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Abstract

This paper summarises the work of SMR performed in the framework of the BOJCAS
project [1]. The goal for SMR and CIRA was to be able to perform detailed analysis of bolted
joints, including progressive damage modelling, directly embedded into a global structural
model. Therefore, several developments were needed in B2000: Contact, a sparse solver and
a method for coupling the volume mesh with the shell mesh.
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1 Introduction

In order to analyse the behaviour of a structure, models of various parts and details need to
be created. A model where details are modelled less accurately is called a global model, and
a more accurate model is then required to study the local details. An example of a global
model is a stiffened panel, where joints are modelled by rigid links or beam elements. The
traditional approach of using the input of the results of the global model, usually displace-
ments, as input for the local model is well established and works for most cases, but has two
important drawbacks:

e Alack of accuracy in case of non-linearity, either geometrical or material non-linearity.
e No feedback from the local model to the global model.

Therefore, accurate global-local modelling based on the traditional approach of different
models can be time consuming.

In the framework of the BOJCAS project, CIRA and SMR proposed and developed a
direct coupling method, based on the experience of global-local modelling by CIRA. This
method integrates the local model directly into the global model, thereby avoiding the draw-
backs mentioned above. The potential disadvantage of the direct coupling, namely increased
computation time, is reduced by the use of modern solution techniques and increased com-
puting power by continued developments in processor technology?. The coupling of local to
global meshes is described in Section 4.

To be able to analyse bolted joints in detail, the B2000 implicit solver has to be able to
deal with contact. Therefore the explicit contact search algorithm has been introduced into
the implicit code. The contact forces are then solved using the Lagrange-multiplier method.
The contact method is described in Section 3.

As both the global and the local models are medium sized, combining them into one
model, will create relatively large size problems to be solved. The contact has been im-
plemented in the new sparse matrix solver, which is currently being fully integrated in the
B2000 code. This paper starts therefore with a description of this new solver in Section 2.

Finally, Section 5 demonstrates the global-local coupling, including contact around a set
of bolts, which has been introduced in a structure from Airbus Deutschland, a stiffened panel
with a temporary repair patch.

2 Sparse solver

Given the large size of the problems resulting from the detailed analyses and the global-
local coupling methods, SMR set out to develop a new solver in the B2000 code in order to
solve these systems in an acceptable amount of time. Part of this work has been performed
outside the BOJCAS project. The new solver had to be a direct solution method, given the
well-known instability problems of iterative solvers when applied to shell structures. The
new solver also had to include the use of Lagrange multipliers for the resolution of certain
boundary conditions.

IMoore's law states that the computing power of CPUs doubles every 18 months. With the duration of the
BOJCAS project being 3 years, this means a 4 fold increase between the start and the end of the project.



2.1 Factorisation algorithm

The sparse Cholesky factorisation algorithm, as implemented in the B2000 finite element
system, is an adaptation of the Gauss elimination method for symmetric systems, in which
only operations on the non-zero entries are performed. This is the major difference from the
skyline Cholesky factorisation, which removes only operations on entries outside the skyline.

The basic sparse Cholesky factorisation algorithm is rather straightforward. As an illus-
tration, the right-looking version of the basic sparse Cholesky factorisation of the matrix A
to create the triangular matrix L, where LLT = A, is given below.

1. Lis initialised with A
2. fork =1,ndo:

3. Lgy V/Lig

4 for i € col(k) do:
5, Lij + Lok
6
7

L,k
for j € col(k) do:
for i € col(k) and 7 < j do:
8. Lz',j — Lz’,j — LiakLz,k

Where col(k) denotes the set of row indices of sub-diagonal non-zero elements of column
k. However, an efficient implementation of the sparse Cholesky factorisation requires many
improvements and the use of complex optimisation techniques. More about these implemen-
tations can be found in [2, 3].

