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ABSTRACT

The present study develops a detailed progresailted model based on the Finite Element Method
(FEM) for the widely used fully potted threaded daith insert under pull-out loading. The
investigated sandwich panel consists of phenosimneinforced by glass fiber fabric as face slaeeit

a Nomex honeycomb core. The model is developedhfee configurations where the core height is
the only varying parameter. The numerical resuiéscampared with extensive experimental data for
each configuration. The model shows good agreetetwteen numerical and experimental results
well beyond the first failure mechanism of cell ivbluckling for all three configurations. With
increasing core height, the debonding of honeyceore and face sheet becomes dominating with
regards to the global joint strength. However, thikire mechanism has not yet been included in the
model. It therefore overestimates the joint strlrigt the configurations with increased core height

1 INTRODUCTION

Despite the increasing application of detailedtéinelement (FE) models for local numerical
analyses of honeycomb sandwich structures, only deamples of virtual tests on sandwich panel
joints are evident in the literature. However, daghe great variety in joint geometry and possible
material combinations, it is desirable to virtuatgt sandwich panel joints in order to reduce aost
time imposed by real testing during the design phas

A standard fastening element in honeycomb sandwéatel joints are potted threaded inserts [1,
2]. Due to their wide distribution, these fastenlease been investigated extensively in experimental
studies in the past. Song et al. [3] investigatettep inserts in various configurations of Nomex
honeycomb sandwich panels with carbon epoxy faeetshThey find that the insert pull-out strength
largely depends on the core height and densityelisas the face sheet thickness, while the shetar-ou
joint strength is dominated by the face thicknessn and Lee [4] studied the load transfer
characteristics of partially potted inserts in casipe sandwich panels with respect to the insert
geometry. Demelio et al. [5] tested different comaltions of honeycomb sandwich panel fasteners
under shear and pull-out static and fatigue loadifliey report, that skin reinforcement and core
height dominate the fatigue strength.

Many of the published studies on sandwich panedrtesadditionally complement experimental
studies with simulation models for a better underding of the failure mechanisms or for the
prediction of failure. These available models candivided in analytical and FE-models. Thomsen
and Rits [6, 7] developed one of the first modelsthe prediction of the sandwich panel joint sgtén
based on high-order sandwich plate theory. Dueh® made simplifications, namely smeared
honeycomb core properties as well as disregarteofrtegular potting and honeycomb interface, this
numerically solved analytical model is only suitalfbr early design estimations and for deriving
design guidelines. In a later study by Bull and ifisen [8] this model has been implemented in a
design tool for initial dimensioning of inserts gandwich panels and the model performance is
compared with experimental data as well as finlement analysis (FEA) predictions. In a more
recent study by Smith and Banerjee [9], the ar@dyfihomsen model has been applied to perform
reliability analyses on the strength of sandwichgbdnserts comparing different reliability anakysi
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methods. However, the majority of available simolatmodels are based on FEA, while the level
detail of these models greatly varies.

Earlier FE-models tend to be axi-symmetric, thuglewing potting to honeycomb interfaces
similar to the analytical model of Thomsen and bidleagues [8, 10-12]. With increasing
computational capabilities during the last decaderemdetailed 3D FE-models emerged.
Bunyawanichakul et al. [13, 14] experimentally istigate the strength of countersunk titanium
fasteners in an epoxy potting using a testrig #tlaivs to apply pre-stress to the fastener. They th
developed a FE-model supported by constituent testee potting material and the honeycomb core,
while the honeycomb core is modeled using 3D-caonitin elements. Nguyen et al. [15] studied
different configurations of foam based sandwiclnf@ithrough experiments and develop a FE model,
while comparing different failure modeling methoddeimbs and Pein [16] tested different
configurations of corner joints and inserts for Nomhoneycomb sandwich panels and derived
simplified 3D FE-models based on spotweld elemémtsan implementation in a global non-linear
model of aircraft interior components. In addititimey develop one of the first detailed FE-modéls o
a honeycomb sandwich insert, where the hexagongawmetry is modeled accurately. Such detailed
meso-scale models of sandwich panels with strudt@eres have seen an increasing number of
applications mainly for impact and crushing anadysksandwich panels [17]. Additional applications
of such detailed meso-models for honeycomb sandinggrts include the linear model of Bianchi et
al. [19], who investigated hot and cold bonded pdwes of honeycomb sandwich insert
manufacturing. They conclude that the stiffnesthefpotting material has a significant impact oa th
insert joint strength. Roy et al. [18] applied empental studies on honeycomb sandwich panel
inserts, to derive the orthotropic material proigsrbf the Nomex core material using a detailedomes
model of the joint. Furthermore, meso-models of dymomb cores have also been successfully
applied to analyze the thermal coupling of sandvneerts used in satellites [20].

