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PREFACE

This publication contains the printed version of the scientific articles presented
at the 7th International Conference on Sandwich Structures (ICSS-7). The con-
ference was organised by the Institute of Mechanical Engineering of Aalborg
University, Aalborg, Denmark, to take place at Aalborg University on 29–31
August 2005.

Previous conferences in this series were held at the Royal Institute of
Technology (KTH), Stockholm, Sweden, in 1989; the University of Florida,
Gainesville, Florida, in 1992; Southampton University, Southampton, U.K., in
1995; the Royal Institute of Technology (KTH), Stockholm, Sweden, in 1998;
the Federal Institute of Technology (ETH), Zurich, Switzerland, in 2001; and
in Ft. Lauderdale, Florida, in 2003.

Over the last years the science and technology of sandwich structures and
materials has gained an impressive momentum, and the use of sandwich struc-
tures and materials in a large variety of products covering the range from sport-
ing goods to satellites is on the increase.

The overall objective of this conference (ICSS-7) is to provide a forum for
the presentation and discussion of the latest research and technology on all
aspects of sandwich structures and materials, spanning the entire spectrum of
research to applications in many fields including aircraft, spacecraft, train and
automotive applications, wind turbine blades, boat/ship hulls and superstruc-
tures and many others.

Looking towards the future, all forecasts show that the use of sandwich
structures technology will increase even further, as this will provide many op-
tions for the effective design of affordable, reliable, and durable structures with
multifunctional capabilities. The ICSS-7 and future conferences in this series
will play an important role in this, and provide a forum for discussion and ex-
change of the latest research, as well as to act as an incubator and source of
inspiration for further developments.

Technical Programme

The presentations and the papers at the ICSS-7 are grouped into several broad
areas, including: Modelling, analysis and design; Fracture and damage tol-

xvii



xviii Preface

erance; Dynamics, vibration and sound; Impact and energy absorption; Pro-
cessing and fabrication; NDE and environmental degradation; New materials
and materials characterisation, Applications and design solutions.

The technical program of the conference consists of the presentation of 102
scientific papers in 3 parallel sessions. The truly international nature of the
ICSS-7 is highlighted by the fact, that the authors of the presentations repres-
ent 30 countries from the 5 continents Asia, Europe, North America, South
America and Oceania.

The ICSS-7 technical program includes 3 keynote lectures, one each morn-
ing of the days of the conference. The first, presented by Professor, Ph.D.
Jack Vinson, University of Delaware, Delaware, USA, is entitled “Sandwich
structures – Past, present and future”, and addresses the technical aspects of
sandwich materials and structures technology in a historical perspective. The
second keynote lecture, presented by Professor, Dr. Axel Herrmann, Air-
bus, Composite Technology Center, Stade, Germany, is entitled “Sandwich
structures technology in commercial aviation – Present applications and future
trends”, and addresses the state of the arts and future directions of sandwich
structures technology in civil aviation. Finally, the third keynote lecture, given
by Dr. Brian Hayman, of “Det Norske Veritas” (DNV), Norway, is entitled
“Damage assessment and damage tolerance of FRP sandwich structures”, and
addresses the very important topics of damage assessment and damage toler-
ance in sandwich structures.

Included in the conference are also 4 special sessions with a total of 16
presentations organised by the U.S. Navy, Office of Naval Research (ONR,
Program Manager Dr. Y. Rajapakse). These special sessions present research
of special interest to navy applications of sandwich structures, and sponsored
entirely or in part by the ONR.

Acknowledgements

The organisers of this conference wish to acknowledge the contributions of
the members of the international scientific and organising committee (listed
on the following page) towards the success of the ICSS-7. Their significant
help in reviewing and selecting the contributions for the conference has made
it possible to ensure a very high scientific standard.

The sponsors of the conference (listed on the following page) are also
thanked duly for their belief in the necessity of this professional gathering and
their generous financial and moral support. The support received for the gen-
eral cost associated with the ICSS-7, as well as to social events throughout
the conference days, has made it possible to keep the conference registration
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Jacobs and Anneke Pot), and Jolanda Karada (Karada Publishing Services) for
their patience and professionalism in preparing the printed proceedings.
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SANDWICH STRUCTURES: PAST, PRESENT,

AND FUTURE

Jack R. Vinson
Department of Mechanical Engineering, University of Delaware, Newark, DE 19716, USA 

Abstract The use of sandwich structures continues to increase rapidly for applications 
ranging from satellites, aircraft, ships, automobiles, rail cars, wind energy 
systems, and bridge construction to mention only a few. The many advantages 
of sandwich constructions, the development of new materials, and the need for
high performance, low-weight structures insure that sandwich construction
will continue to be in demand. The equations describing the behavior of 
sandwich structures are usually compatible with the equations developed for 
composite material thin-walled structures, simply by employing the
appropriate in-plane, flexural, and transverse shear stiffness quantities. Only if 
a very flexible core is used, is a higher order theory needed.