2.2 Performance

To compare the performance of the old solver (b2aemand b2es) with the new solver?
(b2mes) a linear analysis of a stiffened panel, including shells and beams (the benchmark
structure described in Section 5), has been performed. Table 1 below shows the memory
use and timing results for the old assembler and solver, the new solver (with the assembler
integrated) with the default renumbering scheme and the new solver using the Met i s library
for the renumbering.

Processor: Memory use | CPU time (s) | Wall time (min:s)
b2aemand b2es 274 MB 270.3 5:42
b2mes (default) 115 MB 25.0 0:25
b2mes (metis) 105 MB 17.2 0:17

Table 1: Timing and memory use of solvers (P4 1.8GH2z)

We do not only obtain a large reduction of memory use (40% less), but an enormous
improvement of computation time (factor of 10). The traditional assembler requires not only
a lot of memory, but is very CPU inefficient, due to many disk accesses. Using the metis
library for renumbering we gain an additional 30% in computation time.

2The new sparse solver makes heavily use of the blas library. A good implementation of the blas routines, by
using the atlas library, will improve performance even further.



3 Contact

The resolution of the contact problem consists of two parts: The detection of the contact and
the computation of the contact forces. Both parts are equally important and time consuming.
An effective method of detecting the nodes in contact can greatly reduce the computation
time. SMR developed an efficient implementation of the contact search for its explicit solver,
which could be used with some minor modifications for the implicit solver.

3.1 Contact detection

With the total contact surface divided into contact segments (or contact surface elements),
the contact search can be performed in three steps [11]:

1. Slave node sort and global contact surface search by means of a bounding box around
the total contact surface.

2. Renewed slave sort on reduced set and bounding box search on each of the contact
segments.

3. Computation of the distance of the slave node to the average master segment on a
limited set of nodes.

In order to obtain locality of data (for processor efficiency) and to limit the duplication of
information and to limit the amount of program code, the contact search has been imple-
mented in C++, making use of advanced features of the standard template library (STL).
This resulted in code which requires the use of advanced compilers, but which is very effi-
cient.

In explicit analysis, the contact search is often as time consuming as the computation
of the contact forces. Especially when many potential contacting nodes are involved, the
contact problem can take up up to 50% of the total analysis time, with the time spend on
contact evenly split between the contact search and computation of the contact force. An
efficient implementation of the contact search will therefore greatly reduce the total analysis
time. See [13] for a detailed description of contact algorithms.

Figure 1 shows a general contact problem, with a structure in the middle which can come
into contact with two surfaces on each side. The contact definition is based on a master and
a slave surface, where the slave surface is not allowed to penetrate the master surface. The
force needed to prevent the slave surface from penetrating is also placed as a reaction force
on the master surface. A finite element implementation usually defines the slave surface by
its nodes and the master surface by its elements or contact segments. This is the so-called
node-to-segment contact as implemented in B2000. For this method to function properly,
the slave surface is usually the surface with the finer mesh than that of the master surface.
Figure 2 shows this finite element discretisation in more detail. The master surface is made
of contact segments, while the slave surface is discretised by the slave nodes. The same
slave nodes can be defined for multiple master surfaces, or the slave surface of one contact
definition can be the master surface for another contact description.

Because contact can occur on only one side of the surface, a outward normal has to be
defined. The outside is given by the counter-clockwise numbering of the master contact
segments. The contact force is then directed along this normal.
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Figure 1: General contact definition: Master and slave

Master Segment

Figure 2: Master segment and slave nodes

Global surface search

The contact search method implemented in B2000 makes use of a three-stage search, where
the two first stages make use of a so-called bounding-box search. This bounding box search
is shown in Figure 3. The first phase of the contact search creates a box around the total
master surface and searches for all nodes which are inside this surface bounding box. This
search is done only initially and after a fixed number of steps or iterations, depending on
the displacement of the structure. In practice, this means that in most quasi-static cases the
surface box search is performed only once. Any slave node outside this box (e.g. slave node
1) is no longer taken into account during the following analysis.

