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Abstract

Sandwich structures made up by foam core and carbon fiber face-sheets are now seen as a promis-
ing technical solution for the design of railway carbodies by many railway manufacturers. Despite
their numerous advantages over the classical metallic structures, transversal load introduction usu-
ally result in high stresses in the core of a sandwich structure. Hence, the fastening of equipment
on a sandwich carbody must be studied carefully. The focus of this thesis has been put on the seat
fastenings.

Several technical solutions were compared. A metallic part, called a C-rail, adhesively bonded
on the top of the sandwich panel represents the best solution according to the requirements. The
aim of the C-rail is to spread the load and therefore lower the stress concentration in the core. The
reaction loads at the seat fastenings, when the seats are loaded according to the European norms,
where calculated using finite element (FE) analysis. Guidelines for the design of the C-rail were
developed, based on 2D FE models. The focus was put on the reduction of stress concentration in the
core. It was shown that an optimal C-rail cross section can be found for a specific sandwich panel.

An analytical solution of the residual shear stresses induced by thermal expansion was developed
to facilitate the choice of adhesive. It was shown that thick adhesive layers with low shear stiffness
have the best strength with respect to temperature changes. Based on the 2D FE model, efficient
techniques were derived for the modeling of adhesive layers. The influence of the face-sheet and
adhesive modelisation on the stress distribution in the adhesive was studied. For that purpose, several
combinations of material properties for the face-sheet and adhesive were investigated. In particular
a spring based model of the adhesive was derived in order to include the face-sheet out of plane
stiffness. It was shown that the stiffness of the adhesive have a high influence on the stress distribution
in the adhesive layer.

A 3D model was built up in order to investigate the load cases derived at the fastenings and to
validate the qualitative studies based on the 2D models. The choice of the final sandwich panel de-
pends on numerous issues such as sound insulation, dynamic properties or weight.Various sandwich
configurations were investigated in order to determine the influence of issues related to equipment
fastening on the final choice of sandwich panel. The face-sheet bending stiffness as well as the core
stiffness were identified as the key parameters regarding the sandwich panel out of plane strength.
The panel configuration obtained by weight optimization of the carbody represents the weakest con-
figuration with respect to out of plane load introduction. Note that the solution proposed fulfilled the
requirements for that configuration.
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Chapter 1

Introduction

1.1 Sandwich Carbody

1.1.1 Introduction to the sandwich and fiber composite concepts

The sandwich concept consist in using a stack of different materials to built up a plate. A core material
is placed in between two face-sheets (See Figure 1.1). The different components are bonded together
using glue. The core is weak an does not carry much of the in plain stresses. Its aim is to move the face-

Figure 1.1: Schematic of sandwich structure panel

sheets further apart in order to increase the bending stiffness of the sandwich panel. Since the core is
lightweight the weight of the structure does not increase much. The aim of the face sheets is to carry the
tractive and compressive in-plane stresses while the core will carry the shear deformations.The choice
of the face-sheet material is governed by traction/compression strength and stiffness, whereas the choice
of core material is governed by weight/shear, strength and stiffness. Optimized face-sheets and core
thickness combination can be found in order to lower the weight. The resulting panel is usually built up
by thin face-sheets and a weak core. A much more lightweight solution can be achieved by sandwich
structures compared to classical metal structures.

In order to increase the performances of a sandwich structure, composite face-sheets can be used.
Several laminae or layers composed of unidirectional fibers linked together by a matrix material are
stacked together to form a laminate (See Figure 1.2). The fibers are made of a material with high stiffness
and strength. The matrix which aims to link the fibers together is chosen for its mechanical properties and
for its ability to be processed. An unidirectional laminae or layer is stiff and strong in the longitudinal
direction of fibers and much weaker in the lateral direction. The result of the superposition of different
unidirectional layers is a plate which has different properties in different directions. The orientation of
the fibers of the different laminae is optimized to obtain the highest strength/stiffness in the required
directions while keeping a low weight [1].

This study aims to develop fastening solutions for carbodies built up by sandwich panels with carbon

1
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(a) Laminae: A lamina is com-
posed of unidirectional fibers
linked together by a matrix ma-
terial

(b) A laminate is a stack of lam-
ina

Figure 1.2: Schematic of fiber composite laminate

fiber face-sheets. Carbodies partly built up by sandwich panels have already been developed for both
metro and high speed train applications [2]. The floor, walls and roof of the C20 FICA Stockholm metro
are based on sandwich panels reinforced by metallic crossbeams which are bolted together. The aisle
space was increased by 30% while keeping the same gage. Furthermore, the tare weight per passenger
was reduced by 8% comparing to the metallic frame based C20. The South korean tilting train TTX also
uses that technology. Sandwich panels built up by carbon fiber/epoxy prepreg face-sheets and aluminum
honeycomb core are combined with a metallic frame for the roof. The carbody overall weight has been
reduced by 28% and the center of gravity has been lowered compared to a stainless steel carbody. Hence
the maximum speed of the train in curved track was increased.

This study is part of a project led by the Centre for Eco2 Vehicle Design. Its aim is to reduce the
weight of the load carrying structure of high speed trains by 30%. A sandwich Carbody using few
components has been designed by Wennberg et al. in [3]. In the solutions previously described, the
sandwich panels were associated with a metallic frame built up by cross beams and solebars. One of the
ambitions of this project is to remove this metallic frame from the design of the load carrying structure of
the train. Instead 6 sandwich panels will be linked together by 6 longitudinal metallic joint beams (See
Figure 1.3). The weight of the load carrying structure could be reduced down to 32% or 4100kg/unit

Figure 1.3: Sandwich carbody designed in [4]

by the use of sandwich panels compared to a more conventional carbody structure [3]. Note that the
sandwich panel was designed to keep the dynamical properties of the carbody unchanged.
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1.1.2 Discussion on advantages and issues related to sandwich carbodies
A lot of effort is currently made to reduce the weight of high speed trains [2]. Replacing the corrugated
metallic face-sheets, usually used for the carbody load carrying structure in combination with solebars
and crossbeams, by sandwich panels could be an efficient solution [3, 5]. Sandwich panels can actually
have higher stiffness and strength over weight ratio [6]. Hence, the walls could be thinner and lighter,
allowing for 2+3 seats configuration without modifying the gage of the train. The weight over passenger
ratio, which is substantially higher for trains than for airplanes or cars, could hence be lowered. Lowering
the tare weight of the vehicle could either permit to increase the number of passengers or to lower the
axle load, thus reducing maintenance costs of the track and wheelsets. A lower center of gravity could
also permit to run at higher speed on normal tracks. Brakes and suspension could be downsized. Surfaces
could be smoother and more complex, resulting in better aerodynamical performance and more attractive
design. The energy consumption could be lowered to achieve the same performance. The maximum
tractive effort is lowered at the acceleration, the same goes for aerodynamic drag, rolling and gradient
resistance. It has been shown that several other advantages could result from the use of sandwich load
carrying structures. Sandwich panels can handle thermal and sound insulation functions [4] which could
permit to reduce the number of parts, potentially reducing production costs [2].

However, the use of sandwich load carrying structure raises new issues. Solutions to meet fire safety
and recycling requirements have to be found. As mentioned before, sandwich structures are able to
withstand high loads while maintaining a low weight. The introduction of these loads in the structure
have to be considered carefully. The weak properties of the core combined with low thickness of the
faces make sandwich panels highly sensible to localized loads. Special joints have to be designed to link
the panels. The present study aims to find a technical solution for out of plain load introduction. This
general issue will be studied while focusing on seat fastenings.

1.2 Load Introduction On Sandwich Panels

1.2.1 Inserts
When a sandwich panel is submitted to out of plane loads, high localized stresses can arise in the core
material. The smaller the area on which the loads are applied, the higher the stresses locally around
the load introduction. A sandwich structure is design to have a high bending stiffness, nevertheless, the
face-sheets are usually thin, hence the bending stiffness of the face-sheets is usually low. This allows
for large local deformations in case of out of plane loading. Furthermore, the weaker the core material
properties the larger the local deformations. Hence, in order to lower the amplitude of localized stresses
in the core, the face-sheet bending stiffness, the core shear and transverse stiffness and the amplitude of
the external pressure distribution must be considered carefully. There are two main ways to introduce
and spread localized loads in sandwich structures, insert and adhesive bonding. An insert is associated
with an adhesive or a potting compound which permits to fix it to the sandwich panel. Its aim is to
distribute a localized load in a structure [6]. The decrease of the stress concentration is achieved by a
local modification of the stiffness and strength of the sandwich panel. The fatigue strength is affected
if stiff and weak material are in contact in an area submitted to large strains. One can note that the
cores selected for the floor and walls are quite weak and brittle (See Table 2.1), a special care in the
design will have to be taken if inserts are implanted. A solution to introduce inserts in a panel built up
by a really weak core is to introduce a stiffer core locally in the area of the inserts. There are several
kind of inserts (See Figure 1.4). Partially potted inserts (See Figure 1.4(a)) are used to transfer in
plane or transverse load. Bending moment should be avoided since it will produce high stresses at the
lower part of the insert/core interface. In order to transfer bending moments, several partially potted
inserts have to be associated and stiffly joined, in that case each of the inserts is only transferring forces.
Fully potted inserts (See Figure 1.4(b)) have the same characteristics as partially potted inserts with
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(a) Partially potted insert (b) Fully potted
insert

(c) Through the
thickness

(d) Flared top in-
sert

Figure 1.4: Different types of inserts

a better load bearing capability since the core/insert bonded interface is larger. However, fully potted
inserts are heavier than partially potted inserts. Through the thickness inserts (See Figure 1.4(c)) are
used to transfer local bending moments. The bending moment is directly transfered to the face-sheets
which are then submitted to in plane loads. The load bearing capability of a through the thickness insert
is similar to the one of a fully potted insert since the bonded surface is the same. Flared top insert
1.4(d) have a larger bonding surface, hence shear stresses can be transfered through the face-sheet. In
order to have a smooth pressure distribution in the panel and to increase the bending moment transfer
capability, the top of the insert is flared, lowering the stiffness and then the transmitted pressure at the
edge. Through the thickness inserts should also be avoided. The outer face-sheet of the train should
actually remain untouched because of moisture infiltration, aesthetic and aerodynamic issues. Given all
those considerations summed up in Table 1.1 the Flared-Top seems to be the most appropriate type
of insert. The interface between the insert and the core material can be optimized in order to have a

Table 1.1: Load bearing capability of inserts [6]

Transverse
force

In-plane
force

Bending mo-
ment

Partially potted insert + ++ −−
Fully potted insert ++ ++ −

Through the thickness insert ++ + + + ++
Flared top insert ++ ++ +

better pressure distribution and avoid stress concentration in the case of partial inserts [6]. Some types
of inserts can be inserted after the manufacturing of the sandwich panel, the usual case is nevertheless
to attach them during the manufacturing process of the sandwich panel. This permit to increase the
quality of the manufacturing, to achieve a better strength and to lower the number of manufacturing
operations. In order to design inserts analytical models have been developed by Thomsen et al in [7]
and [8]. The classical sandwich theory does not allow to analysis stresses in the insert zone. Hence, a
higher order sandwich theory is needed. The variation of the core thickness as well as the independent
rotation of the face-sheets is taken into account in [7] and [8]. Those methods permit to determine
the strains and stresses everywhere in the material. The most common way to design inserts is however
to use FE method. FE permits to solve various problems and to quickly test the influence of various
parameters. Once a design has been fixed, tests are usually performed to check the reliability of the
results [9]. Various type of inserts have been developed to fulfill specific requirements. In the case of
sandwich panels with composite face-sheets the out of plane properties of inserts can considerably be
improved. The method developed in [10] consist in introducing reinforcement trough the thickness
of the plate using a conventional sewing machine. The core, the insert, and the face sheets are fixed
together by thread before the panel is impregnated. This process shows a great efficiency in the out of
plane strength and stiffness. It also increases the peel strength between core and face-sheets as well as the
transversal shear strength of the core material. The required time and equipment for the sewing process
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which implies added costs must however be taken into considerations.

1.2.2 Adhesive bonding
Adhesive bonding is widely used in the transport industry, more than 10 kg of adhesive sealant are for
instance used in a car. Adhesives are not only used as sealant, they can also carry structural functions. For
example the car hood stiffeners are attached by structural adhesive bonding [11]. The use of adhesive
bonding permits to link parts made of dissimilar materials, stress concentration due to bolt or rivet are
avoided. The entire contact surface carry load while using an adhesive bonding contrary to the case of
inserts. Bonded joints can have really high fatigue strength. Comparing to other fastening solutions
adhesive bonding is weight efficient. Since no screw or other added part has to be used and a smooth
pressure distribution require flared edges, this fastening solution is also aesthetic. Note that bonded joints
do not have the same strength in every direction [11]. In order to achieve high fatigue strength, peeling
and cleavage stresses have to be minimized (See Figure 1.5). In fact peeling and cleavage strength can be

Figure 1.5: Peeling stress and cleavage stress illustration

two times lower than the traction and compression strength. Note that it is impossible to disassemble the
substrates if the substrates cannot withstand high temperatures. Adhesive are also sensible to extreme
temperatures and moisture. The moisture rate should not be higher than a certain value which depend
on the adhesive material in order to avoid water infiltration (70% for epoxy adhesives [12]) . A train is
a partially isolated environment where people are breathing and sweating, the moisture rate is regulated
by the air conditioning system, its value usually oscillates between 20 and 80%. Models to predict
water infiltration in adhesives as well as accelerated test procedures has been developed [12]. The
strength of the joint is also highly dependent on the surface preparation. Its aim is to remove dust,
grease and oil as well as oxides at the surface of the substrate. The roughness of the surface is modified
in order to increasing the bondable surface. The wetting conditions are improved in order to have a
better repartition of the adhesive between the substrates (See Figure 1.6). The surface preparation

Figure 1.6: Wetting conditions

is performed by mechanical or/and chemical treatment. One should not trust data given by suppliers,
as material and surface preparation of the substrate are often optimized in order to achieve the best
performances. Hence an adhesive should always be tested [13]. The surface preparation has to be done
with realistic conditions; one has to be aware that the conditions in a measurement lab are sometimes
really different from the one in the production line. One of the advantage of bonding is that it can be
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produced either at the same time as the panel or later on. Several defects can appear in the adhesive :
bond cracks, voids, porosity and disband [14]. There are two kind of rupture, adhesive or cohesive. In the
case of an adhesive rupture, the rupture takes place in the adhesive itself while in the case of a cohesive
rupture, the rupture takes place at the interface between the substrate and adhesive. The adhesion strength
between the substrate and the adhesive will decrease with time depending on mechanical solicitation and
thermodynamical environment. Hence, right after the manufacturing process, the rupture due to static
loading should always be cohesive [12]. The thickness of the adhesive layer can also influence the mode
of rupture depending on the state of stress in the adhesive. In the case of a lap shear joint, the adhesive is
submitted to shear and peel stresses. There is a triggering value for the adhesive thickness above which
the rupture becomes adhesive. Even if analytical methods have been developed FEA (Finite Element
Analysis) is nowadays widely used in the design of bonded joints. It permits to perform 3D modeling
and to take into account material non linearity due to plasticity. Using FEA permits to limit the number
of test and to optimize thickness and shape of adhesive and substrates as shown in [15]. A review of
the latest methods used for the modelization of bonded joints can be found in [16]. Note that adhesive
bonding and inserts can be combined efficiently to form hybrid joints. It can permit for instance to lower
peeling stresses.



Chapter 2

Fastening solutions of seat in the carbody

2.1 Properties of the reference sandwich panel

The choice of the optimum sandwich panels configuration is based on requirements from various fields,
for instance mechanical, fire safety, thermal insulation and sound insulation properties need to be taken
into account. At first, the fastening solutions will be designed using the weakest sandwich panel proper-
ties with respect to out of plane load introduction as reference. Influence of sandwich panel properties
will be studied later on. In [3] D.Wennberg performed a constrained optimization in order to find the
lightest sandwich configuration.This optimization was constrained by multiple parameters such as stiff-
ness, strength, buckling, and thickness. The study was based on an equivalence of the Regina Train
structure by Bombardier Transportation. The shape of the carbody was fixed. The thickness of the
sandwich panels was constrained to be equal or lower than the thickness of the corresponding metallic
structure. Furthermore, the first vibration modes of the sandwich carbody were constrained to be equal
or higher than for the Regina train. Hence the optimization results in a thick and weak core combined
with thin face-sheets. Hence this configuration is the weakest considering transverse load introduction.
The sandwich panels selected for the different sections of are the following:

• Sidewall: CF skins: 1.61/2 · 0.85/0.98 mm (0◦/± 45◦/90◦), PMI 52 core: 100.0 mm
• Roof: CF skins: 0.48/2 ·0.32/0.91 mm (0◦/± 45◦/90◦), PMI 75 core: 102.3 mm
• Floor: CF skins: 0.81/2· 0.26/2.05 mm (0◦/± 45◦/90◦), PMI 52 core: 116.6 mm

The material properties of the Core and faces-sheets can be found in Table 2.1 and Table 2.2 respectively.

Table 2.1: Core material properties [17]

Type ρ
(kg/m3)

Ec
(MPa)

Gc
(MPa)

σt
(MPa)

σc
(MPa)

τ
(MPa)

PMI 52 52 75 24 1.6 0.8 0.8
PMI 75 75 105 42 2.2 1.7 1.3
PMI 110 110 180 70 3.7 3.6 2.4
PMI 205 205 350 150 6.7 9.0 5.0

7
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Table 2.2: Face-sheet material properties

name ρ (kg/m3) E(E1/E2)
(GPa)

G12
(GPa)

ν(ν12/ν21) α(α1/α2)
(10−6K−1)

Carbon /
Epoxy

1600 170/9 4.4 0.27/0.014 -0.7/36.5

Aluminum 2700 70 27 0.3 22

2.2 Derivation of load cases

2.2.1 Seat frame models

Similar carbodies are used for the first and second class. In the same way , in order to lower design and
production costs, similar carbodies should also be sold to different customers as far as it is possible. Fur-
thermore it must be possible to change the interior design of carbodies following trends and passenger
demand within the vehicle lifetime. The frequency of interior refurbishment will probably increase in
the future. The distance between seats can be changed. Adapted area for people with reduced mobility,
bikes or stroller can be designed. A second class coach can be switch into a first class coach. In the case
of a sandwich carbody inappropriate drilling could lead to major fatigue issues. Hence it is important
not to damage the load carrying structure. The common solution used by Bombardier to cope with those
requirements is to fasten the seats, using bolts (2 bolt per seat frame foot), to two C-rails (See Figure
2.1). The C-rails are usually made up by aluminum and manufactured using extrusion process. The

Figure 2.1: Bolted joint between a seat frame foot and a C-rail

seats can be rigidly fixed at any position along the C-rail, this is a good solution to provide flexibility
to the customer while avoiding fatigue issues. The position of the C-rails remains the same regardless
of the seat arrangement. The focus of this study will be the 3+2 seat configuration, since it appears to
be the most critical. In Bombardier passenger coaches one C-rail is fastened on the floor and the other
is fastened on the wall.This configuration let free space under the seats for legs or small luggages as it
can be seen in Figure 2.2(a). However in metro trains the 2 C-rail are fastened on the wall as it can be
seen in Figure 2.2(b). This configuration permits a quick and easy cleaning of the floor. The classical
configuration with the two C-rail fastened on the floor (See Figure 2.2(a)) is also usually encountered
in railway application. In order to choose the proper fastening solution, reaction forces have to be de-

(a) Wall / Floor (b) Wall / Wall (c) Floor / Floor

Figure 2.2: Seat frame designs
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rived at the interface between the seat and the C-rails. This will permit to identify the worst load cases
an the principal direction of loads. The European Norm EN 12663 [18] specifies which load should be
considered for equipment attachments. All the load cases described in Table 2.3 should be considered
individually. Note that the coordinate system define by the norm corresponds to the coordinate system
described Figure 1.3. Note that a vertical acceleration of 1g should always be taken into account. Fur-

Table 2.3: European Norm regarding equipment attachments for multiple unit high speed trains [18];
∗x = 2 at the vehicle end, falling linearly to 0,5 at the vehicle center

Acceleration in x di-
rection (longitudinal)

Acceleration in y di-
rection (horizontal)

Acceleration in z
direction (vertical)

±3g ±1g 1± x∗g

thermore each of the 3 seats is occupied by passenger whose weight is 80kg which corresponds to the
requirements imposed by The European Norm EN 15663. The weight of the 3 seats plus the seat frame
is equal to 90kg. In the case of a multiple unit high speed train, the classification of the vehicle in the
norm is P-II: fixed units and coaches. The 6 load cases defined by the norm will be designated by X+,
X−, Y+, Y−, Z+ and Z−.

