B-pillar.

INTRODUCTION

In 2012, rollovers constituted 2.4% of all vehicle crashes in the United States of America (USA) but they
contributed to 34.6% of all motor vehicle crash fatalities equating to approximately 7,500 deaths (NHTSA,
2012b) . To date a widely accepted dynamic rollover crashworthiness crash test protocol has not been
developed. In order to establish a valid protocol, the environmental, vehicle and occupant variables that are
associated with serious injuries in a rollover need to be identified and a method of replicating these variables in
a simulated rollover crash needs to be developed.

In a rollover crash, the head, spine and thorax are the three most commonly injured body regions for contained
and restrained occupants (Mattos, Grzebieta, Bambach, & Mclntosh, 2014; Parenteau, Gopal, & Viano, 2001)
with the thorax being the second most commonly injured region (Bedewi, Godrick, Digges, & Bahouth, 2003;
Moore, Vijayakumar, Steffey, Ramachandran, & Corrigan, 2005). Vital organs such as the heart and lungs are
located within the thorax. Thus, protecting this region in a rollover crash is important and often under-
researched in comparison to the head and spine. One of the more recent studies conducted to understand
thoracic injuries in vehicle rollover crashes sustained by restrained and contained occupants was carried out by
Bambach et al. (2013). Their study found that lung contusions are the most frequently reported thoracic injury
followed by rib fractures. The main sources of these injuries were the door interior, seatbelt and seatback. The
mechanisms of these injuries in rollover crashes is still being investigated through crash data, crash
reconstruction, physical modelling and numerical modelling.
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It was initially hypothesized that occupant injuries in rollovers are the result of intrusion into the occupant space
(Conroy et al., 2006; Sharma & Singh, 2009). However, recent examination of NASS CDS rollover crash data
by Bambach et al. (2013) found that only 7.4% of thoracic injuries are directly associated with any intrusion. As
such, they proposed that thoracic injuries are likely to occur due to the occupant traversing laterally towards and
impacting internal components of a vehicle. This finding shifts the focus to developing an understanding as to
how vehicle roll kinematics results in an occupant traversing laterally into the vehicle’s interior thus causing
thoracic injury. Bambach et al. (2013) also noted that there was not an obvious correlation between vehicle
damage and thoracic injury citing, “...typically the side of the vehicle displayed some damage, indicating
ground contact. However, a wide variety of vehicle damage occurred, varying from no damage (indicating no
ground contact) to significant damage (indicating significant ground contact).” Digges et al. (2013) examined
this in more and sought to find an association between vehicle crash damage patterns and thoracic injury but
their study was only based on eight rollover crashes. That is, there was insufficient data to establish a
comprehensive relationship between vehicle crash damage patterns and thoracic injury.

This study extends the work carried out by Digges et al. (2013) and Bambach et al. (2013) by determining if
there is an association between vehicle crash damage patterns and thoracic injuries quantitatively.

METHOD

Data

The US National Automotive Sampling System (NASS) Crashworthiness Data System (CDS) collects data
from approximately 5,000 police reported passenger car, light truck, van and utility vehicle crashes each
year. In order to be selected in the sample, a crash must involve personal or property damage; be reported
to the police; and the vehicle towed away. The CDS is a probability sample and each case is provided with
a weighting factor to represent police reported crashes occurring in the US during that year thus allowing
population estimates to be calculated (NHTSA, 2012a).

NASS CDS from 2001 to 2012, inclusive, was queried in SAS Enterprise Guide 5.1 (SAS Institute) with
the following filters: single-vehicle tripped rollover crash with at least one quarter rollover where the front
seat occupants were 16 years or older; were restrained and contained in the vehicle; the vehicle did not
contact another object prior to, during or after rolling over; and no airbags were deployed. The vehicles
included in this study were sedans, utilities, vans and light trucks with the steering wheel located on the
left side. Multiple vehicle crashes with a vehicle undergoing a rollover prior to or subsequent to the impact
with another vehicle produces different injury patterns thus were excluded (Digges, Eigen, & Dahdah,
2005). Additionally, it has been noted that 80% of all rollovers in the US are single vehicle rollovers
(Eigen, 2003). From the filtered cases, two groups were created. Cases consisted of occupants with
thoracic injuries of severity equal to or greater than three on the Abbreviated Injury Scale (AlIS3+)
(Champion, 2012) while controls consisted of occupants without thoracic injuries.

The query returned 43 cases and 761 controls. The weighting factor, Nyeighted, Was 4,573 and 325,067 for
cases and controls respectively. From the 761 controls, 200 were randomly selected for vehicle panel
damage coding. This was reduced to 181 (Nyeighees = 55,905) controls, thus achieving a ratio of cases to
controls of 1:4 to 1:5, after filtering out vehicles deemed unsuitable for inclusion in this study. These
included vehicles where vehicle panel damage was obscured by plastic sheets used to prevent ingress of
water into the vehicle; vehicles which were cut open and it was unclear if the panels were bent by rescue
workers or damaged during the crash; or when vehicles were undergoing repairs when the photos were
taken.

Coding of Vehicle Panel Damage

The panels forming the exterior of each vehicle was divided into eleven segments for each vehicle class
(sedans, utilities, vans and light trucks). The segments consisted of the front fender, front door upper half,
front door lower half, vehicle side rearwards of the B-pillar for either side and the front hood, glasshouse
roof and boot lid for the top. These segments were titled as Left/Right 1, Left/Right 2, Left/Right 3,
Left/Right 4, Top 1, Top 2 and Top 3 respectively for entry into SAS (See Figure 1).
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Figurel. Each class of vehicle (sedans, utilities, vans and light trucks) was divided into 11 segments.

Coding of vehicle segment damage was then performed. Segment damage was dichotomously coded with
segments receiving either no to minor damage, coded as zero, or segments receiving major damage, coded
as one, from vehicle-to-ground contact. No or minor damage is defined as segments which have sustained
scratches or small dents from the vehicle-to-ground impact and is unlikely to have substantially affected
the vehicle’s rollover kinematics. Major damage is defined as segments which have sustained substantial
damage to the vehicle’s panel and/or structure upon vehicle-to-ground impact sufficient to alter the
vehicle’s rollover kinematics. An example of minor and major damage is provided in Figure 2. Where it is
unclear as to whether a segment has moderate or major damage, a conservative approach was taken and the
segment damage was coded as zero.
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Figure2. Examples of vehicle panels with minor damage (left) versus major damage (right).

In the event that two adjacent segments received major damaged directly from the vehicle-to-ground
impact, both segments would be coded as receiving major damage. However, if one segment received
major damaged from the vehicle-to-ground impact and subsequently affected an adjacent segment thus
causing major damage, then only the segment damaged from the vehicle-to-ground contact was coded as
receiving major damage and the adjacent segment was coded as receiving minor damage.

The weighting of each NASS CDS case was not applied to vehicle segment damage as it is applicable to
the type of vehicle crash and not to segment damage.

Statistical Method

A multiple variable logistic regression model was developed in SAS Enterprise Guide 5.1 (SAS Institute)
to assess the association between predictor variables and the response variable. The predictor variables for
the model consisted of variables from the vehicle, occupant and the crash environment. They were
evaluated for inclusion in the model based on the possibility that they may be associated with serious
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thoracic injury and guided by previous reports (Bambach et al., 2013; NHTSA, 2002). The variables
considered for inclusion in the model were: vehicle quarter rollover, occupant age, occupant gender, roll
direction relative to the occupant, vehicle class (sedan, utility, van and light truck), roadway alignment
(straight road, left curve or right curve), rollover initiation location (roadway, paved shoulder, unpaved
shoulder or roadside/median), surface condition (dry, wet, snow, slush, ice or sand/dirt/oil/gravel) and
roadway profile (level, uphill, hill crest, downhill or sag). Other variables such as occupant height, weight
and BMI were considered. However, due to missing observations for several cases, these variables were
not included as this would have reduced the number of already limited cases in this study.