Global segment search

On this now (hopefully) limited set of slave nodes the local (i.e. master segment wise) contact
search is performed. This local search is done in to steps: First a bounding box search is
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Figure 3: Bounding box search on master surface and master segment

performed, similar to the one on the global surface. This gives for each master segment a set
of nodes which have the potential to come into contact with the master segment. Some nodes
are found only in the box of one particular segment (e.g. slave node 2), so that this slave node
is only considered a potential contacting node for the corresponding master segment (in this
case segment I11). Other nodes are found to be in the overlap of two or more master segment
bounding boxes (e.g. slave node 3). And some nodes are not inside one of the local bounding
boxes (e.g. slave node 4), so that they are no longer considered in the analysis until the next
local bounding box search. This local search will usually take place more often than the
afore mentioned global bounding box search.

Local segment search

Finally, for each node within the bounding box of the master segment, the projection of the
slave node on the master segment is computed. When the projection lies within the surface
of the contact segment, the slave node is considered to be in contact with the master segment
and is included in the computation of the contact force. A tag is given to this node to indicate
it is in contact with a segment to prevent the contact force on it being computed twice (e.g.
node 3, see Figure 4a). A certain margin is allowed to prevent nodes falling into a ’contact
gap’, as shown in Figure 4b.

(b)

Figure 4: Slave node in a valley (a) or a gap (b)

3.2 Contact resolution

The most common method for resolving the contact problem in both static and dynamic
analysis is by means of the penalty method. The penalty method itself is known to give re-
sults which are highly dependent on the value of the penalty parameter and therefore require
expertise in this field of the engineer using the method. The larger the penalty parameter the
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less penetration can occur, but a large penalty parameter worsens the condition of the lin-
ear system, making it more difficult or even impossible to solve, particularly when iterative
methods are being used. Many commercial implementations try to avoid this problem by
internally computing an optimum value of this parameter during the simulation. This avoids
the problem of requiring experience in choosing the proper penalty parameter by hiding the
use of it. However, it means a loss of control over the simulation results and it can result in
incorrect answers due to too large penetrations.

A more complex, but better solution, is by making use of the Lagrange multiplier method.
The kinematic contact condition for the discrete finite element system can be written as (see
e.g. [11, 13]):

AU-G=0 (1)

Where A, is the global projection matrix of the slave nodes on the contact surface, U the
global displacement vector and G the corresponding gap vector, denoting the distance be-
tween the slave nodes and the contact surface. We now introduce a vector of Lagrange
multipliers );, denoted by A. The contact force is only non-zero when contact occurs, so
that we can combine this into the so-called Kuhn-Tucker condition:

AT(AU-G)=0 (2)

The potential energy II of the discretised system can be augmented by this condition, so that
we can write:
II(U,A) = UTKU - U'F + AT (AU - G) (3)

Where K is the global stiffness matrix and F is the global external force vector. This can be
solved by variation of TI: 61T = 0, or:

ol on

Which must be valid for all variations of U and dA. This yields the following, extended,

linear system:
K A/l |U F
e ] 3] - [el g

The resolution of this system gives the exact solution to the contact problem. However, it sig-
nificantly increases the size of the linear system. The system can become ill-conditioned or
even singular, due to possible singularities in the global projection matrix A.. This places se-
vere demands on the quality and robustness of the solver and the contact search, as described
above.



4 Shell-volume coupling

In general, coupling of meshes is a complicated task, which is the topic of current research
(seee.g. [6, 7, 8]). In order to be able to apply this to any mesh, multi-node interface elements
are developed, which use higher-order polynomials to follow curved edges. However, in
aerospace engineering we often work with shell elements and relatively simple geometries.
Considering the problems of interest, we can make the following assumptions:

e The global models are thin-walled structures, described by shell theory.
e Use is made of 4 node (linear) shell elements.
e The local model is inserted along a straight line in the plane of the shell.

