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Abstract 

Composites are increasingly often used for thick and compact structures with the clear aim to reduce 

the overall weight and cost of an aircraft. But classic applications of composites are thinner 

structures with limited out of plane loads. Analysis and test methods are therefore commonly 

developed and used for thinner structures and neglect the special challenges involved with thicker 

laminates. In addition composites are increasingly becoming interesting for fittings and joints since 

the surrounding structures are either built or being developed in composites a well. Using metallic 

fitting and joints can cause additional thermal stresses and /or corrosion due to the material mix of 

composites and metals. Due to the enlarged field of application for composites, there is an increasing 

demand for suitable analysis, test and manufacturing methods. Compact and highly loaded 

composite structures are prone to be subjected to high and multidirectional loads. This causes an 

atypical load situation for composites, which usually are subjected to plane loads to best exploit the 

strength of the fibers. Due to the orthotropic nature of the material a large amount of design 

variables are introduced. The design of any composite part is highly manufacturing driven, meaning 

that the final shape is determined by manufacturing capabilities. Thick composites provide a cost 

effective alternative and can generate a distinct weight benefit over standard metallic components 

and hence will a play a significant role in future aircraft developments. Analysis, testing and 

manufacturing methods have to be developed and adapted for that purpose. A reliable analysis is 

only possible if accurate 3D material properties are available. Analysis capabilities have to be assessed 

using empirical test data in order to judge the applicability. The presented work has its emphasis on 

the analysis and testing of structural components manufactured in thick composites. The generated 

data from a comprehensive manufacturing and test program is also used as basis for a cost and 

weight study under the assumption of a highly automized serial production. The results further 

underline the potential of thick composites.  In a first approach, standard 2D finite element methods 

are used for a topology investigation. In order to fully capture the behavior of the material 3D 

methods are quickly implemented. An extensive test program with full scale samples and coupons is 

used to improve and evolve the analysis. An open mold manufacturing cycle minimizes tooling costs 

and provides optimum flexibility for frequent design changes. A strong link between the analysis, the 

manufacturing and the design is maintained throughout the developments in order to generate a 

material suitable design solution. Although the ultimate goal is to manufacture a specific component, 

the topics are approached as generic as possible in order to provide a basis for future studies with 

similar boundary conditions. Despite the fact that the material creates countless design variables, an 



iv 

 

affordable approach for the analysis of thick composite structures is provided using standard 3D 

composite brick elements. The initial problem of missing reliable 3D material properties is 

counteracted with tests of full scale sub- components and modified short beam shear tests. A new 

cure cycle for thick laminates is presented and analyzed to assess process induced stresses and 

deformations. A large landing gear fitting component is designed and manufactured and can be 

regarded as an excellent demonstrator of ultra thick composites. With a maximum wall thickness of 

90mm, the component provides a weight reduction of 18% and a cost benefit of approximately 20% 

compared to the metallic counterpart. The potential of composites applied to a compact and highly 

loaded fitting is demonstrated and suitable analysis methods are established. A need for future tests 

to provide reliable and generic 3D material properties is identified. To provide a weight and cost 

benefit it is crucial to find a design topology suitable for composites.    
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Introduction 

1.1 Background 

"When the prototype approach for system development is used, ultimate production of the system must be considered 

throughout the design and evaluation phase." Kelly Johnson, Lockheed Martin, Skunk Works, VP ret. 

The following work presents research within the field of Ultra Thick Laminates / Composites 

(UTL). It is well established that composites are normally used for thin and shell like structures with 

limited out of plane loads. Classical examples in the aircraft industry are wing covers, bulkheads and 

fuselage shells, see also (1) and (2). In the last couple of years interest has grown to also use 

composites for compact structures such as linkages and fittings. Current analysis methods and 

software packages, which are regarded as validated, are limited to the analysis of thin structures only. 

These are commonly based on the classical laminate theory (CLT). Out of plane stresses are assumed 

negligible. In thick structures these stresses are significantly bigger and are often identified as the 

primary failure cause. The method and the software used hence have to provide these stress 

components. The overall aim of the entire research process is to also manufacture a complete 

landing gear fitting for the Advanced Low Cost Aircraft Structures project (ALCAS) (3). At an early 

stage of the process a test program is established and adapted step by step as the analysis progresses.   

The behavior of thick composites can only be fully understood by using a combination of empirical 

tests and improved analysis methods. Every test increases the costs of the project. Hence it is 

necessary to quickly improve the analysis capabilities in order to minimize the development costs. 

Early studies are conducted with standard 2D composite elements. However the results quickly 

indicated the need for a full 3D finite element analysis. But, in order to be able to assess the results 

from a 3D analysis, the performance of available element types has to be investigated and verified 

with empirical results. For the manufacturing program two major goals are established; providing test 

samples for validation and developing and optimizing the manufacturing process itself.   

Hence a couple of boundary conditions are established during the initial phase of the project. A full 

3D analysis approach is chosen supported by an extensive test program. The test program consists 

not only of smaller coupons, but more importantly of full sized components and cross sections. For 

the design of the landing gear fitting, the first iteration is based on the metallic counterpart. Several 

design simplifications are introduced in the course of the development, as the analysis progresses in 

order to find a suitable topology. The generated data is used as basis for a study of a possible serial 



 

production. With a wall thickness of 90mm a new term is introduced; namely Ultra Thick Laminates 

(UTL).  

Many of the developed analysis and manufacturing methods can be applied to arbitrary structures, 

such as fittings, joints and beams subjected to multidirectional 

metallic among a majority of composite shell structures, issues such as thermally induced stresses and 

corrosion have to be considered 

additional advantage of full compatibility in future aircraft structures. Also there is a clear weight and 

cost advantage using composites for this rather extreme form of application.  

The presented work underlines the feasibility to apply composites to a compact design space 

subjected to high loads. Methods 

presented study is limited to the static analysis and testing of thick composites. 

In 2005 EADS Innovation Works (IW) began the development of a main landing gear fittin

carbon fiber reinforced plastics (CFRP). The task 

design, quality insurance, testing and NDT & SHM. 

commonly applied for thinner sheet like structures. The ne

referred to as ‘Side Stay Fitting (SSF)’, presents an entirely new challenge.

compact in its shape. It handles all loads from the side stay which locks the main landing gear into 

place, as shown in Figure 1. The fitting is part of the main landing gear attachments and 

loads to the spar and lower wing cover.

Figure 1: A340-300 Main landing gear 
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With a wall thickness of 90mm a new term is introduced; namely Ultra Thick Laminates 

Many of the developed analysis and manufacturing methods can be applied to arbitrary structures, 

such as fittings, joints and beams subjected to multidirectional loads. If these components remain 

metallic among a majority of composite shell structures, issues such as thermally induced stresses and 

corrosion have to be considered and lead to a weight penalty. UTL components thus have the 

compatibility in future aircraft structures. Also there is a clear weight and 

cost advantage using composites for this rather extreme form of application.  

