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Sammanfattning 
Det här examensarbetet är det avslutande momentet i en civilingenjörs-
utbildning med inriktning mot maskinkonstruktion på Luleå Tekniska 
Universitet. Examensarbetet har utförts under hösten 2004 på Volvo Aero i 
Trollhättan. Syftet är att utvärdera och rekommendera ett finita element-
program och en arbetsmetod för mekaniska analyser i komposita material. 

Undersökta områden är materialegenskaper, preprocessorer, lösare och 
postprocessorer. Materialegenskaperna måste beräknas med hänsyn tagen 
till det lokala fiberupplägget och materialtjocklek. Detta kan beräknas 
antingen i eller utanför preprocessorn beroende på programvarans kapacitet 
I preprocessorfasen orienteras materialegenskaperna gentemot geometrin. 
Lösarfasen sker nästan helt utan inblandning av användaren och kan kallas 
den ”nummerskyfflande” fasen. Det är dock viktigt att ha lösarens kapacitet 
i baktanke. I postprocesseringsfasen undersöks resultaten och detta kräver 
för kompositer extra omtanke då de bl a har ett brottbeteende som skiljer sig 
ifrån isotropa metallers. 

Den rekommenderade programvaran är preprocessorn Patran Laminate 
Modeler tillsammans med Nastran. Den rekommenderade arbetsmetoden 
kan beskrivas som en zonbaserad konstruktionsmetod där geometrin delas 
upp i zoner. Zonindelningen beror av den lokala lastvägen, materialtjocklek, 
ply drop offs och placering i geometrin. 

Arbetsmetoden har testats och utvärderats och har visat sig fungera väl. 
Också FE-programmets trovärdighet gällande resultat har testats genom att 
jämföra en trepunktsböjning av en vingprofil, utfört på SICOMP, med en 
liknande modell i Patran Laminate Modeler. 

FE-analyser i komposita material är mer tidsödande än för isotropa då man 
måste definiera den inre materialstrukturen. Dagens programvaror har visat 
sig ha brister för kompositanalyser med solidelement. 



  

Abstract 
This thesis is the final part of a master degree in mechanical engineering at 
Luleå University of Technology. The thesis has been performed during 
autumn 2004 at Volvo Aero Corporation in Trollhättan. The objective is to 
evaluate and recommend a Finite Element software and analysis process for 
mechanical analysis in composite materials. 

Areas of investigation are material properties, preprocessors, solvers and 
postprocessors. The material properties must be calculated with 
consideration to the local fiber orientation and thickness of the composite. 
This can be made inside or outside the preprocessor depending on the 
software capabilities. In the preprocessing phase is the material oriented 
towards the geometry. The solver is the number crunching part of the 
analysis with almost no interference by man but it is important to have 
knowledge about the solvers capabilities. In the post processing phase are 
the results examined and this requires special care for composites due to 
their failure behavior. 

The recommended software to use is the preprocessor Patran Laminate 
Modeler together with the solver Nastran. The recommended working 
method can be described as a zone based design method where the geometry 
is divided in zones. These zone divisions are depending on the local loading 
state, material thicknesses, ply drop offs and geometric location. 

The working method have been tested and evaluated and have shown to 
serve satisfactory. Also the FE-software trustworthiness has been tested by 
comparing a 3-points bending of a wing profile performed at Sicomp with a 
similar model in the FE-software. 

FE-analysis in composite materials is more time consuming than for 
isotropic materials. The software of today has lack of capabilities for the use 
of solid elements together with composite materials. 
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1 Introduction 
Volvo Aero develops and manufactures load-carrying structures for civil 
and military aircraft engines. In order to increase their competitiveness for 
large fan structures they are now investigating the possibility to design these 
structures in carbon reinforced plastic. They also want to integrate the fan 
outlet guide vanes in the load carrying fan structure to reduce weight and 
thereby the total fuel consumption of the engine. These changes in design 
and material have a potential of reducing the weight of the intermediate case 
up to 40%, reduce the number of parts of the engine and lower noise. 

1.1 Task/Objective 
Since Volvo Aero has limited experience in mechanical analysis of 
composite materials they now want to investigate how their existing and 
other commercial FE-software handles composites. Areas of investigation 
are for example time consumption and the ability to communicate with other 
software in preprocessing, analysis and post processing. FE-analysis in fiber 
composite materials differs from analysis in metal since the material 
properties are anisotropic and depends on the local fiber lay-up. This must 
be handled with special care in the software. The aim for this thesis work is 
to find out what analysis softwares to use and the working process for how 
to use them. A ring-strut-ring configuration is used in this thesis as a typical 
analysis object.  

 
Figure 1:  Ring-strut-ring configuration 
 
There are a large number of hardware certification requirements on an 
aircraft engine. Table 1, taken from Nicklas Morén thesis “Risk 
Management for Conceptual Evaluation of Jet Engine Structural 
Components”, shows some of the most important groups of requirements for 
a jet engine structural component. Some of them are possible to analyze in a 
virtual environment. The table also shows if a special composite tool is 
necessary to verify the requirement and if so, what kind of tool to use. This 
thesis will focus on softwares and methods related to the requirements Static 
Structure and Strength/Engine Loads. Two important requirements have 
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deliberately been left out, Cost and Weight, since these two requirements 
obviously not requires any special tool depending on the material used.  

Requirement 
Requires 

Composite Tool Available software 
40-days Engine No - 

Bird Integrity and FOD 
 
 

Yes 
 
 

MSC/LS-DYNA Dynamic 
Composite Simulator, Pam-Crash, 
MSC Dytran, LUSAS Composite 
* 

Certification No - 

Containment 
 
 

Yes 
 
 

MSC/LS-DYNA Dynamic 
Composite Simulator, Pam-Crash, 
MSC Dytran, LUSAS Composite 
* 

Component 
Functionality 

No 
 

- 
 

Component 
Performance and 
Operations 

No 
 

- 
 

Component Rotation 
Definition 

No 
 

- 
 

Drainage/Ventilation No  - 
Engine Life Yes * 
Engine Stations No  - 
Emission/Noise No - 
ETOPS No - 
Environment No - 
Fire Compliance No - 
Instrument 
Development 
Hardware 

 
No 

 
- 
 

Manufacturing 
Methods 

Maybe 
 

Maybe for simulating for example 
RTM-moulding. 

