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Single-hat and double-hat sections made of steel are frequently encountered in automotive body structural components
such as front rails and rockers. These components can play a significant role in terms of impact energy absorption during
collisions thereby protecting occupants of vehicles from severe injury. In the initial phase of vehicle design, it will be
prudent to incorporate the sectional details of such a component based on an engineering target such as peak load, mean
load, energy absorption, or total crush, or a combination of these parameters. Such a goal can be accomplished if reliable
models are available for predicting the performance of a section of a given geometry and material properties. In the current
study, experimental, theoretical and numerical techniques are discussed for predicting the behaviours, under axial impact
loading, of hat section components made of thin mild steel sheets joined by spot-welding along flanges. Examples are then
given of the applications of such structural members of complex three-dimensional geometry of non-uniform cross-section

in a real-world vehicle.
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Introduction

Hat sections made of steel are frequently encountered
in automotive body structural components such as front
rails and rockers of unitized-body cars an example of
which is shown in Fig. 1 [1]. Both single- and double-
hat sections are common. These components absorb
significant amount of impact energy during front
collisions and thus are indispensable countermeasures
in ensuring vehicle crashworthiness and occupant
safety. In the initial phase of vehicle design, it will be
prudent to incorporate the sectional details of such a
component based on an engineering target such as
energy absorption, mean load or total crush or a
combination of these parameters. There has been a
considerable interest in studying the axial crush
behaviours of thin-walled structural components such
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as box and hat sections through experimental,
theoretical/semi-empirical, and numerical means.
Mahmood and Paluszny [2] presented semi-empirical
relations for the prediction of average load-carrying
capacities of closed rectangular box sections subjected
to progressive local buckling under quasi-static axial
compressive loads. Comparisons with experimental
results were also given for steel columns with
geometric aspect ratios relevant to automotive body
applications such as front rails. White, Jones and
Abramowicz [3], and White and Jones [4] discussed
simplified theoretical and empirical procedures for
predicting the performance of top-hat (i.e. single-hat)
and double-hat sections under quasi-static and dynamic
axial loading conditions leading to progressive collapse.
A detailed experimental study on progressive collapse
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Fig. 1: A typical body-in-white of a unitized body car [1]

behaviour of thin-walled closed-section structural
sections made from high-strength steels under quasi-
static and impact axial loads was reported by
Schneider and Jones [5]. The latter authors made a
comparison with theoretical formulae which had been
used successfully for predicting the behaviour of mild
steel thin-walled structures. Peixinho et al. [6] studied
axial crushing of top-hat and hexagonal tubes made
of dual-phase and TRIP (transformation induced
plasticity) steels, and compared the test results with
their numerical simulation results. Trigopula et al. [7]
performed quasi-static and dynamic axial crushing
tests on thin-walled square tubes and spot-welded top-
hat sections made of high-strength steel of grade
DP800. The authors compared test results with
analytical predictions as well as detailed numerical
simulations carried out with LS-DYNA by accounting
for effects of elevated strain rates on material dynamic
yield strength. Additionally, the validated numerical
model was used to study the dependence of specific
energy absorption on yield strength, sheet thickness,
flange width and spot-weld spacing. Gupta and
Velmurugan [8], based on the experimental
observations and considering the formation of plastic
hinges in a perfectly plastic material, presented an
analytical study on the behavior of short aluminium
and steel round tubes undergoing axisymmetric axial
collapse. Gupta and Abbas [9] dealt with different
aspects of mathematical modelling of axial crushing
of cylindrical tubes. The same authors [10] in another
work presented a mathematical analysis of the axial
crushing of round tubes in concertina mode; they
considered the change in thickness along the length
of a fold during its formation, and difference in the

values of yield strength in compression and tension.
The model considers straight folds and the variation
of circumferential strain during the formation of a fold.
A straight fold model for the analysis of the tubes
under axial compression is revisited by Gupta, Abbas
and Venkatesh [11]. In the latter study, based on
experimental observations, the authors assumed a
tube to fold partly inside and partly outside its mean
diameter. Guided by experiments, Gupta, Prasad and
Gupta [12] developed an analytical model for the
prediction of load-deformation and energy-
compression behaviour of metallic conical frusta of
large semi-apical angles under quasi-static loading.
Gupta and Abbas [13] suggested a mathematical
model for the prediction of crushing load of thin frusta
by considering total outside straight folds and taking
into account the variation of circumferential strain
during the formation of a convolution. Based on energy
considerations, Hosseini, Abbas and Gupta [14]
presented a straight fold model for predicting the
behaviour of axisymmetric axial crushing of thin
metallic frusta through fold formation and compared
their analytical results with experiments. Sato et al.
[15] performed dynamic axial tests on spot-welded
top-hat sections made of four grades of steel (300-
590 MPa). The authors also carried out finite element-
based studies by accounting for strain rate effects on
material plasticity, and compared the predicted
dynamic responses with experimental results. Deb e?
al. [16] compared the predictive abilities of
interpolations based on data mining techniques against
simulation results obtained with LS-DYNA using a
validated finite modelling procedure.