The presented work underlines the feasibility to apply composites to a compact design space 

ethods are validated and enable the design of UTL components. 

presented study is limited to the static analysis and testing of thick composites. 

EADS Innovation Works (IW) began the development of a main landing gear fittin

carbon fiber reinforced plastics (CFRP). The task is broad, involving the topics manufacturing, 

design, quality insurance, testing and NDT & SHM. Carbon fiber reinforced plastics, or 

commonly applied for thinner sheet like structures. The new landing gear fitting however, also 

referred to as ‘Side Stay Fitting (SSF)’, presents an entirely new challenge. The component is very 

It handles all loads from the side stay which locks the main landing gear into 

The fitting is part of the main landing gear attachments and 

to the spar and lower wing cover.  

 

300 Main landing gear (image courtesy by Gregor Vogel, EADS IW) and position of the

With a wall thickness of 90mm a new term is introduced; namely Ultra Thick Laminates 

Many of the developed analysis and manufacturing methods can be applied to arbitrary structures, 

loads. If these components remain 

metallic among a majority of composite shell structures, issues such as thermally induced stresses and 

. UTL components thus have the 

compatibility in future aircraft structures. Also there is a clear weight and 

cost advantage using composites for this rather extreme form of application.   

The presented work underlines the feasibility to apply composites to a compact design space 

enable the design of UTL components. The 

presented study is limited to the static analysis and testing of thick composites.  

EADS Innovation Works (IW) began the development of a main landing gear fitting in 

broad, involving the topics manufacturing, 

Carbon fiber reinforced plastics, or CFRP, are 

w landing gear fitting however, also 

The component is very 

It handles all loads from the side stay which locks the main landing gear into 

The fitting is part of the main landing gear attachments and transferred 

 

(image courtesy by Gregor Vogel, EADS IW) and position of the side stay fitting. 
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Figure 2 shows the original metallic fitting as well as the second CFRP prototype mounted to a 

mobile display unit. A detailed description of the fitting itself and the applied loads are given in (4). 

While the main principle and function of the fitting has to be maintained, it also becomes obvious 

that the development has led to several simplifications of the geometry due to manufacturing.  

 
 

Figure 2: Second Side Stay Fitting prototype (image courtesy EADS Innovation Works) 

2 Future of Composites in Commercial Airliners  

Current airliner programs, such as the A350 and the Boing 787, show a trend towards using 

composites for highly loaded structural components. This trend is driven by the need to reduce the 

overall weight of the aircraft. Large sections of modern airliners are manufactured in composite 

materials. However, the application of such materials is often limited to sheet like structures with 

limited curvatures and large surfaces. Load introduction fittings, ribs and other load carrying 

structures with limited dimensions, are often metallic. This causes several material compatibility 

problems, such as mismatching thermal properties and contact corrosion between the metal and 

carbon fiber. Stresses induced by mismatching thermal expansion coefficients are added on top of 

service loads and lead to an increased weight of the metallic structure in a composite surrounding.  

Hence, also substituting some of the more compact and highly loaded components with composite 

counterparts can provide additional weight savings in some cases. For the design of such 

components standard design rules from metallic structures cannot be applied and new ones need to 

be derived and applied. Fittings and similar composite components in some cases still have to 

provide fail safety, be fully inspectable and serviceable. Standard analysis tools used for composite 

sheet structures provide limited capabilities when it comes to compact fittings subjected to 
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multidirectional loads. For the new field of application there is a need to further improve and extend 

these capabilities.  

3 Ultra Thick Laminates 

The usage of composites for aircraft is increasing each year and with each new development. Figure 

3 illustrates the increase of the composite structural weight for several passenger aircraft types over 

the past 30 years (5). Composites are mostly used for shell like structures, such as the wing box, wing 

covers, tail planes, flaps etc. Compact components such as fittings and joints are mostly 

manufactured using metal alloys, composites are however increasingly being used for these structures 

as well. Examples are given in (6) and (7). As part of the ALCAS Airliner Wing platform (3), work 

began in 2005 on an all composite main landing gear fitting, the so called ‘Side Stay Fitting’. The 

fitting is designed to handle a maximum load of approximately 1800kN.  

 

Figure 3: Evolution of composite structural weight for AIRBUS (5). 

The task involves several engineering disciplines, since only a few design guidelines from classical 

composite design are applicable. In order to maximize the benefits and added value from the project, 

a generic research approach is chosen wherever possible.  

Any composite design is manufacturing driven to a certain extend. At the same time one requires the 

manufacturing process itself to be as flexible as possible during the design phase due to expected and 

frequent topology changes. As an example; The Side Stay Fitting laminate thickness changed from an 

initial 60mm to 90mm and no changes for the tooling were required. Early on the vacuum assisted 
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process (VAP) (8) is therefore chosen, not because of its suitability for UTL, but due to its flexibility 

and low cost properties. There is a great amount of uncertainty about how the process could handle 

thicker laminates, especially with respect to the exothermal reaction, the infiltration itself and issues 

such as porosity, shape distortions and thermally induced stresses.  

During the startup phase of the project very simple manufacturing test are performed, in the form of 

blocks with varying thickness. These are equipped with temperature sensors in order to monitor any 

critical increase in temperature. Ideally a standard curing cycle could be applied, but the test quickly 

indicated that the cycle requires extensive changes in order to maintain control. The results are 

presented in (9). This new curing cycle is kept unchanged during the duration of the project. Studies 

of a possible industrialization indicate a significant potential for optimization, see (10).  

As a starting point for the design, the original metallic component is chosen as a baseline. This of 

course involves several challenges. Due to the orthotropic properties of the material, its full potential 

could remain unexploited.  The approach is commonly referred to as ‘Black Metal Approach’, where 

a given geometry is simply replaced without any or little adaptation of the existing layout.  

But thick composites are not entirely new to the industry and are used for helicopter rotor blades 

(11), large wind turbine blades (12), fittings, joints and ribs (13) (7) and vehicle armor (14). There has 

been a great interest for composite fittings and joints from an early start. A large study of concepts 

for composite fittings and joints has been performed by J.V. Alexander and R.H. Messinger (7) 

during 1977-1981. Different component are investigated and a parametric study is performed to 

determine the influence of different design parameters such as laminate thickness and curvature.  

3.1 Design Evolution and testing of UTL 

The dominant failure modes, as shown in Figure 4, are governed by out of plane peeling stresses zzσ  

and transverse shear stresses xyτ and xzτ . Several methods have been developed to generate the 

corresponding strength values, as shown in (15) (16) (17). For the design of the fitting initial strength 

assumptions are corrected during the course of the test program in order to match empirical strength 

and stiffness properties.  