Material Yes See chapter 4.2  
Maintainability No - 
Monitoring No - 
Mount Definition  Yes * 
Over Temperature No - 
Parts Count No - 
Repair ability No - 
Reliability  No - 
Secondary Flow No - 
Static Structure 
 

 Yes 
 

Stiffness: Patran, Nastran etc 
Buckling: Patran, Nastran etc 

Standard Design   
Strength/Engine Loads Yes  Patran, Nastran etc 
Transportability No - 
Vibration Yes * 

Table 1: Software for verifying aerospace hardware requirements. 
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*) These kinds of calculations are topics for research and are today handled in a different 
way. In composites a different approach can be used for Engine Life, Mount Definition etc. 
A common design philosophy for this is “no growth concept”. In the “no growth concept” 
is damage not allowed to grow after its arising. This can be calculated by setting up a 
tolerance model on the basis of practical experiments. A “largest allowed damage” model 
in other word. With this model can the results from the transient course of events/impact 
software be compared with the largest allowed damaged. Concerning fatigue have 
experience for example shown that if strains in fiber directions are kept below 0,4% is 
fatigue no predicament. 

2 Nomenclature 
CAD – Computer aided design 

CAE – Computer aided engineering 

ESYS – Element coordinate system 

FE – Finite element 

FI – Failure Index 

FRP – Fiber reinforced plastics 

H-T – Halpin-Tsai 

MoS – Margin of Safety 

PLM – Patran Laminate Modeler 

ST – Strength Ratio 

3 Working method 
The first step was literature studies and gathering of facts in order to 
understand the requirements and demands on analysis of jet engine 
components. Then the internal software (software used by Volvo today) of 
Volvo were compared and evaluated towards the requirements and 
demands. During this work the software were shown to be insufficient and 
the attention is focused on external software (software not used by Volvo 
today).  
Several external softwares were reviewed after wich Patran Laminate 
Modeler, was tested and evaluated on simple test cases. Experience was 
gathered from these test cases. From this experience an approach was 
proposed for a working process with this software in combination with 
other. This approach was then verified on a complete component. 
Conclusions were drawn and documented. 
The internal FE-softwares tested are Ansys 7.1, Patran 2004, Nastran 2004 
and Marc 2003. Patran Laminate modeler is the only external software 
tested. 

3.1 Areas of investigation 
The thesis can be divided in five areas of investigation as described below. 

Material properties 
When designing structures in composites there are plenty of parameters to 
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have in mind, also the nature of composite materials makes it hard to get 
pre-calculated and accurate values of these parameters. Methods in literature 
and softwares for generating material data have been studied. 

Preprocessing 
The preprocessing phase with composites differ from the one with metals in 
the amount of work and time. Volvos available software have been studied 
and evaluated by testing the complexity of modeling a ring-strut-ring 
configuration. 

Solvers 
The solving process is a process that is performed almost only by the 
computer without any interference by the user. But it is important to know 
what capabilities the solver has. What kind of materials, analysis etc does it 
support? 

Post-processing 
In the post-processing phase the results will be examined and evaluated. It is 
therefore important to get the relevant results and to be able to visualize 
these in an understandable way. Also the failure mechanisms for composites 
differ from metals and it is crucial to be able to detect them. 

4 Material Properties 
The material properties of fiber-reinforced plastics differ from the properties 
in metals in many ways. The properties of fiber reinforced plastic (FRP) 
depend on the fiber lay-up, fiber volume and material thickness. FRP also 
has a different failure behavior than metals. All these properties will have to 
be determined before a FE analysis can be performed. 

4.1 Structure of layered fiber reinforced plastics 
It is of great importance to understand the structure of FRP when 
performing FE-analysis. Several internal reinforcement structures exist. As 
an example figure 2 shows a schematic picture of the layered FRP structure.  

First there are two different material phases, fibers and matrix. These two 
phases forms a single ply. Several plies oriented in different directions 
forms a laminate. By orienting the plies in a certain way, the material 
properties in different directions can be custom-made. This is called the lay-
up definition. The most critical direction of the laminate is the out-of-plane 
(Z in figure 2) direction where there are no fibers. Instead the matrix, which 
is the most weak, is forced to take all loads in this direction. 

 
Figure 2:  Schematic picture of layered FRP structure. 

Fiber

Matrix 

Z 
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It is important to remember that the description above only applies to 
layered FRP and not for 3D weaves or 3D-textile preforms. 

4.2 Calculation of mechanical properties 
There are different models available to calculate the mechanical properties 
of a laminate. These models offer an estimation of the lamina properties and 
are useful during an early stage of the development process. A short 
description of two of the models follows here under. 

Halpin Tsai 
The Halpin-Tsai models are used to describe 2-phase composites in which 
the matrix phase is isotropic. Halpin-Tsai materials may be transversely 
isotropic or orthotropic depending on the geometry of the material 
reinforcing the matrix. [2] 

Laminate analysis software 
There are several software’s available for determining the mechanical 
properties for lamina. In these software’s you put in the properties for the 
matrix, fiber and a lay-up definition. Then the software uses analytical and 
empirical, formulas to calculate the Young and shear modulus, the failure 
criterion etc. It is desirable to have this function inside the preprocessing-
software to facilitate the working procedure, especially for complex 
geometry parts where the material properties vary across the geometry. A 
list of available laminate software is shown in table 2. 

Software Cost Dimension Interface Other 
CADEC free 2D No   
The Laminator 29$ 2D No   
Composite Pro 495$ 3D ?   
Mic Mac 850 € 3D ?   
CoDa 
 

300 € 
 

3D 
 

Nastran, Lusas 
 

Flange-, Joint- and 
Crack module 

Table 2: Laminate analysis software. 