The reviewed literature, consistently reports a marated progressive failure behaviour of
honeycomb sandwich inserts driven by multiple failunechanisms, while the failure is usually
initiated by local buckling of the cell walls adgt to the potting. Modelling this initial cell wal
failure requires detailed FE models with accural wall representation. As shown, the literature
provides some numerical studies that implement dethiled models for a better understanding of the
failure mechanisms. However, a virtual test capableredicting the progressive failure behaviour of
potted sandwich inserts up until total failure & get evident. The present contribution describes
development of such a virtual testing frameworkgghe Building Block Approach (BBA).

2 SANDWICH JOINT MATERIALS

The present study investigates the insert SL608®&om Shur Lok [21] fully potted in a typical
sandwich panel for an application in aircraft iecomponents. The symmetric face sheets are made
of phenolic resin impregnated glass fiber fabriepgpegs (one layer each of PHG600-44-50 and
PHG600-68-50). Nomex honeycomb with a cell siz8.8mm and a density of 48kg/m? serves as core
material, while the two component adhesive Ured6la/b is used to bond the insert in the panel.
Three different configurations with varying corddig are studied (Figure 1).

a) b)
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PHG600-68-50 3 L E 26 mm
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Ureol 1356

Figure 1: a) Tested sandwich joint configurationT bree tested core heights
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3 VIRTUAL TESTING

Virtual testing intended to reduce real testingeffjoes beyond the mere application of advanced
simulation models. Predicting the non-linear malebiehavior of light weight structures requires a
system of hierarchical models, engineering testd,specialized laboratory experiments, supported by
the application of information science, model-bastdistical analysis, and decision theory [26]e Th
development of such a system for the proposed @molidf honeycomb sandwich panel inserts is
described in the following. More background infotioa on virtual testing and particularly the
methodology using the same example as in the presedy is given in [25].

3.1 Methodology

The development of the proposed virtual testingneaork is based on the Building Block
Approach [22], whereby a synergetic combinatiotests and analysis methods are applied on several
levels of structural complexity of a given struetum order to predict its mechanical performance.
These complexity levels are also referred to aklimgi blocks. Integrating the gained knowledge at
lower levels into higher levels as well as exteasrerification on each level ensures high fidetify
the developed analysis model. The implemented apprds illustrated in Figure 2. The hierarchical
system of models is preceded by the problem arsafysi the definition of the required level of detai
Based on this, three building blocks are defindtk Tirst is the constituent level, which includas t
Nomex honeycomb core material and the potting nfassondly there is the component level. Here,
the bonded sandwich structure including the gldss-freinforced face sheets is analysed. Lastly the
verified sub-models from the lower levels are inédgd in the model of the final structure. All mixde
are implemented using the commercial FE-softwareA@BS. The development of the models in
each building block goes through the same genawdegs. Firstly structural tests are performed,
which eventually serve as benchmark for the mo#éiethe same time supporting analysis methods,
such as microscopy, are performed in order to clenize the structure and to be able to model it
appropriately. Subsequently the FE-model of theviptesly performed test is generated. This model
then has to be checked for its plausibility andsgaiity to certain modelling details (i.e. meshkesior
scale). Lastly the model is verified using theiatitest results and model parameter are adjusted
respectively.

Problem analysis
Definition of requirements and identification of mechanical effects
v
| Definition of the level of detail |
v
— — | Model development |— —_

Final structure > Structural tests and
Insert svstem «— analysis methods
Y v
‘ FE-Modelling
Components — > v
Sandwich system Model checking
Plausibilit\@sensitivity
| Constituents — Verification |
Honeycomb cells, potting material Calibration, tuning
L=

Application of model |

A 4

Iteration

Iteration

|

Figure 2: Applied approach for the development eiral testrig for sandwich panel inserts