Keywords: sandwich structures, sandwich history, sandwich uses, sandwich future.rr

1. INTRODUCTION

The use of sandwich structures continues to increase rapidly for
applications ranging from satellites, aircraft, ships, automobiles, rail cars,
wind energy systems, and bridge construction to mention only a few. The
many advantages of sandwich constructions, the development of newrr
materials, and the need for high performance, low-weight structures insure 
that sandwich construction will continue to be in demand. The equations
describing the behavior of sandwich structures are usually compatible with 
the equations developed for composite material thin-walled structures,
simply by employing the appropriate in-plane, flexural, and transverse shear
stiffness quantities. Only if a very flexible core is used, is a higher order
theory needed. 

Most often there are two faces, identical in material, fiber orientation and 
thickness, which primarily resist the in-plane and lateral (bending) loads.

3
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However, in special cases the faces may differ in thickness, materials, or
fiber orientation, or any combination of these three. This may be due to thef
fact that in use one face is an external face while the other is an internal face
the former sandwich is regarded as a mid-plane symmetric sandwich, the 
latter a mid-plane asymmetric sandwich. 

A comparison between an isotropic sandwich construction and a
monocoque (thin walled) construction is worthwhile If the sandwich
construction employs two identical faces of thickness ft and a core depth of 

ch , and the monocoque construction is a flat plate construction of thickness 

ft2 , then the monocoque plate has the same weight as the faces of the 
sandwich construction using the same materials. If the ratio of face thickness
to core depth is 1/20, the flexural stiffness of the sandwich construction has
300 times the flexural stiffness of the monocoque construction. As a result, 
for a given lateral load the sandwich construction results in a much lower
lateral deflection, much higher overall buckling load, and much higher 
flexural natural vibration frequencies than does the monocoque construction 
of nearly the same weight. In sandwich constructions subjected to in-plane 
compressive or shear loads, however, in addition to overall buckling, core 
shear instability, face wrinkling and monocell buckling (in honeycomb
cores) must also be considered.

For a comparison in face stresses, consider the same sandwich and 
monocoque constructions discussed above subjected to a bending moment 
per unit width, M. To continue the example used previously, the maximumMM

bending stress in the sandwich face is 1/30 the maximum stress at the
surfaces of the monocoque construction subjected to the same bending
moment.

Thus for many applications, even if the weight of the core causes thef
weight of the sandwich to be as much as twice the weight of the monocoque
construction the fact that the bending stiffness is 300 times while the 
maximum stresses are 1/30 that of the monocoque construction makes the 
sandwich construction very desirable. 

In the following, because of page limitations, references will not be 
given, but the interested reader can easily obtain them by finding the
publication list of the authors cited.

2. PAST

Noor, Burton and Bert state that the concept of sandwich construction
dates back to Fairbairn in England in 1849. Also in England, sandwich
construction was first used in the Mosquito night bomber of World War II 
which employed plywood sandwich construction. Feichtinger states also that 

4 J.R. Vinson



Sandwich Structures: Past, Present, and Future 

during World War II, the concept of sandwich construction in the United
States originated with the faces made of reinforced plastic and a low densityf
core. In 1943, Wright Patterson Air Force Base designed and fabricated the 
Vultee BT-15 fuselage using fiberglass-reinforced polyester as the face
material using both a glass-fabric honeycomb and a balsa core.

The first research paper concerning sandwich construction was written by 
Marguerre in Germany in 1944 dealing with sandwich panels subjected to
in-plane compressive loads. In 1948, Nicholas J. Hoff derived the 
differential equations and boundary conditions for the bending and buckling
of sandwich plates using the Principle of Virtual Displacements, but pursued 
only the buckling problem. In the same year, Libove and Batdorf published a 
small deflection theory for sandwich plates. In 1949, Flugge published on 
the structural optimization of sandwich panels in which he presented
nomograms for the solution of several problems.  In all the above the 
materials were isotropic. 

Also in the late 1940s, two young World War II veterans formed Hexcel
Corporation, which over the decades has played the most important role of 
any firm in the growth of sandwich structures. Starting with honeycomb
cores, even today they make well over 50% of the world’s honeycomb core 
materials.

In 1951, Bijlaard studied sandwich optimization for the case of a given 
ratio between core depth and face thickness, as well as for a given  thickness.  

At about that time, sandwich publications began to emanate from the 
U.S. Forest Products Laboratory (USFPL), which was attached to the 
University of Wisconsin. As the name implies they were associated with the 
use of wood products which are in general especially orthotropic. However,
their numerous publications of methods of analysis of wood sandwich
structures were applicable to the same structures made of composite 
materials. Their publications dominated the analysis methods for sandwich
structures for well over a decade, and are still valuable. Names such as
March, Kuenzi and Ericksen were prolific authors with the USFPL. Also,
Military Handbook 23 was published which largely involved the results of 
the many publication issued by the USFPL. This became the definitive
document for use by industry.