The problem is statically indeterminate. Hence load at the fastening points depend on the seat frame
stiffness. A FE model for the seat frame will permit to determine the load at the fastenings. The seat
frame is modeled with beam elements since there is no interest in studying the stresses in the frame.
The modelization of the fastening area could possibly have an influence in the stress distribution in the
adhesive and the core. Hence, two different modelizations of the fastening area will be performed in
order to quantify this influence. There are two bolted joints (See Figure 2.1) per C-Rail, that is 4 bolted
joint per seat frame. The bolted joints provide a bi-directional contact area between the seat frame and the
C-rail. In other parts of the interface between the seat frame and the C-rail the contact is unidirectional.

In a simplified or rough model, the seat frame in the fastening area is modeled with beams. The C-rail
and the sandwich panel are considered as infinitely stiff comparing to the seat frame. Each of the bolted
joints is modeled by a clamped node, where all the degrees of freedom are locked. The unidirectional
contact area is not taken into account. Hence at the nodes corresponding to the bolted joints, the reaction
forces will be composed by 3 forces and 3 torques.

In a more detailed model, the seat frame is models with 2D shell in the vicinity of the contact area
with the C-Rail. The C-rail and the sandwich panel are considered as infinitely stiff comparing to the
seat frame. In the area corresponding to the bolt nuts (See Figure 2.1 ) the corresponding nodes of
the seat frame are clamped to the C-rail. In other parts of the interface area, unidirectional contact is
modeled in the transversal direction of the contact area. The in-plane forces that may arise due to the
friction between the C-rail and the seat frame are neglected. The unidirectional contact area is modeled
using Radioss PGAP elements. The model is no more linear, and several integration steps have to be
performed. The figure 2.3 shows a representation of the boundary conditions at one of the seat frame
edge. For visualization purposes PGAP elements linking the seat frame and the C-rail have non zero
length. They are linking nodes of the seat frame and corresponding clamped node representing the C-
rail. In the same way rigid RBE2 connectors are linking nodes of the seat-frame, corresponding to the
bolt joint area, to corresponding clamped nodes representing the C-rail.

The seats are considered as infinitely stiff. The external forces on the seats are either applied on
the backrest at a location corresponding to the body center of gravity, the arm rest or the bottom of the
seat. Each seat is modeled as infinitely stiff and attached on the frame by a single node. The resultant of
acceleration field imposed by the norm for both seats, seat frame and passengers, have been applied on
those three nodes. Note that this modelization can be used, since load application is far away from the
seat fastening area. A general representation of the models previously described can be seen Figure 2.4.
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Figure 2.3: Representation of boundary condition at one of the seat frame leg

(a) Wall/Wall; BC: Rough model (b) Wall/Wall; BC: Detailed model

(c) Wall/Floor;BC: Rough model (d) Wall/Floor;BC: Detailed model

(e) Floor/Floor;BC: Rough model (f) Floor/Floor; BC: Detailed model

Figure 2.4: Seat frames FE Beam modelization for rough and detailed model in the fastening area

The Figure 2.5 represents the central seat leg of a floor/floor seat frame configuration for a lateral
loading. Both rough (See Figure 2.5(a) ) and detailed (See Figure 2.5(b)) boundary condition are shown.
One can notice that the PGAP elements permit to limit the vertical displacement of the seat frame and
permit to increase the load carrying area.

The present study aims at giving general conclusion on the fastening of seats in sandwich carbodies.
Hence a simplified reference cross section with 2.5 mm thickness based on current values for metro and
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(a) Rough bondary conditions (b) Detailed bondary conditions

Figure 2.5: Deformation at the central leg of a Floor/Floor configuration (3g in x direction and 1g in z
direction); scale factor 250

passenger trains has been derived (See Figure 2.6). In order to investigate the influence of the stiffness

Figure 2.6: Cross-section of the Beam used for the FE calculations L=100mm, l=50mm, t=2.5 or 5 mm

of the frame on the results, a cross section with 2 times higher thickness than for the reference cross
section has been tested. Assuming that the thickness of the face-sheets of the seat frame are negligible
comparing to the dimension of the cross section we have :{

Iy′ = t(h3

6 + 1
2bh

2)
Iz′ = t( b3

6 + 1
2b

2h)
(2.1)

Hence, increasing the thickness by 100% is equivalent to increase the stiffness by 100%.

2.2.2 Reaction forces at the seat fastenings

Note that one has to consider separately the forces applied on the wall and on the floor since the corre-
sponding sandwich panel have slightly different properties (See section 1.1). The European Norm EN
12663 [18] require 6 different load cases, nevertheless the longitudinal acceleration have similar effects
in both directions, hence 5 different load cases per seat frame geometry are remaining.

It is hard to analyze stresses extracted from model using detailed boundary conditions in the fastening
area. In this section, only the reaction forces obtained with rough modelization of the fastening area will
be analyzed. The results show that a variation of 100% in the stiffness of seat frames have reasonably
small influence on the distribution of the reaction forces. The variation at the four fastening point between
the two cross sections is always below 2% for the forces and below 5% for the torques. Hence the result
of this study will not be dependant on the cross section used for the seat frame. It is also hard to find out
which load cases are the more critical. In-plane and out of plane forces will have dissimilar effect on the
adhesive bond and the core material. Furthermore it is hard to compare the effect of torques and forces.
Nevertheless, the geometry of the seat frame has a large influence in the amplitude of reaction forces.

The Table 2.4 reference the maximum values in each direction, for all the seat frame configurations.
It appears that the Wall-Wall seat frame induces the highest maximum values followed by the Floor-Floor
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seat frame and the Wall-Floor seat frame. At first sight the Wall-Floor seat frame seems to induce the
lowest reaction forces. But once again the combined effect of torque and forces will have to be taken into
account. Note that the maximum compressive force goes up to 20kN at the bolt in case of a wall/wall

Table 2.4: Comparaison of reaction forces between seat geometry

Wall-Wall Wall-Floor
(Wall)

Wall-Floor
(Floor)

Floor-Floor

Max Traction Force (N) 16322 3067 14901 16846
Max Compression Force (N) 19936 4169 12525 14226
Max Lateral Shear Force (N) 3607 3413 4599 3468
Max Global shear Force (N) 3890 3842 5541 5050

Moment in x direction (Nmm) 384482 151868 30963 241795
Moment in y direction(Nmm) 242962 103040 132461 88675
Moment in z direction (Nmm) 920832 192642 629518 710329

fastening with X+ load case (3g in x direction and 1g in z direction).

2.3 Fastening solutions
In the case of a classical steel or aluminum carbody a wooden floating floor is used in order to lower the
noise disturbance. The C-rails are actually glued to this floating floor as presented in Figure 2.7. The

Figure 2.7: Classic solution: C-Rail attached to the floating floor

solution 1 presented in Figure 2.8(a) is based on the same idea. The floating floor is 13 cm thick for the
Regina train. However, the sandwich panel selected for the floor in [3] are more than 100 mm thick.
Keeping the same design will lead to added weight. Furthermore the mechanical properties are modified
since the panel is cut and the strength and stiffness are locally modified. The rail used for solution 1 is
a widely used design for panel fasteners. Hence this type of solution could be coupled with the metal
joints which are used to fasten the sandwich panels (see figure 1.3). For that purpose, the design of
the metallic joint has to be slightly modified in order to include a C-rail shape. That solution is really
lightweight. Nevertheless, note that it will not permit to solve all kind of fastening issues. There are
actually a few joints between panels. Furthermore this will have strong influence on the interior design
which will depend on the position of metallic joints.

A more lightweight solution is illustrated Figure 2.8(b). Once again the tensile and compressive load
carried by the upper face-sheet will have to go through the C-Rail. Hence the mechanical properties
are modified. Further work should be done in order to determine whether or not the glue could with-
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(a) Solution 1 (b) Solution 2

(c) Solution 3 (d) Solution 4

Figure 2.8: Different fastening solutions

stand tensile and compressive forces which pass through the face-sheet. Simulation should be done to
determine the effects of the solution on the eigen-frequencies of the carbody. Fatigue issues can appear
in the C-rail/Core interface due to the high stiffness gap. Sandwich panels are usually used associated
with metallic beams. A version of the Stockholm metro C20 as been developed with such a technol-
ogy. Figure 2.8(c) present this widely used solution which could easily permit to fasten a C-rail drilling
through the upper face sheet and the beam. This solution is quite heavy and fatigue issues can appear if
the sandwich panel is submitted to high shear stresses.

Figure 2.8(d) shows a much lighter solution. The shape of the rail especially at the edges can be
optimized in order to have a uniform pressure distribution. Furthermore, the manufacturing process
is really flexible for this solution. One can either use inserts or glue to fasten the C-rail on the top
of the panel. Risks of debonding could however appear in the core/face-sheet interface in the case
of high pulling force. In the case where the C-Rail has to be fastened on the floor this solution has
aesthetical drawbacks. It could as well be a safety issue as passenger might trip on the rail. A solution
to cope with this could be to use inserts to fasten the rail. All the inserts needed should be attached
during the manufacturing process. No rail should be fastened in the areas reserved for bikes, people with
reduced mobility or stroller. Since inserts are available C-rails could be fastened later on in the case of a
modification of the interior design.

The C-rail fastening solutions presented above lead to weight or aesthetic issues. The solution pre-
sented Figure 2.9(a) and Figure 2.9(b) could permit to get around them. Instead of a C-rail, inserts should
be attached on the sandwich panel every a = 250mm on a straight line. The length of the slotted hole in
the adaptator part (See figure 2.9) is equal to L = 50cm. The distance b between adaptators is equal to
the distance between two seats. For any value of b, if l ≥ 3a, then at least 2 and possibly 3 inserts will
be used to fasten each adaptator. Once the adaptators fastened to the sandwich panel the seat is fastened
to it. A study has to be conducted to know what should be the distance between inserts in the case of
a continuous rail and to compare it with the one used in Figure 2.9(a) and Figure 2.9(b) to evaluate the
cost efficiency of such a solution. Note that C-Rails are usually manufactured by extrusion process. The
need of a slotted hole will require a costly machine tooling or casting process in order to manufacture
the adaptators.

Note that the solution presented above can be combined efficiently. A summary of their advantages
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(a) C-Rail with
Slotted hole

(b) C-Rail with Slotted hole on the line of inserts

Figure 2.9: Solution 5

and drawbacks is presented in table 2.5.

Table 2.5: Comparaison between fastening solutions, Solution 1 bis is a coupling between solution 1 and
a metallic panel joints

Solution number
Weight effi-
ciency

Conservation
of the sand-
wich panel
properties

Sandwich
panel fatigue
strength

Interior
design

Solution 1 −−− −− ++ + + +
Solution 1 bis + + + + + + + + + −−
Solution 2 + −−− −−− + + +
Solution 3 − ++ − ++
Solution 4 ++ + + + + + + −−
Solution 5 + + + + + + ++ ++

Sandwich panels can have good sound insulation properties. The maximum noise level in the carbody
is defined by the norm. In the case of a high speed train it doesn’t seem to be possible to remove the
floating floor from the design while meeting noise level requirements. The Figure 2.10 shows a sandwich
carbody structure coupled with a wooden floating floor. One can notice that similar transversal load
introduction issues will anyway have to be solved regarding the links between the floor sandwich panel
ans the floating floor. In case the floating floor is design using sandwich structures similar issues will

Figure 2.10: Link between the floating floor and the sandwich carbody structure

have to be solved. The objective of the thesis is to study issues and find solution for the critical case of
equipments fastened directly on the sandwich structure. Hence the floating floor will not be considered.
Instead, the floor fastenings will be considered directly on the sandwich structure.
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Design of adhesively joined C-Rail

3.1 Models description

The aim of the C-Rail is to distribute the loads through the sandwich panel providing a smooth pressure
distribution at the interface. The objective of this section is to investigate how the stresses are distributed
in the sandwich panel for the chosen fastening solution (See Figure 2.8(d)). Some general rules for the
design of the C-Rail will be derived from qualitative analysis. Modifications of the C-Rail cross-section
mainly affect stresses distribution in the yz plane (See coordinate system definition Figure 1.3) . Hence a
3D model with one element in the x direction have been built up. The floor panel detailed in the section
1.1 has been used as reference. The sandwich panel is 1000 mm long and clamped with hard boundary
conditions at its two edges. Furthermore, the displacement in x direction are locked for all the nodes,
which corresponds to plane strain. A common value for the adhesive layer thickness is 0.1 mm. The
adhesive is considered as infinity thin and is not modeled. The out of plane loading could induce high
localized stresses σzz in the core. Hence the core is modeled with 3D elements. This permits to decouple
the face-sheet displacement, and permits to model localized effects around the area where the loads are
applied. In the case of out of plane loading, cracks will in the most cases appear in the core material, at
the interface between the core and the face-sheet, in the vicinity of the load application. Given the weak
properties of the core that as been chosen for the floor and side walls in [3], this area will be monitored
with a special care. In the out of plane direction the stiffness of the face-sheet material is equal to the
stiffness of a lamina in the transverse direction of the fibers (E2=9 GPa See Table 2.2). The core material
stiffness is equal to 75 MPa (See table 2.1). Furthermore the thickness of the face-sheets is much lower
than the thickness of the core. Hence, face-sheets material can be considered as infinitely stiff in the out
of plane direction comparing to the core material. The face-sheets properties which play a key role in the
pressure distribution in the core are the bending stiffness and the in plane stiffness. The face-sheets can
be modeled with shell elements. The PCOMP properties in RADIOSS is based on the laminate theory
and permits to model fiber composite properties.

It has been shown in section 2.2 that reaction forces at the center of the bolted joints between the
seat frame and the C-rail are a linear combination between torques and forces. In order to investigate the
influence of each load type, a unit vertical force Fz , a unit lateral force Fy and a unit roll torque Mx will
sequentially be tested. In the case of forces, it is assumed that the pressure distribution is uniform in the
area corresponding to the interface between the bolt an the C-rail. Hence, a uniform pressure distribution
is applied in this area, the resultant of this pressure is equal to the resultant of pure forces derived in the
Section 2.2. In the case of the unit torque Mx, forces are applied on nodes corresponding to the interface
between the bolt an the C-rail, the resultant of those forces at the point located in the center of the bolted
joint is equal to the resultant of the pure torques derived in section 2.2.

The typical size of the elements used in the interface area is 1mm which is really small and provide
sufficient accuracy. Lowering the mesh size down to 0.8 mm result in a negligible variation of stresses in

15
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the sandwich panel. The computing time is around 100 seconds which is quite low hence no optimization
on the mesh size has been performed.

The reference C-rail cross section that will be used throughout the thesis is shown Figure 3.1.

Figure 3.1: Reference C-rail cross section, ? it must be possible to place the nut of the bolted joint inside
the C-rail

3.2 Analysis of the state of stress in the sandwich panel
In the case of the vertical loading Fz localized stresses σzz arise in the core around the contact area
between C-Rail and sandwich panel. The stresses are higher at the edges and the middle of the panel.
Localized stresses σyy arise in the same area as σzz stresses, there is a factor equal to the Poisson ratio
between them. A global shear stress σyz can be observed in the core material. This is due to shear defor-
mation arising due to the bending of the sandwich panel. The applied forces has not a significant local
effect on the shear stress, the C-Rail cross section geometry have no significant effect on the shear stress
in the core material. In the upper row of elements in the core,

Fz =
∑

(σzz ·Ae) = 0.857 N,

where Ae refers to the top surface area of a core solid element, whereas in the area located around
the interface between the sandwich panel and C-rail, in the upper row of elements,

Fz =
∑

(σzz ·Ae) = 0.966 N.

The applied load on the C-rail is equal to 1 N. Most part of the vertical loading 0.966 N is carrying by the
core material locally around the interface and the face-sheets are carrying the small remaining part of the
vertical unit load. In the areas located near the edges positive σzz stresses arise due to clamped boundary
conditions applied at the edges. Face-sheets prevent core from transverse shearing which induce vertical
stresses in the core, positive in the lower corners and negatives in the upper corners (See figure 3.2).

In the case of the lateral loading Fy, the force is applied on the top of the C-Rail which induce
combination between torque and shear force at the interface between C-Rail and sandwich panel. The
upper and lower face-sheets are locally rotating. The length of the rotating section is the same as the
length of the contact area between the C-Rail and the sandwich panel. Due to the localized rotation of
the sandwich panel shear stresses σyz arise through the panel length and are locally inverted in rotating
section. Localized stresses σzz arise in the area below C-Rail edges (See figure 3.3 ). The same goes
for stresses σyy multiplied by a factor equal to the Poisson ratio. The width of the C-Rail has a strong
influence in localization and amplitude of the stresses induced by lateral loading Fy. One can note that
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Figure 3.2: Reference C-rail cross section, Clamped edges L=1000mm, Fz=1N, σzz

maximum stress σzz is higher than maximum Von Mises stress. Strain νyy are the same between the
upper face sheet and the upper row of elements of the core. Since the face-sheet are much stiffer in the
Y direction they are carrying most part of the pure shear loading at the interface between the sandwich
panel and the C-Rail.

Figure 3.3: Reference C-rail cross section, Clamped edges L=1000mm, Fy=1N, σzz

When a torque Mx is applied on the top of the C-Rail, local rotation of the sandwich panel in the
area below the C-rail arise. In the area of the C-Rail edges as well as under the center of the C-Rail, high
σzz arise with oposite signs in reaction to Mx (See figure ). Once again σyy stresses arise in the same
areas as σzz stresses multiplied by a factor equal to the Poisson ratio. Similarly to the case of the lateral
loading, shear stresses σyz arise through the panel length and are locally inverted in the area under the
C-rail.

Figure 3.4: Reference C-rail cross section, Clamped edges L=1000mm, Mx=1N, σzz

All the different types of loading applied to the C-Rail in the yz plane (Fy, Fz and Mx) induce
mainly local σzz stresses in the sandwich panel. High stresses will arise at the edges of the C-rail in a
case of lateral loading while they will be located under the center of the C-Rail in the case of compressive
loading. Hence the effect of those load cases are decoupled. The Table 3.1 shows the results obtained.
Not that a linear combination of those results cannot be compared to the material limit since the load
application and the boundary conditions applied on the sandwich panel does not represent the reality.
This issue will be discussed in section 6.1.



18 CHAPTER 3. DESIGN OF ADHESIVELY JOINED C-RAIL

Table 3.1: Max Stresses in the core material (Absolute value), Reference C-rail cross section, Floor
sandwich panel properties, Unit loads

Load case σyy (MPa) σzz (MPa) σyz (MPa) Von Mises (MPa)
Fz (1 N) 2.022 · 10−3 6.56 · 10−3 5.076 · 10−3 8.79 · 10−3

Fy (1 N) 1.458 · 10−3 4.339 · 10−3 1.54 · 10−3 3.07 · 10−3

Mx (1 N) 4.169 · 10−5 1, 339 · 10−4 1.141 · 10−4 1.977 · 10−4

3.3 Influence of the C-Rail cross section geometry

In order to analyze the influence of the C-rail geometry on the stress distribution in the core, several
cross section were tested (See Figure 3.5). Note that the reference cross section corresponds to the cross
section number 5.