The aforementioned variables were classified as either continuous (vehicle quarter rollover, speed limit
and occupant age), dichotomous (occupant gender and roll direction relative to the occupant) or
polytomous (vehicle body type, rollover location, roadway alignment, surface condition and roadway
profile). Due to the small sample size in this study, polytomous variables were classified as dichotomous in
the following manner: vehicle body type was either a utility/van/light truck or sedan; rollover location was
either on the roadway or otherwise; roadway alignment was either straight or curved; surface condition was
either dry or otherwise; and roadway profile was either level or otherwise.

The response variable was the presence, coded as one, or its absence, coded as zero, of a serious (AIS 3+)
thoracic injury.

Purposeful selection was used to determine significant variables, evaluated to a significance level of 0.20
for the initial stage and 0.05 for subsequent stages of the model, associated with serious thoracic injuries
that were to be included in the base model (Hosmer, Lemeshow, & Sturdivant, 2013). The dichotomously
coded segment damage variables were then added to the base model and were evaluated to a significance
level of 0.05. Non-significant segment damage variables were then removed to create the final model.
Additionally, checks for linearity between each continuous variable and the logit was also performed
(Friendly, 2012; Hosmer, Lemeshow, & May, 2008).

RESULTS

The base model from the logistic regression analysis includes the following variables: vehicle quarter rollover,
dichotomously coded rollover location (off roadway versus on road way), dichotomously coded vehicle class
(utility/van/light truck versus sedans), and dichotomously coded surface condition (dry or otherwise) (See Table
1). The dichotomously coded segment damage variables were then added to this model and all non-significant
segment damage variables removed thus resulting in the final model (See Table 2). It is noted that the
dichotomously coded surface condition was removed from the final model as it became insignificant (p=0.41,
OR=and 1.67). Additionally, the Left 2 segment damage was kept in the final model even though its p-value of
0.058 is higher than the statistical significance level of 0.05. However, its odd ratio point estimate of 2.46 is
high and thus an important factor (Olivier & Bell, 2013). The final model consists of the following variables:
vehicle quarter rollover; dichotomously coded rollover location (off roadway versus on road way);
dichotomously coded vehicle class (utility/van/light truck versus sedans); Left 4; Right 2; and Left 2 segment
damage.

Tablel.

Multiple variable logistic regression results for thoracic injury (AlS 3+) and base model covariates.

Variable MLE Ratio Standard Odds Ratio 95% Confidence p-Value
Estimate Error Point Interval
Estimate

Increase in One 0.82 1.40 2.26 1.73,2.95 <0.001
Quarter Roll
Rollover off 1.22 0.61 3.40 1.04,11.13 0.043
Roadway
Utility/Van/Light 1.59 0.59 4.90 1.55, 15.52 0.007
Truck
Dry Surface 1.13 0.56 3.10 1.04,9.24 0.042
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Table2.

Final logistic regression model.

Variable MLE Ratio Standard Odds Ratio | 95% Confidence p-value
Estimate Error Point Interval
Estimate

Increase in One 0.74 0.15 2.09 1.57,2.79 <0.001

Quarter Roll

Rollover off 1.36 0.64 3.90 1.11, 13.72 0.034

Roadway

Utility/Van/Light 1.31 0.64 3.71 1.06, 12.93 0.039

Truck

Left 4 Segment 1.21 0.48 3.35 1.30, 8.62 0.012

Right 2 Segment 1.30 0.50 3.68 1.37,9.85 0.009

Left 2 Segment 0.90 0.47 2.46 0.97,6.22 0.058
DISCUSSION

The results from the multiple variable logistic regression model indicate that the number of vehicle quarter
rollovers; the vehicle is a utility, van or light truck; the rollover occurred off the roadway and there is major
damage to the Left 4, Right 2 and Left 2 segments are associated with a front seat occupant sustaining a serious
thoracic injury. An increase in one quarter rollover is associated with a 2.1 times increase in the odds of
receiving a serious thoracic injury, a finding similar to that from previous studies (Bambach et al., 2013; Moore
et al., 2005; Viano & Parenteau, 2007). This increase in odds is likely due the higher velocity or crash energy
and greater opportunity for occupants to impact the vehicle’s interior. This study also shows that being an
occupant in a utility, van or light truck, as opposed to those in a sedan, is associated with a four fold increased in
the odds of sustaining serious thoracic injury and confirms the findings of a previous study by Bambach et al.
(2013). It is possible that this is due to the higher aspect ratios of utilities, vans and light trucks compared to
sedans resulting in a higher deceleration rate as the vehicle rolls. Rollovers that are initiated on the shoulder or
the median are 3.7 times more likely to result in a front seat occupant sustaining a serious thoracic injury than if
the initiation occurred on the roadway. This is possibly due to the higher friction forces that occur when a
vehicle furrows into the soft surface (Allen, Rosenthal, & Chrstos, 1997; Warner, Smith, James, & Germane,
1983) resulting in a higher deceleration than if the vehicle tripped on a paved surface.

Intuitively, an increase in occupant age would be associated with an increased probability of sustaining an injury
in a rollover crash. However, this was found not to be a significant variable in this study and is likely to be due
to the small sample size and that age was treated as a continuous variable. It is noted that age was also entered
into the model as an interval variable. However, this did not affect the outcome of the model.

Previous studies (Bambach et al., 2013; Cuerden, Cookson, & Richards, 2009; Parenteau et al., 2001) have
found that rollover direction was associated with an increased probability of sustaining an injury. However, this
study has not come to that same conclusion with findings similar to the studies by Bedewi et al. (2003), Conroy
et al. (2006) and Viano & Parenteau (2007).

Damage to the Right 2 and Left 2 segment is associated with a 3.1 and 2.5 increase in the odds of sustaining a
thoracic injury respectively. An explanation of the vehicle kinematics resulting in damage to these segments is
provided below followed by a discussion on the possible relationship between damage to these segments and
thoracic injury.

A vehicle in a clockwise rollover (right side leading), as viewed from the rear, may receive damage to the
Right 2 segment as it impacts the ground on entering the 2", 6™ and 10™ quarter rollover, noting that most
rollovers do not exceed 12 quarter rollovers (Bambach et al., 2013). The vehicle may also receive damage
to the Left 2 segment as it impacts the ground on entering the 3", 7" and 11" quarter rollover. Similarly, a
vehicle in a counter clockwise rollover (left side leading), as viewed from the rear, may receive damage to

Tan 6



the Left 2 segment as it impacts the ground when it enters the 2", 6™ and 10™ quarter rollover and damage
to the Right 2 segment as it impacts the ground when it enters the 3", 7" and 11" quarter rollover.

In a clockwise rollover, thoracic injury may be occurring at the 2™ quarter rollover as the driver and
passenger’s thorax might be oriented approximately horizontally (Heller et al., 2010), relative to the ground,
with gravitational force acting on both occupants so that the driver and passenger is accelerated into the centre
console and the right door interior respectively resulting in a thoracic injury (See Figure 3). In a counter-
clockwise rollovers the driver and passenger are accelerated into the left door interior and centre console
respectively. The occupant’s thorax position is less clear once the vehicle rotates past the 2" quarter rollover
thus making it difficult to form a plausible cause of thoracic injury.