In 1956, Gerard discusses sandwich plate optimization in one chapter of 
his landmark book, “Minimum Weight Analysis of Compression
Structures.” In 1957, Kaechele published a USFPL Report on the minimum
weight design of sandwich panels. In 1960, Heath published a paper on the 
correlation among and an extension of the existing theories for flat sandwich 
panels subjected to lengthwise compression, including optimum design.  

       In 1966, Plantema, in the Netherlands, published the first book on
sandwich structures, followed by another book on sandwich structures by 
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H.G. Allen in England in 1969. These books remained the “bibles” for
sandwich structures until the mid 1990s. 

Also in the mid 1960s, the U.S. Naval Air Engineering Center sponsored 
research with Dyna/Structures, Inc. to develop fiberglass composite
sandwich constructions to compete in weight with conventional aluminum
aircraft construction for aircraft. This effort was directed toward achieving a
“stealth” aircraft, although that word had not yet been coined. Much of this 
research effort was in the development of minimum weight optimization 
methods. Many of these methods were later published by Vinson. 

In the seventies tremendous activity began in Sweden regarding the use 
of composite sandwich construction for naval ship hulls. This was due 
largely to the leadership of Karl-Axel Olsson of the Royal Institute of 
Technology (KTH) in Stockholm. He led the effort among the KTH, the
Swedish Royal Navy, the Swedish shipbuilders, and the Swedish banks to
change the navy from continuing to use steel hulls, and switch to fiberglass 
composite sandwich constructions. This effort involved analysis, 
optimization, small scale tests, full scale tests for both underwater explosions
and air explosions, etc. They were able to show that a properly designed 
composite sandwich hull could be as structurally sound as a steel hull. As a 
result, from some date in the eighties, all Royal Navy ship hulls were made 
of sandwich construction-a new world first. Olsson then turned his attentions 
to  the rest of the Scandinavian countries and led them to many of the same
results. Today many Scandinavian naval ship hulls are composite sandwich, 
as well as hundreds of the ferry boats that traverse the waters in and among
the Scandinavian countries. There is no single person that has done more to
contribute to the use of sandwich structures as Dr. Karl-Axel Olsson

      In 1989, Ha published an overview of finite element analysis applied 
to sandwich construction, that was referenced even in a 2005 paper. In 1991, 
Bert provided a review of sandwich plate analysis, while in 1996, a review 
of sandwich structures by Noor, Burton and Bert provided over 800 
references, all discussed in the review, and another 559 references as a 
supplemental bibliography.

In 1995, a monograph by Zenkert supplemented much of the material
contained earlier in the Plantema and Allen texts (which by that time were
out of print). Zenkert followed this by a sandwich textbook in 1996. In 1999, 
another sandwich textbook was published by Vinson. Hence today there are 
only four texts dealing primarily with sandwich Structures: Plantema, Allen,
Zenkert and Vinson.

To date there have been seven International Conferences on Sandwich
Constructions. They are as follows: the first in Stockholm, hosted by Karl-
Axel Olsson in 1989; the second in Gainesville in 1992; the third in 
Southampton, hosted by H.G.Allen in 1995; the fourth in Stockholm in
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1998, again hosted by Olsson; the fifth  in Zurich, hosted by Hans-Reinhard 
Meyer-Piening in 2000;  the sixth in Ft. Lauderdale, hosted by Jack R. 
Vinson in 2003; and now the seventh Conference is being held in Aalborg,
Denmark in 2005, hosted by Ole T. Thomsen. 

In 1999, the Journal of Sandwich Structures and Materials was initiated
and it is the only Journal fully devoted to sandwich structures and Materials.
Over 180 research papers have been published in the journal to date. 

3. SANDWICH STRUCTURES TODAY

In 1992 Bitzer of Hexcel gave an excellent overview of honeycomb core
materials and their applications. Bitzer states that every two (or more) engine 
aircraft in the western world utilizes some honeycomb core sandwich, and 
that while only  8% of the wetted surface of the Boeing 707 is sandwich, 
46% of the wetted surface of the newer Boeing 757/767 is honeycomb
sandwich. In the Boeing 747, the fuselage cylindrical shell is primarily
Nomex honeycomb sandwich, and the floors, side-panels, overhead bins and 
ceiling are also of sandwich construction.

The Beech Starship uses Nomex honeycomb with graphite and Kevlar
faces for the entire structure-the first all sandwich aircraft. Also. a major
portion of the space shuttle is a composite-faced honeycomb-core sandwich.m
Almost all satellite structures employ sandwich construction. 