(a) C-Rail 1 (b) C-Rail 2 (c) C-Rail 3

(d) C-Rail 4 (e) C-Rail 5 (f) C-Rail 6

Figure 3.5: C-Rail Cross sections

For the cross sections number 1, 2, 3 and 4 (See figure 3.5) the typical thickness t is similar and
equal to 5 mm. The width l is respectively equal to 50, 100, 150 and 200 mm. In the case of vertical
loading (See Figure Ref 3.6(a)), σzz stresses arise locally under the middle of the C-Rail and seems to
be independent of the panel width. In the case of lateral loading localized (See Figure Ref 3.6(b)), σzz
stresses arise locally under the edges. The wider the C-Rail the lower the max σzz stresses. The max σzz
stresses due to shear loading and compressive loading are not localized in the same area under the panel
which lower the effect of combined loads. If a Mx torque is applied on the top of the C-Rail (See Figure
Ref 3.6(c)), stresses will arise under the center and the edges of the C-Rail. Once again the wider the
C-Rail the lower the max σzz stresses localized under the edges of the panel. In order to lower the max
stresses due to a lateral loading, increasing the width of the C-Rail is an efficient solution.

For the cross sections number 3, 4 and 5 (See figure 3.5) the width is similar and equal to 150 mm,
the typical thickness t are respectively equal to 5, 8 and 10 mm. The larger the thickness t the stiffer the
C-rail. In the case of vertical loading (See Figure Ref 3.7(a)), σzz stresses arise locally under the center
and the edges of the C-Rail. The stiffer the C-Rail the larger the stresses at the edges and the lower
the stresses at the center. In the case of lateral loading (See Figure 3.7(b)), localized σzz stresses arise
locally under the edges.The stresses at the edge depend on both the shape of the edges and the width of
the C-Rail but not on the stiffness of the C-Rail. If a roll torque is applied at the top of the C-rail (See
Figure Ref 3.7(c)), stresses will arise under the center and the edges of the C-Rail. As for compressive
loading, the stiffer the C-rail the larger the stresses at the edges and the lower the stresses at the center.
The stiffness of the C-rail has a strong influence on the pressure distribution between the areas under the
edges and the center of the panel. In the case of compressive load or Mx moment applied. An optimum
can be found in order to obtain the smoothest pressure distribution.
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(a) Unit transverse force Fz (b) Unit lateral force Fy (c) Unit torque Mx

Figure 3.6: Transverse stress distribution σzz in the core at the interface with the upper face-sheet for
C-Rail cross sections 1, 2, 3 and 4

(a) Unit transverse force Fz (b) Unit lateral force Fy (c) Unit torque Mx

Figure 3.7: Transverse stress distribution σzz in the core at the interface with the upper face-sheet for
C-Rail Cross sections 3, 5 and 6

3.3.1 Influence of material properties

In order to test the influence of core properties on the pressure distribution, 3 different core materials
have been tested : PMI 75, PMI 52 and PMI 110 (see Table 2.1). The stiffness of the core influence
the pressure distribution at the interface between the sandwich panel and the C-Rail in the same way
as the C-Rail stiffness does. For a given configuration, increasing the stiffness of the core will have
the same influence as lowering the stiffness of the C-Rail. A stiff core will hence increase the max
stress value under the center of the C-Rail and lower the max stress value at the edges of the C-Rail for
a compressive or pure torque applied at the top of the C-Rail. Even though the influence on a lateral
loading is less important, one can note that the higher the stiffness, the higher the max stresses at the
edges of the C-Rail. Modifying the properties of the face-sheet will have the same effect. The transverse
stress distribution σzz in the core at the interface with the upper face-sheet for the reference cross section
and core materials PMI 75, PMI 52 and PMI110 can be seen Figure 3.8.
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(a) Unit transverse force Fz (b) Unit lateral force Fy (c) Unit torque Mx

Figure 3.8: Transverse stress distribution σzz in the core at the interface with the upper face-sheet for
the reference cross section and core materials PMI 75, PMI 52 and PMI110 (see Table 2.1)

3.3.2 Result of different BC
The distance between the sandwich panel clamped edges has an influence on the bending stiffness of the
sandwich panel. The smaller the length the higher the bending stiffness. Or the stiffness of the sandwich
panel influences the stress distribution in the core in the vicinity of the C-rail. In order to investigate
qualitatively the influence of boundary conditions three different models are compared. The length of
the sandwich panel are 500, 1000 and 5000 mm respectively. For those 3 models, the transverse stress
distribution σzz in the core at the interface with the upper face-sheet for the reference cross section can
be seen Figure 3.9. As previously a higher bending stiffness induce higher stresses in the middle and
smaller stresses at the edges of the C-rail cross section in the case of a transverse loading.

(a) Unit transverse force Fz (b) Unit lateral force Fy (c) Unit torque Mx

Figure 3.9: Transverse stress distribution σzz in the core at the interface with the upper face-sheet for the
reference cross section and length of the sandwich panel equal to 500, 1000 and 5000 mm respectively

This section permitted to show that both the C-rail cross section geometry and sandwich panel con-
figuration plays a key role in the pressure distribution in the core locally around the C-rail. For each
sandwich panel configuration an optimized cross section can be found to lower the max transverse stress
in the core. The width l, the thickness t and the shape of the edge of the C-rail s are the key parameters
on which the optimization should be focused on.
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Dimensioning of the adhesive with respect to
thermal expansion

4.1 Model description for the calculation of thermal residual
stresses

In this section, the notations of Table 4.1 are used.

4.1.1 Model description

The C-rail and the sandwich panel have not the same coefficient of thermal expansion. In case of tem-
perature changes, residual stresses will arise in the adhesive bond. Large temperature changes can arise

Table 4.1: Notations

th Thermal
h Homogenized properties
l Local coordinate system of a lamina (See

[1])
Cr C-rail
fs Face-sheet
εth Thermal strain vector
∆T Temperature gap
T Transformation matrix (See [1])
Q
i

Stiffness matrix of the lamina i in the global
coordinate system (See [1])

N Vector of normal loads [N/mm](See [1])
M Vector of bending moments [N] See [1])
A Extension stiffness matrix [N/mm] (See [1])
B Extension / Bending coupling stiffness

matrix [N] (See [1])
D Bending stiffness matrix [N] (See [1])
h Thickness of the fiber composite layer
lCr Width of the C-rail
lfs Width of the face-sheet

21
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during the life time of the train. If the train is stored outside with switched off air conditioning devices,
the temperature inside the carbody can reach extremely low values. Furthermore, some adhesives must
be heated up to a curing temperature during several hours during manufacturing in order to obtain the
maximum strength for the adhesive bond.

The curing time to achieve the maximal strength for the adhesive layer is highly dependent on the
curing temperature. If large sections of sandwich panels are produced, oven with large volume capacity
are required. Hence, one can assume that it will be possible to heat up the carbody to high curing temper-
ature. The Figure 4.1 shows the evolution of the curing temperature with respect to the curing time. The
curing time needs to be as short as possible while keeping a reasonably low curing temperature which
condition residual stresses in the adhesive. It appears that a curing temperature of 1 hour corresponds
to a curing temperature of 50◦. Further more it is assumed that −20◦ is the lowest temperature that can
be reached inside the train which corresponds to a temperature gap of 70◦. The residual stresses corre-
sponding to that temperature gap must be below material limit. The temperature inside the train during
normal operation, when seat carry loads, is equal to 20◦ which correspond to a temperature gap of 30◦.

Figure 4.1: Curing temperature with respect to curing time for Araldite 2015 and Araldite 2018. The
shear strength obtained for the curing time referenced is close to the material limit

Several parameters, such as the thickness of the adhesive joint and the magnitude of the temperature
gap, influence the distribution of residual stresses in the adhesive. Material properties of the substrates
and adhesive joints also play a key role. In this section, a closed form model will be derived in order to
estimate residual stresses in the adhesive. Since the matrix of the fiber composite face-sheet is made up
by epoxy, the Araldite 2015 which is epoxy based will be used (See Table 4.2 ).

In this section the model and the equations are derived from the work done by Shuir [19]. At any
time, the temperature is considered as uniform in the adhesive and substrates. The displacement due
to bending that may arise at the edges of the substrates are not considered. The C-rail is considered
as fastened to the floor in case of a wall-floor configuration.The lowest temperature is reached while
the train is stored outside. In that case influence of metallic joints needs to be taken into account. The
metallic joints (see Figure 1.3) which link the panels together are considered as fastened during the same
construction phase as the C-rail. Only 3

8 of the sandwich panel width is considered (see Figure 4.2) for
each C-rail. At the edges of this section, free boundary conditions are assumed. It has been assumed
that xy stresses are equal to 0 in the xz section located on the middle of the C-rail and metallic joint.
This assumption is conservative since the metallic joint will have a larger section than the C-rail. The
deformations due shear stresses in xy plane are not considered for the sandwich panel, the C-rail and the
adhesive. This represent a strong assumption which has limited influence since only 3/8 of the sandwich
panel width is taken into account. In case, the reduction of the section considered is not possible a
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Table 4.2: Adhesive Properties

Type stiff soft extra soft
Name Araldite 2015

epoxy
Araldite 2018 PU VHB Tape 4950

E (MPa) 2000 16 1.8
G (MPa) 900 6.4 0.6

ν 0.25 0.25 0.49
Lap shear strength

(MPa)
20 12 0.480

Lap shear strength
(MPa) -20 C

25 24 0.480

Tensile strength
(MPa)

30 7 0.655

Peel strength
(N/mm)

4 4 0.350

thickness (mm) 0.1 0.1 2

closed form model needs to be derived in order to evaluate the shear stress distribution in xy sections
of the sandwich panel.Note that an FE model can also be used but will give results valid for a given
sandwich panel. The C-rail and the sandwich panel are equivalenced to homogeneous rectangular cross
sections. 1, 2 and 3 stands for the equivalenced C-rail, the equivalenced sandwich panel and the adhesive,
respectively (see Figure 4.3). The width of the equivalenced cross sections 1 and 2 are equal and similar

Figure 4.2: Section of the sandwich carbody with approximative distance ratio between C-rails ant metal-
lic joints

to the width of the C-rail and adhesive layer. The thickness of the equivalenced cross sections 1 is equal
to the thickness t of the C-rail base (See Figure 3.5). The thickness of the equivalenced cross sections 2
is equal to the thickness of the upper face-sheet. The material properties 1, 2 and 3 are assumed to be
homogeneous, isotropic, linear and elastic. In particular, the material properties of the sandwich panel
will be equivalenced to its homogenized properties in x direction.
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Figure 4.3: Force arising due to temperature changes particular case of the model studied in [19]

The longitudinal stiffness to i= 1, 2 and 3 is proportional toEi ·ti. Table 4.3 shows the corresponding
values for the substrates and the adhesive. Compared to the substrates, the longitudinal stiffness of the
adhesive is negligible. constant shear stress is assumed in adhesive zx plan. Parabolic shear stress
distribution is assumed in the two substrates.

Table 4.3: Longitudinal stiffness of equivalenced cross sections, *only the area of the upper face-sheet
corresponding the the adhesive area has been considered for the sandwich panel which lead to under-
estimate the longitudinal stiffness of the sandwich panel ** a stiff adhesive is considered, the Araldite
2015

Ei · ti (N/mm)
C-Rail (1) 9.2 · 105

Sandwich panel∗(2) 1.6 · 105

Adhesive ∗∗ (3) 3.3 · 103

4.1.2 Face-sheet homogenized properties

In this sections the homogenized properties of the face sheet in the xy plane will be derived.
If a symmetric fiber composite laminae is not submitted to bending, its in plane properties can be equiv-
alenced to those of an homogeneous material. In this section the face-sheets will be equivalence to an
orthotropic homogeneous material. A symmetric layup is considered, hence B =0.The relation coupling
normal loads and moment with strain becomes [1]:[

N
M

]
=

[
A B
B D

] [
ε0
κ

]
=

[
A · ε
D · κ

]
(4.1)

If the laminae considered is homogeneous, the homogeneous stress vector εh can be expressed as
function of the vector of normal loads N :



4.1. MODEL DESCRIPTION FOR THE CALCULATION OF THERMAL RESIDUAL STRESSES 25

σ = 1
t
·N = 1

t
·A · ε (4.2)

The strain vector can be expressed as function of the stress vector:

ε = ( 1
h
·A)−1 · σh = Sh · σh (4.3)

As for an orthotropic material, the strain vector can be expressed as function of the homogenized
material properties and the homogeneous stress vector :

ε =


1
Ehx

−νhyx
Ehy

0
−νhxy
Ehx

1
Ehy

0
0 0 1

Gxy


σxσy
σz

 (4.4)

Hence with Sh = ( 1
h ·A)−1 the homogenized in plane shear modulus can be calculated as, Ehx = 1

Sh(1,1)
= 53300MPa

Ehy = 1
Sh(2,2)

= 112000MPa
(4.5)

4.1.3 Coefficient of thermal expansion
In this section coefficient of thermal expansion of the face-sheet will be calculated in the xy plan.
The C-rail consists of an aluminum alloy. It is considered as homogeneous and isotropic. Its coefficient
of thermal expansion is αCr = 23 · 10−6K−1 [20].

εthCr =

εx Crεy Cr
εz Cr

 = ∆T ·

αCrαCr
αCr

 = ∆T · αCr (4.6)

In the case of fiber composite material the coefficient of thermal expansion is highly dependent on
the stack of laminae [1]. The reaction of a fiber composite lamina (one unidirectional fiber composite
layer) to a temperature gradient are defined by the longitudinal coefficient of thermal expression α1 and
the transverse coefficient of thermal expansion α2.

In local coordinate

εthl = ∆T ·

α1
α2
0

 = ∆T · α

In global coordinate
εth = (T−1)t · εthl

The thermal vector of normal loads forceN th and the thermal vector of bending momentM th are the
equivalent forces that will produce a strain vector equal to εth when the temperature is constant (∆T=0).

N th =
∑
i

hi · σi =
∑
i

hi ·Qi · ε
th
l =

∑
i

(hi∆T ) ·Qi · α (4.7)

M th =
∑
i

1
2(z2

i − z2
i−1) · σi =

∑
i

1
2(z2

i − z2
i−1) ·Q

i
· εthl =

∑
i

(1
2(z2

i − z2
i−1)∆T ) ·Q

i
· α (4.8)

The general relation between forces and strain considering the effect of temperature changes is the
following.
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[
N
M

]
=

[
A B
B D

] [
ε0
κ

]
−

[
N th

M th

]
(4.9)

In the case where no forces are applied on the fiber composite plate the relation becomes[
N
M

]
=

[
0
0

]
(4.10)

Solving the linear system (4.9) and (4.10) with respect to ε0 and κ gives the thermal strain vector εthfs

εthfs =
[
ε0
κ

]
=

[
(A−B ·D−1B)−1(N th −B ·D−1 ·M th)

D−1(M th −B(A−B ·D−1B)−1(N th −B ·D−1 ·M th))

]
(4.11)

If the stack of laminae is not symmetrical ,composite face-sheet will bend due to temperature changes.
Nevertheless if a symmetric layup is considered, B=0. Furthermore,

∑
i

1
2(z2

i − z2
i−1) = 0,

hence M th=0. The relation 4.11 becomes:

εthfs =
[
A−1 ·N th

0

]
(4.12)

It is then possible to derive homogenized coefficients of thermal expansion αfs:

αfs = 1
∆T A

−1 ·N th (4.13)

Note that although the temperature change ∆T appear in the expression of the coefficient of thermal
expansion 4.13 , the coefficient of thermal expansion is independent from ∆T which is contained in
N th. For the symmetric stack of laminae (1.025/2· 0.13/ 0.405)s mm (90◦/ ± 45◦/0◦)s with material
properties shown Table 2.2 the equation 4.13 gives:

αfs =

 3.92
0.451

0

 (10−6 ·K−1) (4.14)

4.1.4 Derivation of adhesive maximum shear stress expression
In this section an expression for the max shear stress in the adhesive will be derived from the model and
assumptions described in section 4.1.1.
The displacements in x direction for the model illustrated Figure 4.3 can be expressed as:

U1(x) = Ux 1(x) + Uxz 1(x)
U2(x) = Ux 2(x) + Uxz 2(x)
U1(x)− U2(x) = Uxz 3(x).

(4.15)

Where U1(x) stands for the displacement in x direction at the interface between the equivalenced C-rail
1 and the adhesive 3. Similarly,U2(x) stands for the displacement in x direction at the interface between
the equivalenced face-sheet 2 and the adhesive 3. Ux i(x) stands for the displacement due to longitudinal
deformation and Uxz i(x) stands for the displacement due to the shear deformation (the equivalent goes
for 2).
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The geometry and the material properties are far from being independent of the direction considered.
Nevertheless, in plane stresses for both substrates 1 and 2 are assumed to be independent of the direction
considered. Note that this assumption is better than neglecting stresses in y direction. The following
relation is assumed : {

σx 1(x) = σy 1(x)
σx 2(x) = σy 2(x) (4.16)

Hence the Hook’s law becomes :{
ε1 = 1−ν1

E1
σx 1 + α1∆T = 1−ν1

E1
T (x)
t1

+ α1∆T
ε2 = 1−ν2

E2
σx 2 + α2∆T = 1−ν2

E2
T (x)
t2

+ α2∆T ′
(4.17)

In the upper face sheet and the C-rail, the shear stress τzx 1 in the outer surface is equal to 0 and in
the inner surface the shear stress is equal to τ(x). Between those two points a parabolic distribution is
assumed (this assumption is the same as the one stated in [19]). A local coordinate system is considered,
it’s origin is located at the interface between 1 and 3 (see Figure 4.3).

τ1(x, z) = az2 + bz + c
τ ′1(x, z) = 2az + b
τ1(t1) = 0
τ1(0) = τ(x)
τ ′1(t1) = 0

(4.18)

.
The linear system (4.18) gives,

τ1(x, z) = τ(x)
t21

z2 − 2τ(x)
t1

z + τ(x) (4.19)

.
Small deformations are assumed so that tan(γ) = γ.

τ1(x, z) = G1γ(x, z) = G1
∂Uxy 1(x, z)

∂x

where Uxy 1 is the displacement that arise in the C-rail due to shear deformation

Uxy 1(x, 0) =
∫ t1

0

τ1(x, z)
G1

dz = τ(x)t1
3G1

The same goes for the upper face sheet 2

Uxy 2(x, 0) = τ(x)t2
3G2

The shear deformation are proportional to the relation ti
Gi

, with i=1, 2 or 3. Note that shear deforma-
tions in the substrates can be neglected if : {

t1
G1

<< t3
G3

t2
G2

<< t3
G3

(4.20)

The adhesive is submitted to pure shear stress equal to τ(x)

U2(x)− U1(x) = t3
G3

τ(x)
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The system of equation 4.20 becomes:

U1(x) = −α1∆Tx+ λ1
∫ x
−L/2 T (ε) dε− k1τ(x)

U2(x) = −α2∆Tx− λ1
∫ x
−L/2 T (ε) dε+ k2τ(x)

U1(x)− U2(x) = −k0τ(x)
k1 = t1

3G1
k2 = t2

3G2
k0 = t3

G3
λ1 = 1−ν1

E1t1
λ2 = 1−ν2

E2t2

(4.21)

Furthermore, free boundary conditions are assumed at the edge of the model, the static equilibrium
of the C-rail impose: ∫ L/2

−L/2
τ(ε) dε = 0 (4.22)

T (x) =
∫ x

−L/2
τ(ε) dε (4.23)

Combining the different equations of the system 4.21

− α2∆tx− (λ1 + λ2)
∫ x

−L/2
T (ε) dε+ (k0 + k1 + k2)τ(x) = 0 (4.24)

Differentiation of equation 4.24

(k0 + k1 + k2)dτ(x)
dx − (λ1 + λ2)T (x) + (α2 − α1)∆t = 0 (4.25)

k = k0 + k1 + k2

λ = λ1 + λ2

∆α = α2 − α1

A guess proposed by Suhir [19] for the solution of the differential equation 4.25 is:

τ(x) = C1sinh(C3x) + C2cosh(C3x) (4.26)

T is obtain using the equations 4.23 and 4.26

T (x) = C1
C3
cosh(C3x)C2

C3
sinh(C3x)− C1

C3
cosh(C3

L

2 )C2
C3
sinh(C3

L

2 ) (4.27)

Combining the equations 4.21, 4.24 and 4.27 gives for any x

(kC3 −
λ

k
)(C1cosh(C3x) + C2sinh(C3x)) + λ

k
) + (C1cosh(C3

L

2 )− C2sinh(C3
L

2 ) = 0 (4.28)

Further more the equation 4.22 gives:

2C2
C3

sinh(C3
L

2 ) = 0 (4.29)

Combinig the equations 4.28, 4.22 and 4.29 we obtain a linear system of 3 equations to calculate C1,
C2and C3: 

(kC3 − λ
k ) = 0

λ
k ) + (C1cosh(C3

L
2 )− C2sinh(C3

L
2 ) = 0

2C2
C3
sinh(C3

L
2 ) = 0

(4.30)
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C1 = −∆α∆t

cosh(
√

λ
k
L
2 )
√
λk

C2 = 0
C3 = λ

k

(4.31)

Which gives for any x the expression of the shear stress in the adhesive :

τ(x) = −∆α∆t

cosh(
√

λ
k
L
2 )
√
λk
sinh(

√
λ

k
x) (4.32)

τ(L2 ) = −∆α∆t√
λk

tanh(

√
λ

k

L

2 ) (4.33)

Hence the expression of the max shear stress is :
τmax = −∆α∆t√

λk
tanh(

√
λ
k
L
2 )

k = t1
3G1

+ t2
3G2

+ t3
G3

λ = 1−ν1
E1t1

+ 1−ν2
E2t2

∆α = α2 − α1

(4.34)

.
Furthermore 

∆U1 = −α1∆TL− λ1
∫ L/2
−L/2 T (x)dx+ 2 · k1τ(L2 )

∆U2 = −α2∆TL+ λ2
∫ L/2
−L/2 T (x)dx− 2 · k2τ(L2 )

∆U1 −∆U2 = −2 · k3τ(L2 )
(4.35)

where,

T ′(x) =
∫ x

−L/2
τ(ε)dε (4.36)

hence,

∆U1 = −α1∆TL− λ1
∆α∆T
λ

(L− 2

√
k

λ
tanh(k

λ

L

2 )) + 2 · k1τ(L2 ) (4.37)

4.1.5 Derivation of sandwich panel equivalent Young’s Modulus

In this section the model and equation derived in section 4.1.4 will be used in order to calculate the in
plane stiffness of the sandwich panel. This value will later on be used in order to calculate residual shear
stress in the adhesive.