Clockwise Rollover

il N

/ Vehicle Door

Driver Impacts Centre
Console

Centre
Console

Passenger Impacts
Right Door

\

Road Surface

Figure3. Vehicle right rollover, as viewed from the rear of the vehicle, impacting the ground at the
Right 2 segment with the driver impacting the center console and passenger impacting the right door
interior.

Damage to the Left 4 segment was found to be associated with serious thoracic (OR=3.9). The vehicle
kinematics and damage mechanism is similar to that which results in Left 2 damage. However, it is likely a
negative vehicle pitch, as defined by the SAE sign convention for vehicles, would be present thus allowing
the rear of the vehicle to contact the ground as it enters the 2", 6™ and 10" quarter rollover, for counter
clockwise rotations, and as the vehicle enters the 3", 7" and 11" quarter rollover for clockwise rotations.

It is interesting to note that damage to the rear right of the vehicle rearwards of the B-pillar, Right 4
segment, is not associated with thoracic injury and is likely to be due to the small number of cases and, to a
lesser extent, controls.
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Limitations

The limitations of this study should be noted. The NASS CDS data is a probability sample rather than a
census and the data is dependent on the investigation and data entry accuracy of the NASS investigator.
Logistic regression models can be biased towards a particular sample. Occupant height and weight were
not included as variables in the analysis. The coding of vehicle panel damage is subjective and is based on
residual deformation only. Sheet metal strength varies from vehicle model to model thus two different
vehicle models subjected to the same impact force will deform to different extents. Certain parts of a
vehicle, such as the A-pillar, are significantly stronger than the panels forming the exterior of the vehicle
thus if the vehicle in a rollover impacted the ground with a structural component first, this may result in
the panels receiving minor damage. The regression model establishes associations between the predictor
variables and response variable but it does not imply causality.

CONCLUSION

In this study, coding of vehicle panel damage was carried out for a total of 224 vehicles involved in pure
rollover crashes. The association between vehicle panel damage; vehicle class; occupant variables; and the
crash environment variables and serious, AlS 3+, thoracic injury was assessed. Vehicle quarter rollover,
rollovers involving Utilities/VVan/Light trucks, rollovers occurring off the roadway, damage to the vehicle
rearwards of the left B-pillar (Left 4 segment), damage to the top-half of the right front door (Right 2 segment)
and damage to the top-half of the left front door (Left 2 segment) were associated with serious thoracic injury in
rollover crashes.

Although this study has identified damage to the left rear of the vehicle rearwards of the B-pillar and top-
half of the right and left front door are associated with serous thoracic injury and may need to be taken into
account in rollover reconstructions, future studies are still needed to verify this finding and to develop a
better understanding as to how damage to these areas of the vehicle is associated with thoracic injuries.
Future studies could also include vehicle roof strength to weight ratio and roof shape as variables in the
logistic regression model as well as increasing the number of cases and controls.
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ABSTRACT

Effective passive countermeasure design for rollover injury prevention requires thorough understanding of the
occupant response in rollover impact. Thus, the dummy biofidelity in rollover crashes is important. To evaluate
the dummy biofidelity a test buck was developed for a variety of surrogate biofidelity analyses. The buck was
designed to mimic the geometry and inertial properties of a modern strong-roof vehicle. It consisted of two
major parts: a deformable, replaceable greenhouse and a rigid base. The goal of this study was to show that the
greenhouse structure proposed in this paper, when loaded in a static roof crush test (similar to FMVSS 216)
reaches the strength-to-weight ratio level of real vehicles and when loaded in a dynamic rollover test, the roof
deformation matches deformation magnitude and shapes observed in the vehicles from the current United States
(US) fleet. To achieve this goal a multi-step design approach was used, including a quasi-static roof crush test and a
rollover test on fabricated prototypes of the buck roof structure. Based on the gathered data, modifications were
introduced to the roof design to improve the greenhouse mechanical response, both dynamically and quasi-
statically. Once the design was fixed, one additional static and twelve dynamic rollover tests were performed
and roof structure deformation was compared to the measurements made on two late-model US-market
vehicles (an SUV and a mini-van), tested in similar conditions. The roof exhibited a desired response under the
quasi-static loading with the peak value (61.1 kN) within first 127 mm of platen motion, which resulted in the
strength-to-weight ratio of 3.76. During the twelve rollover tests the magnitude and shape of the buck roof
deformation were consistent with those measured on the two test vehicles. In the twelve tests the maximum
resultant displacements of the trailing side A- and B-pillar (after excluding three outlier tests due to welding
defects) were as follows: 189-223 mm and 183-222 mm, respectively. The component displacements of the B-
pillar were: between 165-198 mm in SAE Y and between 84-106 mm in SAE Z. The results of this study
showed that the designed roof structure can match the deformation magnitude and shapes, including the
prevalence of greater lateral than vertical displacement, seen in the current US fleet vehicles. The roof
developed in this study has a quasi-static response similar to that of real vehicles loaded in a FMVSS 216-like
test. It mimics the stiffness of real vehicle roofs under static and dynamic roof crush loading, and thus it can be
used with the test buck to simulate real vehicle rollover crashes to perform parametric analyses and evaluate
dummy biofidelity.

INTRODUCTION

Rollover crashes present a challenge to improve occupant safety. Effective passive countermeasure design for
rollover injury prevention requires thorough understanding of the occupant response in rollover impact.
NHTSA showed in one of its research notes that higher roof strength results in lower roof deformation during a
rollover crash (NHTSA 2010). The lower roof deformation was previously correlated to reduction in injury risk to
the head, neck, or face (Austin et al. 2005).
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Currently in the United States (US), the only Federal Motor Vehicle Safety Standard (FMVSS) used for evaluating
vehicle crashworthiness in rollover is FMVSS 216 that assesses the stiffness of the vehicle greenhouse structure in a
quasi-static roof crush test. While numerous dynamic test methods (e.g. ramp test, curb-trip rollover test, dolly test,
etc.) were developed and used to evaluate rollover crash dynamics, vehicle crashworthiness, and occupant injury
risk, these methods were criticized for their lack of repeatability. To investigate the crash test dummy biofidelity in
rollover-like scenarios, the University of Virginia Center for Applied Biomechanics is planning to compare crash
dummy response to post-mortem human surrogate (PMHS) response in a series of experimental rollover
investigations. To perform these tests, a vehicle-like test buck was developed. The buck was designed to mimic the
geometric and inertial properties of twelve late-model full-size crossover vehicles or mid-size sport utility vehicles
(SUV) from the US fleet, including BMW X35, Ford Explorer, Volkswagen Touareg and Volvo XC90. The buck is
to be used in the biofidelity tests for a variety of reasons. Primarily, with the use of the test buck exact tests without
relying upon a particular vehicle design can be repeated, even after several years from now. Secondly, the simplified
buck allows for utilizing 3-d optical motion capture systems that have been used to characterize occupant surrogate
motion in simulated crash tests (cf. Lessley et al. 2010). Using such a system provides detailed 3-d kinematics data
that can be used to make intricate comparisons between crash test dummies and PMHS.

To evaluate dummy biofidelity during the injury causing parts of the rollover crash, a buck roof structure that
matches modern vehicle deformations seen in real-world rollover accidents would be beneficial. Hence, the goal of
this study was to show that the greenhouse structure described in this paper, when loaded in a static roof crush
test (similar to FMVSS 216) meets the strength-to-weight ratio (SWR) level of cars with strong roofs and when
loaded in a dynamic rollover test, the roof deformation matches deformation magnitude and shapes, including the
prevalence of greater lateral than vertical displacement, observed in late-model US-market vehicles.