The U. S. Navy uses honeycomb sandwich construction for bulkheads,
deck houses, and helicopter hangars to reduce weight above the waterline.
Also recently, they have incorporated a complete hexagonally shaped mast
on the USS Radford that is ninety three feet tall and weighs 90 tons. Not 
only is this a foam core sandwich but the use of exterior materials for stealth
purposes make this an asymmetric sandwich. Pleasure boat hulls today are 
made primarily of fiberglass sandwich. 

As stated earlier, the Royal Swedish navy has been using fiberglass and 
graphite composite sandwich construction for more than twenty years. The 
newest ship, the YP2000 Visby, is a stealth-optimized graphite/epoxy
composite vessel using sandwich construction primarily. Similarly, the
Royal Australian Navy uses high performance foam composite sandwich for 
its inshore mine hunters.

Since 1980, composite front cabs of locomotives have been built for the 
XPT locomotives in Australia, the ETR 500 locomotives in Italy, the French
TGV and the Swiss locomotive 2000. Interestingly, the major design criteria 
are the pressure waves occurring during the crossing of two high speed trains
in a tunnel. In Japan, the new Nozomi 500 bullet trains use honeycomb
sandwich for the primary structure. 
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Also in 1995, Starlinger and Reif reported that sandwich construction is
now being used in double-decker buses. 

In the U.S., approximately 40% of bridges are structurally deficient or
not capable of handling present demands. There are not enough tax dollars to 
replace all of the bridges in the conventional way. The American Society of 
Civil Engineers 2005 Report Card gives a “D” for the crumbling
infrastructure and states that billions are needed over the next five year
period. Half of the cost of bridge replacement is in rerouting traffic during 
construction. Using composite sandwich construction, pre-made sandwich 
deck panels can be put in place in days, rather than weeks by conventional 
construction. Add to this the advantage of no corrosion, and the light weight
afforded by the composite sandwich construction. The state of Ohio
instituted a plan to replace one bridge in each county with a composite 
sandwich bridge deck.

In Europe, COBRAE was founded (Composite Bridge Alliance Europe)mm
which is leading the way in promoting composite bridges throughout the 
European Union.

Another major use for sandwich composite structures during the last mm
decade is wind energy systems. GE Energy states they have 6900 
installations worldwide, and that ther growth rate is 20% per annum. Ther
Global Wing Energy Council ranks the leaders in wind energy installations 
as: Germany, Spain, U.S., and Denmark. 

The core of a sandwich structure can be of almost any material or
architecture, but in general, cores fall into four types:  

a) Foam or solid core
b) Honeycomb core
c) Truss core
d) Web core 

The two most common honeycomb types are the hexagonally-shaped cell
structure (hexcell) and the square cell (egg-crate). Web core construction is
analogous to a group of I-beams with their flanges welded together. The U.S. 
Navy refers to this web core construction as “double hull” construction.
Truss or triangulated core construction is being widely used for the bridge 
constructions discussed above. In most foam core and honeycomb core
sandwich constructions, one can assume for all practical purposes that the in-
plane and lateral bending loads are carried by the faces only. However in 
truss core and web core constructions, a portion of these loads are carried  by 
the core.

Hexcel’s latest honeycomb core is Hex Web HRH-36 Flexcore involving
a phenolic resin for high strength retention at 350F/175C. Foam or solid 
cores are relatively inexpensive and can consist of balsa wood or an almost
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infinite selection of foam/plastic materials with a continuous variety of 
densities and shear moduli, many of which are polyvinylchloride (PVC). 

As in all composite constructions, thermal and hygrothermal
considerations must be taken into account.    Concerning the thermal effects, 
with increased temperature, there are three effects: thermal expansion,
degradation of elastic properties; and an increase in nonlinear 
creep/viscoelastic effects. 

For the “hygro” part of the effects, there is moisture expansion in all 
polymer materials, which is mathematically analogous to the thermal 
expansion. The good news is that if one has the thermal effect solution then 
one also has the “hygro” solution and they can be superimposed. Moisture 
also affects the glass transition temperature. One major difference between 
the thermal and the moisture effects on a polymer matrix structure difference 
is in the time scales. It takes weeks or months to have a saturated specimen 
or structure. Weitsman points out that the deleterious effects of moisturet
continue even after the ten or more years after composites have been soaking
in salt water, according to his experiments.

Most materials have significantly different mechanical properties when 
subjected to dynamic loads that cause high strain rates. However, most 
structural designs today are made using static properties. See publications of 
Lindholm, Daniel, La Bedz and Liber, Nicholas, Zukas, Sierakowski, and 
Feichtinger for discussions of high strain rate effects and test methods.

A research program was conducted at the University of Delaware under
ONR sponsorship of the high strain rate effects on many materials that are 
used in sandwich faces up to strain rates of 1600/sec. It is clear that dynamic 
properties should be used rather than static properties for structures primarily
subjected to dynamic and shock loads. However, there are no means by
which dynamic properties can be predicted from known static material
properties. Testing at high strain rates is necessary. 