The first two assumptions allow us to express the connectivity between the course and the fine
mesh by means of linear constraints, because the displacement field along the edge of a linear
shell element is a linear relation between the two nodes on this edge. The last assumption is in
order to facilitate the implementation of the definition of the connectivity. As the work in the
BOJCAS project was meant to demonstrate the validity of the integrated model approach for
global-local model coupling, this allowed for much faster implementation of the coupling.

4.1 Shell to shell connectivity

Connecting two meshes of linear (4-nodes) shells is quite straightforward. Figure 5 shows
two meshes with different densities. Because the displacement field between two nodes of
an element edge is a linear combination of the displacement U of the nodes (M and M?),
we can write for the displacements at point S, placed at a distance a from node M :

Us = (1 —a)U! +aU? (6)
If the rotations @ are expressed in the global system, we can write them in a similar way:
0° = (1 — a)8' + ab? @)

A similar expression can be found when the rotations are expressed in the local element
frame, except that one should take care of the proper direction of the different local element
axes.

MZ

ML

S

Figure 5: Connecting shell meshes



4.2 Shell to volume connectivity

Connecting shell to volume meshes is much more complicated than connecting shell to shell
meshes or volume to volume models, as it goes from a three dimensional to a two dimen-
sional description (Figure 6), introducing rotations as additional degrees of freedom to the
nodes. Looking at Figure 7 we can find an expression for coupling the degrees of freedom

Figure 6: Connecting shell mesh to volume mesh

in the local system. For simplicity we always assume that
e The shell description is the mid-size of the element (no offset)
e The volume mesh is an extension of the shell mesh.
e The volume mesh is regular through the thickness.

If these assumptions are true, then a corresponding set of upper and lower nodes are always
at equal distance from the shell. With the distance between the upper and lower nodes of the
volume mesh the thickness of the plate, indicated by ¢, we can write for the two-dimensional

Figure 7: Connecting shell mesh to volume mesh - side view



case:
vr =4 (v +0) (8)
o' =1 (v -0') (©)

where U is the horizontal displacement (in the plane of the shell). With S the intersection of
the line XX with the edge of the shell element at a distance a from node X¢, as shown in
Figure 6.

However, expressing the rotation of the shell element in general terms is not a simple
task. This would involve constructing the proper element local system, expressing the linear
constraints in terms of this local system and then transforming the linear constraints to the
global system. This requires the position of the shell element, instead of only the nodal
points X* and X7,

For a quick and simple implementation we assume that the plate is defined in one of
the global planes. This will allow us to express the linear constraints directly in terms of
the global degrees of freedom. As the goal of the research in the project was to investigate
the possibility and usefulness of integrating local detailed models in global models, this was
considered to be the most practical approach. If the shell is described in the global xy-plane,
we obtain the following set of linear constraints for a set of nodes of the volume mesh (U*
and U"), which connecting line intersects the edge of the plate at point S, placed between
the nodes X* and X7 as follows:

(1-a)Ul+aUl - LU+ UL =0 (10)
(1 —a)Uj +aUj — 3(UF+UL) =0 (11)
(1-— a)UZ+aU7 —Lur+uh=0 (12)
(1—a)0% +abl + (UL —UL) =0 (13)
(1—a)bi +ab) — (UL +UL) =0 (14)

where A is the distance between U* and U*.
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5 Benchmark structure

The benchmark structure to be analysed using the global-local coupling method developed
by SMR and CIRA was provided by Airbus Deutschland and described in the BOJCAS
deliverables D.1.2 and D.2.1-2 [4, 5]. It is based on the temporary repair of the skin in the
vertical tail of an Airbus 330/340.

5.1 Modelling

The global model was created by the NLR using MSC.Patran and specific PCL-routines from
Airbus Deutschland and analysed using MSC.Nastran [12]. The model with its different
components is shown in Figure 8. The Nastran bulk data file (BDF) was converted to the
B2000 Modelling description language (MDL) file using the conversion tool b2nas.

