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This paper presents the development of a finite-element model used to study the sepa-
ration of a launcher payload fairing. This work has been carried out at the French National
Space Agency (CNES). In order to capture the complex behaviour of sandwich structures
used on the fairing, different methods are implemented to improve the robustness of the
model and validate it. A special focus has been put on different shell theories available in
the literature to understand the formulation behind shell finite elements. Several of them,
available in the commercial solver Abaqus, have been tested to characterize their range
of validity. The refinement suggestions drawn from this work have been implemented in
the model and evaluated via a comparative study. No experimental data being available,
a thorough process of verification and validation have been used in order to improve the
confidence in the numerical results obtained.

Nomenclature

C Damping matrix [kg/s]

E Young modulus [Pa]

F Force [N]

f Eigenfrequency [Hz]

G Shear modulus [Pa]

h Thickness of the sandwich [m]

K Stiffness matrix [N/m]

M Mass matrix [kg]

m Mass [kg]

t Time [s]

tc, tf Thickness of the core, of the faces [m]

u Nodal displacements vector [m]

u, v, w Plate displacement field [m]

βx, βy Plate rotation field [rad]

ε Strain [–]

κ Shear correction factor (Mindlin-Reissner theory)

σc, σf Stress in the core, in the face [Pa]

Φ Eigenvector

τc, τf Shear stress in the core, in the face [Pa]

ω2 Eigenvalue [rad/s2]
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Introduction

A large range of complex mechanical problems can be solved using the Finite Element (FE) method
nowadays. Thanks to today computing power and the improvement of the performance of FE solvers,
complicated problems can be modelled with a great precision. The problem tackled here is the separation
(also called jettison) in two halves of a payload fairing, the dynamic transient behaviour being of interest.
The objective of this master thesis is to come up with robust solutions in order to increase the reliability of
the simulations and predict reliably the mechanical behaviour. First section presents a biographical summary
on the modelling of sandwich structures in Finite Element analysis, and introduces some recommendations
for later work. Section 2 presents a specific study carried out to evaluate the FE tools available in the
commercial solver Abaqus. Last section presents the practical application to the payload fairing with the
evaluation of the robust methods proposed and implemented.

I. Modelling of sandwich structures in Finite Element Analysis

I.A. Definition

A sandwich consists of two main constituents: the faces and the core. A wide range of materials for these two
parts are available. The panels of a payload fairing are made of sandwich constituted of laminated composite
faces and an aluminium honeycomb. CFRP (Carbon Fibre Reinforced Plastic) is a perfect fit for the faces
as it provides a high stiffness, high tensile and compressive strength, while being lightweight and easy to
manufacture in thin sheets. The core must provide a good shear modulus and shear strength in addition of
a low density.

Figure 1. Sandwich panel

This type of structure is widely used in the aerospace industry for its high flexural rigidity/weight ratio.
The faces carry bending moments as tensile and compressive stresses while the core carries transverse forces
as shear stresses. The approximations of a weak core (Ec � Ef ) and thin faces (tf � tc) are usually made,
leading to:

σc(z) = 0, σf (z) = ±Mx

tfh
, τc(z) =

Tx
h
, τf (z) = 0 (1)

Figure 2. Stress distribution in a sandwich panel
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This implies a constant shear stress through the thickness when the 3D elasticity theory predicts a
quadratic variation. This approximation is the main focus of the work presented here. During the jettison of
the payload fairing, sandwich panels are subjected to important out-of-plane bending, and transverse shear
plays an important role. Coarse approximations to model this phenomenon could lead to spurious simulation
results.

I.B. Shell theory

A number of different plate and shell theories has been developed over the last decades. The one of Kirchhoff
and the one of Mindlin-Reissner are well known. The first one makes the hypothesis of negligible transverse
shear, which is acceptable for thin plates. This theory is not suitable in our study case: transverse shear is
always significant in sandwich plates, regardless of their thickness.

I.B.1. Mindlin-Reissner plate theory

A refined theory widely used is the one of Mindlin-Reissner [1], [2] also known as FSDT (First order Shear
Deformation Theory). The transverse shear is taken into account and the shear stress is considered constant
through the thickness.