Most sandwich structures can be analyzed by using the laminate analysis
methods of composite material structures by employing the appropriarte A,
B and D stiffness matrices. Only in the case of sandwich constructions with 
a very flexible core must a higher order sandwich theory be used. For an 
easy example, consider that the lower face is lamina 1, the core is lamina 2, 
and the upper face is lamina 3. In this way one can also easily handle
sandwich constructions of mid-plane asymmetry as well as symmetric 
sandwich constructions. Also by involving the 44, 45 and 55 terms in the
analysis, one can include the effects of transverse shear deformation.
Likewise you can include thermal, hygrothermal and piezoelectric effects. 

Localized loads are one of the major causes of failure in sandwich 
constructions, because the faces are significantly thinner than the same
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material used in a monocoque construction to resist the same loads. These
localized loads can cause the loaded face to deform significantly different 
from that of the unloaded face. The loaded face acts as a beam, plate or shell
on an elastic foundation, i.e., the core. This causes the core to be subjected to 
significant deformations locally, which can cause high shear and normal 
stresses that can exceed the allowable stress for the flexible, weak core
material. In addition because of the significant deformation of one face the
stiffness matrix quantities shown above in equations and, can be locally
reduced significantly. This can cause a weak spot in the overall structure
which can precipitate a premature failure

To account for these conditions in design and analysis, a higher order
sandwich theory must be employed.  Since the 1990s this problem has been 
investigated, accounting for the soft core, differing boundary conditions and 
behavior for the upper and lower faces. Frostig (along with his collaborators, 
Baruch, Thomsen, Shenhar and Rabinovitch) has developed a consistent 
rigorous closed-form, higher order theory for sandwich plates, curved panels
and shells. The theory is valid for any loadings (localized or distributed),
accounts for discontinuities in load and geometry (ply drops) and includes 
transverse flexibility of the core. This theory has been used for buckling, 
vibrations, delaminations, tapered beam and stress concentration problems. It
has also been used in comparisons with photoelasticity experiments by
Thomsen and Frostig, and found to be very accurate. Most recently this 
higher order theory has been used by Thomsen to determine the behavior of 
non-circular boxy shells typical of a fuselage or truck tank, under internal
pressure.

Composite sandwich construction also provides a unique opportunity to
incorporate piezoelectric, optical and other materials for sensing, monitoringtt
and advising regarding the “health” of the structure during manufacture and 
use. Piezoelectric effects on a structure are analogous to thermal and
hygrothermal effects, analytically, and therefore can be treated analogously.
Recently, J-Q Sun has studied the effects of piezoelectric (PZT) patch 
actuators on curved sandwich trim panels for improved acoustic control in
vehicle interiors.

Most recently, a team involving Thomsen, Rabinovitch, Bogetti,
Drysdale Arters, Weinacht, and Vinson has investigated the use of 
piezoelectric materials in flight projectile fins to transform a ballistic 
projectile into a maneuvering vehicle. Several designs evolved, analysis and 
structural optimization was performed, and models were constructed. Within 
the last year these models have been tested in wind tunnels at the University
of Maryland and Texas A&M at wind speeds up to 200mph, and the
piezoactuators worked as predicted.
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One very important dynamic loading unique to ship hulls is wave 
slamming. Allen and Shenoi have performed extensive experimental
research on sandwich beams involving two million cycles each lasting for
one second, realistic of the loads on ship hull structures. 

Ramachandra and Meyer-Piening report a significant reduction in natural
frequencies when a sandwich (or any other) panel is in contact with water on 
one surface. Their equations should be used when designing or analyzing
ship hulls.

Dobyns has provided the methods by which to calculate the natural 
flexural frequencies for orthotropic and isotropic sandwich plates, including 
the effects of transverse shear deformation. He has provided forced vibration
response solutions for these panels subjected to dynamic sine loads, step 
function loads, triangular loads, exponential decay (blast)loads, and stepped 
triangular loads (nuclear blasts). The solutions are given in easy to use
Duhamel Integral formulations. Solutions for many static load problems are 
given as well. Concerning vibration damping, the texts by Nashif, Jones and 
Henderson, and another by Inman are highly recommended. 

For buckling, there are five major textbooks dealing primarily with
elastic instability or buckling. These are authored by Bleich, Timoshenko
and Gere, Brush and Almroth, Simitses, and Jones.  Although these texts 
deal primarily with structures other than sandwich, the solutions can be 
applied to sandwich structures to investigate overall buckling of sandwich 
structures by using the appropriate flexural stiffnesses.