4.3 Composite failure criteria 
Failure criteria for composite materials are significantly more complex than 
yield criteria for metals because composite materials are strongly 
anisotropic on the micro scale and tend to fail in a number of different 
modes depending on their loading state and the mechanical properties of the 
material. While theories which reflect detailed mechanisms of failure are 
currently being developed, empirical criteria based on test data have been 
used for decades. 

Maximum stress 
This criterion predicts failure when any principal material axis stress/strain 
component exceeds the corresponding strength. But in order to avoid failure 
in this criterion, the following inequalities must be satisfied:  

-SL
(-) < σ1 < SL

(+) 
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-ST
(-) < σ2 < ST

(+) 

⏐τ12⏐ < SLT 

where the numerical values of SL
(-) and ST

(-) are assumed to be positive. SL 
stands for the maximum fiber longitude stress and ST stands for the 
maximum fiber transversal stress. SLT stands for the maximum shear stress. 
[3] 

Maximum strain 
This is the corresponding criterion for strain but with the following 
inequalities to be satisfied: 

-eL
(-) < ε1 < eL

(+) 

-eT
(-) < ε2 < eT

(+) 

⏐γ12⏐ < eLT 

[2] 

Tsai-Hill 
The Hill criterion was one of the first attempts to develop one single 
formula that considerate all different directions. Figure 3 shows the 
maximum stress, maximum strain and Tsai Hill failure surfaces. [2] 

(σ1
2/σ1*

2)-(σ1σ2/σ1*
2)+(σ2

2/σ2*
2)+ (τ12

2/τ12*
2)=1 

For a uniaxial applied stress, σx combination with the transformation matrix 
|T| relating σx to σ1,σ2 & σ3 stresses gives the applied stress at failure as a 
function of the loading angle φ between x direction and fibre axis (1 
direction) 

σx* =[cos2φ (cos2φ - sin2φ)/σ1*
2+ (sin4φ/σ2*

2) + (cos2φsin2φ/τ12*
2)]-1/2 

σ1

σ2

Maximum 
stress

Maximum strain

Tsai-
Hill

SL
(+)SL

(-)

ST
(-)

ST
(+)

 
 
Figure 3: Maximum stress, maximum strain and Tsai Hill failure surfaces. [3] 
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Hoffman 
Hoffman differs from the Hill failure criterion in such way that it takes into 
account the differences in tensile and compressive strength in the 
longitudinal and transverse directions of the ply. [4] 

Tsai-Wu 
This criterion is very similar to the Hoffman criteria but has a different 
value for the coefficient associated with the interaction of the direct stresses. 
[4] 

4.4 3D weaves and preforms 
The composites described above are layered FRP without any 
reinforcements in the out of plane direction. This makes them weak for out 
of plane forces with delamination as a consequence. To overcome this 
problem 3D-weaves and 3D preforms are used. This technique permits more 
complex geometries with multi direction loading, I.E. loadings that leads to 
out of plane stresses. See figure 4 for different types of weaves and 
preforms. 

 

 
Figure 4: Top: 3D weaves. Bottom left: Weft-knitted. Bottom right: Warp-knitted. 
 

There are softwares for weaving, knitting, etc geometry and then calculate 
the global mechanical properties for the preform. One example is the 
WiseTex Software from Composite Materials Group. [5] 

5 Software description 
This chapter shortly describes the softwares function and how the model is 
built up. 
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5.1 Preprocessing 
During the preprocessing phase all the input for the calculation are defined. 
For composite materials this phase requires more work and time then for 
metals. Since composite materials often are considered as orthotropic is it 
important to define the material orientation in reference to the geometry.  
Also the laminate lay-up with all plies will have to be defined. 

5.1.1 Evaluation criterions 
Evaluation criteria have been set up in order to evaluate the performance of 
the different software. The tested software are Patran 2004, Mentat 2003, 
Ansys 7.1 and Patran Laminate Modeler. Some other external software’s 
that not have been possible to test are presented in appendix 1. 

Material 
One aspect is how the software handles the material definition, as lay-up 
and material properties. Is the software able to calculate the material 
properties for the laminate? Is the lay-up definition convenient for the 
wanted application? Does the software support failure criteria? 

Material orientation 
Another important aspect is the orientation of the material properties in the 
geometry. Is it possible/easy to orient the properties in a curved surface or 
solid model? 

Data exchange 
Is the software able to exchange data and communicate with other 
applications as solvers, CAD, software for transient events etc. 

Criteria Ansys 7.1 Patran 2004 Mentat 2003 
Patran Laminate 

Modeler** 
Material     
Material ply calculation No Yes No Yes 
Ply definition* 1 2 2 3 
Orientation     
Material orientation 
SHELL* 2 2 2 3 
Material orientation 
SOLID* 1 1 1 1 
Exchange     

Geometry 
 

IGES, Parasolid
 

IGES, STEP, 
Parasolid, Express 

Neutral 
IGES 

 

IGES, STEP, Parasolid, 
Express Neutral 

 
Materials No Neutral No Neutral 
 
Mesh 
 

No 
 IGES, Neutral, STL

IGES, STL 
 

IGES, Neutral, STL 
 

Analysis codes 
 

Ansys 
 

Nastran, Marc, LS 
Dyna 3D, Pamcrash, 

etc 
Marc, Nastran 

 

Nastran, Marc, LS Dyna 
3D, Pamcrash, etc 

 
*) 1 – Poor, 2 – Adequate, 3 – Good **) Module to Patran   
Table 3: Pre-processing evaluation criteria.  
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5.1.2 Ansys 7.1 
Ansys uses layared elements for composite materials. See appendix 2 for 
element descriptions. A laminate is built up by defining the properties for 
each layer. See figure 5.  

 

 
Figure 5:  Element with three layers. 
 
Specifying individual layer properties 
A real constant set defines the number of layers, material type, the layer 
orientation and the layer thickness. Each layer can be a material with 
isotropic or orthotropic properties.  

At times, a physical layer will extend over only part of the model. In order 
to model continuous layers, these dropped layers may be modeled with zero 
thickness. Figure 6 shows a model with four layers, the second of which is 
dropped over part of the model. 