STEP 1 - 1* ROOF DESIGN FABRICATION

The current study is a continuation of the study presented by Toczyski et al. in 2013. The previous study was carried
out using finite element (FE) analyses to facilitate computationally and monetarily inexpensive evaluations of
iterative changes to the roof structure design. Each of the roof component sections were sized by performing a
detailed computational investigation using a commercial implicit FE code. A multi-tiered design approach was used,
consisting of different — in terms of complexity — FE models of the roof, to better understand the quasi-static
response of the structure in a 216-like roof crush test. Variations in an initial design of the greenhouse and
computational analyses yielded a model that had a loading response representative of a modern full-size crossover
vehicle. Based on that work the design of the roof was fixed. It was accomplished by modeling off-the-shelf parts
in a way that made the roof easily fabricated. The next step was to manufacture the roof and examine its response
in real tests (both, statically and dynamically).

STEP 2 - 1°" QUASI-STATIC ROOF CRUSH TEST

The fabricated greenhouse structure was tested first in a static roof crush test similar to the roof resistance test
described in the FMVSS No. 216 (NHTSA 2012). The roof was attached to the parametric buck rigid base (cf.
Zhang et al. 2013). The structure was then loaded at a 25 degree roll and a 5 degree pitch angle, with a rigid platen.
The platen was driven into the buck for a distance of 254 mm, and the peak reaction force on the platen generated in
the first 127 mm of deformation was normalized by the test buck weight to determine the strength-to-weight ratio.
SWR was calculated using two different buck masses: (1) the mass including the base and the greenhouse structure,
all the instrumentation, high speed camera equipment, weight ballast, etc. needed to run a rollover test, but without
occupants; (2) the mass with all needed equipment and one 80 kg occupant. The mass was found to be 1657 kg and
1737 kg, respectively. After the test all components and connections which fractured within the first 127 mm of
platen motion were documented.

In the roof design the connections between the pillars, roof rails and the buck base utilized plastic joints,
consisting of a round bar set into the tube ends (Figure 1a). One straight round bar was used to connect the AB to the
BC roof rail. The round bar coming out of the B-pillar was then welded to the bar connecting the rails creating a “T-
like” shape (Figure 1a). The C-pillars and the BC and CD rails were linked in the same way. During the first quasi-
static roof test the four welds between the pillars and the rails fractured. The first weld broke after 48 mm of
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platen displacement. After that point the load-bearing capabilities of the greenhouse structure were
significantly reduced, which resulted in a peak force of 23.3 kN within first 127 mm of platen motion (Figure
1b; blue dotted curve) and SWR equaled to 1.43 (without including the occupant’s weight in the overall buck
weight) and 1.37 after including an 80 kg occupant. Based on the test data it was determined that the friction
coefficient between the roof structure and the platen was between 0.2 and 0.3.
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Figurel. a) Fracture of one of the “T-like” top joints; b) 216 test-like results for the 1* and the final design
of the roof structure; c) one of the modified top joints (eye bot used).

In the next design the connections between the pillars and the roof rails were modified. Instead of a bar coming
out of the pillar an eye bolt was used (Figure 1c). A straight bar coming out of the roof rail went through an
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eye bolt and was welded to it on both sides around the bar circumference. This created much stronger
connections between the components and let the load be distributed more equally in the greenhouse structure.
To stiffen up the structure and to simplify the manufacturing process of further roofs it was also decided to
uniform the diameter of plastic joints at the interface between the roof and the rigid base (all of them were set
to 19 mm) as well as all of the top joints (set to 16 mm). Additionally, a cross bracing (steel bar of diameter of
5.6 mm, working in tension, Figure 3e) between A-, C- and D-pillars was added to increase the structure
energy dissipation compatibility under quasi-static loading.

STEP 3 - 1" ROLLOVER TEST

After the quasi-static test the roof design was modified, the new greenhouse was fabricated, attached to the buck
base and then subjected to a passenger-side leading rollover test, with the use of the Dynamic Rollover Test System
(DROTS) fixture (Kerrigan et al. 2011).

To minimize any potential risk of equipment damage during the test, minimal instrumentation was installed on the
buck. To ensure the repeatability of the buck response from test to test, ballast was added onto the buck base to
account for additional test instrumentation (data acquisition system, cameras, lights, imaging system components,
etc.) that might be used in future tests. Two water dummies were also positioned in the driver and passenger seat,
respectively. In addition, the buck was instrumented with nine string potentiometers (model 62-60, Firstmark
Controls, Creedmoor, NC) to capture and resolve time histories of single point greenhouse deformations into
local coordinate system components (cf. Lockerby et al. 2013). Local axes were defined using the Society of
Automotive Engineers standard for vehicles (SAE 1995). The cables from three of the potentiometers were joined
together and attached to hooks that were welded on the pillars. The time histories were captured for the top of the
driver A- and B-pillars, as well as for the passenger B-pillar.

Touchdown conditions for the first rollover buck roof test

To evaluate dummy biofidelity during the rollover crash, a buck roof structure matching modern vehicle
deformations (in terms of the magnitude and the shape) seen in real-world rollover accidents was needed. To access
the buck roof response in such an event deformation data gathered on real vehicles loaded dynamically in rollover-
like scenarios was necessary as a reference point. For the purpose of this study, using the DRoTS fixture, two late-
model US-market vehicles (a mid-size SUV and a mini-van) were tested in controlled rollover impact with
slightly different test parameters (see Table 1). The vehicles were instrumented either with string
potentiometers or an optical measurement system to capture and resolve time histories of single point
greenhouse deformations into local vehicle coordinate system components. The touchdown conditions for both
of the vehicles were obtained from crash reconstructions of actual crashes:

1) for the SUV they were the result of a reconstruction of a CIREN rollover case (Case 781125527) with an
ADAMS multi-body model of the same mid-size SUV (cf. Kim et al. 2014),

2) for the mini-van they were the result of a crash reconstruction of National Automotive Sampling System
Crashworthiness Data System (NASS-CDS) case number 2008-03-108.

Both vehicle tests simulated a driver-side leading rollover crash. However, to be consistent with the previous
rollover buck kinematic tests (Zhang et al. 2014, Lessley et al. 2014), the rollover buck roof test was intended to
simulate a passenger-side leading roll. Because the SUV happened to be one of the late-model full-size crossover or
mid-size sport utility vehicles that were used for designing the rollover parametric buck base, for the first buck roof
rollover test the SUV touchdown conditions were selected as the test parameters. Therefore, the roll angle and roll
rate direction were changed accordingly to be 248 deg/s at a leading-side touchdown at 155 degree roll angle. The
vertical velocity 1.1 m/s remained the same as in the vehicle test. In addition, the vehicle touchdown pitch angle was
changed to -1.5 degree (pitched forward) to focus more on the A-B pillar responses of the buck roof.
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Tablel.
Summary of the touchdown conditions for vehicle tests and the rollover buck test goals.