3.2 Problem Analysis

The present study focuses on the sandwich parettipsll-out test as it is suggested in the Insert
Design Handbook (IDH) [23]. Here, an insert is beddn the center of a quadratic sandwich panel
(100x100mm) and placed against a fixture with autar hole (80mm). Through quasi-static cross
head movement (2mm/min) of an universal materisling machine the insert is pulled out of the
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panel until total failure (Figure 3a). Understampthe mechanical effects that govern the failure of
structure is crucial for developing a predictiondab Therefore, the force displacement curve of the
pull-out test is analysed and subdivided in fouagds based on observations during the test. The
identified failure mechanisms confirm the finding$ previous studies in the literature. A
representative force-displacement curve of onehefperformed insert pull-out tests is depicted in
Figure 3b. Phasé&) represents the linear elastic displacement ofutidamaged structure. In phase
(2, a quadratic flattening of the curve occurs. Teisults from shear buckling of the honeycomb cell
walls adjacent to the potting. Pha3g represents another linear elastic regime, whicloisinated by
elastic deformation of the face sheets, while shmackling of the core progresses. However,
depending on the tested configuration, continu@lmdding of the face and core might occur in phase
(3 simultaneously, leading to reduced stiffness viiitreasing core height. Phaé® marks total
failure of the structure. This is initiated by fai of the upper face sheet followed by debondirtge
potting material from the bottom face sheet. Inithold, the core cell walls tear due to tensile iogd

in this final phase. Figure 3c illustrates the obsd failure mechanisms in a section view of aefail
specimen. Failure of potting has not occurred engresent study. However this is reported in sofne o
the reviewed previous studies.

) a

b) c)
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Figure 3: a) Sandwich panel insert pull-out testusggested by the IDH [23]; b) Typical force
displacement curve of insert pull out test; c) tifesd failure mechanisms

3.2 Constituents — Potting and Honeycomb Core

From the problem analysis it can be concluded thathoneycomb core material and the face
sheets are the primary constituents that goverfaihge of the insert system. The applied honeyzom
core material has been studied extensively in gique study by the authors of this contribution][24
In this study, compressive (ASTM C363) and sheststéASTM C273) have been performed on the
sandwich core material. These tests are then ingsieed in a virtual testing environment using a
detailed meso-model of the honeycomb core and theemal parameters of the cell walls are
determined through calibration using the macrosctgst results. For the present study, the prelyious
determined material parameters are newly calibratddg ABAQUS/Explicit as solver (Figure 4),
while an orthotropic elastic material model inchgliHashin failure model criteria is employed. This
material model is standard for fibre reinforced posite materials in ABAQUS and enables the
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consideration of the tensile failure of the Nomex.

In the present study, no coupon tests on the faeetprepregs are performed, since coupon tests
have limited validity in sandwich structure desigmnis is largely due to the telegraphing effect tha
leads to different material properties when comparstand alone and honeycomb core bonded
prepregs. Therefore, the material parameters diyaihe prepreg manufacturer are used as reference.
These parameters are then adjusted using benditg) dé the sandwich panel as described in the
following paragraph.
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Figure 4: a) Comparison of simulation and testltedar compression test of the core after paranmekbration
b) Compressive core test acc. to ASTM C363; ¢) &itian of compressive core test

Lastly, there is the adhesive material of the pgtind the threaded inserts itself to be addremsed
constituent level. Since the steel insert doedaiband the young’s modulus is generally known, no
additional tests or models are implemented foiileert. On the contrary, the mechanical propedfes
the potting material are generally not given by ofaoturers. Hence, tensile (ASTM D638) and
compressive (ASTM D695) constituent tests are pewéa on the potting material (Figure 6). The
material exhibits a very ductile behaviour withaanparably low young’s modulus of,fe= 800MPa,
while the compressive and tensile plastic behavaitfer significantly. This material is modelled
using an isotropic elastic material model, completaé by a plastic behaviour that allows for segarat
input of stress strain curve data in compressivetansile direction (Figure 6a).

a) 20r---- T T A R
10—~ :77774\ | 7\7777\7777\
1 1 1 1
—_ OFr---- et el sl
© | | |
o | | |
= -10F---- e
7S A SR R
o 1
U)_30,,,,,,,,,,,, JE R S
A0k ----t-o et oL
— Simulation
_50 I I
-0.2 -0.1 0 0.1 0.2 0.3
Strain [-]

Figure 5: a) Comparison of measured potting mdteehaviour and implemented material model; b)
compressive potting material test acc. to ASTM D&9%ensile potting material test acc. to ASTM
D638