  
Figure 6: Dropped layer example.[6] 
 

Material 
Ansys does not have a module that handles the calculation of material 
properties. Instead the properties for one ply are calculated outside Ansys 
and fed back as an orthotropic material. In Ansys there are three predefined 
failure criteria (max strain, max stress and Tsai-Wu) and up to six may be 
user defined. [6] 

Material orientation 
In Ansys, the material properties within the layer plane is oriented in 
relation to the element coordinate system. Then the element coordinate 
system (ESYS) is oriented towards the geometry by specifying a global or 
local coordinate system. 

For solid elements the element z-axis is defined to be normal to a flat 
reference plane, using real constant KREF. KREF may have values of 0 
(midplane), 1 (bottom), or 2 (top) and if the nodes imply a warped surface, 
an averaged flat plane is used. Se figure 7. [6] 

Layers 

Z

Y
X

ESYS

4 
3 
2 
1 

4 
3 
1 

Layer 2 is dropped 
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KREF = 1

KREF = 0
KREF = 2

KREF = 1

KREF = 0
KREF = 2

 
Figure 7: SOLID46 Z-axis reference planes. 
 

Data exchange 
Volvo Aero has Ansys translators for IGES and Parasolid. The IGES 
translator in Ansys does not support elements or nodes. Therefore the mesh 
from Patran or Mentat cannot be used in Ansys or vice versa. [6] 

5.1.3 MSC.Patran 2004 
Patran 2004 uses a material option for composites or laminated materials. 
The laminate is built up in the material module and is then applied to the 
elements by the element properties.  

Patran cannot define a zero thickness layer and therefore the dropped layer 
function is not supported. One solution to this problem could be to define a 
very small thickness. 

Material 
Patran 2004 has a laminate module that handles the whole procedure from 
fibre and matrix to a laminate. This module contains Rule of mixtures, 
Halpin-Tsai continuous fibre, H-T discontinuous fibre, H-T cont. ribbon, H-
T discont. Ribbon, H-T particulate, Short fibre 1D and Short fiber 2D. 

The fiber is input as 2D or 3D orthotropic material and the matrix as 
isotropic material. 

Material orientation 
In Patran the material orientation can be set in three different ways. The 0° 
direction can be oriented towards a global or local csys, a scalar field or a 
vector field. If no orientation mode is set the 0° direction of the material will 
be oriented towards the ESYS X-direction. [2] 

Data exchange 
Patran 2004 supports the following analysis codes: Abaqus, Ansys 5, 
MSC.Marc, MSC.Nastran, MSC.Dytran, MSC.Patran FEA, MSC.Patran 
Thermal, Patran 2 NF, LS-Dyna 3D, Pamcrash and Samcef. Though this 
requires that the softwares are using the same platform, windows to 
windows etc, or else a translation between the platforms will have to be 
made. Materials can be exported/imported by a Patran NEUTRAL file. 

5.1.4 MSC.Marc Mentat 2003 
MSC.Marc Mentat 2003 has a layered material option in which a laminate 
can be defined. Then the material is applied to the elements. 
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Material 
Mentat does not have a module that handles the calculation of material 
properties. Instead the properties for one ply are calculated outside Mentat 
and are fed in like an orthotropic material. 

Material Orientation 
There are several predefined orientation options in Mentat, especially for 
shell elements. These options for shell elements are different kinds of 
offsets from element edges, plane intersections and csys. The user may also 
define vectors to orient towards.  

For solid elements there are one option; user defined vectors. However solid 
elements require a regular mesh due to the definition of the “thickness” 
direction of the elements. The thickness direction can be set to the direction 
between two element faces or edges. For example face 1-2-3-4 to face 5-6-
7-8 in figure 8. 

 

 
Figure 8: Element with numbered nodes. 
 

Data exchange 
Exchange between Patran and Mentat with IGES includes mesh and 
geometry. Though the Mentat license that Volvo has does not support solid 
geometry. Mentat can write a bdf input file to Nastran. 

5.1.5 Patran Laminate Modeler 
Patran Laminate Modeler (PLM) is a fully integrated module to Patran 
2004. Volvo does not have access to this module today but MSC.Software 
has provided a time limited evaluation license during this thesis. 

Material 
Patran Laminate Modeler uses material properties calculated in Patran. Each 
ply is handled like an orthotropic material. PLM has its own layup definition 
where draped and projected plies can be rotated and duplicated. 

Material orientation 
PLM has two main material orientation types, draping and projection.  

1 

2 

3 

4

5 

6 

7

8
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When draping is used the software will simulate the ply behavior when 
draping it over the geometry. Critical areas for wrinkling are marked with a 
color scale depending on grade of material wrinkling. The user defines a 
maximum strain angle for the material. When draping is made the user 
defines allowed tolerances for angular and thickness differences of the 
material over the model. Depending on the tolerances the software will 
create a number of property and laminate sets. PLM will also create a 3D 
draped and 2D flat pattern for each ply. This might be useful for the product 
and manufacturing definition 

The project mode is more basic and will not take wrinkling into 
consideration. It simply projects the material on the surface. 

Draping and projection can only be made on surfaces or surface mesh. To 
use solid elements the surface mesh is extruded through the laminate 
thickness. PLM will only generate one element through the whole thickness. 

Data exchange 
PLM is a module to Patran and thus has the same data exchange 
possibilities. 

5.2 Solvers 
The solving phase is also the number crunching phase, a phase that requires 
almost no interference by the user. Though it is the solver that sets the 
limits, what the solver supports will be managed and the rest will not. 
Solvers capabilities are shown in Table 4. 

  Ansys 7.1 Nastran 2004 Marc 2003 
Linear capabilities Yes Yes Yes 
Non-linear capabilities Yes Yes Yes 
Heat transfer Yes No Yes 
Temperature dependent composite properties Yes Yes Yes 
Solid elements/Number of different types Yes / 6 Yes / 6 Yes / 8 
Shell elements/Number of different types Yes / 6 Yes / 4 Yes / 4 
Beam elements/Number of different types Yes / 2 Yes / 1 No 
Table 4: Solvers capabilities. 