Five independent kinematic variables are used: the displacement field u, v, w and the rotations of the
normal regarding the mid-surface βx and βy. The displacement field can be written:

u(x, y, z) = u0(x, y) + zβx(x, y)

v(x, y, z) = v0(x, y) + zβy(x, y)

w(x, y, z) = w0(x, y)

(2)

The FSDT denomination comes from the development at the first order in z of u(x, y, z) and v(x, y, z).
The strain field is:

εxx = u0,x + zβx,x

εyy = v0,y + zβy,y

εzz = 0

γxy = (u0,y + v0,x) + z(βx,y + βy,x)

γyz = βy + w0,y

γxz = βx + w0,x

(3)

The transverse shear strain is constant through the thickness while the 3D elasticity theory predicts
a quadratic variation. A correction coefficient κ is used to account for the approximation and a correct
prediction of the strain energy.

γαz = κ(βα + w0,α) α = x, y (4)

κ can be found from two different manners. Reissner proposes to correct the transverse shear energy for
a plate in pure bending (κ = 5

6 ≈ 0.8333) while Mindlin matches the first anti-symmetric mode of vibration

due to transverse shear (κ = π2

12 ≈ 0.822). This is valid for a homogeneous and isotropic plate. The correction
factor must be recalculated for a laminate or plates with orthotropic properties.

For a sandwich plate, κ can be computed using the shear stiffness S by matching the potential energy of
the external forces with the strain energy of the system [3]. Using the ”sandwich approximation” (Ec � Ef
and tf � tc) one can find κ = 1.

FSDT theory provides good results for thin and thick plates for most of the encountered problems.
However, for large out-of-plane deformation of sandwich structures, the approximation of a constant shear
strain could be too restrictive and lead to an incorrect behaviour. Refined theories have been developed in
order to solve this issue.

3 of 13

KTH Royal Institute of Technology MSc. in Aerospace Engineering



I.B.2. HSDT : Higher Order Shear Deformation Theory

Limitations of FSDT come from the necessity of using correction factors. Several authors have suggested
methods to overcome this problem and integrate directly in the theory a quadratic variation of the transverse
shear stress through the thickness. Reddy [4] for example suggested to take Taylor series of third order in z
for u and v.

u(x, y, z) = u0(x, y) + zβx(x, y) + z2ξx(x, y) + z3ζx(x, y)

v(x, y, z) = v0(x, y) + zβy(x, y) + z2ξy(x, y) + z3ζy(x, y)

w(x, y, z) = w0(x, y)

(5)

ξx and ξy are related to the membrane behaviour and ζx and ζy to the bending behaviour. These nine
unknown functions can be reduced to five by using boundary conditions on the free faces of the plate.

ταz(x, y,±
h

2
) = 0 α = x, y (6)

The displacement field becomes:

u(x, y, z) = u0(x, y) + z

[
ϕx(x, y) − 4

3

( z
h

)2
(ϕx(x, y) + w0,x

]
v(x, y, z) = v0(x, y) + z

[
ϕy(x, y) − 4

3

( z
h

)2
(ϕy(x, y) + w0,y

]
w(x, y, z) = w0(x, y)

(7)

One can extract the strain components relative to the transverse shear:

γyz = (ϕy + w0,y)

(
1 − 4

h
z2
)

γxz = (ϕx + w0,x)

(
1 − 4

h
z2
) (8)

A quadratic function is obtained, which matches well with the 3D theory. This theory seems attractive
and opens a way to solve the encountered problem but it presents major defects for practical application.
The displacements expression uses the first order derivative of w, which require a C 1 continuity for the
out-of-plane component. This makes the implementation of the theory in Finite Element Analysis very
delicate.

Authors have tried to avoid this limitation by modifying the theory [5]. Kant [6] developed a quadrilateral
isoparametric 9-nodes plate element of continuity C 0 with nine degrees of freedom per node. The element
performs well on classical patch-tests [7] and gives accurate solutions for sandwich plates and significant
improvements in comparaison to FSDT. However, non-physical variables are used, and the number of degree
of freedom per element (81) might lead to a high computation cost.

In the frame of an industrial application, the use of such a theory to implement an in-house element
seems compromised. First, the theories presented so far are plate theories, and would have to be extended
for shells, as well as for non-linear problems to account for large displacements and rotations. Then, the
element would have to be validated in order to be used in analysis [8]. The last obstacle is the computational
cost for large simulations. User elements can be implemented in Abaqus [9] via Fortran subroutines but the
computational time increases drastically when the model exceeds a few thousand degrees of freedom.