 

During the design phase, undesired ply overlaps and 

geometry suitable for the manufacturing in CFRP. 

approach of the fitting.  At an early stage of the process new concepts 

a first analysis step, strongly interlinked with the input from materials and processes (M&P). Based 

on the initial findings an initial test program 

as a basis. In order to reduce the number of design variables a quasi

chosen from the start and maintained throughout the project. 

Figure 5: The design 

Figure 6 shows an overview of

that are manufactured and tested, mostly at full scale. 
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Figure 4: Failure Mode I, II and II. 

, undesired ply overlaps and butt-joints are avoided in order to create a 

geometry suitable for the manufacturing in CFRP. Figure 5 illustrates the multidisciplinary design 

fitting.  At an early stage of the process new concepts are derived and scrutinized in 

a first analysis step, strongly interlinked with the input from materials and processes (M&P). Based 

on the initial findings an initial test program is derived, using simple geometrical shapes of the fitting 

In order to reduce the number of design variables a quasi-isotropic stacking sequence is 

chosen from the start and maintained throughout the project.   

: The design approach (image courtesy of Markus Siemetzki)

of the entire test program. The image shows the different components 

manufactured and tested, mostly at full scale. The large number of tests is required due to 

 

avoided in order to create a plain 

illustrates the multidisciplinary design 

derived and scrutinized in 

a first analysis step, strongly interlinked with the input from materials and processes (M&P). Based 

mple geometrical shapes of the fitting 

isotropic stacking sequence is 

 

(image courtesy of Markus Siemetzki). 

The image shows the different components 

The large number of tests is required due to 



 

the lack of validated analysis methods and material properties for UTL. Thus t

valuable insight in the behavior of UTL. 

Figure 7 illustrates T-Sections which represent a typical cross section of the fitting. An overview of 

the test results and the subsequent analysis is given in 

findings (18) it is discovered that any curved secti

stresses. Extensive numerical and empirical 

but these studies are mostly restricted to thin walled cross sections. 

have wall thicknesses of 60 and
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the lack of validated analysis methods and material properties for UTL. Thus t

valuable insight in the behavior of UTL.  

Figure 6: Test program overview.  

Sections which represent a typical cross section of the fitting. An overview of 

the test results and the subsequent analysis is given in Paper A (4).  In agreement with common 

that any curved section is subjected to out of plane normal

numerical and empirical investigations of composite T-Sections are

but these studies are mostly restricted to thin walled cross sections. The presented cross sections 

ve wall thicknesses of 60 and 90 mm.  

 

Figure 7: 60mm T-Section. 

the lack of validated analysis methods and material properties for UTL. Thus the test results provide 

 

Sections which represent a typical cross section of the fitting. An overview of 

.  In agreement with common 

on is subjected to out of plane normal and shear 

Sections are carried out, 

The presented cross sections 

 



 

In addition to the already published results, several attempts 

strength of the cross section. Under tension load of the web, the radius becomes loaded with out of 

plane normal stresses, causing a delamination of the rad

Here metallic throat washers are

are used to apply a certain amount of clamping force onto the laminate in order to delay the onset of 

delamination (mode I and II), see 

pretension and load during test. 

Figure 9 illustrates a T-pull specimen with reinforcement. In the vertical web bolts 

clamp the upper gusset corner which is subjected to extensive peeling stresses. The figure also shows 

the type of failure, a typical sliding mode (shear stress parallel to the plane of crack, perpendicular to 

the crack front). The load level up to first failure is increased by 80% compared to a standard T

For the analysis of these samples a contact a

shear stress concentration which occurs between the fixation and the reinforcement is calculated 

with good accuracy and also identified as the primary failure cause. 

 

Figure 

This reinforcement approach proved 

approach by increasing the thickness of the cross section from 60mm to 90mm

60mm T-SectionMetallic gusset 
filler

Clamping 
bolts

Throat 
washer
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In addition to the already published results, several attempts are made to improve the behavior and 

Under tension load of the web, the radius becomes loaded with out of 

plane normal stresses, causing a delamination of the radius itself and the tip, where both radii meet. 

are applied in combination with a metallic noodle

used to apply a certain amount of clamping force onto the laminate in order to delay the onset of 

, see Figure 8. Bolts are equipped with strain gauges to monitor the 

pretension and load during test.  

 

Figure 8: Throat washer design. 

pull specimen with reinforcement. In the vertical web bolts 

clamp the upper gusset corner which is subjected to extensive peeling stresses. The figure also shows 

the type of failure, a typical sliding mode (shear stress parallel to the plane of crack, perpendicular to 

the crack front). The load level up to first failure is increased by 80% compared to a standard T

For the analysis of these samples a contact algorithm is used for the composite/ metal interface. The 

shear stress concentration which occurs between the fixation and the reinforcement is calculated 

with good accuracy and also identified as the primary failure cause.  

 

Figure 9: Reinforced T-Section under tension load. 

approach proved successful; however it is omitted in favor of the simpler 

approach by increasing the thickness of the cross section from 60mm to 90mm

Clamped 
assembly

made to improve the behavior and 

Under tension load of the web, the radius becomes loaded with out of 

ius itself and the tip, where both radii meet. 

applied in combination with a metallic noodle filler, as in (19). Bolts 

used to apply a certain amount of clamping force onto the laminate in order to delay the onset of 

equipped with strain gauges to monitor the 

 

pull specimen with reinforcement. In the vertical web bolts are added to 

clamp the upper gusset corner which is subjected to extensive peeling stresses. The figure also shows 

the type of failure, a typical sliding mode (shear stress parallel to the plane of crack, perpendicular to 

the crack front). The load level up to first failure is increased by 80% compared to a standard T-Pull. 

used for the composite/ metal interface. The 

shear stress concentration which occurs between the fixation and the reinforcement is calculated 

 

in favor of the simpler 

approach by increasing the thickness of the cross section from 60mm to 90mm, which proved to be 



 

sufficient. The ability to clamp the laminate

compact fittings or structures.  

Another important improvement is the implementation of a load carrying gusset filler. A 

foam filler provides less stiffness and 

large deformations of the radii under any vertical downward

delaminations are the result.  

 

In order to improve the load carrying capability under compression a support

introduced, see Figure 11. Individual pieces are cut from a 30mm thick plate using a water jet cutter 

and stacked to the required thick

interface strength in the final manufacturing step. T

the largest occurring compression load

slightly modified. In order to prevent shrinkage cracks, CFRP fillers are alternated with thin foam 

pieces to serve as equalization for thermal expansion during curing and cooling. 

Figure 

The presented tests only involve entire structures and are not directly used to gain material 

properties. A new short beam shear (SBS) or 
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to clamp the laminate does nevertheless present an interesting prospect for 

 

Another important improvement is the implementation of a load carrying gusset filler. A 

provides less stiffness and does not carry a substantial amount of load, which leads to 

adii under any vertical downward load, see Figure 

 

Figure 10: T-Section under compression load. 