For the overall instability of honeycomb and solid core sandwich panelsm
subjected to in-plane compressive loads or in-plane shear loads, for all 
boundary conditions, the solutions first appeared in USFPL reports and in
Military Handbook 23. Also, the equations to predict core shear instability
are given as well. Another local buckling that can occur is face wrinkling. 
There are two equations that have been given to express this type of 
buckling. One is by Heath and the other by Hoff and Mautner. There is still
disagreement on which of these equations to use. For honeycomb sandwich
structures, both hexagonally shaped cells or the rectangular (egg-crate) type,
monocell buckling or face dimpling can also occur. For truss core sandwich
panels, the elastic and geometric constants were first derived and presented 
by Libove and Hubka and by Anderson. Overall buckling was treated by 
Seide and given in Mil HDBK 23.

For a truss core sandwich, care must be taken to insure that the faces do 
not buckle locally, and that the core plates do not buckle as well, for both in-
plane compressive loads and in-plane shear loads. For web core sandwich
panels, the equation for overall buckling is given by Seide Again care must 
be taken to insure that the face plates do not buckle locally, and that the core 
plates do not buckle as well.
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Minimum weight optimization studies have been performed for the 
honeycomb core, the foam or solid core, the truss core and the web core 
sandwich panels subjected to in-plane compressive loads, and in-plane shear
loads as well. In the process figures of merit were determined that are most 
helpful in material selection and comparison. In addition, these methods also
provide the optimum stacking sequence for the face plates if a laminated 
construction is used. This research has appeared in many papers. 

Shell structures behave significantly different than plate and beam
structures, in that under laterally distributed loads for example there exists a 
“bending boundary layer” in which bending stresses are superimposed upon 
the membrane type stresses over a small region close to any structural, load 
or material discontinuity. Further away from these discontinuities, the 
stresses are membrane only. The bending boundary layer length in shells is 
on the order of four times the square root of the product of the local radius of 
curvature times the structural wall thickness.

Regarding the buckling of shells, sandwich or not, shells buckle usually
at a fraction of the load predicted by standard methods of analysis, because
shells are very imperfection sensitive. This requires the use of empirical 
factors with the equations. 

4. FUTURE

The future for sandwich construction looks bright indeed. Sandwich 
construction will continue to be the primary structure for satellites. In 
aircraft, sandwich construction will be increasingly used particularly for
large aircraft. Several countries are now using composite sandwich
constructions for their navy’s ship hulls. However one of the largest uses 
will be for bridge constructions. Not only will it be used in those states 
whose Departments of Transportation (DOT) are or become knowledgeable, 
but there is a large international market in developing countries who may
welcome the advantages, thus leapfrogging their bridge constructions into
the 21st century without all of the convent tional constructions used in the
major countries today. Finally, with the growing need for alternative sources
of energy, wind energy mill systems are being developed all of which rely
heavily on composite sandwich constructions. 

Thus the “big ticket items”, the major uses of sandwich construction in 
the future will be ship hulls, bridge structures and wind energy systems.  
These will drive the industry throughout the world.
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1. INTRODUCTION
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The challenge of making a structure as light as possible without 
sacrificing strength is fundamental in aircraft design. Inevitably, the
requirement leads to the need to stabilize thin surfaces to withstand tensile
and compressive loads and the combination of the two, in tension, torsion
and bending. Traditional airframe structural design has in the past, and still 
does to some extent, overcome this difficulty by use of longitudinal
stiffeners and stabilizing rings with stringers and ribs or frames. But this is 
not a very elegant solution in composite design and, in fact, the stabilization
of a surface – creating a resistance to deforming forces – can in many cases
be more efficiently effected by the use of twin skins with a stabilizing
medium between them [1].
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2. BRIEF HISTORY OF SANDWICH

APPLICATIONS

Sandwich is a common principle in nature and hence the concept is older
than mankind itself. The branches of the elder tree are a good example for a 
foam core sandwich structure. The bones in the skeletons of animals and
humans are sandwich structures with foam-like core materials as well.
Natural sandwich structures are subjected to complex load cases. The bones 
in legs have to withstand repetitive, super positioned bending and 
compression loads. Moreover nature imposes a strict demand for lightweight
primary structures (e.g. skeletons of birds). All the mentioned examples
show the principle of structural optimisation: minimum use of material for
maximum performance.

W. Fairbairn was reported to be the first person to describe the sandwich 
construction principle in 1849 for the Britannia Tubular Bridge in North
Wales. The sandwich comprised iron compression sheets riveted to both 
sides of a wood core. In 1924 T. von Karman and P. Stock patented a glider
plane applying sandwich for fuselage structure. Following his predecessor
von Karman, Mautner designed a plane having sandwich elements in the
wing structure. The chief designer of De Havilland, E. Bishop, was the first 
person to use the sandwich principle in a powered aircraft. He used the 
sandwich concept in the fuselage of the Comet Racer, the Albatross and in
the wing and fuselage of their successor, the famous Mosquito (figure 1).