This overview was intended to give a good idea of the various phenomenon involved. In order to improve
the FE model, a series of patch test have been carried out to test the behaviour of the different elements
available in Abaqus.

II. Evaluation of the response of a shell submitted to transverse shear

Guided by a V&V process [8], a thorough review of the elements available in Abaqus has been made in
order to choose a suitable solution for the specific application of the jettison of the payload fairing.
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II.A. Presentation of Abaqus elements

II.A.1. Shell elements

Three and four nodes isoparametric shell elements are available in Abaqus. They exist either with full or
reduced integration [10] : S3, S3R, S4, S4R. Each node has six degrees of freedom: three for displacements,
three for rotations.

They are called ”general-purpose elements” as they can perform in a wide range of applications, for thin
as well as thick shells. Their formulation does not rely on a single theory but on a patchwork of several
concepts in order to make the element as effective as possible. The baseline is the Koiter-Sanders non-linear
shell theory [11]. The transverse shear is treated in the same manner than in the Mindlin-Reissner theory
presented earlier. Linear elements are subject to a phenomenon called ”shear locking” [10]. The formulation
of the interpolation functions used is not able to reproduce the complex behaviour caused by transverse shear
and the element exhibits an artificial very high stiffness. In order to reduce it, the Assumed Strain Method
is used [9]. Displacement shapes for in-plane displacements are also assumed to avoid membrane locking.

II.A.2. Continuum shell elements

Continuum shell elements are 3D elements intended to model slender structure. They have a shell-like
behaviour while being close to the topology of a 3D solid element as they only have displacement related
degrees of freedom. They can model thick and thin shell and are made to be stacked in order to capture
through-thickness response. They are particularly useful to model composite laminate plate. Abaqus pro-
vides rectangular and triangle based continuum shell elements, SC8R and SC6R. They have the same number
of degree of freedom as their regular equivalent shell elements.

Very little information is available about the exact formulation these elements are based on. The similarity
with 3D solid elements indicates that a refined mesh is needed to capture the bending behaviour of the plate.
The treatment of the transverse shear seems to be the same as in shell elements, but the stacking of several
continuum shell elements could provide better results. However, the mesh must be extruded to use such
elements, which widely complicates their use.

II.A.3. Solid elements

Abaqus provides a wide selection of 3D isoparametric solid elements, with linear interpolation (C3D8) or
quadratic interpolation (C3D20). Only the linear interpolation family is considered in this study. The
quadratic version is susceptible to give slightly better results but increases the cost computational cost and
the complexity of the mesh. The preferred solid element is the C3D8I, which is fully integrated (2 × 2 × 2
Gauss integration points) with incompatible modes [9]. The use of incompatible modes solves the shear
locking problems that make C3D8 elements unusable for bending problems. Additional degrees of freedom
are artificially added and allow a linear variation of the strain field over the element, but this is only intern
and no additional nodes are needed. C3D8I elements perform very well, in particular for bending problems
with a clean mesh (not distorted).

The formulation of C3D8I elements is based on 3D elasticity theory and provides thus an accurate solution
for the transverse shear stress with a quadratic variation through the thickness.

II.B. Patch test: bending of a cylindrical panel

A patch test has been developed in order to test the different way of modelling sandwich structures with
Abaqus elements.
Three different set up are studied:

• (S) : Shell elements S4, S4R, S8R. The sandwich is considered as a laminate made of three layers
(face/core/face)

• (CS) : Continuum shell SC8R. The sandwich is modelled as a stack of four elements: one per face, two
for the core.

• (M) : Mixed, C3D8I, S4R. The core is modelled by C3D8I elements (two in the thickness) and the
faces by shell elements S4R. They share the same nodes as the C3D8I elements (perfect bonding)
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Figure 3. Different manners of modelling a sandwich

The sandwich is made of CFRP faces of thickness tf and of an aluminium honeycomb core of thickness tc
for a total thickness h = tc+2tf . The material properties are extracted from the payload fairing specifications.

Two different radii of curvature for the cylinder are considered in order to address the two borderline
cases: a thin shell or a thick shell. This is quantified by the ratio Rcyl/h.