In order to improve the load carrying capability under compression a support

Individual pieces are cut from a 30mm thick plate using a water jet cutter 

and stacked to the required thickness. At that point the laminate is not fully cured to improve the 

interface strength in the final manufacturing step. T-Sections with this CFRP filler are tested up to 

compression load cases without failure.  For the final fitting th

slightly modified. In order to prevent shrinkage cracks, CFRP fillers are alternated with thin foam 

pieces to serve as equalization for thermal expansion during curing and cooling. 

 

Figure 11: CFRP filler and T-Section under compression. 

The presented tests only involve entire structures and are not directly used to gain material 

short beam shear (SBS) or 3-point bending test is therefore 

an interesting prospect for 

Another important improvement is the implementation of a load carrying gusset filler. A regular 

does not carry a substantial amount of load, which leads to 

Figure 10. Multiple mode II 

 

In order to improve the load carrying capability under compression a supportive CFRP filler is 

Individual pieces are cut from a 30mm thick plate using a water jet cutter 

ness. At that point the laminate is not fully cured to improve the 

Sections with this CFRP filler are tested up to 

For the final fitting the CFRP filler is 

slightly modified. In order to prevent shrinkage cracks, CFRP fillers are alternated with thin foam 

pieces to serve as equalization for thermal expansion during curing and cooling.  

 

The presented tests only involve entire structures and are not directly used to gain material 

therefore designed for 30mm 



 

and 60mm thick specimens. 

composites, as shown by Makeev et. al. 

tests, such as the ASTM 2344 

conduct these tests at full thickness in order to closely resemble the conditions of the final fitting. 

The test is used to investigate the 

A multi scale analysis is used to investigate the material behavior,

empirical findings are confirmed but a need to refine the test setup has also been identified. 

Although fatigue is not part of this investigation, the possible application of the short beam shear 

test for fatigue failure has been investigated by May and Hallett 

do however indicate a large optimization 

In addition to a standard 3-point bending test, a device 

of plane compression on the failure onset, see 

investigations confirmed that the device had negligible effects on the overall stiffness of the samples. 

Since most failure modes are

compression load is recognized

The results are presented in Figure 

is not implemented in the design of the fitting and remain

parts quickly increases the overall weight and costs of the design. 
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and 60mm thick specimens. The test setup is suitable to generate shear properties of thick 

composites, as shown by Makeev et. al. (20). In contrast to available standards for short beam shear 

tests, such as the ASTM 2344 (21), the coupon thickness is increased significantly.

conduct these tests at full thickness in order to closely resemble the conditions of the final fitting. 

the shear strength of thick laminates with different stacking se

A multi scale analysis is used to investigate the material behavior, as published in 

empirical findings are confirmed but a need to refine the test setup has also been identified. 

not part of this investigation, the possible application of the short beam shear 

test for fatigue failure has been investigated by May and Hallett (23). Both t

optimization potential for the stacking sequence of UTL

 

Figure 12: Standard 3- point bending test. 

point bending test, a device is designed to investigate the influence of out 

of plane compression on the failure onset, see Figure 13. Despite of its massive appearance, 

investigations confirmed that the device had negligible effects on the overall stiffness of the samples. 

are dominated by transverse stresses and peeling stresses

ecognized as a possible method to directly counteract these peeling stresses

Figure 13. Although the test did generate promising results, the method 

not implemented in the design of the fitting and remains as a fall back solution. Using metallic 

parts quickly increases the overall weight and costs of the design.  

tup is suitable to generate shear properties of thick 

In contrast to available standards for short beam shear 

ess is increased significantly. It is decided to 

conduct these tests at full thickness in order to closely resemble the conditions of the final fitting. 

of thick laminates with different stacking sequences. 

as published in Paper B (22). The 

empirical findings are confirmed but a need to refine the test setup has also been identified. 

not part of this investigation, the possible application of the short beam shear 

Both the analysis and the test 

of UTL.  

 

designed to investigate the influence of out 

. Despite of its massive appearance, 

investigations confirmed that the device had negligible effects on the overall stiffness of the samples. 

and peeling stresses, applying 

as a possible method to directly counteract these peeling stresses. 

romising results, the method 

as a fall back solution. Using metallic 



 

Figure 14 shows a so called double

is the largest single piece of the test progr

components feature a wall thick

can be regarded as the first iteration in the design process. Conclusions drawn from the tests ar

implemented in the analysis. Material properties in th

conditions indicate a significant influence on the overall strain distribution and level. Some 

components are also equipped with acoustic emission sensors a

Figure 14: Double Corner test component

The double-corner represents the entire inboard half of the SSF, at full scale. 

test component mounted in the rig

cantilever. In this case the component is equipped with numerous sensors, such

fibre optics, strain gauges and acoustic emission sensors. 

60
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Figure 13: 3D clamping of UTL. 

shows a so called double-corner component, which represents one half of the fitting. 

is the largest single piece of the test program. Combined in plane or axial loads are investigated. Both 

components feature a wall thickness of 60mm. These tests present the basis of the test program and 

can be regarded as the first iteration in the design process. Conclusions drawn from the tests ar

implemented in the analysis. Material properties in thickness direction are adjusted and boundary 

conditions indicate a significant influence on the overall strain distribution and level. Some 

also equipped with acoustic emission sensors and strain gauges.

 

: Double Corner test component (measurements are in millimeters)

corner represents the entire inboard half of the SSF, at full scale. 

test component mounted in the rig for an in-plane load test, which is applied 

In this case the component is equipped with numerous sensors, such

, strain gauges and acoustic emission sensors.  

6
30

350

60

 

which represents one half of the fitting. This 

axial loads are investigated. Both 

the basis of the test program and 

can be regarded as the first iteration in the design process. Conclusions drawn from the tests are 

direction are adjusted and boundary 

conditions indicate a significant influence on the overall strain distribution and level. Some 

nd strain gauges. 

 

(measurements are in millimeters). 

corner represents the entire inboard half of the SSF, at full scale. Figure 15 shows the 

plane load test, which is applied at 28° inclination via a 

In this case the component is equipped with numerous sensors, such as bragg grating 



 

Figure 16 illustrates the position of the first 

causes a delamination of the gusset filler tip at 580kN. Based on the initial strength values for the 

material a failure load of 540kN 

well within the expected range. 

Figure 

Another crucial test for the double corner is the application of out of

17 shows the test setup. A complex stress combination 

can be found in the close vicinity of the lug

component. 