At first, only the upper face sheet is taken into account. Hence, the thickness of the equivalenced
sandwich panel (2) is equal to the thickness of the face-sheet. The thickness t of the equivalenced cross
section (1) is equal to the thickness of the C-Rail base. The model of the section 4.1.4 becomes the model
presented in figure 4.4. A parabolic shear stress distribution in xz plan in the upper face-sheet and the
C-rail base (See Figure 3.5) is assumed. Hence,{

Gxz 1 = Gxz Cr = 27000MPa
Gxz 2 = Gxz fs = 4400MPa

(4.38)
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Figure 4.4: Particular case of the model presented section 4.1.4 where the sandwich panel is equivalenced
to its upper face-sheet

The C-rail and the equivalenced C-rail (1) have the same longitudinal stiffness, hence,

Ex 1 = ECr · tCr
t1

= 114800MPa (4.39)

Furthermore, 
α1 = 22 · 10−6

α2 = 3.92 · 10−6

Ex 2 = Ex fs ·
lfs
lCr

= 388700MPa

(4.40)

The system of equations 4.35 gives for a temperature gradient of 70◦C,


∆U1 = 13.77mm
∆U2 = 13.50mm
∆U3 = ∆U1 −∆U2 = 0.2765

(4.41)

Due to the temperature gap, shear stress will appear in the core. In order to derive the sandwich
equivalent young’s modulus Ez 2, results of previous sections will be used. A constant shear stress
distribution in xz sections is assumed in the core. The longitudinal stiffness of the core is negligible
comparing to the face-sheets longitudinal stiffness. The upper face-sheets and the C-rail are homogenized
and equivalenced to a section (1’). The lower face-sheet is equivalenced to section (2’) and the core
is equivalenced to section (3’). This model is described in figure 4.5. It is assumed that the shear
deformation in the adhesive are negligible comparing to the shear deformation in the core. The core has
softer properties and higher thickness than the adhesive or the shear deformation is proportional to G/t.
In that case, the deformation in the adhesive layer between the C-rail and the upper face sheet can be
neglected. The deformation of the equivalent section (1’), free of boundary condition is equivalenced to
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Figure 4.5: Particular case of the model presented section 4.1.4

the displacement of the upper face-sheet calculated in equation (4.41). Hence,

α1′ = −∆U2
∆TL = 1.8935 · 10−5

α2′ = α1
E1′ = E1t1+E2t2

t1+t2
E2′ = E1
G3′ = Gc
t′1 = tfs + tCr
t′2 = tfs
t′3 = tc

(4.42)

For a temperature gradient of 70◦C,
∆U1′ = 11.15mm (4.43)

Note that the assumption stated for the deformation in the adhesive is fulfilled, the shear deformation
in the core are equal to ∆U3′ = 2.45mm while shear deformation in the adhesive are equal to ∆U3 =
0.28mm.

Let’s consider the model derived in section 4.1.4. The value of the equivalent Young’s modulus of
the sandwich panel in x-direction E2 will be determined. E2 should induce a displacement ∆U2 for
the equivalenced sandwich panel equal to the displacement calculated for the C-rail and upper face-sheet
calculated in (4.43). The Figure 4.6 shows values of ∆U2 with respect to the equivalence sandwich panel
Young’s modulus E2. The displacement of the equivalent sandwich panel ∆U2 is equal to 11.15 mm for
E2 = 646000MPa.

This value correspond to the longitudinal stiffness of the upper face-sheet plus 62 % of the longitudi-
nal stiffness of the lower face-sheet. Note that this repartition highly depends on the length and width of
the sandwich panel considered. The Figure 4.7 shows the evolution of the longitudinal Young’s modulus
as function of the length of the C-rail. Note however that the sandwich panel cannot be divided into
several smaller sections. Hence this observation cannot be used to lower residual stresses in the adhesive
bond.



32 CHAPTER 4. DIMENSIONING OF THE ADHESIVE WITH RESPECT TO THERMAL EXPANSION

Figure 4.6: Variation of ∆U2 with respect to sandwich panel equivalent Young’s modulus for a temper-
ature gap of 70◦C

Figure 4.7: Variation of E2 with respect to the length of the sandwich panel

4.2 Results and choice of adhesive

The equation (4.33) shows that the max shear stress in the adhesive is proportional to the temperature
gap.The Figure 4.8(a) show the evolution of the maximum residual shear stress τmax in the adhesive with
respect to the adhesive shear modulus. A thickness of 0.1mm is set for the adhesive layer. The lower
the shear modulus the lower shear stresses in the adhesive. In the same way,the Figures 4.8(b) show the
evolution of the maximum residual shear stress τmax in the adhesive with respect to the thickness of the
adhesive layer. Shear modulus of the Araldite 2015 is used. The higher the thickness of the adhesive the
lower shear stresses in the adhesive. For both cases, a temperature gap of 70◦C is assumed. The Figure
4.9 represents the maximal shear stress in the adhesive with respect of the length of the C-rail. In the case
of the Araldite 2015 up to C-rail length of 100 mm the maximal shear stress in the adhesive is constant
with respect to the C-rail length. Hence, lowering residual stresses by using several section of C-rail is
not possible. The equation (4.32) shows that high residual stresses can be encountered at the edges of
the C-rail. The Figure 4.10 represent the shear stress in the adhesive with respect to the location on the
C-rail in x direction. Residual stresses are not negligible on the last 100 mm at the edge of the adhesive
bound area. In the case of the Araldite 2015, except at the last 100 mm of the adhesive layer, the residual
stresses arising due to temperature changes can be neglected.
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(a) Evolution of maximal shear stress at the edge of
the adhesive with respect to shear stiffness of the ad-
hesive

(b) Evolution of maximal shear stress at the edge of
the adhesive with respect to adhesive thickness

Figure 4.8: Evolution of maximal shear stress at the edge of the adhesive with respect to adhesive bond
properties

Figure 4.9: Evolution of maximal shear stress at the edge of the adhesive with respect to the C-rail length

In order to lower the influence of temperature changes in the strength of the adhesive bound, the ad-
hesive layer should be thick and have a low shear modulus. Further more the longitudinal stiffness of the
substrates should be as low as possible. The 3 different adhesives described in Table 4.2 are tested. The
Table 4.4, references max residual shear stress in the adhesive for temperature gaps of 30◦C and 70◦C.
The Araldite 2015, similarly to the fiber composite face-sheet matrix material, is epoxy based. Hence,
those kind of adhesives could permit to fasten the C-rail during the manufacturing process of the C-rail.
Nevertheless, the epoxy adhesives have stiff properties and thin layers of 0.05 or 0.1mm are advised by
the manufacturer. According to the closed form model and the assumption stated below the residual
stresses will be higher than the material properties. The VHB tape 4950 has much softer properties. The
tape format allow for fast, repeatable and accurate manufacturing. Furthermore, high thicknesses up to
3 mm can be used. The shear strength is much lower than for an epoxy adhesive. Residual stresses are
approximately equal to material limit. The Araldite 2018 is a polyurethane based adhesive. It is softer
than the Araldite 2015 and stiffer than the VHB tape 4950. Similarly to the case of the Araldite 2015,
thin layers of 0.05 or 0.1mm are advised by the manufacturer. The residual stress due to temperature
changes are approximately 3 times lower than the material limit in the case of a temperature gap of 30◦C
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Figure 4.10: Curing temperature with respect to curing time for Araldite 2015 and Araldite 2018. The
shear strength obtained for the curing time referenced is close to the material limit

and 70◦C. Note that the shear strength of the adhesive depends on the temperature. Progressively flaring

Table 4.4: Residual stresses in the adhesive in the xz sections

∆T ∆T 30◦C ∆T 70◦C
τmax Material τmax Material

Araldite 2015 (MPa) 20.05 20 46.8 25
Araldite 2018 (MPa) 3.45 12 8.05 24

VHB TAPE 4950 (MPa) 0.2437 0.480 0.553 0.480

the edges of the C-rail could permit to lower the Young’s modulus of the substrates at the edge and hence
to lower residual stresses in the adhesive. Nevertheless, this solution is not really compatible with the
use of extrusion process for the manufacturing of the C-rail. Softer adhesive could also be used at the
edges as described in [19]. A tensile stress could also be applied to the C-rail during the manufacturing
process. By that mean, the temperature corresponding to zero residual stresses could be decrease from
50◦C to 20◦C. This would significantly lower the maximal temperature gap which is proportional to
residual stresses. Finally note that using aluminum face-sheet will permit to lower or completely remove
the residual stresses due to temperature changes.

It was shown in Figure 4.9 that residual shear stresses for C-rail length higher than 100 mm are
constant. Since the reference C-rail width is equal to 150 mm high residual shear stresses could arise
in yz sections. The procedure previously described to determine the residual shear stresses in the xz
sections is used with the following data:

L = 150mm
α1 = αCr = 22 · 10−6K−1
E1 = ECr = 70000MPa
t1 = 8mm
α2 = αCr = 0.452 · 10−6K−1
Efs = 112000MPa
t2 = tfs = 3.38mm

(4.44)

This gives E2=112060 MPa which is equivalent as neglecting the influence of the core and the lower
face-sheet. This confirm the information given by the Figure 4.7 with respect to short length for the
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C-rail. The Table 4.5, reference max residual shear stress in yz sections of the three adhesive previously
tested. Two temperature gaps, 30◦C and 70◦C are tested. The residual shear stresses in the yz sections

Table 4.5: Residual stresses in the adhesive in the yz sections

∆T ∆T 30◦C ∆T 70◦C
τmax Material τmax Material

Araldite 2015 (MPa) 17.01 20 39.69 25
Araldite 2018 (MPa) 2.29 12 5.34 24

VHB TAPE 4950 (MPa) 0.0145 0.480 0.0339 0.480

in the adhesive layer are higher that the material limit in the case of the Araldite 2015 for a temperature
gradient of 70◦C. The residual shear stresses in the yz sections in the adhesive layer are negligible in the
case of the VHB tape. In the case of the Araldite 2018 residual shear stresses are lower in yz sections
than in xz sections. The safety coefficient is equal to 5.24 in case of a temperature gap equal to 30◦C.
Residual shear stresses in the yz sections on the contrary to the xz sections have to be added the stresses
at the edge of the adhesive that will arise due to normal utilization of the train. Nevertheless note that the
value of the residual stresses will be lower than the value presented in the Table 4.5. The flared edges
will result in a mush smaller thickness or in plane stiffness of the C-rail in y direction locally at the edge.
Hence the shear stress distribution will be smoother.





Chapter 5

Modeling of adhesive joint

5.1 Effect of adhesive modelization on the stress distribution
The stresses and strains inside the adhesive joint and at the interface between the adhesive and the sub-
strate have to be determined. Adhesive layers are usually thin, hence if the adhesive is modeled with
several element through the thickness and aspect ratio lower than 5 the computing time becomes very
large. In an other way if the adhesive layer is not modeled with sufficient accuracy, stresses in the adhe-
sive layer will be under estimated. In this chapter, studies will be carried out using 2D models. Several
models will be compared in order to identify an accurate and time effective way to model the adhe-
sive. Note that the properties of the adhesive are considered as linear. This assumption is conservative
since the Young’s modulus of adhesives usually decrease with increasing strain. The adhesive modeled
will hence have stiffer properties than in the reality. Note that taking into account elasto-plastic models
involve non linearities and considerably increase the computing time.

5.1.1 Effect of the adhesive properties on the stress distribution in the adhesive
Model description

In order to decrease the modeling effort and to simplify the understanding of the model, aluminum
face-sheets will first be considered. In order to understand the influence of the adhesive in the stress
distribution locally around the bond, three models are tested.

For each of the three models the aluminum C-rail, the adhesive, the face-sheets and the core are
modeled with 2D Shell elements (quad4 and tria3). The element of the C-rail have a typical mesh size
of 1 · 1 mm at the load application and 0.1 · 0.1 mm at the interface with the adhesive. The adhesive has
0.1 mm thickness except for the third model for which the adhesive is not modeled. The typical mesh
size is 0.1 · 0.02 mm, which is equivalent to 5 elements through the thickness with an aspect ration of
5. The typical mesh size of the elements of the aluminum face-sheets is 0.1 · 0.1 mm at the interface
with the adhesive and 1 · 1 mm far away from the adhesive. The typical mesh size of the elements of
the PMI52 core is 1 · 1 mm. The sandwich panel is 1000 mm long and rigidly clamped at the edges.
The displacements in x direction are locked for all degree of freedom. Note that this model will be used
as reference for the following study. The model is submitted to plane stress deformations. Plane strain
would have provided a better representation of the 3D model. Nevertheless models with beam elements
will be built up and compared. It would have been required to modify the properties of the beam elements
to represent plane strain deformations.

The table 5.1 summarize the properties used for the adhesive for each of the three models. A repre-
sentation of the meshing of those model is shown in figure 5.1. Three load cases, applied on the top of
the C-rail are sequentially tested : a unit lateral force in y direction Fy, unit transverse force in z direction
Fz and unit torque in x direction Mx.

37
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Table 5.1: Properties used for the adhesive for each of the three models (See table 4.2)

Type of adhesive Name
Model 1 Soft Araldite 2018
Model 2 Stiff Araldite 2015
Model 3 Infinitely stiff No adhesive

modeled

Figure 5.1: Meshing of 2D models

Note that at the interface between two parts made up with dissimilar material properties, stresses
will be different if they are extracted from elements located at the interface of each part. Nevertheless,
loads at the nodes located at the interface are identical. Hence the stresses at the interface between parts
made of dissimilar material can be obtained from loads at the interface nodes. The shape and the area of
interface elements have to be identical in order to simplify the stress calculation at nodes. In the case of
a 2D model, for an interface node surrounded by 2 elements,

σi = Fi
Ae

,

Where Ae refers to area of the contact surface of a surrounding element. And for an interface node
located at the edge, surrounded by 1 element,

σi = 2Fi
Ae

Between two nodes, the stress distribution is assumed to be linear.

Results

The stress distribution at the interface between the C-rail and the adhesive for a lateral unit load are
presented in figure 5.2. The other load cases show similar behavior and can be shown in appendix
A.1.1. The stresses are higher at the edges and under the two C-rail stiffeners due to the discontinuous
properties of the C-Rail (see figure 5.2 and appendix A.1.1.). In the case of the rigid epoxy adhesive
those discontinuities induce high stress variation whereas in the case of the elastic adhesive the stress
distribution is quite smooth, discontinuities are damped. Hence using an adhesive with higher stiffness
and strength properties will not necessarily result in a stronger fastening solution. Distribution of both
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(a) Lateral unit load; Shear stress distribu-
tion

(b) Lateral unit load; Transverse stress dis-
tribution

Figure 5.2: Stress distribution at the interface between the C-Rail and adhesive and in the core for soft
and infinitely rigid adhesive models for a unit lateral force. Graphs representing the stress distribution
for those three load cases can be seen in section A.1.1

shear and tensile stress are reasonably correlated if a rigid and infinity rigid adhesive are compared.
Hence the stresses at the interface between the C-Rail and the upper face-sheet for the 3D model built
up in section 3 will give a reasonable conservative approximation of the stress distribution in a rigid
adhesive. In the case of an elastic adhesive, stresses will be strongly overestimated. Assuming a constant
stress distribution in the case of lateral and vertical loading and a linear pressure distribution in case of
torque loading will give highly non conservative approximation of the stresses, modeling the stiffness
of the substrates is hence crucial. At the edges, in a case of a rigid or infinitely rigid element, stresses
are sky rocketing. This is actually due to the discontinuity induced by the C-rail. A sharp corner will
theoretically correspond to an infinite stress. The stress at the edge are finite since finite sized elements
are used for the modelization. Hence the stresses at the edge are mesh dependent, the smaller the element
the higher the stress. Stresses at the edges can only be compared if models have the same mesh size in
that area.

Modeling the adhesive will slightly affect the out of plane stress distribution in the core (See figure
5.3 for a vertical unit load and appendix A.1.1. for other load cases). Using an elastic adhesive will

Figure 5.3: Stress distribution in the core for soft and infinitely rigid adhesive, at the interface with the
upper face-sheet, for a vertical unit load



40 CHAPTER 5. MODELING OF ADHESIVE JOINT

contribute to lower the high stresses at the edge. The effect is the same as using a less stiff C-rail or
stiffer core material (See section 3).

A 2D model can only represent a linear pressure distribution on the C-rail. Nevertheless, the load
introduction is localized at the interface between the seat frame and the C-rail. Hence a 3D model is
required. A common adhesive thickness is 0.1 mm. The area of interest for the adhesive will be 600
mm long and 150 mm wide. A model using 5 element through the thickness with an aspect ratio of
5 will require 450 000 000 elements for the adhesive modelization. In order keep reasonable aspect
ratio and Jacobian for the meshing the number of elements in the C-Rail and Core will be substantially
increased. Modeling the adhesive with several solid elements through the thickness will produce models
with several dozen billions of elements. A more effective way to calculate stresses in the adhesive have
to be found.

5.1.2 Effect of the mesh coarsening on the stress distribution in the adhesive

A first simplification is to lower the number of element through the thickness (See figure 5.1). At the
edge, the stress variation is linear if 5 elements through the thickness are used to model the adhesive. The
stress distribution at the edge, through the thickness of the adhesive for a lateral unit load is shown figure
5.4. Except for the last element of the adhesive at the edge of the C-Rail, the stress variation trough the
thickness of the adhesive which as been modeled with 5 elements through the thickness is small. The
maximum stress variation through the thickness is below 5%. Furthermore, if only one element through
the thickness is modeled, stresses are approximatively equal to the average of the stresses obtain using
5 elements through the thickness. Hence modeling the adhesive with one element through the thickness
will induce less than 2.5% error comparing to the reference model. Similar results are shown in Figure

Figure 5.4: Stress variation at the edge, through the thickness of the adhesive for a lateral unit load

A.3 in appendix A.1 for other load cases. The stress obtained at the edge using one element through the
thickness is also plotted. In the worst case, at the edge element, the Von Mises stress will be 20% lower
than in the reference model. Special care will be taken in the analysis of stresses at the edge. Note that
this modeling method will permit to divide the number of element needed to model the adhesive by 125
while keeping an aspect ratio of 5 for the elements.