Table 1. Variable

tf/tc [-] Rcyl/h [-]

0.075 15

0.075 100

The model is a quarter of cylinder clamped at one end, a normalized force is applied on the other one
(Figure 4a). The vertical displacement is measured at this edge at the end of a 1 second *STATIC step.
Different mesh sizes are studied: 5 × 5, 10 × 10 and 20 × 20 elements.

(a) Boundary conditions
(b) Dimension of the cylinder

Figure 4. Configuration of the patch test

No analytical solutions are available in the literature for such a problem. Stacked orthotropic materials
make the calculation of exact analytical solutions with 3D elasticity a very complicated (if not impossible)
problem. A reference case is chosen arbitrarily to address this situation: mixed modelling technique (M)
with a refined mesh of 80 × 80 × 4 C3D8I elements for the core and 80 × 80 S4R elements for the faces. If
numerical problems are eluded, 3D solid elements are the best candidates to take accurately into account
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transverse shear, while thin CFRP sheets are well modelled by S4R elements. A sensibility study on the
mesh size have been carried out and shows a good convergence, which tends to validate the choice of this
reference model.

(a) Thick shells (b) Thin shell

Figure 5. Results of the patch test

Thick shell case:

The (S) and (M) models give comparable results. The (CS) modelling is also close, while sensitive to the
aspect ratio of the elements. Shell elements perform well in this case and could be considered good enough,
taking into account the mesh complexity and the computational costs driven by the use of 3D elements.

Thin shell case:

This case has been studied since it takes the same order of magnitudes as Ariane 5 fairing panels. A
clear difference is observed here between the (M) model and the (S) and (CS). These ones converge toward
a lower deflection, and the structure appears to be stiffer. The (M) modelling is sensible to the mesh size,
but converges rapidly toward the reference solution. A refined mesh is compulsory to get a low aspect ratio
of the C3D8I elements (no more than 10).

A possible explanation for this difference of behaviour is the treatment of the transverse shear. Shell
elements tend to have a ”Kirchoff behaviour” when the plate is thin. However, the transverse shear cannot
be neglected in a sandwich structure. The important parameter to decide if a shell is thin or thick in Abaqus
seems to be purely geometric and is related to Rcyl/h. A refinement of the mesh does not drastically change
the behaviour. This case stands in a specific borderline zone where the shell is thin while the transverse shear
is non-negligible for bending behaviours. With their exact formulation, the 3D solid elements are supposed
to reproduce accurately the transverse shear no matter the size of the structure, as long as the mesh is
refined enough. This explanation is motivated by several sensibility studies carried out. Figure 6 displays
the influence of the shear modulus of the core for the thin shell case. The shear modulus is normalized
regarding the real value of the one of the aluminium honeycomb.

Figure 6. Effect of the shear modulus of the core on the sandwich behaviour
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The variation of the shear modulus has very little effect on the behaviour of the shell model, on the
contrary of the hybrid model.

Note: The (CS) model has been studied as it seemed to offer a good compromise between shell and
volumetric. It gives equivalent or worse prediction than the (S) model with a higher computational cost and
a complex 3D mesh. A sensibility study has been performed to understand the role of the number of stacked
elements through the thickness, but the results were not concluding. This type of element is not known to
perform well in bending problem, and as their formulation remains unclear, it has been decided to avoid using
them.

The first conclusions are:

• Shell elements are not good enough to model thin sandwich structure under important bending loads.
A complete modelling using 3D solid elements for the core and shell elements for the faces should be
used is these areas.

• A special care has to be put to the size of the mesh. At least two elements through the thickness
should be used and the mesh has to be refined enough to ensure a correct aspect ratio. An increasing
of the number of elements through the thickness would be preferable but constraints on the aspect
ratio would lead to a very high computational cost.

This patch test applies specifically to the study carried out on the payload fairing. The conclusions are
helpful to determine the upgrades to be integrated on the model, but a more thorough study would be
needed to give general recommendations. Additionally, an experimental campaign would be valuable to
validate the numerical results. The reference has been chosen by experience, thanks to the results of previous
studies, but a thorough process of validation through experimentation is needed to give credibility to these
recommendations. A full-scale test of the fairing is difficult to achieve, but sub-systems (panels) can be
tested rather easily.