Figure 1. Fuselage of the De Havilland Mosquito, source: Toronto Aerospace Museum.
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For these aircraft the sandwich core was balsawood while the facings 
consisted of birch plywood and were joined to the cores by bonding. The 
adhesive used for the bonding was based on phenolic resins (Bakelites). 
However the use of bio-degradable materials like wood is problematic due to 
their susceptibility to biota like fungi. Metal-wood sandwich was applied in 
the floor panels of the older Fokker F27. In this case the elements had a core
of balsa and facings of aluminium. 

The invention of modern honeycomb sandwich structures goes back into 
1940’s and was the idea of the circus proprietor George May, who showed at
Farnborough his invention, that looked like a cross between a book and a
concertina. Improvements made through impregnating the paper with 
phenolic resin led to the honeycomb semi finished products known
nowadays [1, 2]. 

The use of sandwich structure in the Apollo project, that successfully
landed on the moon in 1969, showed the high potential of sandwich structure
in the field of aerospace. With the help of this unique technology, it was
possible to construct the Apollo capsule and its heat shield, which was light
and yet strong enough to sustain the stresses of acceleration during the start
and re-entry phase [4].

Application of composites for large structures at AIRBUS started in 1983
when the A310 was the first aircraft in the AIRBUS fleet to be equipped 
with a composite honeycomb sandwich rudder. The composite Vertical Tailrr
Plane for the A310 was soon to follow in 1985. Ever since, the experience 
with large composite structures was extended. Current developments are
being outlined later in this paper.

Today a large variety of sandwich cores are being applied in structural 
engineering (see figure 2) [7, 8]. 

Figure 2. Different sandwich core types. 
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This short review of the implementation of sandwich structures in nature
and in the past of aviation summarizes the concept of sandwich structures.
They are very efficient with respect to their integral structural behaviour,
weight and manufacturing costs. Validation of new calculation methods and 
tools, better understanding of effects of defects, improved and more
economic Non Destructive Testing (NDT) capabilities (also for large area 
inspection), advanced core materials, novel manufacturing methods and 
integration of structural and non-structural functions are some areas of 
current research work being conducted in the composite sandwich R&D 
community. The development of sandwich structures and their application
does advance and has great potential in the near and mid-term future of
commercial aviation [5, 12, 13, 14, 16, 17, 18].

3. STATE OF THE ART COMPOSITE SANDWICH

STRUCTURES AT AIRBUS

There is a broad range of composite sandwich structures application in 
Airbus aircraft. Typical external structures are aerodynamic fairings, covers
and doors. Examples are radomes, belly fairings, leading and trailing edge
fairings, engine cowlings and landing gear doors. Moreover there is a variety 
of composite sandwich control surfaces throughout the Airbus fleet (e.g.
rudder, aileron, spoiler). Examples for the application of composite
sandwiches inside the aircraft are fairings and floor panels in the passenger
compartment. Figure 3 gives an overview of composite sandwich 
applications in the A380 aircraft. 
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The requirements for composite sandwich structures in commercial
aviation aircraft are very diverse. External structures face a wide range of 
operational temperatures and high aerodynamic loads. Radomes and leading 
edge fairings are exposed to impacts due to bird strike and hail, lightning
strikes and abrasion caused by rain and dust. Moreover electromagnetic 
transmissibility for radar and avionics is required. Foreign object damage
(FOD) caused by runway debris is a characteristic threat for all surfaces on 
the lower side of the aircraft. Floor panels in the passenger compartment
must withstand transverse, discrete loads caused by passengers (e.g. high
heel shoes). These examples underline the diversity of operational and 
environmental requirements for the different sandwich applications. It is 
crucial to be aware of the different requirements early in the design process 
in order to develop an appropriate structure accordingly.
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Figure 3. Examples for sandwich applications A380.

To fulfill the different requirements a variety of material combinations 
can be found in the current composite sandwich structures. Predominate skin
materials are glass fiber and carbon fiber reinforced prepregs with epoxy
resin matrices. The predominate core material for sandwiches is NOMEX®

honeycomb. Due to fire, smoke and toxicity requirements (FST) less 
hazardous phenolic resins are being applied in the manufacture of surface
layers of cabin interiors. ROHACELL® PMI hard foam is being applied as a 
manufacturing aid (lost tool; e.g. hat profiles for A340 and A380 rear
pressure bulkhead).

4. VERTICAL TAIL PLANE (VTP)

Vertical tail planes of Airbus aircraft consist of 5 major structural 
assemblies (see figure 4): 

1. Leading edge fairings (including tip and dorsal fin)
2. Center box structure (including the interface to the fuselage)
3. Trailing edge fairings 
4. Rudder
5. Fin – fuselage fairing

For the A340 VTP the leading edge, trailing edge, dorsal fin, tip, the fin-
fuselage fairing and the rudder are produced with composite sandwiches.
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Figure 4. VTP major structural assemblies (example A380).