5.2.1 Important items 
There are a number of items that are decisive for what kind of analysis that 
can be made. What grade of anisotropy is the solver supporting for different 
elements? What kind of analysis, linear, non-linear, static, transient course 
of events etc. 

The majority of analyses can be conducted using shell elements as through-
thickness effects are relatively insignificant. However, if the laminate is 
thick, and especially if the surface is curved, it may be necessary to use solid 
elements to model structural behavior adequately. 
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5.2.2 Ansys 7.1 
In Ansys the following elements are available for modeling layered 
composite materials: SHELL 99, SHELL91, SHELL 181, SOLID 46 and 
SOLID 191. What kind of element to be chosen depends on what kind of 
results that are wanted and what type of material to be modeled. In appendix 
2 can a short description of the element properties be found. 

5.2.3 Nastran 2004 
Linear static analysis 
In MSC.Nastran, linear static analysis, laminated shell elements are 
supportet. The user specifies the material properties and orientation for each 
of the layers and MSC.Nastran produces the equivalent PSHELL and MAT2 
entries. See figure 9. Additional stress and strain output is generated for 
each layer and between the layers. 

The laminas are bonded together with a thin layer of bonding material that is 
considered to be of zero thickness. Each lamina can be modeled as an 
isotropic material (MAT1), two-dimensional anisotropic material (MAT2), 
or orthotropic material (MAT8). [4] 

 
Figure 9: Production of equivalent PSHELL and MAT2.[4] 
 

Implicit nonlinear (SOL 600) 
Laminated composite solid and shell elements are supported in 
MSC.Nastran Implicit Nonlinear (SOL 600) through the PCOMP card of the 
materials capability. Each layer has its own material, thickness, orientation 
and may represent linear or nonlinear material behavior. Failure index 
calculations are also supported.  

MSC.Nastran provides a property definition specifically for performing 
composite analysis. You specify the material properties and orientation for 
each of the layers and MSC.Nastran produces the equivalent PSHELL and 
MAT2 entries for shells. This is extended to PSOLID and MATORT for 
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SOL 600 only. Where MATORT is the orthotropic material property 
description. [4] 

The Implicit Nonlinear (SOL600) solver in Nastran uses a translator that 
produces a Marc input file. This file may then be executed directly inside 
Nastran or external in Marc. 

Element types 
Like mentioned above Nastran linear static analysis supports only beams 
and shells. The beam and shell elements used for composite materials are 
CBEAM, CQUAD4, CQUAD8, CTRIA3, CTRIA6. The solid elements 
used in Nastran Implicit non linear for composite materials are CHEXA (Six 
sided element with 4 to 20 nodes), CTETRA (Four sided element with 4 to 
10 nodes), CPENTA (Five sided element with 6 to 15 nodes). 

5.2.4 Marc 2003 
There is a group of isoparametric elements in MSC.Marc, which can be 
used to model composite materials. Different material properties can be 
used for different layers within these elements. The number of continuum 
layers within an element, the thickness of each layer, and the material 
identification number for each layer are input via the COMPOSITE option. 
A maximum number of 2040 layers can be used in one element. 

These structural elements are available as both lower- and higher-order and 
can be used for plane strain (element types 151 and 153), axisymmetric 
(element types 152 and 154) or 3-D solid analysis (element types 149 and 
150). Corresponding heat transfer elements are available for lower- and 
higher-order and can be used for planar (element types 177 and 179), 
axisymmetric (element types 178 and 180) or 3-D solid analysis (element 
types 175 and 176). [7] 

5.3 Post processing 
In the post-processing phase the results will be examined and evaluated. 
Below some items that are important for the post-processing phase of 
composite materials follows. 

Visualization 
It is important to be able to visualize the results in a correct and 
understandable way. Most analysis codes which generate results for 
laminated composite materials define the layer results as the stacking 
sequence number with respect to the element orientation system. If there are 
ply drop-offs or elements are reversed, the stacking sequence number bears 
no direct relationship to the physical plies. 

Also the directions in which the plots are made are important due to the 
anisotropic material properties of composites. For example the Von-Mises 
stress is not as interesting as the stresses in the material orientation 
directions. 

Failure indices 
Failure mechanisms for the composites are applied to model in the post-
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processor. Note that these are based on calculated results and do not affect 
the analysis model itself. Therefore, they rely on the assumption of linearity 
and are only valid for first ply failure. 

When the failure criterion is calculated it can be plotted in several ways. 
Failure Index, FI, is the ratio between load and strength. This should be 
under 1 to avoid failure. Strength Ratio, SR, is the number that the load 
must be multiplied by to fail. MoS, Margin of Safety, are = SR-1. 

5.3.1 Ansys 7.1, MSC.Patran 2004 and MSC.Mentat 2003 
The three “ordinary” post processors offer almost the same plotting options 
and failure indices.  

Visualization 
It is possible to plot stress/strain in an arbitrary direction for each ply. The 
plotting takes no account to dropped plies or reversed elements.  

Failure indices 
Ansys has three predefined failure criterions, Max stress and strain and Tsai-
Wu. It is also possible for the user to define up to six failure criterions. The 
criterions are defined in the preprocessing phase and are calculated by the 
solver. 

Patran has five predefined failure criteria, Max stress and strain, Tsai-Wu, 
Hill and Hoffman, and it is possible for the user to define their own. As for 
Ansys they are defined in the preprocessor and calculated by the solver. 

Mentat has the same options and functions as Patran. 

5.3.2 MSC.Patran Laminate Modeler 
Visualization 
As mentioned above, most analysis codes which generate results for 
laminated composite materials define the layer results as the stacking 
sequence number with respect to the element orientation system and take no 
consideration if there are ply drop-offs or elements are reversed.  

To overcome this problem, two results sorting procedures are supported. If 
the analysis model has been generated using laminate modeler, the results 
can be sorted quite simply using data stored in the Layup file. Otherwise, 
results can be sorted on the basis of underlying material IDs, if the ID is 
only used once on every element over a selected area.  