Mid 1% Other
. % | Mini- | Buck | Buck Roof
Vehicle size
SUV Van Roof Tests
Test (Goals)
Pitch Angle
(deg)* 1.4 1.7 -1.5 -1.5
Roll Angle
(deg)** -155.3 -143.2 155 145
Roll Rate
(deg/s)** -248.2 -245 248 248
Vertical
Velocity 1.1 1.67 1.1 1.1
(m/s)

* Negative means pitched forward
** Negative means driver-side leading roll

Results from the first rollover buck roof test

The roof deformation data measured by the string potentiometers were processed and presented in the buck local
coordinate system (cf. Lockerby et al. 2013). The driver A-pillar recorded peak deformation of 291 mmin Y
direction, 237 mm in Z direction and 376 mm resultant deformation. The driver B-pillar recorded peak deformation
of 277 mm in Y direction, 184 mm in Z direction and 329 mm resultant deformation. Based on the tested vehicles
the maximum deformation goals for the trailing side B-pillar for Y and Z directions were set to be: 166 mm and
94 mm, respectively (Figure 4). In the first buck rollover test the recorded trailing (driver) B-pillar peak
deformation in Y direction was approx. 67% higher than the displacement goal and approx. 96% higher than
the goal in Z direction.

During the test several components of the structure were broken. The top end (eye bolt) of the passenger B-pillar as
well as the driver C-pillar fractured (sheared) at the intersection with the pillar tube (Figure 2a). On both sides of the
buck the top of the stands in the B-pillar area were also fractured. The tubes broke close to the welds. In case of the
bars, the welds were broken (Figure 2b). To prevent these fractures from happening again several changes were
introduced to the structure before fixing the final design:

e material used for the rod ends (eye bolts) was changed from low carbon steel (more brittle) to stainless steel
(more ductile),

e without affecting the overall geometry of the roof, the pillar tubes were shortened from the top (for B-, C-
and D-pillars) to give the joints more room for bending,

e the top shelves for the B-pillar bar stands were drilled and the bars were put through the shelves to unload
the welds and give the stands more support in bending,

e the diameter of the bottom joints of the B- and C-pillars was increased from 19 mm to 22 mm to stiffen up
the overall greenhouse response in bending.
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Figure2. Joint fracture: a) passenger B-pillar, b) top connections of the B-pillar stands.

After the test, it was determined that the leading-side roof either missed the roadbed or just barely touched it
resulting in no sensor response from the roadbed load cells. This problem was partially caused by the fact that the
target touchdown angle (155 degrees) was difficult to achieve. Even a small variation in the relative timing between
the vehicle roll angle and vertical travel distance could result in a large variation in the touchdown conditions, or
even totally missed the leading-side roof touchdown, making these touchdown conditions difficult to be repeatable
from test to test. Hence, it was decided to change — in future tests — the touchdown roll angle to 145 degrees to
ensure a more repeatable response of both, the buck and the occupants. To be consistent with the vehicle tests, the
new touchdown roll angle was set based on the mini-van test (see Table 1).

STEP 5 - FINAL DESIGN OF THE GREENHOUSE STRUCTURE
Quasi-static roof crush test

Once the roof design was fixed (Figure 3), its structure was again subjected to a 216-like roof crush resistance
test. The force-displacement response of the new design can be divided into several phases (Figure 1b, red solid
curve). During the first phase (0-65 mm) the platen pushed the A-pillar, the head rail and the AB-roof rail inwards,
engaging most of the plastic joints as well as putting the cross bracing between the bottom of the driver-side A-pillar
and the top of the passenger-side A-pillar in uniaxial tension. During that phase the force increased monotonically
and then — after 65 mm of platen displacement — plateaued around 60 kN. The force reached its maximum value
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(61.1 kN) at 78 mm of platen motion. Just after 78 mm the A-pillar cross bracing fractured causing a drop in the
force by approx. 30%. In the following phase the force started decreasing nonlinearly until 135 mm of deformation
when the C-pillar was engaged. By engaging the pillar the cross bracing between the C-pillars was also engaged,
what resulted in a large increase in global roof stiffness. The second peak of the force (60 kN at 177 mm) was
observed just before the fracture of the C-pillar bracing. After the bracing breakage the force dropped to approx. 46
kN and started decreasing slightly till the end of the test, when it reached 40 kN. For the maximum force of 61.1 kN
recorded on the platen within first 127 mm of its movement the calculated SWR equaled to 3.76 (without
including the occupant’s weight in the overall buck weight) and 3.59 after including an 80 kg occupant. By
implementation of all the changes suggested after the first quasi-static and rollover tests, the SWR increased by
approx. 160%.

Figure3. The final design of the roof structure: a) isometric view, b) pre-test scan of roof structure (cross
bracing between A-, C- and D-pillars not shown), c) steel stands in B-pillar area, d) plastic joint, e) cross
bracing between A-pillars.
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Twelve rollover tests

With the fixed roof design twelve passenger-side leading rollovers were performed. The actual touchdown
parameters achieved in the tests did not varied much and were very close to the goal parameters presented in Table
1, in the “Other Buck Roof Tests” column. The average touchdown angle was 143.4 deg (standard deviation: 1.34
deg; median: 143.4 deg), the average roll rate was 244.6 deg/s (standard deviation: 3.86 deg/s; median: 244.7 deg/s)
and the average buck vertical velocity was 1.14 m/s (standard deviation: 0.09 m/s; median: 1.13 m/s).

During the tests the buck was equipped with nine string potentiometers attached to the same points as in the first
rollover test. The roof deformation data measured by the string potentiometers were processed and presented (for
the driver-side B-pillar; Figure 4) in the buck local coordinate system. After the leading-side touchdown the whole
roof structure moved slightly in the negative Y direction and after the trailing-side impact the driver-side pillars and
roof rails moved inboard (positive SAE Y) and downward (positive SAE Z). When the roof-to-roadbed interaction
ended approx. 0.15 sec after the trailing-side touchdown, elastic unloading of the greenhouse structure occurred.
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Figure4. Driver B-pillar deformation versus the two test vehicles: a) Y displacement, b) Z displacement, c)
resultant displacement.

The driver A-pillar recorded average peak deformation of 205 mm in Y direction (standard deviation: 26 mm;
median: 197 mm), 101 mm in Z direction (standard deviation: 15 mm; median: 100 mm) and 229 mm resultant
deformation (standard deviation: 30 mm; median: 221 mm). The driver B-pillar recorded average peak deformation
of 191 mm in Y direction (standard deviation: 22 mm; median: 185 mm), 103 mm in Z direction (standard
deviation: 15 mm; median: 103 mm) and 214 mm resultant deformation (standard deviation: 27 mm; median: 207
mm). It was found that in three out of twelve tests the roof deformation was noticeable larger than in the
remaining nine tests. These three tests were marked in gray in Figure 4. After analyzing the post-deformation
structure it was determined that in the three tests several connections (mostly at the interface between the roof
and the base but also for the stands in the B-pillar area; Figure 5) broke due to welding defects — i.e. the weld
did not penetrate the material enough to ensure a proper bond. After excluding these tests from the average
deformation calculations the results for the driver A-pillar were as follows: average peak deformation of 188 mm
in Y direction (standard deviation: 11 mm; median: 194 mm), 92 mm in Z direction (standard deviation: 10 mm;
median: 95 mm) and 209 mm resultant deformation (standard deviation: 14 mm; median: 216 mm). The driver B-
pillar average peak deformation was: 180 mm in Y direction (standard deviation: 11 mm; median: 182 mm), 96 mm
in Z direction (standard deviation: 9 mm; median: 95 mm) and 201 mm resultant deformation (standard deviation:
14 mm; median: 201 mm). It should be stated here that in all of the performed tests the maximum X
displacement component of roof deformation (for all measurement points) varied between +20 mm from test to
test.
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b)
Figure5. Weld fractures: a) bottom joint of Driver B-pillar, b) top joint of one of the B-pillar stands.