Double 
Corner

F28°

12 

 

Figure 15: Double corner mounted in test rig. 

illustrates the position of the first failure. A concentration of out-of

causes a delamination of the gusset filler tip at 580kN. Based on the initial strength values for the 

material a failure load of 540kN is calculated with FE based methods. The empirical results 

 

 

Figure 16: Double corner under tension load with first crack. 

test for the double corner is the application of out of-plane loads to the lug. 

complex stress combination of compression and transverse shear stress

in the close vicinity of the lug, leading to an early delamination and thus failur

Test rig

Hinge mount

Cantilever

Hydraulics

 

of-plane normal stresses 

causes a delamination of the gusset filler tip at 580kN. Based on the initial strength values for the 

calculated with FE based methods. The empirical results are thus 

 

plane loads to the lug. Figure 

of compression and transverse shear stresses 

, leading to an early delamination and thus failure of the 



 

Figure 

The free-edge problem is 3-D in nature. Matrix cracking has

edges by combined actions of normal stresses 

Pagano (24) and Wang et. al (25)

severe influence of stacking sequence on interlaminar stresses. 

there are numerous free edges.

laminate, as illustrated in Figure 

model, used to analyze the component prior 

investigations but indications of exte

Figure 18: Shear stress distribution towards edge and 

Based on the gained test data

implemented in the design. A new stacking sequence is used based 

degree plies, in an effort to reduce transverse shear stresses

σ
x

σ
x
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Figure 17: Double-corner failure under axial load 

D in nature. Matrix cracking has early been shown to be initiated close to 

edges by combined actions of normal stresses zσ  and shear stresses xzτ and 

(25). W.L. Yin (26) presents an analytical approach 

severe influence of stacking sequence on interlaminar stresses. Due to the compact design 

. In this particular case a large diameter hole is situated

Figure 18. The image also displays several cross sections throug

the component prior to the test. A coarse mesh is used for initial 

but indications of extensive transverse shear stress distribution 

 

: Shear stress distribution towards edge and double-corner component under axial load..

Based on the gained test data and the results from the analysis, several improvements are 

implemented in the design. A new stacking sequence is used based on the idea of separating 0°/90° 

degree plies, in an effort to reduce transverse shear stresses. The new sequence is tested using the

Center

τ
xz

Edge

 

been shown to be initiated close to 

xz and yzτ , see Pipes and 

presents an analytical approach highlighting the 

Due to the compact design of fittings 

is situated in the center 

The image also displays several cross sections through the FE 

the test. A coarse mesh is used for initial 

nsive transverse shear stress distribution are also found here.  

 

corner component under axial load.. 

, several improvements are 

the idea of separating 0°/90° 

The new sequence is tested using the 3-
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point bending tests and the results are confirmed by the analysis, as published in (22). In addition a 

laminated gusset filler is applied for increased support under compression loads. Due to the 

experimental findings of the second double-corner test setup, as described above, a clear need for an 

improved out-of-plane load introduction is identified. In a first step the laminate thickness is 

increased from 60mm to 90mm.  In a second step a metallic reinforcement is introduced. All 

countermeasures are implemented in a new test component as shown in Figure 19. Metallic plates are 

deployed to distribute loads over a larger area; ribs between the lugs are used to stiffen the lug in the 

axial direction. The initial design of the metallic reinforcement has to be regarded as an interim 

solution. In a second step the stiffening ribs are removed from the design and only the metallic plates 

on the web are maintained for optimum load distribution. The approach proved successful and 

greatly increased the load carrying capability.   

 

 

Figure 19: Structural throat washer layout. 

Based on the gained experience with the analysis of UTL, the conducted FE analysis enables an 

accurate prediction of the overall stiffness as well as the first failure. First failure occurs at 770 kN 

caused by peeling stress concentrations in the radius. The failure mode and load level shows good 

congruence with the calculated results, see also Figure 20. With the optimized stacking sequence 

shear failure is only expected at far greater loads.  

CFRP Gusset  
Filler

Outboard Structural 
Throat Washer 

(STW)

Inboard Structural 
Throat Washer 
(STW)

Load Distribution 
Plate

Configuration I Configuration II



 

Figure 20: Measured and calculated deflection of the 90mm T

Based on the experiences gained from the test data, the load introduction 

driver. For the final fitting design, the metallic components 

aluminum plates used for the above mentioned load distribut

thick T-Section with the implemented improvements presented all the required design solutions as 

required for the final fitting and represents the apex of the test and analysis program. 

3.2 Analysis/ Software 

Conventionally the classical laminate theory 

however does not incorporate the influence of transverse shear 

higher order shear deformation theories have been proposed to improve the determination of 

transverse stresses, see (27) (28)

order to evaluate the behavior of the 

variety of composite elements

analysis would deliver satisfactory

significant transverse stresses are expected

isoparametric 3D composite brick element

Two versions are available, with 8 or 20 nodes. 

applied. It has been previously shown

element provides reasonable result 

and yzτ  however contradict the exact solution

distribution over the thickness of 

The accuracy of the calculated shear stresses can however be increased by using higher order shape 

functions. That is, elements with more nodal points through thickness, as suggested by 
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: Measured and calculated deflection of the 90mm T-Section.

Based on the experiences gained from the test data, the load introduction is

. For the final fitting design, the metallic components are reduced to merely 5/10mm thick 

aluminum plates used for the above mentioned load distribution, as seen in 

Section with the implemented improvements presented all the required design solutions as 

final fitting and represents the apex of the test and analysis program. 

Conventionally the classical laminate theory (CLT) is used to analyse laminated structures. 

however does not incorporate the influence of transverse shear and normal deformations.

higher order shear deformation theories have been proposed to improve the determination of 

(28). Early finite element investigations are conducted with 2D

order to evaluate the behavior of the new CFRP fitting. Different software packages provide 

variety of composite elements and early in the design phase it became obvious that only a 3D 

analysis would deliver satisfactory results for a compact and highly loaded component

significant transverse stresses are expected. Of special interest for the conducted calculations is the 

isoparametric 3D composite brick element provided by the software package MSC Marc/Mentat

Two versions are available, with 8 or 20 nodes. For each layer different material properties can be 

It has been previously shown by Kuhlmann and Rolfes (29) that this type of

esult for transverse normal stresses zzσ . Transverse shear stresses 

owever contradict the exact solution on a ply level since the step like displacement 

distribution over the thickness of the composite element cannot be reproduced

calculated shear stresses can however be increased by using higher order shape 

with more nodal points through thickness, as suggested by 

 

Section. 

is identified as a design 

reduced to merely 5/10mm thick 

ion, as seen in Figure 2. The 90 mm 

Section with the implemented improvements presented all the required design solutions as 

final fitting and represents the apex of the test and analysis program.  

laminated structures. The CLT 

and normal deformations. First- and 

higher order shear deformation theories have been proposed to improve the determination of 

conducted with 2D shells, in 

Different software packages provide a 

and early in the design phase it became obvious that only a 3D 

results for a compact and highly loaded component where 

. Of special interest for the conducted calculations is the 

provided by the software package MSC Marc/Mentat. 