The current exposition details various
methodologies as referenced above in the context of
assessing the behaviour of steel hat section
components under axial impact loading. In particular,
experimental results obtained by the present authors
for single-hat and double-hat sections have been used
as the basis for judging the efficacies of different
prediction techniques viz. theoretical and numerical.
While existing theoretical relations have been used
for predicting mean load, numerical simulations have
been carried out by the authors using an explicit
nonlinear finite element analysis (FEA) tool, namely
LS-DYNA. The advantage of the detailed numerical
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approaches lies in the fact that these can yield the
entire history of deformation of a thin-walled
component undergoing progressive axial collapse. As
noted above, empirical techniques [16] have also been
employed in the past for predicting the axial impact
behaviour of hat sections although these are not
discussed here.

Most of the work available in published literature
on steel hat sections are related to short components
with a straight axis. Although these studies provide
valuable insight into the efficacies of such geometries
for energy-absorption under axial load, it would be
prudent to explore real-world applications of the hat
section concepts such as in body structures of
passenger cars. In unitized body vehicles, hat sections
are used in crucial impact safety-related body
members, for example, front rails. However, these
members are of varying cross-section, are curved in
three-dimensional space, and can have localized
features. Currently, such complex designs can only
be evaluated numerically with commercially available
explicit contact-impact codes or through physical tests
of prototypes which tend to be expensive and time-
consuming in terms of preparation. Thus, for
completeness, a glimpse is provided towards the end
of the present study on possible configuration of front
rails and their deformation in front crash through the
simulation of US-NCAP (United States New Car
Assessment Program) test of a retail car, namely
Dodge Intrepid, previously sold in the USA.

Experimental and Numerical Investigations on
the Behaviour of Hat Section Components Under
Axial Impact

The behaviour of single-hat and double-hat section
components under axial impact loading have been
studied experimentally in CAR (Creative Automotive
Research) and Product Safety Laboratory, Centre for
Product Design and Manufacturing (CPDM), Indian
Institute of Science. The impact testing device is
instrumented with a load cell and a piezo-resistive
accelerometer connected to a high speed data
acquisition system employing an ADC card supplied
by National Instruments, USA. The impactor has a
base mass of 117 kg and can be increased further to
two configurations of 162 kg and 210 kg. The

schematics of typical single-hat and double-hat
sections are given in Fig. 2. A tested hat section
component with the impactor resting on it at the bottom
of the drop-weight test rig is shown in Fig. 3. Some of
the dimensions and plate thickness used in the current
study are: a= 110 mm or 120 mm; b = 60 mm; t =1
mm or 1.25 mm.

Fig. 2: Schematic views of single-hat (top left) and double-
hat section (top right) sections

Fig. 3: A view of the bottom of impact testing rig with a
crushed hat section component

Although a calibrated load cell is used for
obtaining the dynamic load exerted by the impactor
on the specimen during a given test, it would be
prudent to further verify the consistency of a recorded
response. The velocity-time history derived from the
load-time history for an axially impacted hat section
component is given in Fig. 4 and the corresponding
displacement-time history is shown in Fig. 5. The
actual crush (i.e. change in length) of this component
along with another similarly-tested component was
found to be about 46 mm as indicated in Fig. 6. The
calculated maximum displacement of the impactor is
observed as 47.5 mm in Fig. 5 which is only 3.3%
higher than the actual deformation of the specimen.
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Fig. 4: Velocity-time history of impactor for a tested double-
hat specimen of length 250 mm

Fig. 5: Displacement-time history of impactor for a tested
double-hat specimen of length 250 mm

Fig. 6: Actual crush of two tested components with impactor
dropped from the same height

Hence, the load cell reading can be deemed as reliable
in the current impact testing set-up.