Before and after one of the twelve rollover tests the greenhouse structure was scanned using a portable
measuring arm equipped with a 3D laser scanner (ROMER Absolute Arm Scanner 7330S1-2, Hexagon
Metrology, North Kingstown, RI). After processing the scans, they were aligned together for post-test
deformation comparison. It can be observed from the scans that the lateral deformation of the roof was larger
than its vertical displacement (Figure 6). Additionally, it can be seen in Figure 6b, that the post deformation in
the SAE X direction was much smaller (almost negligible) in comparison with the two other deformation
components.
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Figure6. Roof deformation for one of the tests (yellow: undeformed; blue: deformed): a) 3D scan isometric
view, b) 3D scan top view, c) 3D scan front view.

The roof deformation time histories from the rollover buck tests (for the final roof design) were compared with the
vehicle tests at the trailing side B-pillar (Figure 4). It should be noted here that the buck roof tests simulated a
passenger-side leading roll crash, while the vehicle tests simulated a driver-side leading roll crash. Therefore the
trailing-side B-pillar deformed in the negative Y direction (SAE vehicle local coordinate system) in the vehicle tests,
while the trailing-side B-pillar in the buck roof tests deformed in the positive Y direction. The sign of the Y
component of the vehicles B-pillar deformation time histories was flipped to facilitate the comparison. In general,
the deformation time histories among the buck tests were either in-between or higher than for the tested vehicles.
The buck roof structure had less elastic unloading than the vehicles in general. For all the displacement components
the roof structure deformation was much closer to the deformation seen in the mini-van test, although in this test the
vehicle vertical velocity and the vehicle mass were higher than in the UVA buck roof tests. A direct comparison
between the buck roof response and the SUV response created a challenge due to the fact that at touchdown the
SUV was pitched backward and the test buck forward. Based on the comparison of the buck results with the two
tested vehicles it can be stated that the greenhouse response was softer than the response of the roof structure in the
SUV or the mini-van, but still on the same order of magnitude. It can be also seen that the test roof structure
matched deformation shapes, including the prevalence of greater lateral than vertical displacement, observed in
modern strong-roof cars.

CONCLUSIONS

The roof developed in this study has a quasi-static response similar to that of real vehicles loaded in a FMVSS
216-like test. It mimics the stiffness of real vehicle roofs also under dynamic roof crush loading. The tested
roof structure can match the magnitude and shapes of deformation modes seen in the current US fleet vehicles
and thus it can be used with the test buck to simulate real vehicle rollover crashes to perform parametric
analyses and evaluate dummy biofidelity.
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ABSTRACT

This paper shows the effect of the roof contact angle with ground and pitch/yaw angle on head and neck
injuries in CRIS tests. In this study the effect of these conditions on injury in a rollover is simulated and
analyzed by using a commercial multi-body software (ADAMS). The vehicle model consists of a rigid lower
body and deformable upper body. Each member of the upper body is characterized to get the similar behavior
to the results obtained from an equivalent finite element model. To evaluate the severity of driver’s injuries in
a CRIS test, a computer simulation to replicate the dynamic CRIS test is developed. The angular velocity of
vehicle is set to a constant value of 270 degree/sec and the lateral velocity is varied to be 28.8kph or 35kph so
that it can roll 2 or 3 turns. The roof contact angle with ground is selected to be 135, 145 and 155 degrees.
The pitch and yaw angles of the vehicle is also varied to be 2 or 5 degrees and 0, 10, or 20 degrees,
respectively. In addition to the peak acceleration of the dummy head, the maximum shear force, compressive
force, and bending moment acting on the dummy neck are calculated to evaluate the rollover safety for various
conditions. The simulation results are then compared to the KNCAP evaluation criteria. Considering the fact
that the rollover accidents with less than 2 full turns account for about 90% of the entire rollover accidents,
this study suggests that the 2-turn condition would be appropriate for a protocol of the dynamic rollover test.

INTRODUCTION

Rollover accident mortality, which represents the number of deaths per 100 automobile accidents, is high compared
to other types of car accidents. In Fig 1. the occurrence rate and mortality rate for each type of vehicle accidents in
Korea compared to the European data are shown. The two regions show the significant difference in the occurrence
rate and mortality rate. In particular, the vehicle-only-accidents in Korea are significantly smaller than the
corresponding data in Europe. This difference might be considered to be due to the road condition, behavioral
characteristics of drivers and pedestrians, and composition of vehicles. (Korea National Police Agency 2011;
European Commission, 2008; UNECE, 2007; NHTSA, 2007)

Although the occurrence rate of the rollover accidents is relatively smaller than other types of accidents, the
mortality rate related to the rollover accidents is significantly high. According to the Korean data set, the rollover
accidents appear to be rare with the rate of 0.5%. But, as shown in Fig. 1, when considering the vehicle-only-
accidents, which also include the accidents that can secondarily cause the rollover such as falls and veering due to
breakaway, the mortality rate becomes significantly high with a 13.8 person compared to other types of accidents.
(Korea National Police Agency 2011)

This observation is also supported by the data set in U.S. In contrast to the fact that the incident rate of the rollover
in U.S. is approximately 3% out of the entire vehicle accidents, the 35% of automobile fatalities occur due to the
rollover. Similarly, this trend can be found in the Australian data set. (NHSTA Traffic Safety Facts 2009)



There have been various efforts to reduce the fatality due to rollover by improving the vehicle stability performance
with the equipped ESC (Electrical Stability Controller), securing the passenger compartment or occupant survival
space with the enhanced roof crush resistance, and mitigating the passenger’s ejection during a rollover. To
encourage these efforts, the NHTSA has implemented the FMVSS 126 (i.e., mandatory installation of ESC) since
2011 and phased in the enhanced FMVSS 216a (i.e., roof crush resistance) and FMVSS 226 (i.e., ejection
mitigation) since 2012 and 2014, respectively. In addition, the IIHS has also implemented the new roof strength
rating system.

The rollover tests are developed in an effort to replicate what happens in real world collisions: Dolly test (FMVSS
208), CRIS (Controlled Rollover Impact System), and JRS (Jordan Rollover System). The Dolly test is not used as a
mandatory requirement because it cannot test various conditions such as the pitch and yaw angle and lacks the
repeatability. For the other two testing methods, researchers in the U.S. and Australia have actively worked on the
test protocol to ensure the practicality of safety related regulations.

In real-world rollovers, the driver’s injury is affected by not only the strength of vehicle’s body structure (or chassis
strength?), but also the posture of drivers. (Ridella et al. 2009; Cooper et al. 2001; Moffatt et al. 2003; Friedman et
al. 2003) Seat belts prevent a driver to be ejected, thereby contributing to reducing fatal injuries. In the analyses of
the CFIR data set, Huelke et al. have reported that seat belts reduce the severe injuries and fatalities by 91% under
the roof crush of less than 6 inches (152mm). Evans et al. have reported that according to the FARS data,
lap/shoulder belts can be effective to reduce fatalities by 82% and thus significantly contribute to the ejection
prevention. (Huelke et al. 1973; Huelke et al. 1977; Evans, L. 1988)

Therefore, this study replicates the CRIS test using a dummy seated with a seat belt in order to prevent it from being
ejected. As measured in the KNCAP (Korean New Car Assessment Programme) crash-test, the HIC15 induced to
the dummy head and shear force, compressive force, and bending moment acting on the dummy neck are calculated
and used to evaluate the safety under a rollover scenario.
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CRIS TEST

It is required to maintain the ceiling strength at a certain level in order to ensure the survival space for
passengers during a rollover. However, according to SNPRM (Supplemental Notice of Proposed Rulemaking),
most of vehicle produced prior to the year 2008 have failed to satisfy the regulation of SWR > 3.0 and resulted
in serious casualties. Hence, the NHTSA has enhanced the regulations related to the ceiling strength.

