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Analysis and modeling of flexural deformation of laminated steel
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Abstract

Steel/polymer/steel laminate sheets, commonly known as laminated steels, received attention for their superior noise damping

properties in automotive applications. Published work indicates that the tensile properties of the laminated steel follow the prediction of

the rule of mixtures. The flexural response of the laminated steel, however, depends on the type of the sandwich configuration. The

flexural rigidity of the vibration-damping type of laminated steel is lower than the value calculated using beam theory. In industrial scale

numerical simulations, automotive body panels are usually represented by using a single layer of shell element. Limited research work on

finite element (FE) modeling of laminated steel has indicated that the vibration-damping type of laminated steel is better represented by

using two layers of shells. It is logical to relate the simplest FE representation to the way the flexural rigidity of the laminated steel that

conforms to the prediction using the beam theory. This paper examines the flexural response of the vibration-damping type of laminated

steel through the comparison of beam theory predictions with the experimental results for cantilever beam and three-point bending

configurations. It was found that the analytical solution for the split beam is in good agreement with the experimental results. This

finding confirms the FE model that represents the vibration-damping type of laminated steel using two layers of shell with tied interface.

The simulations using this method yielded good correlations with the experimental results for the two flexural loading cases studied in

this paper.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Steel/polymer/steel laminate sheets, commonly known as
laminated steel, received wide interest for their superior
sound and vibration damping properties in automotive
applications [1–6]. Laminated steel is composed of a thin
polymer resin layer sandwiched between two steel sheet
skins. The common core resins are polypropylene (PP),
nylon and polyethylene (PE). According to Hayashi et al.
[2], laminated steels are classified into two categories:
vibration-damping sheets and light weight laminate sheets.
The former typically is composed of a steel skin of
0.15–1.6mm and a polymer core of 0.030–0.1mm while
the latter has a thinner steel skin (0.1–0.4mm) and a
thicker polymer core (0.2–1.0mm). Fig. 1 is an illustration
of the two types of laminated steel. The vibration-damping

type of laminated steel is commonly known as the ‘‘quiet
steel’’ in automotive industry.
The earlier works on the deformation behavior of

laminated steel appeared in Japanese literature [7–9]. Their
main findings were summarized by Hayashi et al. [2]. The
tensile properties of the laminated steel follow the
prediction of the rule of mixtures. The flexural response
of the laminated steel, on the other hand, depends on the
type of the sandwich configuration. The flexural rigidity of
the light weight laminate sheet conforms to beam theory
but the value of the vibration-damping sheet is lower than
the calculation using beam theory.
The difference in flexural responses of the two types of

laminated steel has been confirmed by finite element (FE)
simulations [10]. Huang et al. [10] performed two-dimen-
sional FE simulations of a U-bending process for four
different laminated sheets, two were light weight sheets and
two were vibration-damping sheets. In their FE models,
both the steel skin and the polymer core layers were
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modeled using triangle plane strain elements. The simula-
tions for the two light weight sheets showed significant
shear deformation in the polymer layer with no relative
sliding between the layers. The simulations for the
vibration-damping sheets, on the other hand, revealed
relative sliding of the two skin layers.

Additional work on the flexural response of laminated
steel can be found in [11,12]. Link [11] performed a three-
point bending study on steel/PP/steel sheets. The three
types of laminated steel reported in the paper were in the
range of light weight laminate sheet. The measured flexural
rigidity was close to that calculated for monolithic
steel beam.

The laminated steel has a layered structure and hence
may be considered as laminated plates and analyzed using
laminate theory as in the case of composite laminates or
sandwich structures. For vibration-damping type of
laminated steel, the thin adhesive layer resembles the resin
rich interface between laminas in a laminated composite
which has the tendency to delaminate. The resistance to
delamination growth is a subject of great interest. A
common measure of this resistance is the interlaminar
fracture toughness which is often characterized experimen-
tally by loading of laminated composite beams with
delamination under opening, flexural, twisting as well as
combined modes [13–16]. Analytical expressions for the
global load–deflection responses of composite beams with
edge delamination have been derived based on the beam
theory for Mode-I [17,18], Mode-II [19,20] as well as mixed

mode loading conditions [21,22]. To obtain analytical
expressions of stress concentration in layered structures
with discontinuities requires analysis with higher order
terms and advanced approaches. Stress and displacement
fields near the delamination tip in laminated composites
have been analyzed using transverse shear deformable
laminate theory [23,24]. Various damage mechanics models
have been developed which take into account damage in
the layers and interface delamination fracture using the
energy release rate [23], J-integral [24], continuum damage
mechanics approach [25–28] and cohesive model [29]. On
the other hand, the light weight type of laminated sheet
may be considered as a broad adhesively bonded joint.
Cohesive zone model is a popular method in modeling
adhesive failure in bonded joint [30–32]. The theories and
numerical methods developed in these two areas may be
applied in modeling laminated steel, particularly when
delamination and failure in the adhesive layer are of a
prime concern.
In certain industrial applications, such as forming and

crashworthiness analysis, the delamination between the
skin sheets in the laminated steel is less of a concern as
compared to other requirements. In forming simulations,
the main objective is to predict the formability of the part
[33]. In crashworthiness simulations, the main objective is
to predict the safety of the passengers and the crashworthi-
ness of the vehicle structures. This includes but is not
limited to the prediction of deceleration of the vehicle
due to the energy absorption by bumper system, rail
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Nomenclature

b width of the beam
c elastic stress wave speed
r density
sI amplitude of the incident wave
sT amplitude of the transmitted wave
E elastic modulus
Ee effective bending modulus of the laminated

beam
Ek elastic modulus of the k layer in a laminate
G shear modulus
h thickness of the beam
I moment of inertia

Ik moment of inertia of the k layer with respect to
the mid-plane of the laminate

L length of the beam
P concentrated load
tc thickness of the polymer core layer in a

laminated steel
ts thickness of the steel skin layer in a laminated

steel
t thickness of the laminated steel
w deflection
Dl displacement
d distance between the two layers of shell
g shear strain
t shear stress
n Poisson’s ratio

Skin steel (0.1-0.4mm)

Skin steel (0.1-0.4mm)

resin (0.2-1.0mm)

Skin steel (0.15-1.6mm)

Skin steel (0.15-1.6mm)

resin (0.03-0.1mm)

Vibration-damping sheetLight weight laminate sheet

Fig. 1. Two types of laminated steel (reproduced after Ref. [2]).
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