Failure indices 
Failure indices according to various criteria can be calculated from layered 
results. PLM supports criterions for maximum stress and strain, Tsai-Wu, 
Hill, Hoffman, Hankinson, Cowin and user defined. The indices are 
calculated by PLM in the post processing phase. PLM also offers a number 
of plot options that plots directions and ply numbers for critical plies. 
LM_CRIT_COM is the critical direction for first ply failure. I.E. failure 
along or across the fibres, shear, interlaminar shear. LM_CRIT_COM_PLY 
is the critical direction given for each ply. LM_CRIT_PLY is the ply 
number of the first ply to fail. 
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5.4 Summary 
The pre- and postprocessors and solvers works most satisfying together in 
specific packages. See table 5 for groupings and summary grade. 
Software Packages Preprocessor Solver Postprocessor Packages Grade
Ansys 7.1 pre, post, solver 1 3 1 1
Patran 2004, Nastran 2004 2 2 1 2
Patran 2004, Marc 2003 2 3 1 2
Mentat 2003, Marc 2003 1 3 1 1
PLM 2004, Nastran 2004 3 2 3 3
PLM 2004, Marc 2004 3 3 3 3  
1 – Poor, 2 – Adequate, 3 – Good 
Table 5: Software packages grades. 

Since Patran has its own material module that makes its possible to create 
different kinds of 2-phase composites it gets a higher grade then Ansys and 
Mentat. This function together with PLM and Nastran or Marc produces the 
most convenient solution. Thus since Volvo doesn’t run Marc on Windows 
stations Nastran will be a better resolution. 

6 Recommendation 

6.1 Shell structures working method 
For software used by Volvo Aero today (Ansys, Patran, Mentat) there will 
be a lot of work defining the material lay-up and orientation in complex 
geometries. The recommendation for shell elements is to use Patran together 
with the Laminate Modeler to generate analysis code for Nastran. Below is a 
flow chart for the working process. In this thesis the steps 2 to 5 are 
described in text and the rest are described by Andreas Aronsson in the 
thesis “Design, Modeling and Drafting of Composite Materials”. 
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1. CAD Model

Unigraphics: Generating surface model, 
Geometrical design drawings

6A. Generate 3D-Solid 
model in CAD for 
different purposes

Patran/Nastran: A global stiffness 
criterion is determined by changing 
material thicknesses in the model. Load 
paths are determined.

Unigraphics: Model is divided into zones 
depending of the choice of material 
forms (Pre-preg, 3D-weave, UD-fiber), 
thickness and lay up.

PLM: Modeling of composite material: 
Draping simulation etc.

6B. Generate
product definition

6C. Generate
production definition

7. Manufacturing of 
test hardware 6B, Unigraphics/PLM: Drawings 

describing geometry, internal structure 
and requirements.

6C, Documents describing different 
manufacturing processes: Curing times, 
geometry of flat patterns etc.

6A, Unigraphics/PLM: Digital mock-up, 
starting point for CAM-tools: RTM tool 

manufacturing, Model to generate code 
for geometry quality assurance 
(Measurement machines etc.) 

First estimate of composite 
material properties and damage 

criteria

Basic material system and 
manufacturing method selection

0. Full component
or feature 

specification

Update composite material 
properties and damage criteria

8. Testing

9. Certification

10. Production
Final composite material 

properties and damage criteria

Material characterisation in 
specimen tests Patran/PLM/Nastran: Check stiffness, 

stresses and strains.

2. FEA Isotropic 
material

3. Divide in zones

4. Design internal
material structure

5. FEA Composite 
material

 
Figure 10:  Flowchart over working process. 
 
The first step in the mechanical analysis is to achieve the wanted stiffness 
and identify material zones. The global stiffness is first calculated with an 
isotropic material to give a picture of the needed local material thickness 
and preferred “strong directions”. The properties of the isotropic material 
are scattered values from what a lamina with that design would have. The 
use of an isotropic material saves time compared to time-consuming 
material lay-up definition. The model is divided into different zones 
depending on geometric location and local supposed different internal 
structure. The different zones are given different types of material properties 
depending of how thick the lamina is. For example the joint between the 
struts and the rings are one zone and a flat area is another zone. The 
identification of “loading-zones” can be examined by running calculations 
with different load cases and then plot the stresses and displacements in 
arbitrary directions. This may form a picture of how to orient the fiber to 
achieve the highest grade of material usage. Se figure 11. The zone divisions 
are also dependent on where plies are supposed to be dropped or started. 
The CAD/Geometry and Zone identification is an iterative process. 
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Zone type 1 

Zone type 2 

Zone type 3 

Ply drop-off 

 
Figure 11: Example of zone division of ring-strut-ring configuration. 
 

The use of zones makes it possible to adjust local material lay-up or 
thickness in an easy way. 

When the model is zone divided the zones can be meshed and grouped in 
Patran. Material and lay-up for areas where layered materials are to be used 
are defined with PLM and areas with 3D- weaves and preforms are defined 
in Patran. 

6.2 Solid elements and detail analysis 
The complexity of the geometry affects the possibilities to use solid 
elements due to the difficulties to orient the material properties. In order to 
be able to orient the properties there will have to be a regular mesh with 
block shaped elements (solid46, hex, etc). The main difference, due to 
orientation, between solid elements and shell elements is the fact that the 
shell element normal direction is the same as the material normal direction. 
This automatically ”locks” one direction and facilitates the orientation. 

It may however be necessary to use solid elements during detail analysis. 
The recommendation is to use Patran together with Nastran also in this case. 
This makes it easier to use data and results from the shell calculations. But it 
will be important to try to keep the geometry relatively simple. 

It is desirable to have a function in the FE-software that supports draping on 
solid elements, or to be able to control the number of solid elements in the 
thickness direction when extruding shell elements through the laminate 
thickness. 

6.3 Failure indices 
For detecting first ply failure the standard process in preprocessor can be 
used. But for progressive failure course of events a different approach must 
be used. 

