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ABSTRACT
Within the EU project ALCAS (Advanced Low Cost Aircraft Structures), co- funded by Airbus UK, a
main landing gear fitting is developed and manufactured in carbon fiber reinforced plastics by EADS
Innovations Works. Compact and highly loaded composite components experience extensive transverse
shear stress concentrations in areas of load introduction and curved sections. Standard 3D multilayered
composite brick elements, supplied by the software package MSC Marc/ Mentat, are employed to
analyze Ultra Thick Laminates (UTL). For the purpose of validation several full-scale components with
T-cross section are tested with thicknesses ranging from 60-90mm. In a first approach single non
interactive failure criteria are used due to the uncertainty of out of plane material properties. Despite the
fact that the used element type provides a simple mean of modeling and analyzing UTL, it is found that
the element formulation strictly limits the accuracy of transverse shear stress prediction. The quadratic or
even linear approximation of in plane displacements does not account for the irregular shear distribution
in thickness direction. Global deformations of the geometry can however be calculated with good results.
Most failure modes experienced, are found to be dominated by transverse shear or out of plane peeling
stresses. Particularly in regions close to the load introduction. For the analysis of the final landing gear
fitting empirical correction factors are introduced. In addition to the T-Sections large components, so
called ‘Double Corners’, are tested in both in plane and out of plane direction to develop effective
countermeasures for premature failure modes, such as throat washers and load distribution plates.

1. INTRODUCTION
Common applications of composites are thin shell like structures with limited out of
plane loads. The usage of Carbon Fiber Reinforced Plastic (CFRP) for compact and
highly loaded components presents new challenges for the design, manufacturing and
analysis. Within the EU project ALCAS (Advanced Low Cost Aircraft Structures); led
by Airbus- UK, EADS Innovation Works has undertaken the task of developing a main
landing gear fitting manufactured with the vacuum assisted process. Geometry changes
can be incorporated rapidly throughout the design phase due to the absence of complex
tools. The implementation of Ultra Thick Laminates (UTL) with wall thicknesses
ranging up to 90mm and the complexity of the component requires new analysis
methods. For the validation of analysis methods and in order to further enhance the
manufacturing process, an extensive test program is conducted. Numerous full scale
components are tested to investigate possible improvements and to help understand
failure mechanisms in UTL. Full 3D analysis of the test batches and the entire main
landing fitting is conducted.



2. APPLICATION OF ULTRA THICK LAMINATES
An example for the application of UTL is described herein. The Side Stay Fitting (SSF)
serves as a joint between the side stay of the main landing gear (MLG) and the wing
spar, see Figure 1 (a). Figure 1 (b) illustrates a typical metallic design of the fitting. It
consists of two lugs, inboard and outboard. The lugs are connected by the cross plate
and the lower flange. The lower flange is bolted to the wing cover, and the spar flange
to the wing spar. For the manufacturing the open mould vacuum assisted process
(VAP) is chosen. For the usage of CFRP the geometry has to be adapted. Design
constrains are equal kinematics as for the metallic design as well as an unchanged
surrounding design space. An additional design driver is the avoidance of butt joints
and overlaps in non-crimp fabric (NCF) for improved laminate quality and reduced
weight.

(a) (b)

Figure 1 Portside main landing gear and SSF nomenclature.

The SSF coordinate system is illustrated in Figure 2. Both the outboard and inboard lug
are subjected to axial loads, denoted as Fx, and inplane loads, denoted as Fy and Fz. The
outboard lug contains a loose bearing; axial loads are only caused by friction as a

secondary effect. Due to the fact that the distance AB is significantly smaller than the

lug to lug distance BC , only a small portion of the inplane load is transferred to the
inboard lug. The maximum resulting load loadcaseF reaches 1800kN. Two load cases are

considered, corresponding to the aircraft take off and runway turn.
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Figure 2 SSF coordinate system and load range.



3. TESTING
An extensive test program is arranged to help understand the behaviour of UTL under
different loads. Figure 3 illustrates the major subcomponents chosen for the test
program; the arbitrary T- section which can be found in any cross section of the fitting,
and the double corner representing the inboard half of the fitting. Considering a T-
Section, loads are introduced to the component via the web (V) and diverted via the
radius (II) to the flange (I). Since all loads have to be redirected through the radius, the
region becomes critical to failure. The upper gusset corner (III) is highly susceptible to
peeling forces. A possible replacement for the initial foam gusset filler (IV) is also
investigated; see chapter 4.5, in form of a supportive carbon fibre filler. All results are
summarized under chapter 4
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Figure 3 Characteristic subcomponents of the SSF

3.1. Test Batch I Description

60mm thick components with biaxial NCF [1] and the stacking sequence [0/90-45/45]S

combined with standard foam core for the gusset filler (Rohacell WF51 [2]) are
manufactured. Figure 4 illustrates the three individual load cases. All specimens are
equipped with strain gauges and monitored with optical surface strain measurement.