The leading edge fairings (including tip and dorsal fin) have to withstand 
aerodynamic loads, abrasion and hail-, bird- and lightning strike. Antennas
are mounted behind the leading edge and the tip, therefore they have to 
allow for electromagnetic transmission. The Material combination for these
areas is glass fibre reinforced prepreg and NOMEX® honeycomb.

The largest sandwich structure in the A340 VTP is the rudder. It consists
of the following major components:

Left and right hand skin panel (NOMEX® honeycomb and carbon fibre 
prepreg; layers of glass fibre prepreg in specific areas for corrosion 
protection)
Front spar (monolithic carbon fibre prepreg)
Root rib (monolithic carbon fibre prepreg) 
Diverse fittings (aluminium parts)
Diverse small parts 
The dimensions of the rudder are:
Length at front spar:   ~9,9m
Length at trailing edge:  ~9,3m
Width at tip:      ~0,9m
Width at root rib:    ~2,6m
Overall surface:    ~15,3m²

Sandwich is the ideal structure for this large component as stiffness to
weight ratio is a critical requirement for control surfaces. 
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5. FUSELAGE

A full composite fuselage is one focus of current R&D and development 
activities ongoing in commercial aviation. Boeing intends to build its new 
airplane, the 787, with a full composite fuselage [21]. Although it seems that 
the first generation full composite fuselage for commercial airliners will be
monolithic, several sandwich concepts were investigated by different 
companies within the last years. 

The “Deutsches Zentrum für Luft und Raumfahrt” (DLR) proposed a
sandwich fuselage concept in which the outer skin is only intended to be an 
aerodynamic fairing. Frames can be attached to the uninterupted (no
stringers) surface of the inner skin [3, 13].

An evaluation of a composite sandwich fuselage concept done by 
NASA/Boeing suggests that the tested structure with twice the original 
frame spacing is capable of sustaining design ultimate load conditions 
without damage and of sustaining design limit load conditions with a 1-inch-n
long notch [22]. 

Airbus initiated a CFRP fuselage project in 1999 supported by the
German government. In the first four years of the project, a wide screening
of technologies was carried out and several design concepts for a CFRP 
fuselage were evaluated. In this context the whole fuselage was taken into 
account, implementing also neighbourhood engineering areas such as cabin, 
interior, equipment, system installation and insulation. This investigation
leads to the integrated double shell design (IDS), which enables the 
implementation of more functions into fewer parts. Two different double
shell concepts, SoFi (Stringers outside, Frames inside) and VeSCo (Ventable
Shear Core), are now under investigation and are being optimised through 
tol 2007. 

SoFi aims to provide maximum thermal and noise insulation and impact-
protection accompanied by attractive weight savings. The SoFi core material 
consists of a carbon pin reinforced foam where the reinforcement can be 
tailored accordingly with the outer skin providing the aerodynamic surface.

The VeSCo concept is shown schematically in figure 5. VeSCo is
designed to provide a maximum of weight saving while still offering
attractive protection against impact and noise. Again with the outer skin
providing the aerodynamic surface. In between the two skins there is a core
material that is ventable in order to avoid moisture accumulation.
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Compared to an aluminium reference fuselage, SoFi and VeSCo may 
achieve weight savings of about 24-29% [12, 15]. 

1: Outer skin

2: Core

3: Inner skin 

4: Cabin / Interior

Figure 5. VeSCo concept (schematically shown).

Current R&D shows that there is a high potential for CFRP sandwich 
applications to save weight and cost in fuselage structures. Metal fuselage 
structures have been optimised for more than 80 years now and further
optimisation becomes more and more difficult. Introduction of a new 
technology, like composite monolithic or sandwich structures, will lead to ar
step improvement and a new, steep learning curve.

6. SANDWICH POTENTIALS

Composite sandwich structures offer a wide range of advantages and
potentials considering aircraft structural design.

Sandwich structures are very weight effective when it comes to stiffening 
of skins. The stiffeners are not discrete as in classical stiffened skins
resulting in a continuous stiffness distribution in the skin panel. Hence the 
resulting, non interrupted surface of sandwich skins leads to further
advantages, as it is possible to avoid complex cross-overs of stiffening
elements (e.g. frames and stringers) which will finally lead to the reduction
of analysis-, manufacturing- and maintenance complexity in these areas.
Moreover the integral, continuous stiffening permits a reduced parts count 
for assemblies and therefore less logistics, parts manufacturing- and 
assembly work. In addition simple skin topography without protruding 
elements simplifies the vacuum build up (bagging) of the component and 
reduces manufacturing risk caused by bagging errors (e.g. bridging of 
vacuum foil, pin holes, strong wrinkling and deformation of foil – see figure
6). The less complex surface geometry allows simple introduction of 
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