Most of the laminate analysis software supports progressive course of 
events but it is not as easy to access this function in a FE-software. One 



Evaluation of FE-software for Mechanical Analysis of Composite Materials 
 
 

19  

approach can be to do a design study/optimization where the first failure in a 
ply in an element is detected. When a failure has been detected is the 
material properties in this particular element and ply reduced and a new loop 
is made. This procedure is repeated until total failure. 

For fiber dominated laminates, I.E laminates with at least 12,5-15% fiber in 
each direction (0,90,45,-45), a linear elastic behavior until total failure is a 
good approximation. [8] 

6.4 3D weaves and preforms 
For 3D weaves and preforms PLM can not be used, instead the material 
properties for local areas in the model can be predicted with external 
software, for example WiseTex, and fed in like an orthotropic material. The 
number of different zones for 3D weaves and preforms are depending on 
how much the material property differs over the model and how large 
differences that are acceptable from zone to zone.  

7 Verification 
To verify the working method and software capabilities some practical tests 
were made in the recommended software PLM. One of the tests performed 
is a three point bending of a wing profile. Another test was made to evaluate 
the recommended working method set up in chapter 6. 

7.1 Three point bending 
This simulation model is built up from a practical test made at Sicomp in 
relation to the Sirius 2004 project. The purpose with the test is to evaluate 
the FE-software result trustworthiness, the FE-model is described in 
appendix 3. 

7.1.1 Results 
Below the force – deflection graphs are shown. 

FEA bending curve

SICOMP bending curve

FEA bending curve

SICOMP bending curve

FEA bending curve

SICOMP bending curve

 
Figure 12: Force – deflection graphs from three points bending. 
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7.1.2 Discussion 
The small differences in stiffness may depend on many things. The most 
significant parameters are likely to be the simplifications in geometry and 
material distribution. The 3P-bending at Sicomp shows a weaker behavior in 
the beginning and a stiffer in the end. This may depend on the foam core 
that is crushed in the end of the test. This behavior does not appear in the FE 
model due to the linear material behavior. 

7.2 Working method 
The working method described in chapter six have been tested and 
evaluated in association with the thesis “Modeling and Drafting of 
Composite Materials” by Andreas Aronsson. The geometry used for the test 
is a segment of a ring-strut-ring configuration with two outlet guide vanes. 
See figure 13 below. 

 
Figure 13: Test geometry 

7.2.1 Implementation 
A fictive engine structure was used to test the process. A stiffness criterion 
is set up and an “isotropic lamina” is used for material. After an iterative 
process with the thicknesses the stiffness condition is fulfilled.  

Stresses are plotted in different directions to identify the loading directions 
over the model. The different material thicknesses and loading directions in 
collaboration with geometric location forms a picture of how to zone divide 
the geometry. Now the geometry is divided into zones in CAD and sent 
back to Patran for meshing. The lay-up definition procedure is described in 
“Design, Modeling and Drafting of Composite Materials” by Andreas 
Aronsson 2004. 

The analysis code is generated and fed in to Nastran. After the results have 
been read into Patran the failure indices are calculated in PLM. 
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7.2.2 Discussion 
The working method has shown to serve satisfactory on the test geometry, 
though it will be more time consuming doing FE-analysis of composite 
materials than of isotropic. 

8 Conclusions 
In general the working procedure for FE-analysis in composite materials is 
the same as for isotropic. The main differences are the inner modeling of the 
material and how to interpret the results. This is what takes more time and 
work than for isotropic structures. A rough estimation is that the inner 
modeling of the material stands for about 25 % of the total geometry and 
FEA modeling time. This estimation is for one “cycle”, not for optimization 
of the material directions and thicknesses. To be able to optimize the 
material structures the results will have to be examined and evaluated and 
then change the lay-up sequence which adds more time. It is therefore 
recommended to put some extra time and thoughts during the analysis with 
isotropic material to form an understanding of the directions of the stresses 
and strains.  

The recommendation of what software to use is Patran with the additional 
module Patran Laminate Modeler and use Nastran as a solver. Nastran 2004 
has not heat transfer capabilities for composites but since Nastran is going 
to replace Marc this function will probably be built in the near future. Until 
then Marc can be used for heat transfer analysis. 

Still the software has an insufficient capability for solid elements and it is 
desirable to have a similar draping function as for shell elements. Today, all 
orientation of material properties in solid elements has to be done manually. 
The same applies for 3D weaves and preforms that will have to be fed in 
like an orthotropic material. 

As for everything above it is in the beginning important to do the analyses 
in connection to practical tests to verify the results. Due to lack of 
experience of composite materials at Volvo Aero is the reliability for 
analyses lower than for isotropic metals. 

The recommended working method have been tested and served satisfying. 
But the implementation of gates between the steps in the analysis chain 
could prevent advancing to the next step at a to early or late stage. These 
gates would work as a checklist that must be fulfilled before proceeding. 

It is recommended to increase studies for transient and dynamic events such 
as impact. In table 1 in chapter 1 some software are proposed for this 
purpose. Also progressive failures and how to handle 3D weaves and 
preforms should be examined closer. 
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External software 
A short description of some external composite software follows here under. 

Fibersim 
Fibersim software is for design support and without direct FE functions. 
Fibersim is intergrated in UG and have functions as draping simulation, 
generation of 3D-geometry from ply definition, generates manufacturing 
data, documentation support etc. 

Ply definitions can be exported to PLM for use in FE-analysis. [11] 

ESAComp 
ESAComp software is for design and analysis of laminates and laminated 
structural elements. ESAComp is not a properly FE-software but has 
export/import interfaces to the most common FE-software. ESAComp 
handles micromechanics, plies, laminates, plates, beams, bonded and 
mechanical joints. [12] 

LUSAS Composite 
LUSAS Composite FE-software is specialized for many kinds of analysis in 
composite materials. It supports linear and non linear analysis, force 
response, vibration, transient dynamics and impact analysis. [13] 
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ANSYS elements 
SHELL 99: Linear layered structural shell element. 8-node 3D shell 
element with six degrees of freedom in each node. SHELL 99 is designed 
for use in thin to medium thick shell structures with a side to thickness ratio 
of approximately 10. SHELL 99 supports use of up to 250 layers with 
constant thickness over the element area or 125 with thickness that may 
vary bilinear over the element area. If more than 250 layers are required can 
a user defined material matrix be used. 