In order to further investigate the influence of mesh coarsening, the reference model has been re-
meshed using a typical mesh size of 5 mm. The meshing of the adhesive has an aspect ratio of 50,
there is only one element through the thickness. Note that this value is much higher than the value of
5 usually advised as a limit. The figure 5.5 shows stresses at the interface between the adhesive and
the C-Rail for a vertical unit load. Results for the reference model are compared to the model obtained
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with 1 element through the thickness of the adhesive (see figure5.1) and the coarse mesh model of 5mm
described above. An elastic adhesive is modeled using Araldite 2018 properties. Except at the really

(a) Lateral unit load; Shear stress distribu-
tion

(b) Lateral unit load; Transverse stress dis-
tribution

Figure 5.5: Stress distribution at the interface between the C-Rail and adhesive and face-sheets for dif-
ferent mesh size, a lateral unit load is applied on the top of the C-rail

edge, the mesh coarsening shows really good results and the stresses obtained for the three model are
matching. Similar results are obtained for other load cases (See figure A.1.2). The bad aspect ratio of
50 used for the adhesive elements seem to keep a good accuracy for the load cases considered. Using 5
mm as a typical mesh size permits to describe with a good accuracy the stress variation at the interface
between the C-Rail and the adhesive. Nevertheless in the case of a rigid adhesive such as Araldite 2015,
stress distribution shows sharp peaks (See figure 5.2 ). The width of the peak is closed to 5 mm. Hence
1.67 mm is a more appropriate size in order to describe the stress distribution.

5.2 Effect of the face-sheet modelization on the stress distribution
in the adhesive

So far in chapter 5 aluminum face-sheet has been considered using shell elements and 2D models. This
correspond to cubic solid element in a 3D model. Hence the out of plane properties of the face-sheet were
so far taken into account. Nevertheless, the face-sheets of the reference sandwich panel configuration are
made up by fiber composite. Hence in the 3D model the computing time as well as the modeling effort
will be much lower in case shell elements are used to model the face-sheets. This corresponds to 1D
Beam element in a 2D model. The influence of the out of plane stiffness of the face-sheet on the pressure
distribution at the interface between the adhesive and the C-rail will be determined in this section. The
in-plane properties of carbon/epoxy face-sheet are quite stiff. Nevertheless out of plane properties of
carbon/epoxy face-sheet are much softer. Relation depending on the properties of fibers and matrices are
derived in [1].

Ez = Em · Ef
Em · νf + Ef · νm

(5.1)

Gz = Gm ·Gf
Gm · νf +Gf · νm

(5.2)

Where f refers to the fibers properties, m refers to the matrix properties, νf and νf are the volume
fractions with respectively νf = Vf

V and νm = Vm
V . If Ef >> Em then Ez = Em

νm
and if Gf >> Gm

then Gz = Gm
νm

.Hence the out of plane properties of a composite face-sheet are really dependent on the
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matrix properties. The out of plane properties can be extracted from the properties of the lamina (See
Table 2.2).

Ez = E2 = 9000 MPa
Gz = E12 = 4400 MPa

Note that the out of plane properties of the face-sheet are much softer than the aluminum properties given
in Table 2.2.

Modeling a composite face-sheet section is not straight forward and requires really small elements. In
order to identify the influence of the out of plan properties of the face-sheet on the stress distribution in the
adhesive, face-sheet with similar bending and in plane stiffness has to be compared. Using an orthotropic
material for the face-sheet permits to cope with those two requirements. Detail on the properties of such
a material can be found in Table 5.2. The in-plane properties of this face-sheet are the same as the
aluminum and the out of plane properties are the same as the carbon/epoxy fiber composite face-sheet.

Table 5.2: Properties of orthotropic material with in plane properties of Aluminum and out of plane
properties of Carbon epoxy face-sheet

Exx/Eyy
(GPa)

Ezz
(GPa)

Gyz
(GPa)

ν

orthotropic face-sheet 70 9 4.4 0.25

In order to determine the influence of the out of plane stiffness on the pressure distribution in the
adhesive, 3 different models are compared. The first one is the same as the reference model described
section 5.1.1, it will be referred to as the aluminum face-sheet model. The second one uses orthotropic
material properties for the face-sheets described in table 5.2. The mesh used is the same as the one of
the reference model described in section 5.1.1. In the third model, 1D beam (bar2) elements are used
to model the aluminum face sheet.The typical mesh size is 0.5 mm at the interface with the adhesive
and 1 mm elsewhere. The face-sheets are offset-ed from the adhesive and the core using rigid RBE2
elements. An adhesive layer of 0.1 mm is modeled using 2D Shell (quad4) 0.1 · 0.5 mm, equivalent to 1
elements through the thickness, and an aspect ratio of 5. The aluminum C-rail is modeled with 2D Shell
elements (quad4 and tria3). The typical mesh size is 1 · 1 mm at the load application and 0.5 · 0.5 mm
at the interface with the adhesive. The PMI 52 core is modeled with 2D shell elements (quad4 and tria3
elements). The typical mesh size is 1 · 1 mm. The meshing corresponding to this model can be seen
Figure 5.15. Note that the mesh size used for the third model is coarser than for the reference model, but
has shown in the section 5.1.2, this has a negligible influence on the results. For each of the 3 models soft
adhesive (Araldite 2018) and stiff adhesive (Araldite 2015) are investigated. Results for a vertical unit
load applied on the C-Rail in the case of an elastic adhesive are shown figure 5.7. The shear and tensile
stress in the adhesive correlate between all three models. For that configuration the influence of the out
of plane stiffness of the face-sheet is negligible. Modeling the face-sheet with 2D laminate shell on the
3D model will not affect the accuracy of the stresses in the adhesive. Similar results for other load cases
are shown in Appendix A.2.

Results for a vertical unit load applied on the C-Rail for a rigid adhesive are shown figure 5.8. There
is a really good correlation between the first model made up by 2D aluminum face-sheet and the second
one made up by 1D beam aluminum face-sheet. In case of a rigid adhesive coupled with aluminum
face-sheet, the out plane stiffness of the face sheet has no effect on the stress distribution in the adhesive.

The comparison between the first model made up with 2D aluminum face-sheet and the second one
made up with 2D orthotropic face-sheet shows larger differences. The soft out of plane properties of the
face-sheets act as dampers in the stress distribution in the adhesive, resulting in lower amplitudes of the
sharp peaks. This phenomenon has a much larger effect on the tensile stress distribution than on the shear
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Figure 5.6: Model with beam elements for the face-sheets

(a) Vertical unit load; Shear stress distri-
bution

(b) Vertical unit load; Transverse stress
distribution

Figure 5.7: Stress distribution at the interface between the C-Rail and the elastic adhesive, a vertical unit
load is applied on the top of the C-rail

stress distribution in the adhesive. The shear stresses are quite high at the interface between the face-
sheet and the adhesive, but decrease through the thickness of the face-sheet. Hence the soft out of plane
shear stiffness of the orthotropic material does not have much influence on the stress distribution in the
adhesive. In case of a rigid adhesive coupled with orhtotropic face-sheet with soft out of plane properties,
the out of plane stiffness of the face sheet has significant effect on the tensile stress distribution in the
adhesive.Hence modeling the face-sheet with 2D laminate shell on the 3D model will give substantially
higher stresses than modeling the face-sheet with 3D solid elements. Nevertheless, modeling the face-
sheet using several element through the thickness will substantially increase the number of element in
the 3D model. The ratio k between out of plane stiffness of the adhesive and the face-sheet gives relevant
information on the influence of the face-sheet modelization on the stress distribution in the adhesive,

k = Eaz ∗ tfs

Efsz ∗ ta
(5.3)

Where a refers to the adhesive, fs refers to the face-sheet, Ez refers to the out of plane stiffness and
t refers to thickness. The out of plane stiffness factor k for the studied models are shown in Table 5.3.
One can note for the Araldite 2015 (rigid)/Aluminum configuration that the out of plane stiffness of the
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(a) Vertical unit load; Shear stress distri-
bution

(b) Vertical unit load; Transverse stress
distribution

Figure 5.8: Stress distribution at the interface between the C-Rail and the rigid adhesive, a vertical unit
load is applied on the top of the C-rail

face-sheet and adhesive are almost equal, since k is equal to 0.965. Nevertheless, it was shown in this
section that the effect of the face-sheet out of plane stiffness modelization is negligible for that case.
Other criterion such as bending stiffness of the face-sheets have much higher influence. It was shown
in section 5.1.1 that the modelization of a rigid epoxy adhesive in the case of aluminum face-sheets has
a limited influence in the stress distribution in the adhesive. It is not possible to determine a universal
critical value of k from which it is worth to consider the out of plane stiffness of the face-sheet. As
general rules can anyway be set up:
If k << 1, the influence of the out of plane stiffness of the face-sheet is negligible regarding the stress
distribution in the adhesive.
If k > 1, the influence of the out of plane stiffness of the face-sheet could have an influence in the stress
distribution in the adhesive.

Table 5.3: Out of plan stiffness k factor; numerical application

Adhesive/ Face-sheet k
Araldite 2018 (soft)/Aluminum 7.72 · 10−3

Araldite 2018 (soft)/Carbon epoxy 6.01 · 10−2

Araldite 2015 (stiff)/Aluminum 0.965
Araldite 2015 (stiff)/Carbon epoxy 7.51

5.3 Derivation of a spring modelization for the adhesive
It was shown section 5.1.2 that using 2D shell element with dimensions 0.1 · 5 mm2 gives accurate
results for the determination of stresses in the adhesive for most of adhesive/substrate combinations.
Nevertheless, in case rigid adhesive is used to bond a fiber composite face-sheet, the soft out of plane
stiffness properties of the face-sheet contributes to spread the stresses in the adhesive layer. A model
based on spring elements will be derived for the adhesive bond and the out of plane stiffness of the
face-sheet. Springs will replace solid elements providing stiffness between nodes of the C-rail and the
face-sheet (See figure 5.9). As far as it is possible the same models should be used for static stress
analysis and crash tests. In case of a crash test the time step integration is determine by the smallest
dimension of all the element. Hence using a spring model for the adhesive will permits to avoid to use
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elements with a thickness of 0.1 mm. A stiff Araldite 2015 epoxy adhesive is considered in this section.

Figure 5.9: Adhesive state of stress

In order to determine the stiffness coefficient of the adhesive springs it is important to determine
the state of stress in the adhesive. The notation illustrated in figure 5.10 will be used in this section.
The thickness of the adhesive is really small compared to the thickness of the substrates. The in plane

Figure 5.10: State of stress and dimensions of an element

material properties (Eaxx = Eayy and Gaxy = Gayx ) are really weak compared to the fiber composite face-
sheet or the aluminum C-rail. Similarly to section 4, adhesive in-plane stresses σaxx, σayy, σaxy and σayx are
neglected. The transversal node force variation, between two adjacent nodes, is assumed as small. Hence
σaxz and σayz can be neglected. The fulfillment of that condition depend, in particular, on the mesh size.
According to previous observations σazz , σ

a
zx and σazy can be assumed as constant through the thickness

of the adhesive (z direction). Following those assumptions, only three springs are necessary to model
an adhesive between two facing nodes. Two spring will model the shear stiffness in xy plane while
the last one models the out of plane stiffness of the adhesive in z direction. Radioss beam type spring
elements (See Figure 5.11) permits, in particular, to represent traction, compression and shear modes of
deformation.

The C-rail, the upper face-sheet and the adhesive layer are considered separately. They are submitted
to a uniform σzz state of stress. The homogeneous properties of the face-sheet derived in section 4 are
considered. The adhesive and the aluminum C-rail as well as the homogenized face-sheet are assumed
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Figure 5.11: Physical representation of beam type CBUSH spring elements available in RADIOSS (re-
produced from [21])

as homogeneous linear and elastic. According to the Hooke’s law, the in-plane strain will be

εx = −ν · σzz
E∗

, (5.4)

with E* the in plane modulus of the section considered. E* is much higher for the C-rail and the face-
sheet (whatever the section considered) than for the adhesive. Hence in-plane strain in the adhesive
will be much higher than in the C-rail and the face-sheet. Furthermore the in plane stiffness E∗ · t∗ is
much higher for the C-rail and face-sheet than for the adhesive. The C-rail, the upper face-sheet and the
adhesive layer are now considered together. They are submitted to a uniform σzz state of stress. The
in-plane strain in the C-rail and face-sheet can be neglected. Hence in plane strain state of stress can be
assumed inside any arbitrary zy section of the adhesive layer.

At the edge of the C-rail in the adhesive layer, the in plane stresses σayy is equal to zero since the edge
is free (σayy (y=0) =0). The C-rail and the face-sheet are infinitely rigid in the plan yx comparing to the
adhesive. Hence a shear stress σazy will arise at the edge (See figure 5.12).

Figure 5.12: Different shear stress distribution at the edge of the adhesive layer due to a uniform transver-
sal stress

The distribution of shear stresses at the edge of the C-rail (σazy (y=0)) through the thickness of the
adhesive will depend on the thickness of the adhesive layer and the material properties of the adhesive.
The softer the adhesive, the higher

∂σzy (y=0,z)a

∂z in the vicinity of the face-sheet or the C-rail. In the
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same way if the thickness of the adhesive layer is high, the shear stress that arise at the interface will be
localized.

If the shear stress at the edge of the C-rail (σazy (y=0)) arise locally at the interface with the C-rail
and face-sheet (Green shear stress distribution figure 5.12), in plane state of stress can be assumed at the
edge. The conditions σazy=0 and σayy=0 are assumed to be fulfilled.

If the shear stress σazy decrease slowly with respects to z (Red shear stress distribution Figure 5.12),
the condition σazy = 0 at the edge is not fulfilled. Hence in plane state of stress cannot be assumed.

Furthermore springs replace shell elements used to model the adhesive in the 2D model (respectively
solid for the 3D model). The springs property dependents on the dimensions of the element they repre-
sent. As explained before, inside the adhesive layer, plane strain is assumed. At the edge of the C-rail,
in the adhesive, plain stress can be assumed. Or depending on its dimensions the element at the edge
represent a zone that is partially submitted to plain stress, at the edge, and a zone that is submitted to
plain strain in the interior. Given the shape of the edge element 0.1 · 5mm2 it is more reasonable to
assume plane strain for the edge spring. Note that for other mesh size and higher adhesive thickness
the conclusion can be different. If the length between two nodes in y-direction is much smaller than the
thickness of the adhesive, plane stress can be assumed for the derivation of the edge spring stiffness.

The adhesive is assumed as an homogeneous isotropic linear elastic material. Hooke’s law can be
written as: 

εaxx = 1
Ea [σaxx − νa(σayy + σazz)]; γaxy = 1

Gaσ
a
xy

εayy = 1
Ea [σayy − νa(σazz + σaxx)]; γyz = 1

Gaσ
a
yz

εazz = 1
Ea [σazz − νa(σaxx + σayy)]; γazx = 1

Gaσ
a
zx

(5.5)

For solid elements submited to in plane strain: εayy = εaxx = 0 and εayx = εayx = 0 and,

εazz = (1 + νa) · (1− 2 · νa)
(1− νa) · Ea · σazz (5.6)

Ea
′ = (1− νa) · Ea

(1 + νa) · (1− 2 · νa) (5.7)

At the edge of a yz section, for solid elements submited to in plane stress: σyy = 0 and σyx = σyx =
0 and,

εzz = (1− (νa)2)
Ea

· σzz (5.8)

Ea
′ = (1− (νa)2) · Ea (5.9)

At the corners for solid elements submited to in plane stress: σyy = σyy = 0 and σyx = σyx = 0
and,

εzz = 1
E
· σzz (5.10)

Ea
′ = Ea (5.11)

Those results are summed up in Table 5.4.
The stiffnesses of the RADIOSS CBUSH elements of Figure 5.11 are directly related to the location

between nodes and the thickness of the adhesive. It is the same as saying that the elements stiffness is
dependent on the adhesive element size they are replacing. The results are summed up in the Table 5.5.
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Table 5.4: Expression for Ea
′

modulus

State of stress Ea
′

Plane strain (1−νa)·Ea
(1+νa)·(1−2·νa)

Plane stress (Edge) (1− (νa)2) · Ea
Corner plane stress

(Edge)
Ea

Table 5.5: Expression for stiffness coefficients of beam type spring elements

Ka
tension Ka

shearyz
= Ka

shearxz
Ktorsion Ka

bendingy
=

Ka
bendingz

Internal Ael·Ea
′

ta
Ael·G
ta

Infinitly rigid =
1010 N/mm

Infinitly rigid =
1010 N/mm

Edge Ael·Ea
′

2·ta
Ael·G
2·ta Infinitly rigid =

1010 N/mm
Infinitly rigid =
1010 N/mm

Corner Ael·Ea
′

4·ta
Ael·G
4·ta Infinitly rigid =

1010 N/mm
Infinitly rigid =
1010 N/mm

5.4 Derivation of a spring modelization for the face-sheets
The shear stress in the face-sheet is not constant through the thickness (z direction) and decrease quickly.
Comparing to the interface with the C-rail, the shear stress at the interface with the core material is
negligible. It was shown in the Figure 5.8 that the shear stiffness of the face-sheet has a small influence
on the shear stress distribution in the adhesive. The shear stiffness of the face-sheet is hence considered
as infinitely stiff in this section. If needed, a good way to refine the model would be to approximate the
shear distribution through the thickness by a polynomial function of degree 2 or 3 and to determine the
corresponding shear spring stiffness.

Since the face sheet is continuous, in plane strain can be assumed for the elements at the interface
with the adhesive. The transverse stresses are assumed as constant through the thickness of the face-
sheet. The effect of bending and in-plane stiffness are decoupled from out of plane stiffness. Hence, the
transverse stiffness of the upper face-sheet can be modeled with springs. Those springs will be connected
to adhesive springs. The out of plane stiffness becomes:

1
Keq
t

= 1
Kfs
t

+ 1
Ka
t

(5.12)

Keq
t = Kfs

t ·Ka
t

Kfs
t +Ka

t

(5.13)

The face-sheet spring transverse stiffness can be expressed in similar way as the adhesive internal
springs transverse stiffness. K

fs
t = Ael·Efs

′

tfs

Efs
′ = (1−νfs)·Efs

(1+νfs)·(1−2·νfs)

(5.14)

A yz section of the face-sheet is considered. A constant transverse stress distribution σzz is applied
at the interface between the adhesive and the face-sheet. In other parts of the upper face-sheet, nodes are
free from out of plane stresses. Hence at the edge of the C-rail, an edge effect appears in the face-sheet
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that must be taken into account. A shear stress σyz appears through the face-sheet, in the area of the
C-rail edge. This shear stiffness will be represented by a spring Kfs

s parallel to the spring Kfs
t at the

edge. A 2D representation of the spring model for both adhesive and face-sheet is shown Figure 5.13.

Figure 5.13: Transversal stiffness of the face-sheet edge spring determined by superposition

Analytical determination of Kfs
s is not straight forward, and therefore an FE method will be used

instead. A simple 2D model of a face-sheet is built up. The length of the model is 5 times longer than
the face-sheet thickness. The face-sheet is meshed with shell elements. The lower edge of the face-sheet
is clamped. A constant pressure distribution equivalent to 1N is applied on the upper face-sheet edge,
through a line with length le equal to the distance between two springs (See Figure 5.13 ). The unit
vertical load is apply through a RBE2 connection.