For each layer different material properties can be 

this type of stacked brick 

. Transverse shear stresses xzτ

since the step like displacement 

be reproduced, see also Figure 21. 

calculated shear stresses can however be increased by using higher order shape 

with more nodal points through thickness, as suggested by Chang et. al. 



 

(27). A reasonable transverse shear stress 

achieved with a discretization that features multiple elements over thickness

the analysis of UTL. Hence t

laminates that feature a large amount of layers

Figure 

In addition to the used 3D approach

elements to obtain transverse stresses

The approach is implemented by Kuhlmann and Rolfes into the soft

FE models offer far greater flexibility to design changes and usually require less computational 

resources. The 2D approach can be regarded as suitable for many structures 

the component is relatively small bu

assessments and the concept phase of thicker structures this approach can deliver good results with 

little effort. For more progressed design steps of UTL a full 3D analysis is however advised 

to accurately calculate 3D stresses.

Figure 22 illustrates a rough timeline of the analysis program

test program. Initial studies are

evolve into 3D version, due to the mentioned reasons

step. A major portion of the analysis effort is the evaluation of hardware test components as 

described above. Several of the components involve a material mixt

is analyzed using contact algorithms. 
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A reasonable transverse shear stress distribution over the thickness of the structure can also

that features multiple elements over thickness, an approach chosen for 

Hence this type of element presents an efficient way to model ultra

laminates that feature a large amount of layers since a layer wise discretization can be avoided

Figure 21: Deformation of composite brick element. 

In addition to the used 3D approach, methods have been presented in the literature to use 2D shell 

stresses using the equilibrium equations, see Rohwer and Rolfes

The approach is implemented by Kuhlmann and Rolfes into the software package TRAVEST. 

FE models offer far greater flexibility to design changes and usually require less computational 

resources. The 2D approach can be regarded as suitable for many structures 

the component is relatively small but where transverse stresses still are expected. Even for fi

phase of thicker structures this approach can deliver good results with 

effort. For more progressed design steps of UTL a full 3D analysis is however advised 

to accurately calculate 3D stresses.  

illustrates a rough timeline of the analysis program which closely resembles the presented 

are conducted based on 2D shell elements. The models 

, due to the mentioned reasons. Each design iteration 

. A major portion of the analysis effort is the evaluation of hardware test components as 

described above. Several of the components involve a material mixture of composite and metal that 

is analyzed using contact algorithms.  

ess of the structure can also be 

, an approach chosen for 

element presents an efficient way to model ultra-thick 

since a layer wise discretization can be avoided.  

 

methods have been presented in the literature to use 2D shell 

, see Rohwer and Rolfes (18). 

ware package TRAVEST. 2D 

FE models offer far greater flexibility to design changes and usually require less computational 

resources. The 2D approach can be regarded as suitable for many structures where the thickness of 

transverse stresses still are expected. Even for first 

phase of thicker structures this approach can deliver good results with 

effort. For more progressed design steps of UTL a full 3D analysis is however advised in order 

which closely resembles the presented 

conducted based on 2D shell elements. The models were quickly 

. Each design iteration presents a new analysis 

. A major portion of the analysis effort is the evaluation of hardware test components as 

ure of composite and metal that 



 

3.3 Manufacturing of Ultra Thick Laminates

The manufacturing process of 

process (VAP) as described in 

concept’, since parts of the already cured sections can be used as moulds for additional debulking. 

There are two major reasons for choosing an open mould process. Firstly the tooling effort and 

hence the costs are reduced. Secondly the open mould process offers greater flexibility during the 

design phase when the component is prone to geometry changes. As an example

fitting is changed numerous times, without a

of the laminate and the large amount of resin, debulking and infiltration is split into several steps, as 

described in (10). After the first infiltration 

adequate interfacial strength. Debulking

membrane and four 3KW infrared lamps. 

the components required to manufacture a thick T

are reduced to a minimum by using several d
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Figure 22: Analysis chain. 

of Ultra Thick Laminates 

 ultra-thick laminates is conducted using a modified vacuum assisted 

 Paper D and (9). The process is also referred to as ‘integrated tooling 

concept’, since parts of the already cured sections can be used as moulds for additional debulking. 

There are two major reasons for choosing an open mould process. Firstly the tooling effort and 

the costs are reduced. Secondly the open mould process offers greater flexibility during the 

design phase when the component is prone to geometry changes. As an example

changed numerous times, without any effect on the tools that are used. Due to the thickness 

of the laminate and the large amount of resin, debulking and infiltration is split into several steps, as 

. After the first infiltration a conversion rate of only 80% is 

Debulking is conducted using a vacuum table with

four 3KW infrared lamps. Figure 23 illustrates the individual manufacturing steps of 

the components required to manufacture a thick T-Section. Fibre undulations in the curved section 

are reduced to a minimum by using several debulking steps.  

 

modified vacuum assisted 

The process is also referred to as ‘integrated tooling 

concept’, since parts of the already cured sections can be used as moulds for additional debulking. 

There are two major reasons for choosing an open mould process. Firstly the tooling effort and 

the costs are reduced. Secondly the open mould process offers greater flexibility during the 

design phase when the component is prone to geometry changes. As an example the thickness of the 

used. Due to the thickness 

of the laminate and the large amount of resin, debulking and infiltration is split into several steps, as 

80% is reached to ensure 

is conducted using a vacuum table with a flexible silicon 

illustrates the individual manufacturing steps of 

Section. Fibre undulations in the curved section 



 

3.4 Process Induced Deformations and Process Optimization

Several manufacturing trials are conducted in 

thermal reactions. For that purpose the manufactured

sensors. Figure 24 illustrates the first manufactured UTL samples. 

resin system is used and the generated temperature plots are deployed to adapt the standard cure 

cycle. Especially thicker samples indicate tha

cycle out of control. The cycle is thus

characterized by a reduced cure temperature with a longer cure phase. Samples with a thickness of up 

to 80 mm are manufactured in one shot. In addition spring

cycle.  

Figure 
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Figure 23: UTL manufacturing cycle. 

Process Induced Deformations and Process Optimization 

are conducted in order to validate the process and

For that purpose the manufactured samples are equipped with temperature

illustrates the first manufactured UTL samples. For the inf

resin system is used and the generated temperature plots are deployed to adapt the standard cure 

cycle. Especially thicker samples indicate that the generated heat during curing

cycle out of control. The cycle is thus adopted as presented in paper C. The new cycle is 

characterized by a reduced cure temperature with a longer cure phase. Samples with a thickness of up 

mm are manufactured in one shot. In addition spring-in tests are conducted with the new cure 

Figure 24: Samples manufactured for process validation. 