SHELL 91: Nonlinear layered structural shell element. SHELL 91 is 
similar to SHELL 99 except it allows only 100 layers and do not support 
user input matrix. Instead SHELL 91 supports plasticity, large strain 
behavior and a special sandwich option. 

SHELL 181: Finite strain shell. SHELL 181 is a 4-node 3D shell element 
that has full non-linear capabilities It has 255 layers. 

SOLID 46: Layered structural solid element. SOLID 46 is a 8-node 3D 
solid element with 3 degrees of freedom for each node. SOLID 46 is suited 
for thick shell or solid models. SOLID 46 supports use of up to 250 layers 
with constant thickness over the element area or 125 with thickness that 
may vary bilinear over the element area. If more than 250 layers are 
required can a user defined material matrix be used. 

SOLID 191: Layered structural solid element. SOLID 191 is a layered 
version of the SOLID 95 element. In spite of its name SOLID 191 does not 
support non-linear materials and large strain behavior. SOLID 191 has 100 
layers per element. 

Remaining: In addition to the layered elements mentioned above, other 
composite element capabilities exist in ANSYS. The elements are: SOLID 
95, SHELL 63, SOLID 65, BEAM 188 and BEAM 189. The beam elements 
can have their sections built up with multiple materials. [6] 

MSC.Marc elements 
Element 149: This element is an isoparametric, three-dimensional, 8-node 
composite brick. All constitutive equations available can be used for the 
element. Different material properties can be used for different layers within 
the element. To ensure the stability of the element, a minimum number of 
two layers is required within the element. Each layer is assumed to be 
placed parallel to a pair of opposite element faces, so that the “thickness” 
direction is from one of the element faces to its opposite one. A maximum 
of 510 layers can be used within each element. 

Element 150: This element is isoparametric, three-dimensional, 20-node 
composite brick. Except that, this element has the same properties as 
element 149. 

Element 151: This is an isoparametric, plane strain, four-node composite 
element. Different material properties can be used for different layers within 
the element. All constitutive equations available can be used for the 
element. Each layer is assumed to be placed parallel to a pair of opposite 



Appendix 2 

Appendix 2 
2 

 

element edges, so that the “thickness” direction is from one of the element 
edges to its opposite one. A maximum of 1020 layers can be used within 
each element. 

Element 152: This is a isoparametric, axisymmetric, four-node composite 
element. Except that, this element has the same properties as element 151. 

Element 153: This is a isoparametric, plane strain, eight-node composite 
element. Except that, this element has the same properties as element 151. 

Element 154: This is a isoparametric, axisymmetric, eight-node composite 
element. Except that, this element has the same properties as element 151. 

Element 175: This element is an isoparametric 8-node composite brick 
written for three-dimensional heat transfer applications. Different material 
properties can be used for different layers within the element. This element 
can also be used for electrostatic applications. All heat transfer capabilities 
are currently supported for the element, except latent heat, thermal contact 
and fluid channel. To ensure the stability of the element, a minimum 
number of two layers is required within the element. Each layer is assumed 
to be placed parallel to a pair of opposite element faces, so that the 
“thickness” direction is from one of the element faces to its opposite one. A 
maximum of 510 layers can be used within each element. 

Element 176: This element is an isoparametric 20-node composite brick 
written for threedimensional heat transfer applications. Except that, this 
element has the same properties as element 175. 

Element 177: This is an isoparametric four-noded planar composite 
element, which can be used for planar heat transfer applications. This 
element can also be used for electrostatic and magnetostatic applications. 
All heat transfer capabilities are currently supported for the element, except 
latent heat, thermal contact and fluid channel. To ensure the stability of the 
element, a minimum number of two layers is required within the element. 
Each layer is assumed to be placed parallel to a pair of opposite element 
edges, so that the “thickness” direction is from one of the element edges to 
its opposite one. A maximum of 1020 layers can be used within each 
element. 

Element 178: This is a isoparametric, axisymmetric, four-node composite 
element written for axisymmetric heat transfer applications. Except that, this 
element has the same properties as element 177. 

Element 179: This is a isoparametric eight-node planar composite element 
written for planar heat transfer applications. Except that, this element has 
the same properties as element 177. 

Element 180: This is a isoparametric, axisymmetric, eight-node composite 
element written for axisymmetric heat transfer applications. Except that, this 
element has the same properties as element 177. [7] 
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3-points bending of wing profile 
The FE-model is a simplified model of the wing profile used in the 
SICOMP CR04-035 report. 

Material 
The material data are taken from the table below.  

[14] 

The fibers are fed in like a 3D-orthotropic material and the matrix as an 
isotropic. The two phase materials are put together with the Halpin Tsai 
continues fiber module in Patran 2004. The two phases forms a 3D-
orthotropic material that is used for a single ply. 

The missing data for a 3D-orthotropic material are calculated with the 
formulas: 

G23 = E2/(2*(1+NU23)) 

G31 = G13 = G12 

NU31 = NU21 = E2/E1 * NU12 

The achieved data for one ply are: 

E11=116 GPa  E22=8,15 GPa  E33=8,15 GPa 

NU12=0,29  NU23=1,01  NU13=0,29 

G12=2,56 GPa G23=2,03 GPa G31=2,53 GPa 

The layup are made round a foam core with the material properties: 

E=50 MPa  G=20  NU=0,3 

The ply layup are: 
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Figure 14: Layup on wing profile. 
 

Geometry 
The geometry is built up with surfaces that are meshed with quadratic shell 
elements where the laminates are applied. The core is modelled with solid 
elements. 

 
Figure 15: Wing profile geometry and pressure. 
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Boundary conditions 
The force is applied as a pressure along the wing cord. See figure 15. 

 

Material distribution. 
The material is distributed as figure 16. 

 
Figure 16: Material cross section 
 