S

N AU
e

Figure 8: FE model BM-1-T (converted from Nastran BDF)

The following components can be seen:
e Skin (yellow).

e Stringers (red)

e Skin patch (light blue)

The structural elements are connected using r bar elements. In the B2000 input, they are
replaced by beam (b2) elements with high stiffness. Results of the analyses of this panel,
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both global and global-local model, can be found in the BOJCAS deliverables D4.3-8b and
D4.3-8c [9, 10]

A row of three bolts has been replaced by local models. The corresponding beam ele-
ments and surrounding shell elements are removed (see Figure 9) to allow the inclusion of
the local models.

Figure 9: BM-1-T global mesh, elements removed for local model

The local models of the bolts with surrounding plate mesh in 3D are now created and
included into the global mesh. Using parametrised input, the same file for the local model
can be used for all three 3D meshes. However, the connectivity cannot be parametrised and
because no graphical tools for the automatic creation of the connectivity list (both contact
and global-local connectivity) were available, this was the most time consuming part of the
integration of the local models into the global structure. The result is shown in Figure 10. A
newly developed mesh definition input developed later greatly improved the set-up time of
the local mesh and the connectivity between the local and the global model.

Figure 10: BM-1-T global-local mesh
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5.2 Analysis

The global-local model is incrementally deformed using force-controlled loading conditions.
Figure 11 shows the development of the axial deformation of the global-local model, result-
ing in a global deformation very similar to the global model.

(@) load = 39 kN (b) load = 233 kN (c) load = 388 kN

Figure 11: Global-local analysis: axial displacements (min/max -3.39/0)

Figure 12 shows the development of the out-of-plane displacements, with the creation
of a buckling-like pattern. Actual buckling cannot occur in the simulation, as only linear

structural analysis has been performed. The contact conditions are the only non-linearity in
the modelling.

(@) load = 39 kN (b) load = 233 kN (c) load = 388 kN

Figure 12: Global-local analysis: out-of-plane displacements (min/max -0.84/2.14)

The introduction of local models allows for detailed study of the stress situation around
the bolt hole. Because the bolt model introduced into the benchmark structure has a small
tolerance, this will show up in the post-processor as space between the bolt and the plate, as
can be seen in Figure 13(a). The local model allows us to study the load distribution from

the plate to the bolt. Figure 13(b) shows the contact load concentration of the patch plate
into the bolt.

(a) Displacements (b) Contact load concentration

Figure 13: Global-local analysis: results around the bolt. (Load: 233 kN)
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6 Conclusions

This paper gave a summary of the developments by SMR in the framework of the European
project BOJCAS. In collaboration with CIRA, SMR introduced a Lagrange multiplier con-
tact method in the sparse solver and a method to couple a global shell mesh with a detailed
local volume mesh.

Introducing local detailed models directly in the global model provides the engineer with
more and more detailed information about critical aspects of the model. With the computing
power we have nowadays on our desktop, the additional computational requirements due
to the integrated global-local model, is relatively small. When local behaviour needs to be
studied in detail, the global model around the detail provides better boundary conditions
and interaction with the rest of the structure, while at the same time hardly increasing the
computation time. Most of the time is spent in the resolution of the contact problem, with
the solution of the global system (total stiffness matrix) using modern techniques being a
fraction of the total solution time.

The Airbus Deutschland benchmark structure of a temporary skin repair was used to
evaluate the global-local coupling, whereby a local 3D model of a bolted joint is integrated in
the global structural (2D shell) model. This has the advantage of directly applying the correct
boundary conditions of the global model into the local model. It also allows for direct more
detailed analysis of the joint. The introduction of the local model hardly changes the global
behaviour of the structure. Direct global-local coupling is therefore not immediately suited
for improving the stiffness behaviour, unless all bolts are replaced by detailed models, which
would increase the computation time too much for global design. Local modelling allows for
detailed analysis around critical areas and can therefore be used for improved local strength
predictions, including full 3D damage modelling.
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