III. Application to the analysis of the behaviour during vertical separation

The jettison of the fairing is done in two separate steps. The separation system consists of a horizontal
separation system (HSS) and a vertical separation system (VSS). The HSS is located at the foot of the fairing
and made of two rings. The upper ring is attached to the fairing panels while the lower ring is attached on
the launcher, and stays on it after the fairing jettison. The two rings are initially attached together and then
separated via a pyrotechnic event (horizontal separation). The two half fairings are then separated along
the VSS plan and falls in a opposite direction, pushed out by the pyrotechnic event at the VSS.

The model used in this study concerns the long term separation and is used to predict the behaviour of
the half fairings after the triggering of the VSS. An overview of the model is presented in Annex A. The
fairing models available are firstly used to size the structure under flight loads, however, separation loads
provoke very different solicitations and the sandwich panels work in different manners. The Finite Element
model has to be updated in order to react properly to these new load cases. Specifically, large out-of-plane
displacements and bending in the panel are observed and the transverse shear in the core is suspected to
play an important role. Recommendations drawn from the previous work presented are going to be used in
order to improve this aspect of the modelling.

III..1. Description of the nominal finite-element model

The model is a former NASTRAN model converted to an Abaqus model and modified in order to perform a
dynamic study of the behaviour of the fairing during jettison. The vertical separation system is modelled by
connector spring elements that apply a distributed force of each half fairing, representative of the pyrotechnic
event, and pushing them out in opposite directions. The size of the model is of about 3.4 × 104 elements
and 2 × 105 variables (degrees of freedom and Lagrange multipliers).

The general dynamic equation can be written as:

Müt + Cu̇t + Kut = Fextt (9)
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u is the vector of nodal displacements, ü and u̇ respectively the second and first derivative with respect to
the time, M the mass matrix, C the damping matrix, K the stiffness matrix, and Fext the vector of external
forces. This equation system is solved using the Abaqus/Implicit Finite Element package [9].

The FE problem is non-linear because fairing panels experience large displacement and rotations. This is
called geometric non-linearity and is activated with the option *NLGEOM=YES. Dynamic simulations have
been tried out without this option in the past but gave poor results, assessing the necessity of considering
this non-linearity. No material or non-linearity related to contact are considered in the model.

III..2. Description of the behaviour during horizontal jettison

The two fairings are separated radially by a pyrotechnic event at the VSS. This impulse is modelled in the
FE model by applying a distributed force on each half fairing. The simulation goes through different step:

• Step 1: Gravity is applied on the whole fairing to simulate its flight environment.

• Step 2: Beams keeping the two half-fairings attached are removed instantly. The impulse (spring
elements) separates the half-fairings.

• Step 3: Both half fairings fall freely under gravity. This is the non-linear dynamic step being of interest.

III..3. Verification and validation of the model

In order to be compared with the former studies performed, the model has to be readjusted. The reference
model is chosen to be the one developed by the company manufacturing the fairing. The mass of each
half-fairing as well as their respective centre of inertia have to be close to the reference, within acceptable
margins.

The dynamic properties are then validated through a modal analysis. A free-free analysis is conducted on
each half-fairing using the Lanzcos solver included in Abaqus. The 10 first modes are selected and compared,
knowing that the 6 first ones correspond to rigid modes and their eigenfrequency should be very close to
zero.

[ω2M + ωC + K]Φ = 0 (10)

The frequency of the extracted modes (f = ω/2π) as well as the modal shapes have to correspond to the
reference. A special care is placed on the Mode 7 which is the one excited during separation.

Once the model is adjusted, the behaviour of the fairing during the jettison is compared to the reference.
The ”breathing displacement” corresponds to the nodal displacement of the bottom corner nodes of each
half-fairing. One of them is represented on Figure 7a. The results obtained are close and validate the new
model developed.

(a) Comparison with reference model (b) Validation of the refinement of the model

Figure 7. Breathing curves during jettison of the fairing
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III.A. Refinement of the model

The back of the fairing presents many singularities because of instrumentation and access doors. The sizing
method proposed by the industry in order to calculate the margins of safety is based on detailed local models
constructed for each singularity. Forces and moments extracted from the dynamic simulation are applied as
input loads on the detailed model. Finally, a static analysis is performed in order to extract the stresses in
the critical zones and compute the margins of safety. Only two components of the moments are extracted
and applied on the local model, which makes the protocol debatable and is not considered robust enough.
The static analysis is not able to recreate the exact stress environment around the singularity, especially
regarding the out-of-plan bending of the panels.