One of the most powerful tools currently
available for realistic prediction of dynamic response
histories in axial impact loading of thin walled tubes is
explicit finite element analysis accounting for
geometric and material nonlinearities including contact
forces developed during impact. In the current
exposition, it is shown that simulations with the explicit
LS-DYNA code are capable of predicting well the
experimental load time histories given the fact that
there are variations in responses obtained in tests
carried out with similar specimens under practically
identical impact conditions.

Fig. 7: Finite element model of impactor positioned close to
a component before start of analysis

A finite element model of the drop-weight
impactor positioned close to a test specimen is shown
in Fig. 7. The impactor is given an initial downward
velocity equal to the test impact velocity. The material
behaviour of the component plates is modelled by a
piecewise linear plasticity material model designated
as Material Type 24 in LS-DYNA. The engineering
yield and ultimate tensile strengths of formed double-
hat section sheet metal plates were found to be 190
MPa and 323 MPa respectively under quasi-static
conditions. The engineering failure strain of the same
material was 32%. In the finite element analysis using
LS-DYNA, the true effective stress versus true
effective plastic strain curve obtained under quasi-
static tensile loading was specified for modelling plastic
behaviour. The elastic modulus of the plate material
was estimated as 200 GPa. The effect of strain rate

(8'3’]} ) on dynamic flow stress (Gy ) was incorporated

by enhancing the quasi-static yield strength (Gy %) using
the values of Cowper-Symonds parameters, viz., D
= 6844 s and p = 3.91 as recommended in [4], in the
relation given below:

1
£ \r
_ s eff
O'y—O-y 1+(—Dj (1)

Corotational 4-node Belytschko-Lin-Tsay shell
elements were chosen for modelling a given double-
hat component shown in Fig. 7. The impactor along
with the load cell, on the other hand, was modelled
predominantly with 8-node hexahedral (brick) and a
few 4-node tetrahedral solid elements. Each spot-weld
was modelled with a cluster of rigid elements joining
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nodes on overlapping plates in the flanges. The
distance between the centers of two consecutive
welds was maintained at 45 mm according to the
measured spacing of spot-welds present in the test
specimens. Analysis was carried out for meshes of
different shell element sizes; a uniform element size
of 2.5 mm appeared to yield a satisfactory correlation
of computed response with the experimentally
obtained result. Since the drop-weight impactor
crushes a specimen vertically, a uniform gravitational
acceleration of 9.81 m/s> was used for analysis.
Additionally the interface condition that automatically
checks for contact between parts was used in the
present study.

Axial impact tests have been carried out for a
number of single-hat section components of same
nominal geometry under similar conditions (i.e. same
impactor mass and drop height). The load-
displacement results are presented in Fig. 8; the
observed variation in responses for similar specimens
may have been caused by initial imperfections in plates
and differences in workmanship during fabrication of
the specimens. The prediction yielded by finite element
analysis (FEA) generally follows the test responses
except that a higher peak load is predicted. A
comparison of test responses for similar double-hat
sections along with FEA-based prediction is given in
Fig. 9. Variations in test responses are again observed,
however, the predicted peak load appears to correlate
well with some test-based peak loads. It is seen also
in Fig. 9 that the numerically computed response has
an initial peak followed by two distinct secondary
peaks hinting at the formation of three folds during
the impact event. This is confirmed in Fig. 10 in which
three folds are found to have been formed in both a
tested double-hat section component and the
corresponding deformed model obtained through
numerical simulation.

Prediction of Mean Load Carrying Capacity of
Steel Hat Sections Using Theoretical Models

Several mean load prediction techniques [3-5] have
been developed in recent times. White and Jones [4]
proposed theoretical relations, based on their
experimental studies, to predict the mean load carrying
capacity of steel hat sections. For example, they

Fig. 8: Comparison between predicted response (shown with
dark solid line) and test responses for similar single-
hat sections

Fig. 9: Comparison between predicted response (shown with
dark solid line) and test responses for similar double-
hat sections

1" fold ™\

(b)

Fig. 10: (a) Experimental and (b) simulated deformed
shapes of a double-hat section component

assumed a double-hat structure to consist of eight
asymmetric superfolding elements as shown in Fig.
11 for representing progressive folding under dynamic
axial loading. This assumption can be understood to
be primarily based on observations of tested double-
hat sections in UTMs and drop-test apparatus. The
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Fig. 11: Eight asymmetric elements forming a single layer
of a collapse profile [4]

theoretical premise primarily consisted of equating the
external work done to the energy absorbed through
plastic deformation during fold formation, and
minimizing the collapse load with respect to
characteristic fold length. Although hat structures are
made by spot-welding along the flanges, the
representative model of Fig. 11 did not account for
the discreteness of spot-welds; on the other hand, it
was assumed that the flanges remained perfectly in
contact with each other during the deformation
process.