3.4 Components — Bonded Sandwich Panel

The second building block is the bonded sandwidlcgire. As indicated in the previous section,
4-point bending tests according to ASTM C393 ondhme sandwich panels as used for the insert
pull-out tests are performed. Therefore, threeed#fiit panels with varying core height but the same
face sheets are tested in both material directodriee panel (L/W as in Figure 1a). These tests are
then implemented in ABAQUS/Explicit using a detdilmeso-scale model of the sandwich beam.
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Assuming, that the core material properties areMnfyom the first building block, the bending tests
enable the calibration of the face sheet matededpeters, by matching the experimental results wit
the virtual test results of the simulation. Thisgess is illustrated in Figure 6.

a) 10007~ -----r - oo b)
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Figure 6: a) Comparison of force displacement cuirgé experiment and simulation for 4-point
bending test of 19mm panel; b) 4-point bending ®stirtual 4-point bending test on meso-scale

The identified debonding effects can be considesegart of the component building block as well.
However, in order to reduce the complexity of thmalf model, the consideration of these effects has
been simplified in the present study. The debonaihéace sheet and core is neglected completely.
This failure mechanism does not occur in the 10.5pamel. It is therefore assumed, that this
configuration is predicted best by the developedehdn a later stage, the debonding of core aoe fa
can be implemented based on available drum pasgiemdts. The debonding of potting and face sheet
is more difficult to characterize, as there arestendardized test procedures. However, since this
failure mechanism occurs in all configurationssitplemented in the final model without constituen
tests. It is assumed that the calibration of theesponding cohesive contact can be done using the
final model, considering that all remaining modatgmeters are known.

3.5 Final Structure — Fully Potted Sandwich Insert

The previously verified sub-models are lastly iméggd in the full model of the insert-pull out test
In order to find a good trade-off between numeri@eturacy and computational effort, numerous
preliminary studies on the final model are perfadmia this regard, implicit and explicit integratio
schemes have been compared as well. Due to thé&udalof non-linear effects of the final model,
ABAQUS/EXxplicit is generally favoured. However, the reviewed literature both, implicit and
explicit numerical models are evident for sandwfelstener simulation applications. Despite the
presence of many non-linearities, implicit integratcan be also justified, since quasi-static Ingdli
are considered exclusively, making the choice effttvourable integration scheme not trivial for the
proposed problem. Therefore, the final model islemented in ABAQUS/Standard as well as in
ABAQUS/Explicit and the processes are comparedait be concluded that both integration schemes
lead to comparable results at comparable computidtieffort. However, with ABAQUS/Standard
multiple convergence issues appear throughout theehsetup, requiring constant adjustment of the
respective numerical stabilization parameters. &imgimulation with ABAQUS/Explicit is
considerably more robust, it is continued with éielicit integration scheme.

In addition, several mesh convergence studieserfermed. In the first building block it has been
established that a mesh size of 0.4mm for the remml cell walls offers a good trade-off between
convergence and computational effort to capturecelewall buckling [24]. However, since buckling
only occurs in the cell walls adjacent to the paftit is established through further convergence
studies that about five cells surrounding the pgttiequire a fine mesh, while the outer cells can b
coarse. Similarly, the required mesh size for #eefsheets in the area of damage is established.

When performing quasi-static simulations using aplieit solver, mass scaling and increased
displacement rates are common practice to redueedmputational effort. In order to ensure that
these model adjustments do not significantly affeetnumerical results, several convergence studies
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are performed in each building block in order ttabksh suitable and continuous mass scaling and
displacement rates throughout the different hidiiaed models.

Regarding the contact formulations, the bond betwasatting and cell walls is modelled as tied
contact, since the problem analysis does not itglsignificant failure of this bond. In contrastthat,
the bond between face sheet and core does faildrof the tested configurations. However, in order
to reduce the complexity of the model, this contadimplified to a tied contact in the currentgsta
Only the bond between potting and face sheet iseim@nted as cohesive contact, since it occurd in al
tested configurations. The contact between fixtamed panel is modelled using a standard penalty
contact. The threaded insert is simplified to &rlgpdy that comprises directly the nodes on timeiin
surface of the potting. The deformation of the ihée therefore neglected, which is supported by a
preliminary comparative study where the insert leen included. The final model setup is
summarized in Figure 7.