 

order to validate the process and to avoid uncontrolled 

mples are equipped with temperature 

For the infiltration the RTM6 

resin system is used and the generated temperature plots are deployed to adapt the standard cure 

t the generated heat during curing quickly renders the 

adopted as presented in paper C. The new cycle is 

characterized by a reduced cure temperature with a longer cure phase. Samples with a thickness of up 

in tests are conducted with the new cure 

 



 

Process induced deformations present a significant challenge. 

deformations are the difference between longitudinal and transverse coefficient of thermal expansion 

(CTE) and the resin cure shrinkage. The total spring

 

Where TE is the thermal expansion and CS the cure shrinkage. 

significant influence, such as the interaction with the tooling and possible material imperfections. 

These have to be understood 

several individual components that are j

distortions that have to be accounted for in the design of the tooling. A cure analysis is presented in 

Paper C and is performed in order to quantify the shape distortion and residual stresses. 

To quantify this effect and to 

components are produced. The parts 

adjustable metal mold, as illustrated in 

of NCF with a quasi-isotropic orientation with
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Process induced deformations present a significant challenge. The main causes for process induced 

deformations are the difference between longitudinal and transverse coefficient of thermal expansion 

(CTE) and the resin cure shrinkage. The total spring-in is hence calculated as (see also 

( ) TE CStθ θ θ∆ = ∆ + ∆  

Where TE is the thermal expansion and CS the cure shrinkage. There are numerous 

, such as the interaction with the tooling and possible material imperfections. 

 in order to achieve required tolerances. The final fitting consists of 

several individual components that are joined in a final process. Each component introduces shape 

distortions that have to be accounted for in the design of the tooling. A cure analysis is presented in 

is performed in order to quantify the shape distortion and residual stresses. 

Figure 25: Process induced deformations. 

To quantify this effect and to evaluate if the spring back angle is reproducible

. The parts are manufactured with the standard VAP

mold, as illustrated in Figure 26. Debulking is performed in four steps with 40 layers 

isotropic orientation with 39 layers of binder fleece.  

The main causes for process induced 

deformations are the difference between longitudinal and transverse coefficient of thermal expansion 

(see also Figure 25) 

3.1 

There are numerous parameters with 

, such as the interaction with the tooling and possible material imperfections. 

in order to achieve required tolerances. The final fitting consists of 

oined in a final process. Each component introduces shape 

distortions that have to be accounted for in the design of the tooling. A cure analysis is presented in 

is performed in order to quantify the shape distortion and residual stresses.  

 

if the spring back angle is reproducible, curved NCF 

VAP method and on an 

Debulking is performed in four steps with 40 layers 



 

The investigation has shown that the spring back angle 

significant fibre distortions are identified

shown to have notable influence on the behaviour, see Chun et. al

undesired in the radius due to the presen

several debulking steps.  

Figure 

The presented methods to analyze the curing process may also be used for a process optimization. It 

is found that the process may either be optimized to minimize spring

manufacturing times. An example is given in 

cure cycle for a 30mm thick curved laminate. The initial cure temperature is increase

rapidly initiate the resin cure. Afterwards the temperature is reduced in the 

reduce the temperature difference which causes a major portion of the spring in. According to the 

calculations spring-in is reduced by 25%. 
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Figure 26: PID tool. 

The investigation has shown that the spring back angle is reproducible and constant

are identified after curing. Fibre undulations, or fibre waviness, have been 

shown to have notable influence on the behaviour, see Chun et. al. (30). These undulations

undesired in the radius due to the presence of normal stresses, are also reduced to a minimum due to 

 

Figure 27: Firs L-corner for spring-in investigation. 

The presented methods to analyze the curing process may also be used for a process optimization. It 

is found that the process may either be optimized to minimize spring-in effects, or to reduce the 

An example is given in Figure 28 below, which illustrates a slightly optimized

cure cycle for a 30mm thick curved laminate. The initial cure temperature is increase

itiate the resin cure. Afterwards the temperature is reduced in the 

difference which causes a major portion of the spring in. According to the 

in is reduced by 25%.  

 

is reproducible and constant with 1°. No 

, or fibre waviness, have been 

. These undulations which are 

are also reduced to a minimum due to 

 

The presented methods to analyze the curing process may also be used for a process optimization. It 

in effects, or to reduce the 

illustrates a slightly optimized 

cure cycle for a 30mm thick curved laminate. The initial cure temperature is increased in order to 

itiate the resin cure. Afterwards the temperature is reduced in the actual cure phase to 

difference which causes a major portion of the spring in. According to the 



 

Figure 

3.5 Final Manufacturing 

Figure 29 shows the final manufacturing of the Side S

with the new integrated tooling method. Maximum laminate thickness is 90mm. The image also 

shows the assembly of the pre

assembly. The final image shows the component after trimming by CNC. 

21 

Figure 28: Optimized curing cycle for spring in reduction. 

 

shows the final manufacturing of the Side Stay Fitting, which is successfully 

with the new integrated tooling method. Maximum laminate thickness is 90mm. The image also 

shows the assembly of the pre-cured outer shells and the inner preforms as well as the final VAP 

The final image shows the component after trimming by CNC.  

Figure 29: Final fitting assembly. 

 

, which is successfully completed 

with the new integrated tooling method. Maximum laminate thickness is 90mm. The image also 

as well as the final VAP 

 



 

3.6 Cost and Weight Benefits

Paper E addresses the issue of cost and weight for UTL

example.  In addition to the fitting a large number of test components are manufactured and based 

upon the gained manufacturing experience the cost benefit 

production. For that purpose all 

calculation is performed according to Birkhofer

illustrated in Figure 30.  

For the example of the Side Stay Fitting, ultra thick laminates provide a significant cost

20% and weight benefit of 18%

original shape is not directly transferable to the CFRP design. Thus for the new

suitable topology and manufacturing process had to be

condition for a successful completion of the task, and the design can hence be categorized as

manufacturing driven. It should also be mentioned that although the open mold VAP process does 

provide distinct benefits for the development o

might be beneficial for a high volume production rate

classically used for thinner and shell like structures, it does seem encouraging to provide such a 

distinct cost and weight benefit for a compact and highly loaded fitting manufactured in CFRP.

3.7 Additional Topics 

Several topics are not addressed within the scope of this work. Some of them shall briefly be 

discussed or mentioned to answer arising questions. 

health monitoring are not within the scope of this investigation, but certain results deserve 
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Cost and Weight Benefits of UTL 

Paper E addresses the issue of cost and weight for UTL, using the manufactured fitting as an 

In addition to the fitting a large number of test components are manufactured and based 

upon the gained manufacturing experience the cost benefit is evaluated for a possible serial 

For that purpose all steps of the manufacturing are documented

calculation is performed according to Birkhofer (31) and Macha (32).  The calculation scheme is 

Figure 30: Overhead cost model for the fitting. 