For a single-hat section based on strain hardening
and strain rate-sensitive sheet metal plates, mean
dynamic crushing load (E;’ ) has been estimated as
follows [4]:

P v, "

13_ =1+ (0‘87 LO'%tO'MD) (2)
where

I_)m L 0.29

I; = 35.55(7) 3)

The various parameters appearing in the above
equations are defined below:

M, = o, /4 (where G, is the tensile strength of

sheet metal plates)
V,; = impact velocity

D and p are Cowper-Symonds strain rate

parameters

Fig. 12: Comparisons of theoretically predicted and
experimentally obtained mean dynamic crushing
loads for single-hat sections showing overall good
correlation

L = circumferential length of hat section

t = thickness of hat section plates

By defining the mean crushing load (P?) ina
hat section component as the total area under the
axial force versus vertical crush curve divided by the
maximum crush, a comparison is made in Fig. 12
between the mean crushing loads obtained in various
tests of single-hat sections and the prediction yielded
by Eqn. (2). It is seen from the latter figure that the
test-based mean loads tally well with the theoretical
prediction.

For a double-hat section based on strain
hardening and strain rate-sensitive sheet metal plates,

mean dynamic crushing load (13,: ) has been estimated
as follows [4]:

A A

E =1+ (0'973 1096400 ) 4)
where

I—,m L 0.29

Y =58.15(7J 3)

The parameters in Egs. (4) and (5) have similar
meanings as defined previously for single-hat sections.
A comparison of test-based mean crushing loads for
double-hat sections and theoretically predicted mean
load according to Eqn. (4) is presented in Fig. 13 and
a good correlation is seen.
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Fig. 13: Comparisons of theoretically predicted and
experimentally obtained mean dynamic crushing
loads for double-hat sections showing overall good
correlation

Real-World Applications of Thin-Walled Hat
Section Structural Members

The closed steel hat sections discussed above are
advantageous in impact energy absorption in vehicles
as compared to solid sections or thin-walled open
sections of the same material due to the following
main reasons:

(1) failure is through progressive local buckling
resulting in stable collapse; and

(2) peak load (and hence deceleration) can be
maintained within desirable limits which can
have a positive implication on occupant safety.

Solid sections tend to be heavier and can give
rise to dangerously higher peak or mean crushing load
while open thin-walled components can be poor
energy-absorbers with susceptibility towards global
buckling. The procedures, experimental, numerical and
theoretical, outlined in the previous sections can result
in several beneficial outcomes such as gaining insight
into the behaviours of hat section components,
analyzing effects of geometric and material
parameters including spot-weld size and spacing on
crush performance, and validating and fine-tuning
modelling and analysis.

It needs to be pointed out that despite the
usefulness of the above studies, applications of hat
sections in real-world unitized body vehicles,
particularly as front rails, are far more complex and
difficult to describe with laboratory experiments or
idealized theoretical solutions. Vehicle design is often
dictated, at least initially, by attributes such as

aesthetics (i.e. styling), ergonomics and packaging
combined with requirements of a target market
segment. Considering that crash safety also invariably
comes into picture, compromise solutions for body
components have to be eventually worked out. Thus,
although straight and uniform section rails are
desirable from a viewpoint of efficient crash
performance, a peep under the hood of a uni-body
car will often reveal the non-uniform single-hat cross-
section of a front rail with its centroidal axis being in
the form of a three-dimensional curve. Additionally,
the gages of plates making up such hat sections in
commercially sold cars may not be the same, and
beads as well as other localized features may be
present on the plates. The left and right front rails
can also have cross-members between them and can
have support points on engine subframe/cradle. Under
impact loading conditions, the behaviours of such
complex structural elements can perhaps be best
evaluated through detailed nonlinear finite element
analysis apart from rather expensive system-level
crash tests that even global automakers can afford to
carry out only selectively.

As an example of a hat-section comprising front
rails in a real-world vehicle, the finite element model,
shown in Fig. 14, of a version of Dodge Intrepid sold
in the USA in the mid 1990’s is considered. The vehicle

Fig. 14: A finite element model of Dodge Intrepid

Fig. 15: Deformed vehicle after analysis for the US-NCAP
test mode
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had an overall length of 5.1 m, an overall width of 1.9
m and a height of 1.4 m. Its curb weight was around
1508 kg. A full frontal NCAP (New Car Assessment
Program) simulation (i.e. impact against a rigid barrier
at 56 kph) with a belted 50 percentile Hybrid IIT
male dummy on the driver’s seat has been carried
out using LS-DYNA and the final deformed vehicle
after analysis is shown in Fig. 15. It can be seen in
the latter figure that although the front structure is
deformed significantly, the front occupants’
compartment remains largely intact. It is also pointed
out that the lifting of the rear tyres of the vehicle off
the ground is representative of what is observed in
actual NCAP tests of vehicles.