Contact Definitions Material Models
Fixt F Sheet Fixture
Ixture-Face Shee C3D4 | Isotropic
Penalty Contact .
Elastic
Face Sheet

Face-Core Bond

Tied Contact S4R | Orthotropic Elastic with

Hashin Failure

Nomex Cell Walls
S4R | Orthotropic Elastic
with Hashin Failure

Potting-Core Bond
Tied Contact

Potting-Face Bond
Cohesive Contact

Potting
C3D8R | Isotropic Elasto-
Bi-Plastic

Insert
Rigid Body (coinciding Nodes)
Figure 7: Summary of model setup of the sandwiskrinpull-out test

4 RESULTS

For each of the here considered configurationsg&timen have been prepared and tested, thus
allowing conclusion regarding the statistical ssattnd uncertainty of the results. The test results
plotted in Figure 8 as force-displacement curvethénbackground of the simulation results. Each plo
contains the scatter of the test results, while salected test curve is highlighted as referenceecu
indicating the average of the test results. The results have not been truly averaged, in order to
ensure that the reference curve has the same tdr@gtic curve progression as the actual test t®sul
It can be seen that all three configurations hawémélar absolute strength, with the 10.5mm panel
being slightly weaker. Regarding the maximum sttienthe scatter is about 15% for the 10 and 26mm
panel, while the middle panel has an increasedesaatabout 20%. When also considering the failure
displacement, the 19mm panel exhibits the higresdter over all.

Regarding the numerical results, it can be noted ttie simulation is capable of representing all
implemented failure mechanisms, thus leading tcki@acteristic failure curve as in Figure 3b.

5 DISCUSSION

Before the simulation results in comparison togkperimental results are discussed, a brief review
of the experimental is given.

The test results indicate, that the initial stifagphas&l)) increases with the core height, while
the stiffness in phasé) seems to decrease with increasing core heightddtitian, phase(3) is
gradually shorter with increasing core height, legdo decreasing failure displacement. As indidate
in the problem analysis, it is assumed that thisak®r can be attributed to the debonding of face
sheet and honeycomb core. This debonding gradinaligases fromo debondingn the 10mm panel,
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to partial debondingn the 19mm panel and lastly fisll debondingin the area surrounding the insert
in the 26mm panel. All tested configurations exh#ignificant scatter of the test results. The 19mm
panel might have the highest scatter due to thetlfiat, this panel is in the transition zone whibe
face-core debond becomes dominant for the failbtdejoint. Some of the tested 19mm specimens
do not show significant debonding while others bithionsiderable face-core debonding, thus leading
to high scatter. The generally high scatter of sachl insert pull-out tests is reported by previous
studies as well. Raghu et al. [10] attribute tlaiggély to the discrete nature of the core, leading
varying potting shapes, radii and local cell wabterties.

The simulation predicts a gradually increasing aliscstrength with increasing core height, while
the failure displacement decreases with the caghhéVhen comparing simulation and experiment it
can be observed that the virtual testrig predintslinear behavior as well as the first failurdaafal
shear buckling of the cell walls for all configuoats accurately. As failure progresses, the siriarat
becomes increasingly inaccurate for the configaratiwith increased core height (19mm and 26mm),
while the 10mm panel is predicted well by the smtioh model for the entire progressive failure
curve. This is expected due to the neglect of thie-face debond, which becomes increasingly
dominant with increasing core height. The predictod the second configuration with 19mm panel
can be considered reasonable, as the face-coraediebnot as pronounced yet. Here the joint stiengt
is overestimated by about 25%. This changes in abfe last configuration with 26mm panel, where
the joint strength is overestimated by 60%, duthéofully pronounced face-core debonding, which is
neglected in the model.
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Figure 8 Comparison of simulation and experimergallts for all three tested sandwich panel insert
configurations
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6 CONCLUSION

The present contribution describes the developmkatvirtual test rig for the pullout of sandwich
fasteners such as inserts. The developed modepabte of considering multiple failure mechanisms,
thus leading to the characteristic force-displaggroarve as given by tests. However, the face-te-co
bond failure is not yet implemented. Since it is flailure that dominates the global failure foe tiwo
thicker panels, the model overestimates the falhad of the 19mm and 26mm panel. The next step is
the implementation of the face-to-core debondingdehed through an additional adhesive contact
between core and face, followed by the consideratiothe shear-out load case as well as different
insert geometries.
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