T-Pull T-Push T-Axial

Figure 4 Three loadcases are investigated for the T-Section

The T-Sections are completed with double corner test components (see Figure 5) which
correspond to the inboard half lug of the SSF. In addition the component is equipped
with acoustic emission sensors to monitor the failure. Combined in plane and axial
loads are investigated. Conclusions drawn from the tests are 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.
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Figure 5 The double corner has 60mm wall thickness and is tested for two loadcases;
inplane and axial.

3.2. Test Batch II Description

Reinforced T-Sections with 68 mm wall thickness are tested. Based on results from test
batch I, metallic throat washers are used to clamp the radius and upper gusset region
(see Figure 6). Previous tests have shown the sensitivity of these regions to peeling and
shear stresses. With pre- tensioned clamping bolts the peeling stresses can be
counteracted directly.
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Clamped
assembly
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Figure 6 Exploded view of the T-Section/ Throat washer assembly.

To increase the load level under push load, the foam gusset is replaced with a CFRP
gusset filler, see Figure 7 (a). The filler has a stacking sequence [0°/90°/-45°/45°]S,
oriented as shown in Figure 7 (b). This type of filler offers a far great support than
foam, especially the 45 degree plies. To avoid any shrinkage cracks of the laminate,
which is stacked in thickness direction to about 700mm, single 40mm sections are
infiltrated, cured and bonded to form the final filler.
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Figure 7 The CRFP gusset offers far greater support than the foam core (a). Several
cookies are stacked to achieve the required height (b).



3.3. Test Batch III Description

Transverse shear and normal stresses can be greatly influenced by changing the
stacking sequence of a laminate. Double corner tests show that especially the load
introduction area is susceptible to highly localized stresses. Holes are likely to initiate a
delamination causing a pull through failure. With a new stacking sequence ([-
45/0/45/90]s), achieved with quadraxial NCF, failure loads are increased by more than
30%. The results are incorporated in a 400 mm long T-Section with increased laminate
thickness, t=90mm. To prevent a lug pull through and in order to incorporate the throat
washer results from test batch II, a new structural throat washer is introduced (see
Figure 8). The structural throat washer is tested in two configurations: Featuring
additional ribs to support the web in axial direction, and without ribs using the load
distribution plates only. For notation and sizes refer to Figure 8.
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Figure 8 Two configurations of the structural throat washer are tested, with a laminate
thickness of 90mm.

4. ANALYSIS

Due to the large amount of layers the components are modelled using stacked
composite brick elements available in the pre- postprocessor/ solver MSC Mentat/
Marc. As shown by Kuhlmann and Rolfes [3] the stacked brick element yields a

satisfactory result for transverse normal stresses. Transverse shear stresses xz and yz

however contradict the exact solution since the step like displacement distribution over
the thickness of UTL structures can not be reproduced with the stacked brick element.
In addition for the UTL limited material properties are available. Due to the uncertainty
of the material properties and the UTL behaviour interactive failure criteria are not
considered. Based on the described test program empirical correction factors are
introduced to account for the described shortcoming and the simplified approach. These
tests also show that for UTL the effect of stacking sequence on transverse shear stress is
relatively small. In the region of highest shear stress the effect of altering ply angles is
low in relation to the overall stress level; in addition stress gradients are small. Peeling
stresses concentrated at free surfaces can however be reduced. This topic is currently
subject to further investigation.
The advantages of the stacked brick element are however obvious; this type of element
potentially offers a significant time benefit in modelling and analysing UTL. In the
following section the results and analysis of test batch I are presented firstly. In addition
improvements tested under batch II-III are described.



4.1. T Cross Section under Pull Load
Under pull load the upper gusset corner (meeting point of the two radii) is subjected to
high peeling stresses. Due to their strong mesh dependency, 33 is examined along a

path , illustrated in Figure 9. Figure 9 also shows the crack in the middle of the web.

Figure 9 Peeling stress along a path  and first failure mode.

In order to reduce the mesh density influence in the direct vicinity of the corner, the
stress is integrated along  as
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Equation 2 is often referred to as the Kim Soni [4] delamination criterion. This criterion
is specifically related to the failure mode and failure location of T-Pull. Choosing the
characteristic length b is crucial. Since the peeling stress peek is thought to initiate the
crack, b should be as small as possible in order to best account for the stress
concentration. The characteristic measurement should also be found in the final SSF
design to enable the comparison of the performed tests with the SSF. Therefore the
maximum SSF laminate thickness is chosen as characteristic length.

mmtb SSF 90max,  (3)

Using Equation 2 and 3 at kNFpull 110max,  yields the maximum allowable average

normal stress
MPaz 74.3 (4)

4.2. T Cross Section under Push Load
Laminates subjected to out of plane forces are at high risk to delaminate. Due to the
shear deformation in specific regions the transverse shear stresses 31 and 23 have to

be monitored. Under compression delamination initiates in the radius region and
rapidly spreads over the entire laminate thickness. Figure 10 shows the failure mode of
T-Push, successive delaminations over the entire laminate thickness.



Figure 10 T-Push with enlarged delaminated radius region.