Shear deformation arising due to the unit vertical pressure distribution are not considered below the
load application line, additional boundary conditions are used for that purpose (See Figure 5.16). This

(a) Lateral unit load; Shear stress distribution (b) Lateral unit load; Transverse stress distri-
bution

Figure 5.14: Stress distribution at the interface between the C-Rail and adhesive and face-sheets for
different mesh size, a lateral unit load is applied on the top of the C-rail

assumption gives slightly higher result than it should be for Kfs
s , which is conservative. Comparing the

displacement in the upper face-sheet edge with the load applied gives the stiffness,

2 ·Kfs e
eq = Kfs e

t +Kfs e
s = ∆U

F
(5.15)
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A mesh refinement is sequentially done in order to reach a mesh independent value for Kfs e
eq . Note that

the shear stiffness Kfs
s is independent from the mesh size le which is not the case for Kfs

t . Hence if
the mesh size is changed in the area of the adhesive there is no need to built a new FE model for the
calculation of the edge spring,

Kfs e
s = 2 ·Kfs e

eq − Kfs
t

2 (5.16)

In the model previously described the lower edge of the face-sheet is clamped, hence the bending of
the face-sheet is locked. This could lead to an underestimation of the edge spring shear stiffnessKfs e

s .
The model of the sandwich panel used in this chapter was re-meshed. The same mesh size as the face-
sheet modeled in this section was used. If a similar load type is applied on the upper face sheet of the
sandwich panel, the stiffness will be 11% stiffer.

A spring model is useful to model the out of plane stiffness of a fiber composite face-sheet. The
deformation are localized close to the load application. In this area the in plane properties of the face-
sheet are really dependent on the fiber orientation and the stack of lamina. For the calculation of Kfs e

eq ,
the face-sheet were assumed as homogeneous. One can wonder if the in plane stiffness of the face-sheet
has an influence on the out of plane stiffness of the face-sheet in the vicinity of the load application.
Two models were built up in order to quantify the influence of the in-plane stiffness of the face-sheets
in Kfs e

s . The same meshing and boundary condition at the bottom edge as the first model were used.
In plane stiffness used for the orthotropic material are equal to E1 of the Carbon/Epoxy lamina for the
first model and E2 of the Carbon/Epoxy for the second model (See Table 2.2). There is 7.7% difference
between the stiffness of those two models. Hence using in-plane homogenized properties for the face-
sheet is a sufficiently accurate assumption to determine the shear spring stiffness of a fiber composite
face-sheet Kfs e

eq .
In order to test the spring model derived in this section, four different models are compared. The first

one is the reference model previously described. The second one is similar to the reference model but
with orthotropic properties for the face-sheet. In the third model, the adhesive is modeled with beam type
springs elements (CBUSH) which are positioned between to facing nodes of the C-rail and face-sheet.
1D beam (bar2) elements are used to model the aluminum face sheet.The typical mesh size is 1.67 mm.
The face-sheet are offset-ed from the adhesive and the core using rigid RBE2 elements. The aluminum
C-rail is modeled with 2D Shell elements (quad4 and tria3). The typical mesh size is 1.67 · 1.67 mm .
The PMI 52 core is modeled with 2D shell elements (quad4 and tria3 elements). The typical mesh size
is 1.67 · 1.67 mm. The meshing corresponding to this model can be seen in the Figure 5.15. The fourth

Figure 5.15: Model with beam type spring for the modelization of the adhesive and beam elements for
the face-sheets
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model is similar to the third one except that the face-sheet out of plane stiffness is taken into account
in adhesive beam type spring elements.The stress distribution at the C-rail/adhesive interface is shown
Figure 5.16. Results for other load cases show similar behaviour and can be seen Figure A.7. Both

(a) Vertical unit load; Shear stress distribu-
tion

(b) Vertical unit load; Transverse stress dis-
tribution

Figure 5.16: Stress distribution at the interface between the C-Rail and the rigid adhesive for a unit
vertical load, comparison between spring modelization and reference models

shear and tensile stress distribution of the spring base adhesive model and the reference model are fitting.
Adding the influence of the face-sheet out of plane stiffness in the beam type springs used to model the
adhesive show good coherence with the reference model with orthotropic face sheet.





Chapter 6

3D model of the adhesively joined C-rail

6.1 Model description

So far, qualitative studies were carried out in order to identify key parameters for the design of the C-rail
and for the modelizasion of the adhesive. Those studies were based on 2D models. Several conditions
must be fulfilled in order to equivalence a 3D problem into a 2D problem.The loads and boundary con-
ditions applied on the C-rail must be similar whatever the yz section of the sandwich panel considered.
Furthermore the section considered must exclusively be submitted to in plane external loading. Far away
from the edge of the sandwich panel corresponding to the front and rear of the carbody, one can assume
that the boundary conditions are the same whatever the section considered. Nevertheless the load applied
by the seat frame to the C-rail are localized. The 2D models that have been studied so far can be equiv-
alenced to the 3D model illustrated in the Figure 6.1(a). Nevertheless, the 3D model that represent the
localized loads applied by the seat frame to the C-rail will be similar to the model shown in the Figure
6.1(b). The load case will vary significantly depending on the considered yz section of the panel. A 3D
model of the adhesively joined C-rail must be built up in order to validate an adhesively joined solution.

(a) Uniformly distributed load (b) Localized load

Figure 6.1: Different load cases

In order to keep the processing time as fast as possible with a sufficient result accuracy, the size of the
mesh used for the sandwich panel needs to be optimized. For that purpose a small 3D section of the floor
sandwich panel and the C-rail is modeled (See Figure 6.2). The zone of interest, where the stresses will
be the highest, is the volume of the sandwich panel located in the vicinity of the fastening between the
seat frame and the C-rail. The zone of interest will be meshed with small elements. In other parts of the
sandwich panel the mesh size is progressively increased. The mesh coarsening in this transition zone is
ruled by limitation on aspect ratios for the elements given by Bombardier transportation guideline [22].
The section of the sandwich panel modeled is 1500 mm long and clamped at both edges. Its width is

53
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Figure 6.2: Refinement of the mesh in a small section of the sandwich panel

equal to 100 mm. The C-rail has a central position.
The C-rail is modeled with solid elements (penta6 and hexa8). The adhesive is not modeled. The

fiber composite face-sheets are modeled with composite shell elements (in the area of interest exclusively
quad4, elsewhere tria3 and quad4). The face-sheet are offset from the C-rail and core using rigid rbe2
elements. The core is modeled with solid elements (in the zone of interest exclusively hexa8, elsewhere
tetra4 penta6 and hexa8 ). A uniform vertical pressure distribution, equivalent to 1 N, is applied on the
upper surface of the C-rail. The mesh is progressively coarsened in the zone of interest of the C-rail (See
Figure 6.2). The Figure 6.3 represents, for each mesh refining step, the sum of the element strain energy
in the zone of interest with respect to the number of element in the zone of interest.

Figure 6.3: Strain energy in the zone of interest with respect to the number of elements in the zone of
interest

While increasing the number of elements in the zone of interest the strain energy converge. A typical
mesh size of 5mm seams to be a good trade off between processing time and result accuracy. Furthermore
it was shown in the section 5 that a typical mesh size of 5 mm for the adhesive gives accurate results for
a soft adhesive. Hence in the zone of interest, a typical mesh size of 5mm will be used in the full scale
3D model.

In the full scale 3D model, the same kind of elements and mesh size are used for the floor and
wall sandwich panel. The wall and floor sandwich panels are divided into 3 different parts (See Figure
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6.4). The zone of interest is exclusively meshed with solid hexa8 elements for the core and shell quad4

Figure 6.4: 3D model mesh, definition of the coarse mesh zone, the transition zone and the zone of
interest

elements for the face-sheet. In the zone of interest the typical mesh size of the elements is equal to
5mm. Far away from the area of interest is located a zone meshed with coarse elements. The coarse
mesh zone is exclusively meshed with solid hexa8 elements for the core and shell quad4 elements for the
face-sheet. In the Coarse mesh zone the typical mesh size of the elements is equal to 50mm. Between
the coarse mesh zone and the area of interest, a transition zone is located. In that zone solid tetra4 penta6
and hexa8 elements are used for the core and shell tria3 and quad4 elements are used for the face-sheets
and the mesh size is increase as fast as possible while respecting aspect ratio imposed by Bombardier
Transportation guidelines [22].

The adhesive is only modeled in the area of interest. Solid hexa8 elements are used. Since the
thickness of the adhesive is equal 0.1 mm, the aspect ratio of hexa8 elements is equal to 50 which is much
higher that the maximum value advised by Bombardier Transportation guideline [22]. Nevertheless this
bad aspect ratio showed good accuracy when used with quad4 shell elements in 2D yz section of the 3D
model section (See Section 5). Due to the C-rail geometry, one can assume that the stress variation will
be much higher through YZ sections than in XZ section of the models. Hence the bad aspect ratio of
adhesive element is assumed to have no effect on the accuracy of the stresses in the adhesives extracted
from the 3D model.

In the zone of interest the C-rail is modeled with solid penta6 and hexa8 elements. The typical mesh
size of the elements is equal to 5mm. In the transition and coarse mesh zone the C-rail is modeled using
beam element. The transition from beam to solid element is realized using a rigid rbe2 connection. One
rbe2 links the beam edge and all the nodes of the edge solid C-rail cross section considered (See Figure
6.5).

Note that the number of element in the coarse and transition zone is small comparing to the number
of elements in the zone of interest. Hence sub modeling is not useful here. Assuming symmetry of the
loading, half of the floor is modeled. The curvature of the wall is not modeled, but the real length and
width of the wall are modeled. In order to reduce the size of the 3D model, the floor and wall fastenings
are treated with two different models. The seat frame C-rail connection is modeled using non-linear
contact elements (See Section 2.2). Due to processing time issues, the seat frame is not modeled on the
3D model and load cases determined in Section 2.2 are applied directly on the C-Rail.

The stress at the edge of the C-rail in the adhesive is dependent on the mesh size. The larger the
mesh size, the smaller the stress at the edge. This phenomenon is due to the geometrical discontinuity
of the meshed model. As it can be seen in Chapter 5 the stress variation within the last 10 mm at the
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Figure 6.5: 3D model mesh, representation of the mesh of the C-rail and adhesive

edge of the C-rail in the adhesive is steep. The typical length of the elements used for the adhesive
is 5mm. The element stresses are calculated at the centroid of the corresponding element. Hence the
stress given at the edge element is calculated at a distance of 2.5 mm from the edge. In order to get a
better approximation of stresses at the edge of the C-rail in the adhesive one can assume a linear stress
distribution in the volume modeled by the edge element. The slope of the linear stress distribution is
calculated from element stress at the centroid of the last two elements at the edge:

σedge = 3
2σe −

1
2σe−1 (6.1)

Where σedge refers to the stress at the edge of the C-rail in the adhesive, σe refers to the stress at the
centroid of the edge element and σe−1 refers to the stress at the centroid of the element located next to
the edge element. Note that the result given by the equation 6.1 for the stress at the edge is conserva-
tive. Given the geometrical discontinuity, the stress at the edge is theoretically infinite. This formula
permits to take into account the slope of the stress distribution at the edge in the comparison of different
models. Note that the mesh size has to be sufficiently small. The slope of the stress distribution must
not be inverted between the centroids of the two last elements. In order to test this requirement a mesh
refinement needs to be performed. It has been checked previously, using 2D models, that a mesh size of
5 mm is sufficient if a soft adhesive such as the Araldite 2018 is modeled. But note that in the case of
a stiff adhesive such as the Araldite 2015 the mesh size has to be refined down to 1.67 mm to apply the
equation 6.1.

6.2 Results

6.2.1 Comparison between modeling techniques for the interface between the
seat frame and the C-rail

In this section the influence of the modelization of the contact between the seat frame and C-rail on
stresses in the adhesive and the sandwich panel will be studied. In the section 2.2, two ways to determine
the load case at the interface between the C-rail and the seat frame where used, a rough and a detailed
one.

In the case of the rough model the reaction forces determined in the Section 2.2 have to be applied
manually. At the nodes corresponding to the bolted joints, 3 forces and 3 torques where extracted in
the Section 2.2 for each load cases. It is assumed that the pressure distribution is uniform in the area
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corresponding to the interface between the bolt an the C-rail. Hence, a uniform pressure distribution is
applied in this area, the resultant of this pressure is equal to the resultant of pure forces derived in the
Section 2.2. Furthermore, forces are applied on nodes corresponding to the interface between the bolt an
the C-rail, the resultant of those forces at the point located in the center of the bolted joint is equal to the
resultant of the pure torques derived in the Section 2.2.

In the case of the rough model the reaction forces have been extracted in a .fem file and are applied
on the 3D model automatically which significantly reduce the risk of error.

The case of the floor fastening of a wall/floor seat frame configuration for the load case X+ will be
considered. The Table 6.1 shows stresses in the the face-sheet. The Table 6.2 shows stresses in the core.
The table 6.3 shows stresses in the adhesive. Detailed results for all the load cases can be seen in Tables
B.1, B.2 and B.3 respectively. In the core material stresses between the two models are quite similar

Table 6.1: Comparison between max stresses in the face sheet between between modeling techniques for
contact between seat frame and C-rail, floor fastening, wall/floor seat frame, X+ load case

Detailed BC Rough BC Material
strength

σ1t (MPa) 59.77 66.7 1500
σ1c (MPa) 49.36 54.2 1500
σ2t (MPa) 6.42 4.95 40
σ2c (MPa) 7.38 3.40 246
τ12 (MPa) 2.351 1.94 68

Table 6.2: Comparison between max stresses in the core between between modeling techniques for
contact between seat frame and C-rail, floor fastening, wall/floor seat frame, X+ load case

Detailed BC Rough BC Material
strength

σt (MPa) 0.4225 0.3409 2.8
σc (MPa) 0.5286 0.4883 1.5
τ (MPa) 0.1687 0.1195 1.3

Table 6.3: Comparison between max stresses in the adhesive between modeling techniques for contact
between seat frame and C-rail, floor fastening, wall/floor seat frame, X+ load case, * stress at the edge if
a linear stress distribution is assumed in the adhesive edge element

Detailed BC Rough BC Material
strength

σzz (MPa) * 3.74 1.04 7
σzz (MPa) 2.657 0.8037 7
σyz (MPa) 0.9127 0.004969 10

except for the max shear stress variation. Between the two models the max shear stress variation is equal
to 29%.In the case of the face-sheets, the variation is around 10%, it goes up to 54% for the compressive
stresses in the transverse direction to fibers. In the case of the adhesive the stress distribution is really
different between the two models. The max tensile stresses are located in the middle of the adhesive
strip for rough boundary conditions and at the edge for detailed boundary conditions (See Figure 6.6(c)).
On the contrary,the max shear stresses are located at the edge of the adhesive strip for rough boundary
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conditions and in the middle for detailed boundary conditions (See Figure 6.6(d)). Furthermore, the stress
variation between the two models is really high. Hence, rough modelization of the contact between the
seat frame and the face-sheet gives reasonable results if the stresses in the face-sheet and the core are
studied. Nevertheless, if stress level is studied in the adhesive, detailed modelization must be used.

(a) Transverse stress distribution in the core (b) Shear stress distribution in the core

(c) Transverse stress distribution in the adhesive (d) Shear stress distribution in the adhesive

Figure 6.6: Representation of the stress distribution in xy plan for the adhesive and the core, wall/floor
seat frame configuration, floor fastening, X+ load case, detailed BC

6.2.2 Comparison between the different seat frame configurations

In this section the three different seat frame configurations are compared. The determination of the
load cases in section 2.2 did not permit to clearly identify the best seat frame configuration in terms of
mechanical strength. In the case of the wall/wall seat frame configuration, one of the C-rail is close to the
metallic joint linking the floor and wall sandwich panel.The stiff boundary conditions applied at the panel
edges do not model properly the influence of the metallic joint in areas close to the edge of the sandwich
panel. Furthermore, in that area the C-rail will most likely be included in the metallic joint. Hence only
the C-rail which is far away from the metallic joint linking panel will be studied in this section. A similar
observation can be done for the floor/floor seat frame configuration.

Table 6.4 shows maximum stress values in the face-sheet for the worst load cases. For all of the three
seat frame configuration, stress values are equal or lower than 16% the material elasticity limit. The
worst load case is X+ except for compressive stress in the fiber direction for the wall/wall configuration.
Table 6.5 shows maximum stress values in core for the different seat frame configurations for the worst
load cases. Similarly to results given for the face-sheet, the wall floor configuration appears to be the
strongest. Depending on the seat frame configuration X+ or Z- is the worst load case. For all the load
cases, stresses in the core are below the material limit. The Table 6.6 shows maximum stress values in
the adhesive for the different seat frame configurations for the worst load cases. The worst load case
appears to be X+. For all the load cases, stresses in the adhesive are below the material limit. Once
again, the wall/floor configuration appears to be the least loaded. Those results show that the solution
tested represent a feasible fastening solution for all the different seat frame configurations. As mention
previously, further work have to be done to determine a proper criterion for the stress at the edge. The
wall/floor seat frame configuration is the best one from a mechanical strength point of view. For this seat
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Table 6.4: Stresses in the face sheet for the different seat frame configurations

Seat frame
configura-

tion

Floor-Floor Wall-Floor Wall-Floor Wall-Wall

Fastening
location

Floor Floor Wall Wall

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Material
strength

σ1t (MPa) 69.1 X+ 59.77 X+ 35.85 X+ 124.3 X+ 1500
σ1c (MPa) 57.74 X+ 49.36 X+ 81.14 X+ 4.017 Z− 1500
σ2t (MPa) 6.083 X+ 6.42 X+ 5.083 X+ 16.09 X+ 40
σ2c (MPa) 8.601 X+ 7.38 X+ 0.3224 X+ 1.373 X+ 246
τ12 (MPa) 2.553 X+ 2.351 X+ 1.305 X+ 2.733 X+ 68

Table 6.5: Stresses in the core for the different seat frame configurations

Seat frame
configura-

tion

Floor-Floor Wall-Floor Wall-Floor Wall-Wall

Fastening
location

Floor Floor Wall Wall

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Material
strength

σt (MPa) 0.4829 X+ 0.4225 X+ 0.3059 X+ 0.4273 Z− 1.6
σc (MPa) 0.5938 X+ 0.5286 X+ 0.2553 X+ 0.6025 Z− 0.8
τ (MPa) 0.1956 X+ 0.1687 X+ 0.09419 X+ 0.2709 X+ 0.8

Table 6.6: Stresses in the adhesive for the different seat frame configurations, * stress at the edge if a
linear stress distribution is assumed in the adhesive edge element

Seat frame
configura-

tion

Floor-Floor Wall-Floor Wall-Floor Wall-Wall

Fastening
location

Floor Floor Wall Wall

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Max
Value

Load
Case

Material
strength

σzz (MPa) * 4.21 X+ 3.74 X+ 3.72 X+ 1.09 X+ 7
σzz (MPa) 3.002 X+ 2.657 X+ 2.783 X+ 0.8159 X+ 7
σyz (MPa) 1.350 X+ 0.9127 X+ 0.8580 X+ 2.987 X+ 10

frame configuration the X+ load case is always by far the most critical. Results for other load cases are
show in appendix (See Figures 6.1, 6.2 and 6.3)

Note that in the rest of the study only floor fastening for wall/floor seat frame configuration for X+
load case will be considered.
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6.2.3 Influence of the position of the seats in the fastening strength
it was seen in the section ?? that boundary conditions applied on the sandwich panel can have a large
influence on the stress distribution in the sandwich panel. In fact boundary conditions have an influence
on the bending stiffness of the sandwich panel. For different position of the seat frame the boundary
conditions applied on the sandwich panel will be different. Figure 6.7 shows the deformation of the
C-rail and sandwich panel when the seat is located in a central position in the carbody. The deformation

Figure 6.7: Displacement, scale factor 200, wall/floor seat frame, floor fastening, X+ load case

through the x axis are localized around the fastening area. Figure 6.8 shows that the minimum distance
along the x direction between the wall and the beginning of the seat fastening area is equal to 300 mm.
A new model with boundary condition corresponding to the closest seat to the end wall is built up. The

Figure 6.8: Distance between the last seat and the end wall, typical distance between seats (the Regina
train is used as reference)

difference between stresses for a seat located at the edge and a seat frame located in the middle of the
carbody are really small for the core, the face-sheet and the carbody. The maximum difference is equal
to 3.5%. Furthermore values are always lower in case the seat frame at the edge is considered. In the
appendix detailed results are shown in Figures B.4, B.5 and B.6. Hence one can assume that whatever
the position of the seat frame along the C-rail, the strength of the seat fastening will be the same.