It has been proposed to implement the singularities directly in the dynamic model in order to depict
precisely the mechanical environment around the different areas of interest. It would be useful to be able to
size the structure and compute the margin of safety directly from the dynamic model.
Two refinements are proposed:

• (1) Refinement of the shell mesh around the singularities

• (2) Hybrid mesh (3D solid and shell) of the sandwich structures around the singularities

The refinement (1) is needed to compare the two types of modelling with the same mesh pattern. The
results of the jettison are presented on Figure 7b. A refinement of the model in a local zone should not
impact its behaviour at the global scale, since this one is driven by the modal properties of the half fairings.
The three models predict the same behaviour, which allow us to validate the refinements carried out.

III.B. Evaluation of the refinements

The singularity zone used to quantify the impact is a standard access door, modelled as a hole in the
panel. The stresses are extracted at the vicinity in order to calculate the margin of safety (MoS). For CFRP
sandwich panels, the Tsai-Hill criterion is used.

MoS =
1√(

σ1

σ̂1

)2
+
(
σ2

σ̂2

)2
− σ1σ2

max(σ̂1,σ̂2)2
+
(
τ
τ̂

)2 − 1 (11)

Direction 1 and 2 being the principal directions of the laminate, X̂i the maximal allowable stress/shear stress
in the considered direction.

The new margins of safety calculated are presented in Table 2. Only the most critical one is considered, and
only the variation regarding the initial model is of interest here since this first approach is only qualitative.

Table 2. Margin of safety computed on the refined model

Refined model (1) Refined model (2)

MoS variation [%] - 72 - 82

A major reduction of the margin of safety computed is observed. The first reason is the refinement of the
mesh. This one is coarse around the singularity in the initial model, which causes wrong estimations of
the stresses. A thin mesh is needed to increase the confidence in the simulation. Regarding the refinement
model (2), this difference is explained by the presence of 3D element that allows a better estimation of the
transverse shear stresses and a better modelling of the behaviour of the panels around the singularity.

This is only preliminary results and more studies should be performed to verify the validity of the method,
but the overall behaviour observed and the first estimations are encouraging. It validates the initial feeling
that the current method used by the industrial tends to underestimate the margins of safety and does not
model accurately reality.

Further recommendations:
Tsai-hill is a first-ply rupture criterion, which means that the sandwich is considered as a single ply laminate.
This is a coarse approximation for sandwich rupture as many other failure mode can appear (shear failure,
core crushing...). The refinement (2) is of interest since the transverse shear is represented accurately, leading
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to a better prediction of the panels’ behaviour. Moreover, solid elements allow a proper calculation of the
stresses inside the core and a more precise investigation can be done. With this new information, other
failure criterions should be considered in order to compare the results and increase the robustness of the
methodology. The Tsai-Wu criterion distinguishes traction and compression behaviour of laminates and
could be used for the faces, while a shear failure criterion could be used for the core.

Conclusion

An evaluation of different ways of modelling sandwich structures in Finite Element analysis has been
made in this paper. The final aim is to improve the simulations outcome regarding the separation of a
launcher payload fairing. A bibliographical study has been carried out in order to find innovative elements
that could answer to the problem. Facing severe issues regarding the practical implementation, a focus has
been made on available solutions in commercial FE codes in order to understand precisely the behaviour of
the different element provided. This approach aimed at improving the robustness and the credibility of the
simulations.

A new dynamic model has been constructed at the CNES, and following the recommendations drawn, a
refinement of the mesh and of the modelling has been performed in the vicinity of singularity zones. This
new method has been used in order to compute the margins of safety with an increased precision and to
provide more credibility to simulation results. Lower margins of safety have been found, which validates the
need of developing new methods such as the one presented in this paper. Further work is needed to fully
validate the process and extend it to other applications.
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Annex A

The Finite Element model used for the study is presented on Figure 8.

Figure 8. Presentation of the Finite Element separation model of the fairing
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