The shear stress at failure level is calculated to MPacrit 37,31  . Figure 11 illustrates

the through thickness shear stress distribution. For the radius a local cylindrical
coordinate system is defined, where mmr 350  is the initial radius and t is defined as

the laminate thickness. The maximum shear stress is plotted for 020 .
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Figure 11 Transverse shear distribution over thickness for T-Push.

Due to the fact that local stresses in the finite element result are given in the local fibre
coordinate system (i.e. stresses are turned with the fibre direction), evaluating the

default output can therefore only be directly performed for 00 degree layers. For the
initial bi-axial stacking sequence this condition is fulfilled. Different ply angles have to
be transformed to the element coordinate system according to:
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Where i3 describes the shear stresses in the local ply coordinate system, and i3 

denotes the shear stresses in the local element coordinate system. The allowable shear
stress for one unidirectional ply (G1157 [1]) is

MPaS 6231  (6)

A correction factor is introduced for the out of plane shear stresses:
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The correction factor is calculated to 55.13 i and accounts for deficits in the finite

element formulation of transverse shear stresses and deviating material properties. In
order to accurately predict a shear stress dominated stress state, calculated values have
to be multiplied with the correction factor above.



4.3 T Cross Section under T-Axial Load
Under axial bending load, a more complex stress combination is investigated. The
radius on the tension side of the specimen delaminates for kNFaxial 42 at 1/3rd of the

laminate thickness. Calculated peeling stresses reach MPa3533  in the radius.

Transverse shear close to the fixation is calculated to MPa3031  . The first

delamination on the radius tension side is shown in Figure 12

Figure 12 Peeling failure on tension side of T-axial specimen.

For a conservative approach, transverse shear is neglected and the interaction between
stresses is not considered. A correction factor is introduced for peeling stress, which is
geometry restricted to the radius region.
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The radius peeling correction factor is calculated to 9.1,33 rad , with the allowable

MPaS 6733  (G1157).

4.4. Double Corner under Axial Load
As discussed previously, two loadcases are investigated for the double corner. Under
inplane load the test delivers comparable results as T-Pull; the upper corner delaminates
under peeling stress. Under axial load the double corner experiences a more complex
stress combination. Especially in the close vicinity of the lug high shear and peeling
stresses arise (notch effect). Figure 13 illustrates the test setup and the first visible
failure in the radius.

Figure 13 Double corner radius delamination under axial load.



Figure 13 also shows the distribution of transverse shear in the double corner web. The
crack is initiated in the vicinity of the hole at kNF testax 200,  and spreads down to the

radius, where it becomes visible from the outside, see Figure 13. Transverse shear
stress is calculated to MPa4731  . Applying the correction factor for transverse

shear according to equation 7 yields a theoretical failure load of kNF FEAax 170,  .

Applying this correction factor derived from the T-Section test, is also conservative to a
certain extend. Load introduction and stress distribution in the vicinity of the lug is
essential for the SSF. During the FE analysis different aspects of the model, such as
mesh density and accuracy of the boundary conditions, are investigated. The double
corner is equipped with two rows of strain gauges, which serve as a reference for the
analysis. It is found that the mesh density, which has great effect on the calculation
effort, has relatively low influence on the resulting surface strains.

4.5. Reinforcements and Improvements
Test batch I clearly indicates the weaknesses of the curved radius section, the upper
gusset corner and the load introduction area. As described in the previous section,
metallic washers are used to counteract critical stresses in the radius, in the form of
throat washers. The load level for T-Pull with throat washers and 68mm thickness

reaches kN30
15200
 , an 80% load increase compared to a standard T-Pull (60mm).

Figure 14 illustrates the influence of the new carbon fibre gusset on transverse shear
stress in the radius under push load. Due to the strong support of the filler shear
deformation is greatly reduced.

Figure 14 T-Push with the support of a CFRP gusset filler.

The maximum load level of the double corner under axial load is reached at 200kN,
with a wall thickness of 60mm and bi-axial stacking sequence. A 90mm T-Section with
the improved quadraxial stacking sequence and equipped with load distribution plates
reaches a limit load of 770kN (required 730kN). This clearly underlines the need to
carefully design the area of load introduction.
Transverse cracking and interlaminar shear is clearly identified as the major design
driver and has been investigated extensively in the literature [5,6]. Shear stress theories
are commonly validated for thin four ply setups [7]. The performed tests also indicate
the potential of the stacking sequence for UTL.



5. CONCLUSIONS
The presented work can be seen as a feasibility study for the application of Ultra Thick
Laminates. Despite the fact that this geometry does not present the optimum solution
for a CFRP design, a workable component is developed. Based on the test program a
robust design chain is presented. Each design iteration is proven experimentally and
with detailed finite element analysis. Design driving transverse shear stresses can not be
calculated accurately with the 3D stacked brick elements. Empirical correction factors
derived from the test program are used to predict failure loads. Improved analysis
methods are required to reduce the testing effort. Further investigations of Ultra Thick
Laminates are required, such as impact and fatigue behaviour.
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