The disposition of the front rails (illustrated in
Fig. 1) of the vehicle is shown in a perspective view
in Fig. 16. These components play an important role
in protecting a vehicle in frontal collisions by absorbing
a substantial fraction of impact energy. A sectional
view of the front fore rail is given in Fig. 17 which

Fig. 16: A perspective view of front rails in Dodge Intrepid
shown in Fig. 14

Fig. 17: Sectional view (A-A) of left front rail of Dodge
Intrepid

Fig. 18: Front rails of Dodge Intrepid in side view

Fig. 19: Front rails of Dodge Intrepid in plan view

Fig. 20: A perspective view of deformed front rails obtained
through analysis

Fig. 21: A plan view of front rails of Dodge Intrepid along
with engine cradle

reveals the single-hat profile of the rail cross-section.
The width and depth of this section are approximately
70 mm and 150 mm respectively with the gages of
the constituent plates shown in Fig. 17. It is noted
that the cross-section of a rail is not uniform and varies
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Fig. 22: Deformed sub-system comprising front rails and
engine cradle of Dodge Intrepid

along its length. The side and top views of the pair of
front rails are given in Figs. 18 and 19 respectively
revealing the truly three-dimensional nature of the
rails. Never-the-less, the fore rails (i.e. the portion of
each front rail from the leading part to the area before
the bend in rail leading to a vertical drop is encountered)
in the current design are relatively straight and a good
crash performance of the rails can be expected. In
fact, the vehicle being considered obtained a double
4-star rating (a 5-star being the highest rating for a
front occupant) for the driver and front co-passenger
in the actual NCAP test, and performed well in the
ITHS (Insurance Institute for Highway Safety) 40%
front offset impact against a deformable barrier.

The deformed front rails predicted through
analysis are shown in Fig. 20. It is observed that the
rails undergo both progressive buckling in the front as
well as bending. To better appreciate the reason for
the deformation pattern of the rails, the engine cradle
which attaches underneath the rails is considered as
depicted in the plan view in Fig. 21. The two distinct
regions of deformation in the fore rails in Fig. 20 are
due to the constraints imposed by the engine cradle
as obvious from the overlapping of the engine cradle/
sub-frame along with the deformed rails in Fig. 22. It
has been found in the current analysis that the sub-
system comprising the front rails and the engine cradle
absorbed nearly 30% of the impact energy giving rise
to good occupant safety of the vehicle in the NCAP
test.

The safety performance of a vehicle in an
NCAP-type full frontal impact test is often reflected
inits ‘crash pulse’ which is the structural acceleration

Fig. 23: A numerically computed NCAP crash pulse of
Dodge Intrepid

history recorded on the floor plan under the rear seat
(to the left as well as right of the longitudinal center
line of the vehicle) during the test. A peak deceleration
(i.e. negative of acceleration) of around 30 G (where,
G = 9.81 m/s?) may ensure the highest safety rating
of 5-star for the relevant front occupant if effective
restraint systems (i.e. seat belt and airbag) are also
provided. In the present case, a peak deceleration of
40 G approximately as shown in Fig. 23 was obtained
numerically on one side of the vehicle which correlated
well with the corresponding value measured in the
actual NCAP test conducted by NHTSA (National
Highway Traffic Safety Administration) in the USA.

Conclusions

In the current study, an important class of metallic
thin-walled components, namely, single- and double-
hat sections have been discussed. Experimental
results are reported on hat section components of
constant cross-section and straight axes subject to
impact loads in a drop-weight test rig. Theoretical
predictions of mean loads under axial impact are
compared with experimentally obtained mean loads
for similar sets of single-hat and double-hat
components and good correlation is observed.
Prediction of load-displacement responses of single-
hat and double-hat components using explicit nonlinear
finite element analysis as implemented in LS-DYNA
is presented. Finally, the application of single-hat
sections of complex geometry in front rails of a real-
world vehicle, namely Dodge Intrepid, is discussed
along with highlighting the crucial role played by these
structural components in enhancing front impact
safety of the vehicle.
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