One can wonder if stresses in the sandwich panel due to a seat fastening will be influenced by sur-
rounding seat fastenings. The Figure 6.8 represent the typical distance of 700 mm between two seats in a
second class coach. Since the problem is linear, the max stresses can be compared with stresses localized
at a distance equal to 700 mm in x direction of the elements corresponding to the max stress. The max
variation in the face-sheet is equal to 12.8% for tensile stress in the direction of the fibers. In the core, the
variation is much lower with a maximum of 2.1% for the max shear stress. Detailed results are shown in
appendix Figure B.7 and B.8. Far away from the load introduction, the face-sheets are carrying most of
the loads. This is why the influence of surrounding seat fastenings in the tensile stress in the direction of
the fibers is higher than in other direction and parts of the sandwich panel. The influence of neighboring
seats decrease with the distance between the zone of interest and the neighboring seat fastening. In the
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rest of the study, we will assume that surrounding seat fastening have no influence on stress distribution.
Furthermore a seat frame located along the floor C-rail on a central position will be considered.

6.2.4 Comparison between different foam cores

A study on the influence of core properties on the stress distribution in the core has already been done
in the section 3.1. This section aims at giving quantitative values on the local influence of the core
properties on the stress distribution in both sandwich panel and face-sheets. In the case of inserts, core
mechanical properties directly influence the strength of the fastening. A common solution to strengthen
the fastening is to use a core with higher mechanical properties in the vicinity of the insert. This solution
is quite lightweight and permits to keep the sandwich panel global properties unchanged. In the same
way, higher core density will be tested in the zone of interest.

As expected using a stiffer core locally permits to decrease max stresses in the face-sheet. The same
behavior is observed in all direction in the plane of the face-sheet. Results of max stresses in the face-
sheet are shown Table 6.7. There is approximatively a factor 2 between max stresses obtain with PMI 52
foam core and PMI 205 foam core in the face-sheets. Note that the evolution is not linear with respect
to the E modulus of the core. The amplitude of stresses in the core are increasing with increasing core

Table 6.7: Stresses in the face-sheet for different core properties locally in the area of interest

Core material PMI 52 PMI 75 PMI
105

PMI
204

Face-
sheet
mate-
rial

σ1t (MPa) 59.77 55.01 44.72 32.58 1500
σ1c (MPa) 49.36 36.58 35.00 25.63 1500
σ2t (MPa) 6.42 6.165 5.383 4.231 40
σ2c (MPa) 7.788 7.389 5.143 3.932 246
τ12 (MPa) 2.351 1.621 1.306 0.996 68

density. Nevertheless stresses have to be compared with respect to material properties, that is the purpose
of safety coefficients,

safety coefficients = Stress

Material strength
(6.2)

Table 6.8 shows values for core stresses and safety coefficients. There is approximatively a factor 2.5
between max stresses obtain with PMI 52 foam core and PMI 205 foam in the core. For the range of core
material considered, the evolution of safety coefficients in the core can be assumed as linear with respect
to the Young’s modulus. The Figure 6.9 shows the distribution of transverse stresses σzz in the section

Table 6.8: Stresses in the core for different core properties locally in the area of interest

Core
material

PMI 52 PMI 75 PMI 105 PMI 205

Max
Value

Safety
coeffi-
cient

Max
Value

Safety
coeffi-
cient

Max
Value

Safety
coeffi-
cient

Max
Value

Safety
coeffi-
cient

σt (MPa) 0.4224 3.79 0.4903 4.48 0.5951 6.05 0.741 9.18
σc (MPa) 0.5234 1.53 0.6856 2.47 0.9954 3.72 1.497 6.01
τ (MPa) 0.1697 4.71 0.1600 8.125 0.2432 9.86 0.3995 12.52
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yz containing the maximum stress. Even if the stress at the edge is mesh dependent, model with same
meshes can be compared. The higher the core density in the area of interest the lower the stresses at the
edge. Hence, locally increasing the core material properties around the C-rail permits to substantially

Figure 6.9: σzz stress distribution in the adhesive for different core properties in the yz section containing
the highest stress

decrease stresses in the sandwich panel as well as peel stress at the edges of the adhesive layer.

6.2.5 Symetric face-sheets

Increasing the bending stiffness of the upper face sheet permits to lower stresses in the sandwich panel.
The influence of the bending stiffness of the face sheet on the bending stiffness of the sandwich panel
is negligible given the high thickness of the core. Hence, modifying the stack of laminae can permit
to significantly increase the bending stiffness of the face-sheet will having a negligible effect on the
sandwich panel bending stiffness. Using a symmetric stack of laminae will for example permit to increase
the bending stiffness of the face sheet around its neutral axis. Hence the two following layups will be
tested.
Reference Layup: 0.81/2· 0.26/2.05 mm (0◦/± 45◦/90◦)
Symmetric Layup: (1.025/2· 0.13/ 0.405)s mm (90◦/± 45◦/0◦)s
Table 6.9 shows the max stresses in the core for the two layups. It shows that using a symmetric layup
permits to lower stresses in the core from 6% for max compressive stress to 56% for the max shear stress.
Figure 6.10 shows the transverse stress distribution in the adhesive in the yz section containing the higher

Table 6.9: Stresses in the core for different layups

Reference Layup Symmetric Layup Material strength
σt (MPa) 0.4225 0.3344 2.8
σc (MPa) 0.5286 0.5062 1.5
τ (MPa) 0.1687 0.1116 1.3

transverse stress. Stresses at the edge are slightly higher in the case of the symmetric layup, nevertheless,
the slope is smaller. Hence one can assume that refining the mesh will result in a larger stress at the
edge for the reference layup. Furthermore it can be noticed that the stresses in the middle are higher in
the case of the symmetric layup than for the reference layup. It can be assumed that using face sheet
with even higher bending stiffness will change the transverse stress distribution with higher stress in the
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middle and lower stress at the edges. Detailed results for the stresses in the face sheet and adhesive can
be found in the tables B.9 and B.10 in the appendix.

Figure 6.10: σzz stress distribution in the adhesive for different face-sheet layups in the yz section con-
taining the highest stress

6.2.6 Equivalent sandwich panel properties with respect to carbody structural
requirements.

The reference sandwich panel corresponds to an optimization of the weight of the structure. An opti-
mization of the weight of the structure while imposing PMI 205, which as higher density than PMI 52
used for the reference sandwich panel, will result in a panel with slightly higher weight but with with
lower thickness. The result of the optimization gives:

• CF skins: 2.09/2 · 0.4/2.05 mm (0◦/± 45◦/90◦),
• Core: PMI 205, 59.56 mm

The Table 6.10 shows stresses in the core for the two models. Since core materials are dissimilar, only
safety coefficient can be compared. The safety coefficient for the equivalent panel made of PMI 205
are much higher than in the case of the reference panel made up with PMI 52 core. Furthermore one
can notice that the safety coefficient obtained for the core of the equivalent panel are similar to the
case studied in Section 6.2.4 with PMI 205 locally around the fastening area. Figure 6.11 shows the

Table 6.10: Equivalent sandwich panel stresses in the core

Reference panel PMI 52 Equivalent panel PMI 75
Max
Value

Safety
coeffi-
cient

Max
Value

Safety
coeffi-
cient

σt (MPa) 0.4224 3.79 0.6654 10.21
σc (MPa) 0.5234 1.53 1.426 6.31
τ (MPa) 0.1697 4.71 0.457 10.94

transverse stress distribution in the zy section containing the highest stress. Stresses and slope of the
stress distribution at the edge are lower for the equivalent sandwich panel than for the reference sandwich
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panel. In the middle of the section, the reverse situation can be observed. Detailed results for the stresses
in the face sheet and adhesive can be found in the tables B.11 and B.12 in the appendix.

Figure 6.11: σzz stress distribution in the adhesive for weight optimized sandwich panel configuration
constrained by different foam core properties in the yz section containing the highest stress

Between the reference and the equivalent model there is a variation of more than 50% of the core
thickness. In order to understand the influence of the variation of core thickness in stresses locally around
the fastening area, several models with different core thickness but similar face-sheets, based on the
reference model, are compared. The variation of the core thickness actually affects the bending stiffness
of the sandwich panel. The Figures 6.12(a) and 6.12(b) show the variations of max stresses respectively
in the core and adhesive with respect to thickness of the core. It appears that the stresses variation in the
adhesive is negligible if the core thickness is lowered by 50% from the reference sandwich panel. The
variation is smaller than 2% for core tensile and shear stress if the core thickness is lowered by 50% from
the reference sandwich panel. The core compressive stress lowering goes up to 10%. Hence the variation
of core thickness can be assumed to have no influence in the distribution of stresses in the core and the
adhesive. Larger stress variation are observed for the stresses in the face-sheets.

(a) Variation of stresses in the adhesive with re-
spect to thickness of the core

(b) Variation of stresses in the core with respect to
thickness of the core

Figure 6.12: Variation of stresses in the core and adhesive with respect to thickness of the core

6.2.7 Geometry of the C-rail
In section 3, several qualitative rules have been set up in order to optimize the design of the C-rail with
respect to stresses in the core. Stresses in the adhesive were not taken into account in this section.
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Furthermore, the reference C-rail that has been derived in this section was optimized for a 2D model,
bending stiffness around y axis was neglected. Hence, in order to get quantitative results and information
on the variation of stress distribution in the adhesive, two models are tested and compared to the reference
model. The first C-rail cross section tested has thinner base than the reference model and can be seen
Figure 6.13. The first C-rail cross section tested has flared edges and can also be seen Figure 6.13. Table

Figure 6.13: σzz stress distribution in the adhesive for different C-rail cross sections, in the yz section
containing the highest stress

6.11 shows the variation of stresses in the core. Similar observation as in 3 can be made concerning
stresses in the core. A thinner C-rail will involve lower stresses at the edge but higher stresses in the
middle of the C-rail section. Hence the maximum compressive stress is higher in the case of the thin
C-rail. This result show that the design of the reference model is optimized with respect to stresses in the
core for the 3D model. Figure 6.13 shows the transverse stress distribution in the zy section containing

Table 6.11: Stresses in the Core for different C-rail cross sections

Reference C-rail Thin C-rail Flared edges C-rail Material strength
σt (MPa) 0.4225 0.4406 0.4308 2.8
σc (MPa) 0.5286 0.8301 0.54591 1.5
τ (MPa) 0.1687 0.2289 0.1751 1.3

the highest stress. Shear stress slope and maximum values are smaller at the edge for the thin and flared
edges model than for the reference model. Nevertheless to flare the edges of the C-rail appears to be the
better solution to modify the C-rail cross section in order to lower the stresses at the edge since it doesn’t
induce higher stresses in the core. Detailed results for the stresses in the face sheet and adhesive can be
found in the tables B.13 and B.14 in the appendix.

6.2.8 Influence of the adhesive thickness

As mentioned in the product data sheet of the Araldite 2018, a thickness of 0.1 mm for the adhesive
layer provide the highest shear strength. Even if the substrates are assumed as perfectly plan, the man-
ufacturing tolerance of the adhesive thickness will be quite high comparing to its nominal value. The
planarity tolerance of aluminum extrusion processes can reach similar or smaller values than the refer-
ence thickness of 0.1 mm. It is hard to find data about planarity expected for a sandwich panel with
carbon fiber face-sheets. Nevertheless on can expect that for a surface with a width equal to 150 mm
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the planarity tolerance will be equal or higher than 0.1 mm. This imply that the adhesive thickness will
vary quite a lot comparing to its nominal value depending on the area considered. Hence the influence
of the adhesive thickness is tested from 0.05 mm up to 1mm. The figure 6.14 shows the transverse stress
distribution in the zy section containing the highest stress. The higher the shear stress the smoother the

Figure 6.14: σzz stress distribution in the adhesive for different adhesive thicknesses, in the yz section
containing the highest stress

pressure distribution. Hence at the edge, a low adhesive thickness comparing to the nominal value will
significantly affect the strength of the fastening. In order to prevent the adhesive edge from being thinner
than its nominal value, the shape of the C-rail could be modified at the edge as shown in the Figure
6.15(b). The angle α and the distance d has to be determined as function of the planarity tolerances of
the C-rail and the face-sheet. Note, as a general rule that, when the adhesive is submitted to shear stress,
for thick adhesive layers the rupture will appear at the bond while for thin adhesive layer the rupture will
appear in the adhesive. Hence increasing the thickness value of the adhesive will not always result in
increasing the fastening strength. Furthermore, for an adhesive produced as tape, high thicknesses will
involve manufacturing issues since the adhesive will spread. The thickness trigger value is usually avail-
able for lap shear test. In the case studied the state of stress is different and tests should be performed
in order to determine the trigger value for the adhesive failure mode. As a general rule if the thickness
of the adhesive increase, stresses in the core will slightly increase while stresses in the face-sheet will
slightly decrease. Detailed results for the stresses in the face sheet, core and adhesive can be found in the
tables B.15, B.16 and B.17 in the appendix.

Using high thickness adhesive tape could permit to lower the influence of thickness variation of the
bond. For that purpose, the thickness of the adhesive much be higher than the sum of the planarity
tolerances of the C-rail and sandwich panel for an area corresponding to the contact area. VHB tape
manufactured by M3 could correspond to the requirements. Using tape adhesive is easier than conven-
tional adhesive and permits to have a better control on the thickness of the adhesive especial in the case of
thick layers. Several thicknesses of the VHB tape 4950 family have been tested. The figure 6.16 shows
the transverse stress distribution in the zy section containing the highest stress. Similarly to the case of
the Araldite 2018 adhesive, the higher the shear stress the smoother the pressure distribution. One can
observe a lowering of stresses at the edge which is an interesting properties in order to prevent cracks
to grow due to peel stress at the edges of the C-rail. Unfortunately stresses are higher than the material
limit.
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(a) Variation of adhesive thickness

(b) Solution to impose higher thickness at the edges of the C-rail

Figure 6.15: Influence of irregularities in the planarity of the sandwich panel and the C-rail on the
thickness of the adhesive

Figure 6.16: σzz stress distribution in the adhesive for different M3 VHB tape 4950 thickness, in the yz
section containing the highest stress





Chapter 7

Discussion

Through the example of seat fastenings, the work presented in this master thesis has permitted to rise
issues and provide solutions related to fastening of equipment on a sandwich carbody. The core shear
and transverse stiffness, the face-sheet bending stiffness and the amplitude of external pressure distribu-
tion were identified as the key parameters regarding sandwich panel transverse strength. The reference
sandwich panel used throughout the thesis corresponds to the weakest panel with respect to out of plane
loading. It as been derived by D.Wennberg in [3] from a weight optimization, constrained by geometri-
cal and mechanical parameters. Hence if a solution can be found for this configuration, it will also be the
case for thinner panels using stiffer core and thicker face-sheets. One of the first steps of the thesis was
to know which load case should to be considered in the fastening area. The norm specifies acceleration
fields and passenger weight which should be considered. The equipment must actually remain fastened
to the carbody in case of a crash. It was shown that the seat frame geometry has a great importance in the
distribution of loads at the fastening points. The seat frames tested have radically different geometries. It
could be interesting to optimize the geometry of a wall/floor seat frame and quantify the stress reduction
in the core and the adhesive. This thesis also permitted to show the importance of a detailed modelization
of the contact areas around the bolted joints in the vicinity of the area of interest.

Several solution for the seat fastening were presented. The floating floor has not been considered in
this study since the objective was to find solutions to fasten equipment directly on the sandwich panel.
Nevertheless it is most likely that a floating floor will be used even if the carbody structure is made up by
sandwich panels. Similar issues as the one studied in this thesis will then have to be solved. When it is
possible the C-rails should be included in the design of the metallic joints that joins the different panels.
In that case the seat fastening issues are related to the design the metallic joints. An interesting solution
based on inserts was presented, it could be an alternative to the use of C-rails through the length of the
carbody while allowing for flexible utilization. The most promising fastening solution with respect to the
requirements is to bond a C-rail directly on the top of the sandwich panel. The high stress concentration
arising due to local change in the stiffness of the core when inserts are used is avoided. Comparing to
other solutions, the manufacturing process is simplified.

A study based on 2D models was carried out in order to understand the influence of the C-rail cross
section on stress concentration in the core. Given the load cases in the fastening area it was shown that
high stresses arise in the core at the edges and the middle of the cross section. Lowering the sandwich
transverse and bending stiffness has the same effect as increasing the C-rail bending stiffness on the
pressure distribution. In that case, stresses in the core in the middle of the C-rail cross section are
lowered while stresses in the core at the edge of the C-rail cross section are increased. A general rule
is that the higher the core transverse stiffness, the higher the safety coefficient for stresses in the core.
Nevertheless it was shown that for each sandwich panel configuration an optimized C-rail cross section
geometry could be found to lower stresses in the core. The aim of this optimization is to find a balance
between stresses arising at the edge and the middle cross section in the core.

69
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The derivation of a closed form model for the determination of thermal residual stresses in the ad-
hesive layer permitted to choose a suitable adhesive, the Araldite 2018. Similarly to the case of the lap
joint, peel stress may arise at the edges of the C-rail, it has not been taken into account in this thesis.
Furthermore, isotropic, homogeneous and linear elastic properties have been stated for the adhesive ma-
terial. Taking into account the non linear behavior of the adhesive could permit to substantially lower
the maximum stress calculated at the edge. It will have the same effect as using adhesive with smaller
stiffness at the edges which is the zone where high stresses arise. The transverse stress distribution will
be smoother comparing to a case for which linear elastic properties are stated. The closed form model
should be compared to test or models based on the finite element method. Note that the minimum tem-
perature of −20◦C is a guess and does not refer to any norm. Extremes temperatures that may arise
inside the carbody should be defined clearly before starting the detailed design. It was clearly shown that
the adhesive thickness and shear modulus are the parameters that influence the magnitude of residual
shear stresses in the adhesive. Furthermore it was shown that reducing the length of the C-rail has no
effect on the maximum residual shear stress. A solution that could permit to reduce the residual stresses
due to thermal expansion consists in applying a tensile stress to the C-rail while the gluing operation is
performed. This manufacturing solution requires heavy equipment and does not appear to be feasible.
Increasing the curing time permits a reduction of the curing temperature which permits to lower resid-
ual stresses in the adhesive. Note that a balance has to be found between the manufacturing time and
the residual stresses. The adhesive selected, the Araldite 2018, has soft properties, the thickness of 0.1
mm advised by the manufacturer is thin. As a general comment, tape should be preferred to glue. The
manufacturing operation is actually much easier and the control of the layer thickness more accurate.

Several ways to model the adhesive in 3D models were developed. Those methods are mainly based
on the assumption of a constant stress distribution through the thickness of the adhesive layer. With
the load type and the model considered it was shown that one line of solid elements with aspect ratios
10 times higher than the limit value advised by Bombardier guidelines gives accurate results for the
calculation of stresses in the adhesive. This observation is really dependent on the state of stress in the
adhesive and has to be used carefully. In addition, a spring modelization was developed for the adhesive
layer. This model is interesting since it permits to avoid the use of bad aspect ratio and thin elements.
The practice within Bombardier is to use the same FE model for static analysis and crash simulations,
which makes element size critical as the time step integration is dependent on the smallest dimension
of the elements. The spring elements could therefore be used to avoid small elements. In addition it
was shown that in a configuration using a stiff adhesive and fiber composite face-sheet, the out of plane
stiffness of the face-sheet has an influence on the stress distribution in the adhesive. Modeling the out of
plane stiffness of fiber composite face-sheet is not straight forward due to the anisotropy of the material
properties. A spring model was developed in order to model the out of plane stiffness of the face-sheet
while using composite shell elements to model in plane and bending stiffness properties of the face-sheet.