For the example of the Side Stay Fitting, ultra thick laminates provide a significant cost

of 18% compared to the metallic counterpart. The metallic fitting in its 

original shape is not directly transferable to the CFRP design. Thus for the new

and manufacturing process had to be developed. This is found to be a

condition for a successful completion of the task, and the design can hence be categorized as

It should also be mentioned that although the open mold VAP process does 

provide distinct benefits for the development of a component, a closed mold process such as RTM 

a high volume production rate. But, considering the fact that composites are 

classically used for thinner and shell like structures, it does seem encouraging to provide such a 

t cost and weight benefit for a compact and highly loaded fitting manufactured in CFRP.

Several topics are not addressed within the scope of this work. Some of them shall briefly be 

or mentioned to answer arising questions. Non destructive testing

health monitoring are not within the scope of this investigation, but certain results deserve 

, using the manufactured fitting as an 

In addition to the fitting a large number of test components are manufactured and based 

evaluated for a possible serial 

steps of the manufacturing are documented precisely. An overhead 

.  The calculation scheme is 

 

For the example of the Side Stay Fitting, ultra thick laminates provide a significant cost benefit of 

The metallic fitting in its 

original shape is not directly transferable to the CFRP design. Thus for the new CFRP fitting a 

found to be a fundamental 

condition for a successful completion of the task, and the design can hence be categorized as highly 

It should also be mentioned that although the open mold VAP process does 

f a component, a closed mold process such as RTM 

But, considering the fact that composites are 

classically used for thinner and shell like structures, it does seem encouraging to provide such a 

t cost and weight benefit for a compact and highly loaded fitting manufactured in CFRP. 

Several topics are not addressed within the scope of this work. Some of them shall briefly be 

destructive testing (NDT) and structural 

health monitoring are not within the scope of this investigation, but certain results deserve 



 

mentioning for the completeness of this work. For all manufactured UTL components, standard 

ultrasonic inspection is performed in order to ensure proper

provide usable results and accurately predict

samples, it is however not possible to determine the type

voids etc.). Numerous tests have therefore been carried out to use computer tomography

an improved qualification of imperfections. 

presents an obstacle and additional efforts a

The analysis of the fitting only features static load

release, and the effect of fatigue and
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mentioning for the completeness of this work. For all manufactured UTL components, standard 

performed in order to ensure proper laminate quality. Standard

results and accurately predict the presence of imperfections. Without reference 

samples, it is however not possible to determine the type and presence of imperfection 

voids etc.). Numerous tests have therefore been carried out to use computer tomography

an improved qualification of imperfections. The pure physical size and thickness of the component 

presents an obstacle and additional efforts are required to overcome current limitations. 

 

Figure 31: CT-scan test for the entire fitting. 

The analysis of the fitting only features static load cases. Possible impact scenarios

of fatigue and hot/wet knock downs needs to be further 

 

mentioning for the completeness of this work. For all manufactured UTL components, standard 

laminate quality. Standard methods do 

of imperfections. Without reference 

of imperfection (porosity, air 

voids etc.). Numerous tests have therefore been carried out to use computer tomography (N-CT) for 

The pure physical size and thickness of the component 

overcome current limitations.  

 

scenarios, such as tire rim 

further investigated. 



 

 

4 Outlook: Future Work

The lack of out of plane material properties is a serious shortcoming for the design of UTL. 

failure modes are driven by transverse 

plane testing is proposed by M. Arcan et.al 

deployed by D. Hartung et.al 

strength is expected, primarily caused by manufacturing defects such as porosity, and thermally 

induced stresses, as shown by 

currently being planned.  

If reliable 3D materials are available, the overall test effort may be reduced significantly, thus 

reducing development costs. Within the aircraft industry, composites are increasingly becoming the 

subject of interest for compact structural components. This is also caused by the fact that a large 

number of fuselage and wing cover

metallic fittings causes corrosion problems and induces stresses due to the mismatch of thermal 

expansion coefficients. The usage of composites for fittings and joint
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Future Work  

The lack of out of plane material properties is a serious shortcoming for the design of UTL. 

failure modes are driven by transverse normal or shear stresses. A test setup designed for out of 

plane testing is proposed by M. Arcan et.al (15), see Figure 32. A modified version of the rig is 

deployed by D. Hartung et.al (17) and J.Y. Cognard et.al. (16). A significant reduction in material

strength is expected, primarily caused by manufacturing defects such as porosity, and thermally 

induced stresses, as shown by Shepheard et. al. (33). Based on these findings additional test are 

 

Figure 32: ARCAN test samples. 

If reliable 3D materials are available, the overall test effort may be reduced significantly, thus 

reducing development costs. Within the aircraft industry, composites are increasingly becoming the 

bject of interest for compact structural components. This is also caused by the fact that a large 

fuselage and wing covers are manufactured in composites (see Figure 

metallic fittings causes corrosion problems and induces stresses due to the mismatch of thermal 

expansion coefficients. The usage of composites for fittings and joints thus seems as natural step.

The lack of out of plane material properties is a serious shortcoming for the design of UTL. Most 

A test setup designed for out of 

. A modified version of the rig is 

A significant reduction in material 

strength is expected, primarily caused by manufacturing defects such as porosity, and thermally 

Based on these findings additional test are 

 

If reliable 3D materials are available, the overall test effort may be reduced significantly, thus 

reducing development costs. Within the aircraft industry, composites are increasingly becoming the 

bject of interest for compact structural components. This is also caused by the fact that a large 

Figure 33). Using standard 

metallic fittings causes corrosion problems and induces stresses due to the mismatch of thermal 

thus seems as natural step. 
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Figure 33: A400M composite parts (5). 

 

5 Epilogue 

The weight and cost potential of ultra thick laminates (UTL) used for a compact structural 

component is demonstrated. The FE- analysis has proven to be a usable tool even for extreme 

laminate thicknesses of up to 90mm. For that purpose several isoparametric brick elements are used 

to gain a stress distribution over the thickness of the laminate. Reliable 3D material properties are 

not available, foremost the in-situ strength, and a new test method is deployed to generate these. 

Further studies and more advanced test methods are however required to further extend the 

knowledge of 3D material properties. These may then be incorporated in suitable interactive failure 

criteria. In addition the influence of manufacturing parameters on residuals stresses and process 

induced deformations is quantified. The developed analysis methods are highly transferable to any 

structural composite component prone to transverse shear or normal stresses. With the new 

manufacturing process for UTL the potential for a possible serial production is investigated. Based 

on the generated data a significant cost benefit is foreseen.  

Compact and highly loaded composite structures have shown their potential and in combination 

with improved analysis and test methods are destined to be part of any major aircraft program.  
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