It is, however, questionable if the static test would be appropriate for evaluating the ceiling strength. Currently,
many researchers investigate how to better simulate a dynamic rollover accident, rather than replicating the
Dolly rollover test (FMVSS 208). (Friedman, D., et al. 2009; Chirwa, E.C., et al., 2010; B. K. Han, et al. 2013)



Although the CRIS test is problematic in terms of the repeatability, it allows one to investigate the effect of the
pitch and yaw angle for various road conditions and the behavior of the dummy as the roll progresses.
(Linstromberf et al. 2005) The JRS test is actively used by the researchers in the CFIR(Center for Injury
Research), University of Virginia, and University of New South Wales because it shows a high level of
repeatability. (Grzebieta, R., et al. 2007; Kerrigan, J.R., et al. 2011; Mattos G.A., et al. 2013) This study
constructs a simulation model to replicate the CRIS test and thus investigates the effect of the initial contact
angle with ground, pitch/yaw angle on the safety during a rollover.

Table 1. Estimated Fleet Failure Rates Based on GVWR reported (SNPRM in January 2008).

Two-Sided Testing
GVWR : 2.5 SWR 3.0 SWR 3.5 SWR
<2722 kg 67.2% 78.6% 85.0%
>2,722 kg 100.0% 100.0% 100.0%
Total 75.1% 83.7% 88.6%
Single-Sided Testing
GVWR : 2.5 SWR 3.0 SWR 3.5 SWR
<2722 kg 44.5% 76.9% 80.9%
>2,722 kg 98.9% 100.0% 100.0%
Total 57.6% 82.5% 85.5%

METHODS
Protocol and Analysis Conditions for Simulated CRIS Test

As shown in Fig.5, in CRIS test device a vehicle is fixed to a trailer with the selected pitch and yaw angles. While the
trailer moves forward at a constant speed, the vehicle falls apart from the trailer when the vehicle rotates at a desired
angular velocity. As shown in Fig.6, the initial contact angles between the vehicle and the ground are varied to be 135,
135, and 155 degrees. The pitch and yaw angles are set to be 2 or 5 degrees and 0, 10, or 20 degrees, respectively.

8000 mm/sec

ww 97|

270 deg/sec

ccO
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Fig.5 Layout of CRIS test protocol Fig.6 Seat belted Hybrid 3 dummy model

The analysis conditions for the simulated CRIS test are selected as in Table 2 so that the 2 turns and 3 turns of the rollover
can be simulated. The drop height of the vehicle was set to be 0.3 m.

To assess the severity of injury for driver, a 50" percentile Hybrid III anthropomorphic test dummy (ATD) is seated in the
driver’s seat. The ATD is modeled to calculate the 3-dimensional forces and moments induced to its neck during the

impact.

Table 2 Analysis Conditions for the Simulated CRIS Test

2-turn condition 3-turn condition

Roll rate (deg./sec) 270 270




Velocity (kph) 28(8 m/s) 35(9.7 m/s)
Pitch angle (deg.) 2,5 2,5
Yaw angle (deg.) 0, 10, 20 0, 10, 20
Multibody Model for Base Vehicle

A medium-sized passenger vehicle is used for the base vehicle of this study as
shown in Fig. 6. The specifications for the base vehicle used are as follows:
2,000cc for the total engine displacement, 2,700 mm for the wheelbase, 4,400
mm for the overall length, 1,861 mm for the tread distance, 1,901 mm for the
overall width, 1,610 mm for the overall height, 2,000 kg for the curb weight.
The roof strength of the vehicle is modeled to have a strength-to-vehicle
weight ratio (SWR) of 4.5, which exceeds the ITHS requirement for the static
roof strength test (i.e., a SWR of 4.0).

The multibody vehicle model consists of the rigid lower body and the . .
o . o Fig.6 Full Car model for multi-
deformable upper body as shown in Fig. 5. The lower body is modeled to be rigid. dynamics analysis
The pillars, side rails, and roof bow members of the upper body are divided in 3~5
mass elements each. And the two adjacent elements are connected using the torsional and the bending spring. The
characteristics of these springs are obtained using a finite element analysis (FEA), thereby mimicking the deformation of
the upper body. (B. K. Han, et al. 2015)

RESULTS

Using the analysis conditions described in the Table 2, the model simulations are performed. In Fig. 7 to Fig. 12,
the results for the 2-turn and 3-turn conditions are plotted. The p2 and p5 represent the pitch angles of 2 and 5
degrees and the y0, y10, and y20 represent the yaw angles of 0, 10, and 20 degrees, respectively. The effect of the
initial contact angle () between the vehicle and ground is compared for the 2-turn and 3-turn conditions.
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for the 3 turns condition. And B is the first contact
angle of vehicle with ground.
Displacement of Far-Side A-Pillar

In Fig. 5, the maximum displacement of the left A-pillar for each roll is shown. Overall, as the pitch angle
increases, the displacement of the left A-pillar increases, while it is not significantly affected by the changes in the
yaw angle. In addition, as the initial contact angle (B) between the vehicle and ground increased, the maximum
displacement of the left A-pillar increases.

As expected, the displacement for the 3-turn condition is greater than the one for the 2-turn condition. Under the 3-
turn condition, the displacement for the second turn is dramatically decreased because the collision between the
ground and the side of the vehicle, not the roof of the vehicle, is made. Instead, the large displacement consequently
occurs in the third turn.

The maximum displacement of the left A-pillar of the vehicle indicates how much the roof penetrated the cabin,
which is closely related to the passengers’ survival. In other words, when the value gets large, a driver’s head can
get injured due to the contact with the roof. The overall resultant maximum displacement is smaller than 5 inches
(127mm). This is because the roof strength of the vehicle has a SWR of 4.5.

Variation in Head Acceleration

The driver’s head acceleration when the far-side of the vehicle collides with the ground is greater than the
corresponding value when the far-side of the vehicle collides with the ground. When the roof is collapsed and thus
the head contacted with the roof or front side rail, the acceleration reaches its maximum. In Fig. 8, the head
accelerations are shown for the 2-turn and 3-turn conditions. The maximum head acceleration occurs during the
first turn and it tends to decrease as the yaw angle increases. As the initial contact angle () increases, the peak head
acceleration for each turn increases. Under the 3-turn condition, the peak head acceleration are greater than the one
under the 2-turn condition. In addition, as the yaw angle increases, the peak head acceleration decreases. The peak
head acceleration is not significantly affected by the pitch angle.

In Fig. 9 the values for HIC36 and HIC15, which are calculated from the line diagram of the head acceleration, are
plotted. When the initial contact angle (B) between the vehicle and ground is 135 degrees, the values for HIC36 and
HIC15 are significantly small. However, when either the contact angle () or the number of turns increase, the
values significantly increase. The difference between the HIC15 and HIC 36 decreases as the yaw angle increases.
The results suggest that it would be appropriate to use the HIC15 for a rollover evaluation criterion because the
duration when the peak acceleration is maintained is short during a rollover in contrast to a frontal impact.
Considering that the head acceleration is significantly high compared to the value of HIC15, it is recommended that
the head acceleration would be included in the evaluation criteria for the vehicle’s safety performance. Currently,
the KNCAP adopts only the HIC36 to assess the risk for head injury during the frontal impact testing. For example,
according to KNCAP, the HIC36 value exceeding 1000 indicates a higher probability of the head injury, while the
HIC36 value below 650 represents less likelihood of the head injury.