The models developed for the adhesive gives the right stress distribution, nevertheless it is not pos-
sible to conclude on the validity of the solution. The stress at the edge of the C-Rail in the adhesive is
actually dependent on the mesh size. The smaller the mesh size, the higher the stress at the edge. This
phenomenon is due to the geometrical discontinuity of the FE model. There are several ways to solve
this issue. Note that for welded structures, similar issues are encountered. Based on experimentations, a
large range of methods as well as the norms provide accurate results for each case. Structural bounding
is still quite new in the industry which can explain the absence of similar tools. First of all, note that
there are not any sharp edges in the reality. Non-zero curve radius, corresponding to physical values, can
be imposed at the edges of the C-rail (See Figure 7.1). The same goes for the adhesive. In order to mesh
a circle with radius R, 16 nodes approximatively are necessary. Hence the typical mesh size needed to
mesh a quarter of a circle with radius R, replacing a sharp edge, is approximately equal to :

Typical mesh size = π ·R
2 (7.1)
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Figure 7.1: Model with edges with finite radios

A sub model must be built up. With a reasonable modeling effort, this method permits to give a finite
value for the stress at the edge. Even if this information gives a good approximation for the stress at the
edge it is hard to control curve radius with accuracy, especially for the glue. There is a mismatch between
the meshed volume and the reality. Furthermore this method does not permit to predict what will happen
if a crack arise in the adhesive at the edge. If a crack is present at the edge of the C-rail, in the adhesive,
plastic deformations will arise locally around the crack. The stress will be redistributed and the crack
won’t necessary grow. In order to study this kind of phenomenon, fracture mechanics has to be used. A
3D crack will have to be studied. The fracture toughness of the adhesive material needs to be determined
by tests. This type of study requires a lot of work. A last solution consists in carrying out an experiment.
The same state of stress as for the X+ load case has to be applied to the adhesive layer. Comparing the
test with the result of the 3D model will permit to develop a failure criterion. This method is comparable
to the hot spot stress method used for welded structures. Note that for all the solution proposed, the stress
distribution in the adhesive needs to be determined first, hence the work on the modeling of the adhesive
performed throughout this thesis remains useful.

Special care was taken in the development of a 3D model, it permitted to test various design parame-
ters and to obtain quantitative informations. The 3D model permitted to give some feed back on modeling
choices that were done.The thickness of the core is a key parameter regarding the bending stiffness of
the sandwich panel. It was shown through the 3D model that the thickness of the core material has not
a significant influence in the stresses in the core and the adhesive arising locally around the fastenings.
In the same way it was shown that the stress variation in the core and the adhesive with respect to the
position of the seat along the C-rail was negligible. Hence the influence of the boundary conditions have
been overestimated. Modeling smaller sections of the carbody with a length of 1500 mm instead of the
entire length of the carbody will give accurate results.

It was shown that the worst load case is X+ for each of the seat frame configurations. It corresponds to
a longitudinal acceleration of 3g in x direction combined with a vertical acceleration of 1g in z direction.
The 3D model permitted to confirm that the wall/floor seat frame provides the smallest stresses in the
fastening area. This seat frame configuration should used in priority. The stress level in the face-sheets
is small compared to the materials limit. The stress level in the core material remains below the material
limit for the cross section derived in the beginning of the thesis. Hence it appears that the fastening
solution developed throughout this thesis permits to avoid stress concentration in the sandwich panel and
especially in the core. The stress level in the adhesive considering the residual stresses due to thermal
expansion and the stresses due to static loading is below the material limit. As mentioned before, there
is still further work to do in order to determine the strength of the adhesive bond at the edge of the
C-rail. Possible improvement of the fastening solution have been tested. It was shown that increasing
the stiffness of the core permits to reduce the level of stress in the core with respect to the core material
strength. It also permits to reduce the level of stress in the adhesive at the edges of the C-rail. As far
as possible symmetric layups should be used for the face-sheets since it permits to lower the stress level
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in the core. It was shown that the edges of the C-rail should be as thin as possible. Further work has
to be done in order to investigate the limits of the extrusion process in the production of aluminum C-
rails. The 3 D model can be used to optimize the C-rail stiffness with regard to the transverse stresses
in the core. It was shown that the stress level in the adhesive is highly dependent on the thickness of
the adhesive layer. The planarity tolerance of the sandwich panel is in the same range as the thickness
of the adhesive layer. Further work should be put in the investigation of the effect of local changes of
the thickness of the adhesive in the stresses. In order to have a better control on the thickness of the
adhesive, tape should be used instead of glue. Using a higher thickness for the adhesive could permit to
lower the influence of irregularities due to the planarity tolerance of the sandwich panel. On a first sight,
VHB tapes produced by M3 correspond to those requirements. Nevertheless, the numerical modelization
show a lack of mechanical strength.

The strength of the fastenings with respect to the time has not been studied. Fatigue issues should be
investigated. Similarly to the uncertainty at the edge of the C-rail, further data will have to be obtained
by a test campaign on the adhesive material. Note that the loads that should be considered for the fatigue
study are much lower than the ones that has been used throughout this thesis. Which correspond actually
to the case of a crash. Note that moisture has not been taken into account in the study. Depending on the
country and the settings of the air conditioning devices, moisture rate can reach high values inside the
carbody. Hence safety coefficient should be taken into account. Simulations of water infiltration in the
adhesive layer could also give usefully informations.

The example of the seat fastening has been considered throughout the thesis. Nevertheless, the
methodology and most of the results are applicable to any kind of fastening or out of plan load introduc-
tion on a sandwich panel.
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Appendix A

Modeling of adhesive joint

A.1 Effect of adhesive modelization on the stress distribution

A.1.1 Effect of the adhesive modelization on the stress distribution in the
adhesive

The figure A.1 represents the shear and transverse stress distribution in the adhesive at the interface
with the C-Rail. Three adhesives are sequentially modeled with soft, stiff and infinitely stiff properties
respectively. Results for an ideal model with infinitely stiff substrates are also shown. Three different
load cases are modeled: a unit vertical load, a unit lateral load and a unique torque in x direction. More
details can be found in section 5.1.

The figure A.2 represents the shear and transverse stress distribution in the core at the interface
interface with the face-sheet. Two adhesives are sequentially modeled with soft and stiff properties
respectively. Three different load cases are modeled, a unit vertical load, a unit lateral load and a unique
torque in x direction. More details can be found in section 5.1.
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(a) Lateral unit load; Shear stress distribu-
tion

(b) Lateral unit load; Transverse stress dis-
tribution

(c) Vertical unit load; Shear stress distribu-
tion

(d) Vertical unit load; Transverse stress dis-
tribution

(e) Unit torque; Shear stress distribution (f) Unit torque; Transverse stress distribu-
tion

Figure A.1: Stress distribution at the interface between the C-Rail and adhesive. Adhesive: soft stiff and
infinitely stiff. More details can be found in section 5.1
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(a) Lateral unit load; Transverse stress distribu-
tion

(b) Vertical unit load; Transverse stress distribu-
tion

(c) Unit torque; Transverse stress distribution

Figure A.2: Stress distribution at the interface between the C-Rail and adhesive and in the core for soft
and infinitly rigid adhesive models see section 5.1
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A.1.2 Effect of the mesh coarsening on the stress distribution in the adhesive
The figure A.3 represents the stress variation in the adhesive through the thickness of the adhesive on the
row of element located at the edge of the C-rail cross section. 5 elements through the thickness of the
adhesive are used. Three different load cases are modeled, a unit vertical load, a unit lateral load and a
unique torque in the x direction. More details can be found in section 5.1.

(a) Laterall unit load (b) Vertical unit load

(c) Unit torque

Figure A.3: Stress variation at the edge, through the thickness of the adhesive for different load cases; 5
elements through the thickness of the adhesive (see figure 5.1)
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A.2 Effect of the face-sheet modelization on the stress distribution
in the adhesive

The figure A.3 represents the stress variation in the adhesive at the interface with the C-rail. Three
different mesh sizes are considered, the reference mesh (0.1·0.02 mm), one element through the thickness
with an aspect ratio of 5 (0.5·0.1 mm), one element through the thickness with an aspect ratio of 50 (5·0.1
mm).Three different load cases are modeled, a unit vertical load, a unit lateral load and a unique torque
in the x direction. More details can be found in section 5.1.

The figure A.5 represents the stress variation in the adhesive at the interface with the C-rail. A
soft adhesive is modeled. Three different modelizations of the face-sheets are considered: 2D shell and
aluminum, 2D shell and orthotropic properties with soft out of plane stiffness and aluminum in plane
stiffness and 1D beam with aluminum in-plane properties.Three different load cases are modeled, a unit
vertical load, a unit lateral load and a unique torque in the x direction. More details can be found in
section 5.2.

The figure A.6 represents the stress variation in the adhesive at the interface with the C-rail. A
stiff adhesive is modeled. Three different modelizations of the face-sheets are compared: 2D shell and
aluminum, 2D shell and orthotropic properties with soft out of plane stiffness and aluminum in plane
stiffness and 1D beam with aluminum in plane properties. Three different load cases are modeled: a unit
vertical load, a unit lateral load and a unique torque in x direction. More details can be found in section
5.2.

The figure A.6 represents the stress variation in the adhesive at the interface with the C-rail. The
face-sheets are sequentially modeled with orthotropic or aluminum properties. A sring modelization
of the adhesive and the out of plane stiffness of the face-sheet associated with beam elements for the
face-sheets is compared to the reference 2D shell modelization for both face-sheet and adhesive. Three
different load cases are modeled, a unit vertical load, a unit lateral load and a unique torque in the x
direction. More details can be found in section 5.4.
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(a) Lateral unit load; Shear stress distribu-
tion

(b) Lateral unit load; Transverse stress dis-
tribution

(c) Vertical unit load; Shear stress distribu-
tion

(d) Vertical unit load; Transverse stress dis-
tribution

(e) Unit torque; Shear stress distribution (f) Unit torque; Transverse stress distribu-
tion

Figure A.4: Stress distribution in the adhesive for different mesh size see section 5.1
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(a) Lateral unit load; Shear stress distri-
bution

(b) Lateral unit load; Transverse stress
distribution

(c) Vertical unit load; Shear stress distri-
bution

(d) Vertical unit load; Transverse stress
distribution

(e) Unit torque; Shear stress distribution (f) Unit torque; Transverse stress distri-
bution

Figure A.5: Determination of the influence of the face-sheets modelization in the stress distribution in
the adhesive, soft material properties for the adhesive
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]
(a) Lateral unit load; Shear stress distri-
bution

(b) Lateral unit load; Transverse stress dis-
tribution

(c) Vertical unit load; Shear stress distri-
bution

(d) Vertical unit load; Transverse stress
distribution

(e) Unit torque; Shear stress distribution (f) Unit torque; Transverse stress distribu-
tion

Figure A.6: Determination of the influence of the face-sheets modelization in the stress distribution in
the adhesive, stiff material properties for the adhesive
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(a) Lateral unit load; Shear stress distribu-
tion

(b) Lateral unit load; Transverse stress dis-
tribution

(c) Vertical unit load; Shear stress distribu-
tion

(d) Vertical unit load; Transverse stress dis-
tribution

(e) Unit torque; Shear stress distribution (f) Unit torque; Transverse stress distribu-
tion

Figure A.7: Stress distribution in the adhesive, comparison between spring modelization and ref models





Appendix B

3D model of the adhesively joined C-rail

B.1 Comparison between different load cases
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The table B.1 shows stresses in the face-sheet, the table B.2 shows stresses in the core and
the table B.3 shows stresses in the adhesive. The load case applied on the C-rail corresponds to detail
boundary conditions for the modelization of the interface between the C-rail and the seat frame (See
section2.2). All the load cases imposed by the norm are compared. Further informations can be found in
section B.1.

Table B.1: Stresses in the face sheet for a Wall Floor fastening in the vicinity of the floor seat leg, Detailed
BC non-symmetric layup

X+ Y+ Z- Y- Z+ Material
strength

σ1t
(MPa)

59.77 12.33 22.7 5.18 5.90 1500

σ1c
(MPa)

49.36 9.14 18.6 3.27 6.40 1500

σ2t
(MPa)

6.42 1.097 0.567 0.2832 0.5577 40

σ2c
(MPa)

7.38 2,052 1,984 0.7821 0.6632 246

τ12
(MPa)

2.351 3.138 0.5641 0.1119 0.2050 68

Table B.2: Stresses in the core for a wall Floor fastening in the vicinity of the floor leg, Detailed BC
non-symmetric layup

X+ Y+ Z- Y- Z+ Material
strength

σt (MPa) 0.4225 0.1123 0.2259 0.04483 0,01503 2.8
σc (MPa) 0.5286 0.0142 0.02508 0,003258 0,050151 1.5
τ (MPa) 0.1687 0.05239 0.1071 0,01639 0,02254 1.3
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Table B.3: Stresses in the adhesive for a Wall Floor fastening in the vicinity of the floor leg, Detailed BC
non-symmetric layup, * stress at the edge if a linear stress distribution is assumed in the adhesive edge
element

X+ Y+ Z- Y- Z+ Material
strength

σzz (MPa) * 3.74 0.987 1.989 0.396 0.208 7
σzz (MPa) 0.5030 0.1424 0.2718 0.04975 0.00992 7
σyz (MPa) 0.9127 0.1884 0.3331 0.05165 0.09014 10
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B.2 Influence of the position of the seats in the fastening strength
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. Two positions of the seat frame, in the center and at the edge of the carbody, are compared.
The table B.4 shows stresses in the face-sheet, the table B.5 shows stresses in the core and the table B.6
shows stresses in the adhesive. Further informations can be found in section B.2.

Table B.4: Stresses in the face sheet

Location of the
fastening

Edge Center

Max
Value

Load
Case

Max
Value

Load
Case

Material
strength

σ1t (MPa) 58.42 X+ 59.77 X+ 1500
σ1c (MPa) 49.29 X+ 49.36 X+ 1500
σ2t (MPa) 6.424 X+ 6.42 X+ 40
σ2c (MPa) 7.31 X+ 7.38 X+ 246
τ12 (MPa) 2.27 X+ 2.351 X+ 68

Table B.5: Stresses in the core

Location of the
fastening

Edge Center

Max
Value

Load
Case

Max
Value

Load
Case

Material
strength

σt (MPa) 0.4224 X+ 0.4225 X+ 1.6
σc (MPa) 0.5234 X+ 0.5286 X+ 0.8
τ (MPa) 0.1697 X+ 0.1687 X+ 0.8

Table B.6: Stresses in the adhesive, * stress at the edge if a linear stress distribution is assumed in the
adhesive edge element

Location of the
fastening

Edge Center

σzz (MPa) * 3.74 X+ 3.75 X+ 7
σzz (MPa) 2.655 X+ 2.657 X+ 7
σyz (MPa) 0.8960 X+ 0.9127 X+ 10
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B.3 Influence of other seats
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The X+ load case is considered since it gives the highest stresses. The highest stresses are
compared to stresses arising at a distance equal to the distance between two seats. Hence the influence
of surrounding seats on stresses can be evaluated. The table B.7 shows stresses in the face-sheet and the
table B.8 shows stresses in the core. Further informations can be found in section B.2.

Table B.7: Influence of the closest seat fastening on the stresses in the face-sheet

%
σ1t

(MPa)
12.01

σ1c
(MPa)

6.857

σ2t
(MPa)

12.79

σ2c
(MPa)

2.467

τ12
(MPa)

5.425

Table B.8: Influence of the closest seat fastening on the stresses in the core

%
σt (MPa) 1.039
σc (MPa) 0.9872
τ (MPa) 2.1256
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B.4 Influence of the layup
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The X+ load case is considered since it gives the highest stresses. Two different layups,
symmetric and non-symmetric, are compared for the face-sheets. The table B.9 shows stresses in the
face-sheet and the table B.10 shows stresses in the adhesive. Further informations can be found in
section 6.2.5.

Table B.9: Stresses in the face sheet for different layups

Reference Layup Symmetric Layup Material strength
σ1t (MPa) 59.77 77.94 1500
σ1c (MPa) 49.36 61.38 1500
σ2t (MPa) 6.42 6.196 40
σ2c (MPa) 7.38 4.122 246
τ12 (MPa) 2.351 2.521 68

Table B.10: Stresses in the adhesive for different layups, * stress at the edge if a linear stress distribution
is assumed in the adhesive edge element

Reference Layup Symmetric Layup Material strength
σzz (MPa) * 3.74 3.73) 7
σzz (MPa) 2.657 2.857 7
σyz (MPa) 0.9127 1.116 10
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B.5 Equivalent sandwich panel
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The X+ load case is considered since it gives the highest stresses. Two different sandwich
panels are considered. The reference sandwich panel corresponds to an optimization of the weight of
the structure. An optimization of the weight of the structure while imposing PMI 205, which as higher
density than PMI 52 used for the reference sandwich panel, will result in an equivalent panel with slightly
higher weight but with with lower thickness. The table B.11 shows stresses in the face-sheet and the table
B.12 shows stresses in the adhesive. Further informations can be found in section 6.2.6.

Table B.11: Equivalent sandwich panel stresses in the face sheet

Reference panel Equivalent panel Material strength
σ1t (MPa) 59.77 54.50 1500
σ1c (MPa) 49.36 77.68 1500
σ2t (MPa) 6.42 4.277 40
σ2c (MPa) 7.38 4.932 246
τ12 (MPa) 2.351 2.052 68

Table B.12: Equivalent sandwich panel stresses in the adhesive, * stress at the edge if a linear stress
distribution is assumed in the adhesive edge element

Reference panel Equivalent panel Material strength
σzz (MPa) * 3.74 2.92 7
σzz (MPa) 2.657 2.34 7
σyz (MPa) 0.9127 0.4678 10



B.6. C-RAIL GEOMETRY 91

B.6 C-rail geometry
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The X+ load case is considered since it gives the highest stresses. Three different C-rail
cross-sections are considered: the reference cross-section derived in the section 3 ,a cross-section with
a higher stiffness (t=8mm see figure 3.5) and a cross-section with flared edges.The table B.13 shows
stresses in the face-sheet and the table B.14 shows stresses in the adhesive. Further informations can be
found in section 6.2.7.

Table B.13: Stresses in the face-sheets for different C-rail geometries

8mm 5mm Flared edges Material strength
σ1t (MPa) 59.77 71.94 60.34 1500
σ1c (MPa) 49.36 51.27 59.93 1500
σ2t (MPa) 6.42 11.19 6.789 40
σ2c (MPa) 7.38 6.94 7.239 246
τ12 (MPa) 2.351 2.257 2.478 68

Table B.14: Stresses in the adhesive for different C-rail geometries, * stress at the edge if a linear stress
distribution is assumed in the adhesive edge element

8mm 5mm Flared edges Material strength
σzz (MPa) * 3.74 3.30 3.04 7
σzz (MPa) 2.657 2.414 2.303 7
σyz (MPa) 0.9127 1.047 0.9444 10



92 APPENDIX B. 3D MODEL OF THE ADHESIVELY JOINED C-RAIL

B.7 Influence of the adhesive thickness
A 3D model was built up in order to model the seat fastenings, a detailed description can be found in
section 6.1. The X+ load case is considered since it gives the highest stresses. The influence of adhesive
thickness on stresses is investigated.The table B.15 shows stresses in the face-sheet, the table B.16 shows
stresses in the core and the table B.17 shows stresses in the adhesive. Further informations can be found
in section 6.2.8.

Table B.15: Stresses in the face-sheets for various adhesive thickness

0.05 mm 0.1 mm 0.2 mm 0.5mm 1mm Material
strength

σ1t (MPa) 76.27 59.77 46.99 39.12 36.13 1500
σ1c (MPa) 56.38 49.36 39.92 24.74 21.93 1500
σ2t (MPa) 7.562 6.42 5.749 4.848 4.283 40
σ2c (MPa) 7.781 7.38 7.109 6.145 5.615 246
τ12 (MPa) 2.606 2.351 1.975 1.432 1.048 68

Table B.16: Stresses in the Core for various adhesive thickness

0.05 mm 0.1 mm 0.2 mm 0.5mm 1mm Material
strength

σt (MPa) 0.4184 0.4224 0.4278 0.4416 0.4383 2.8
σc (MPa) 0.5129 0.5234 0.5521 0.5643 0.5585 1.5
τ (MPa) 0.1671 0.1697 0.1723 0.1764 0.1778 1.3

Table B.17: Stresses in the adhesive for various adhesive thickness, * stress at the edge if a linear stress
distribution is assumed in the adhesive edge element

0.05 mm 0.1 mm 0.2 mm 0.5mm 1mm Material
strength

σzz (MPa) * 4.41 3.74 2.60 2.14 1.65 7
σzz (MPa) 3.11 2.657 2.22 1.72 1.39 7
σyz (MPa) 1.376 0.9127 0.5543 0.2619 0.1485 10
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