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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
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(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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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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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*
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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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