Shear/normal force of neck

Compared to frontal impact tests, a rollover test induces greater values for the frontal shear force (i.e., Fx) and lateral shear
force (i.e., Fy) in the dummy neck. The values for the frontal shear force are calculated to be less than or equal to 800 N
under the loading conditions used in this study, except for when the initial contact angle (B) is equal to 135° and the yaw



angle is equal to 10°. As shown in Fig. 10, the frontal shear force (Fx) is not significantly affected by the pitch angle (a),
initial contact angle with ground (), and turn condition.

According to KNCAP criteria for frontal impact tests, the results of shear forces are included in the safe region for all
testing conditions as shown in Fig. 10: the Fx values below 1.9kN and exceeding 3.1 kN indicate a higher probability or
less likelihood to be safe, respectively. In Fig. 11, it is shown that the lateral shear force (Fy) is greater than the frontal
shear force (Fx). In addition, it is the lateral shear force (Fy) that is significantly affected by the turn condition, rather than
the frontal shear force (Fx). When compared to the KNCAP shear force criteria for frontal impact testing, the lateral shear
force, Fy is also included in the safe region. However, the resultant force of the frontal and lateral shear forces may exceed
the KNCAP shear force criteria. In case of the 3-turn condition, in order to satisfy the KNCAP criteria, additional
constraining devices such as a curtain airbag would be required to reduce the impact with the front side rail.
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condition.

The compressive force (i.e., Fz) on the neck will occur when the vehicle’s chassis is collapsed and the dummy dives
toward the roof, thereby impacting the roof or front side rail. The compressive forces on the neck (Fz) for each test
conditions are shown in Fig.12. In the current model, the distance between the dummy head and roof ceiling is set to 6=80
mm. When the initial contact angle with ground (B) increases, a large displacement at the A-pillar is induced and thus the
contact between the dummy head and the roof ceiling occurs thereby producing the compressive force on the dummy’s
neck. In real situation, the dummy also dives toward the roof ceiling augmenting the compressive force on the neck. The
effect of the constraining devices such as a seat belt cannot be excluded. However, instead of considering the complicated
dynamics of a seat belt, in this simulation the seat belt is simplified by maintaining the tension on it at a constant level. In
the 2-turn condition, the largest compressive force acting on the neck occurs when the far side of vehicle contacts with the
ground during the first roll.



Comparing to the criteria for the compressive force in a frontal impact, when the space between the roof ceiling and head
is enough and seat belt works properly thereby minimizing the diving effect, the compressive force acting on the neck, Fz

is included in the safe region.
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The moment induced to the dummy neck can be decomposed Fig. 14. Criteria for the neck injury suggested
into the lateral bending moment (Mx) and the extension/flexion by Kleinberger et al.

moment (My). The lateral bending moment (Mx) under the 3-turn condition is significantly greater than the one
under the 2-turn condition as shown in Fig. 13. It also increases as the initial contact angle () increases while it
decreases as the yaw angle (0) increases.

It is difficult to evaluate the safety of the obtained results because the injury criteria related to the lateral bending
moment (Mx) has not been in agreement. Thus, referring to the injury criteria of neck shown in Fig. 14, which has
been proposed by Kleinberger et al., the lateral moment (Mx) should be evaluated based on the flexion moment rather
than the extension moment. (Kleinberger et al. 1998)

Similarly to the injury criteria suggested by Kleinberger et al., the safety in the lateral direction is evaluated within
the range between a third and half of the safety threshold for the flexion moment (i.e., 310 N-m): the lateral bending
moment below 100 N-m is higher likelihood to be safe while the corresponding value above 150 N-m indicates a
higher probability to be unsafe. Based on this injury criteria, the lateral bending moment calculated from the
simulation is shown to be safe when the initial contact angle with the ground (B) is equal to 135°, but as the initial
contact angle (B) increases, the level of safety decreases approaching the upper limit for the injury threshold.

Lastly, the bending moment (My) acting in the sagittal plane
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range for the KNCAP injury criteria corresponds to a third to
half of the injury threshold (i.e., 125 N-m) that Kleinberger
et al. have suggested.

DISCUSSION

This stud investigates the relationship between the risk for driver’s injury and the conditions for a vehicle’s rollover.
In addition, to establish the appropriate criteria for vehicle’s safety, the conditions for the 2-turn and 3-turn rollover
are compared.



The contact angle with ground, not the pitch and yaw angle, is the dominant factor that causes the increase in the
magnitude of the A-pillar displacement. In addition, the head acceleration of the dummy seating on the driver’s seat
and the HIC value increase as the initial contact angle with the ground and the number of the turn increase. On the
other hand, the corresponding values decrease as the yaw angle increases.

Considering the shear force induced on the neck, the shear force component in the lateral direction (Fy) is greater
than the longitudinal shear force, Fx. Each shear force component independently satisfy the KNCAP criteria.
However, the vector sum of the shear force components in both directions (can fail, may fail, or fails) to satisfy the
KNCAP criteria. The results estimate that the compressive force (Fz) is significantly affected by not only the initial
contact angle with the ground and the turn condition, but also the stiffness of roof interior and the constraining
device, which is related to the diving effect.

The lateral bending moment induced on the neck (Mx) increases as the initial contact angle with the ground or the
number of the turn increase. As the yaw angle increases, the corresponding value decreases. In contrast, the
extension bending moment (My) is more affected by the yaw angle than either the initial contact angle with the
ground or the number of turn.

Combining with the analysis that the rollovers with less than 2 turns account for 90% of the entire rollover accidents
(Digges K and Eigen A. 2003), this study suggests that the 2-turn condition with the initial contact angle with the
ground of either 145° or 155° would be appropriate for the evaluation criteria to assess the vehicle’s safety
performance.

CONCLUSIONS

This study investigates the relationship between the risk for driver’s injury and the conditions for a vehicle’s
rollover. For this purpose, the multi-body model for the vehicle’s chassis is constructed using ADAMS multi-body
dynamics software. The injury severity for the 2-turn and 3-turn conditions is investigated in order to propose pertinent
criteria for assessing the vehicle’s safety performance. To systematically simulate the various vehicle conditions, a
three-level L27 orthogonal array for the 5 members of the upper body, which significantly affect the deformation at
the top portion of the A-pillar, is used. Through the DOE analysis, the following conclusions are obtained.

1) In arollover accident, it would be appropriate to use the HIC15 for the evaluation criterion of head injury,
rather than the HIC36.

2) In contrast to a frontal impact testing where only Fx component acting on the neck is considered, when
assessing a rollover safety, both Fx and Fy components should be considered. In general, the Fy
component is greater than Fx component in a rollover.

3) In terms of the moment acting on the neck, the extension moment (-My) should be considered as an
evaluation criterion in conjunction with the lateral bending moment.

4) The compressive force (Fz) is significantly affected by the chassis strength and the effect of constraining
devices. Therefore, pertinent regulations related to the ceiling strength (SWR), which represents the chassis

strength, would be warranted. To minimize the diving effect during a rollover, the constraining devices
should be improved.

The contact angle with ground, not the pitch and yaw angle, is the dominant factor for the increase in the
A-pillar displacement.
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