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Failure Prediction of Honeycomb Panelloints using Finite
Element Analysis

Andrew L. Lyford
ABSTRACT

Spacecraft structures rely on honeycomb panels to previggt weight means to support the
vehicle. Honeycomb panels can carry significant load but are most vulnerable to structural
failure at their joints where panels connethis researctshows that predictingandwichpanel

joint capability usingdfinite element analysis (FEA) is possible. This allows for plé&ential
elimination ofcoupon testing early in a spacecraft design program to determine joint capability.
Linear finite element analysis (FEA) in NX Nastran was used to show that adhesivedariure

be predicted with reasonable accuracy by including a fillet model on the edge of the fitting.
Predicting the ultimate failure of a joinsing linear FEArequires that engineeringdgmentbe

used to determine whether failure of certain bonds ittiadgiwill lead to ultimate joint failure or

if other bonds will continue to carry the | oi

The linear FEA model is also able to predict when the initiation of core failure will begin. This

has the limitation that the joint will still be abledontinue to carry significantly more load prior

to joint ultimate failure even after the cotes begun to buckle A nonlinear analysis is
performedusi ng modi fi ed Ri ksd method in Abaqus F
predictable. The modified R&k6 anal ysi s s h o w-&wkling Aralysis afan | i n e .
honeycomb coupon can predict ultimate core failure with good accufidgy.solution requires

a very high quality mesh in order to continue to run after buckling has begun and requires
imperfedions based on linear buckling mode shapes and thickness tolerance on the honeycomb

core to be applied.



Failure Prediction of Honeycomb Panelloints using Finite
Element Analysis

Andrew L. Lyford
GENERAL AUDIENCE ABSTRACT

Spacecraft structures rely onrfeycomb panels to provide a light weight means to support the
vehicle. Honeycomb panels consist of two thin metal sheets separated by wdight
honeycomb gd. The panelsoperatein a similar way to how an FBeam works on a bridge.
These panels can carsignificant load but are susceptibleftalure becausehe panels must be

glued together when they are built.

This research shows that predictihngneycombpanel joint capability using finite element

analysis (FEA) is possibleFEA allows the engineentmodel and predict failure in complex
structures by mathematically combining many small shapltsd éements which have known

behaviors and properties into the shape of the actual tested aifioéeelements deflect in a

known manner based on the loggblied to the model The honeycomb panel joint is predicted

to break when the deflection in a particul ai
capability. Obtaining the load where the panel breaks is critical information to have during the

desiq of a spacecratft structure.

Using the techniques presented in this thedisws for the potential elimination of coupon
testing early in a spacecraft design program to determine joint capalilitypon testing is

where honeycomb parsshre built andésted to failure. This testing is very expensive in terms

of both cost and program schedule and therefore using analysis to eliminate its need or to reduce

its scope provides significabenefit tothe spacecraft program.
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1 Introduction

The background for the analysis presented in this work is provided ichigider The rationale

for the use of honeycomb panelsspacecraft design and the drawbacks that this design decision
brings are discussed. Additionally, failure modes of honeycomb panels are discussed along with
an introduction to the analytical techniques used to predict both the failure mode type and the

capability of the panel.

1.1 Honeycomb Panels in Spacecraft Design

The need to minimize the mass @Spacecraft structure remainsrainstay requirement for
space vehicle design despgmgnificant advances in launch vehicle capability because of the
inverserelationship between structdmass and the amount of payload that can be carried into
orbit. It is because of thiglationshipthat honeycomb panels are useadhearly every spacecraft
structure designed today. Honeycomb sandwich panels provide a exfftctive means of

providing excellent stiffness to the spacecraft structure with a small mass penalty.

Honeycomb panelare more generally known as sandwich strustbezause they consist of two

thin skins made of stiff material adhesively bonded welular coreas shown inFigure 1-1.

The skins wild.l be described as Afacesheetso
facesheets away from the neutral axighe plate by means of the lightweight core allows the
designer to increase theecondmoment ofareaof the panel significantlywith little mass
increasebecause theecond momerihcreasess a square of the distance of the thin sheet from

the neutral ais.



Stiff Facesheets

Lightweight Core

Figure 1-1: Basic Configuration of Honeycomb Sandwich Panel

The benefits of honeycomlpanels are clear in that they provide an easily producible,
lightweight, stiff platelike structure howeverdrawbaks to their use include the difficultiy

joining them together to form a usable spacecraft structure. The connections between these
panel s will be c aliddeameftjamdiam éxample of b joiat usgsmowruin  t

Figurel-2.

Example of Bonded
Spacecraft Honeycomb
Panel Joints

Figure 1-2: Example of Spacecraft Honeycomb Panel Joints

h



The most likely location of failuren a honeycombspacecraft structure is in the joints because
the load that are well spread out across the pgeteloncentratd at these discretepointsto be
transmited to the adjacentpanel. The simplesimethodto minimize the load concentration at
each joint is tancrease the quantity of joints between two panels. Joint massaraase rather
rapidly howeverbecause relatively thick metals and dense materials such as steel bolts are often
requiredfor these joints The joint types discussed in thisesisinvolve machined fittings that

are either bonded to the edge or in the middle of a honeycomb panatedralted to another

fitting bonded to the adjacent panel as can be seigume1-2.

The most desirablgechnique for minimizing theuantity of joints and thus thaccumulated
joint mass on a spacecraft is to have a robuwethadology for predictinggj oi nt 6 s. capab
This allows the engineer to confidently usen@mimal number of joints without having &ssign

large uncertainty factors on theo i stréngtls capabilities.

Thecurrentbest method for determinirtgis joint capabilityis to build and test multiple coupons

to failure in all critical directions.This procedure is often not practi¢at design of a spacecraft
structurehoweverbecausehe building and testing of coupons requires substantial cost and time
Coupon tests are therefore best used as a verification test after the spacecraft stesoturad
complete. The most economical approach for both schedule and cost focgpatility

predictionsfor complex joints is the use dfefinite element analysis (FEAhethod

With the availability of higkspeed computers and robust commeramie element software, the
FEA allowsanengineer to createomputationamodelsto predict the capability gjoints easily
and relatively quickly Cautionhowevermust be usedas will be demonstrated in thikesis

becausehe FEA can predict failurenodesin both the adhesive and the panel ittedit could be



an artifact of numericdimitations of the modelingor because the joint will continue to carry
significant loadevenafterapart of it has failed.This thesiswill first discuss the commoraflure
modes of honeycomb joints and then provide

limitations for determining joint capability.

1.2 Adhesive Capability Analysis

Adhesives areften implemented in honeycomb pajahts due to their lowcost and rass The
failure modes of bonded joints agenerallyclassified as adhesive failures, cohesive failures or
interlaminar failure$l]. Adhesive failure is a failure mode that occurs between the adhesive and
the substrate This occurs when ¢ adhesiveseparatedrom either the panel or the fitting.
Adhesive failure is sensitive to quality surface preparation prior to implementing the bond
between the fitting and the pan€lohesive failure is a failure mode within the adhesive layer
itself. There arandustry standard test methotts define thecohesive and adhesivaond
strength for adherémwhich will be discussed in the resuttsapter Interlaminar failures only
occur in panels with muHply facesheets. This failure mode is not discussed in this document as

all coupon facesheets are made of aluminum.

The most traditional and by far tmeost thoroughlydocumented jointypes arethe sngle lap
joint and double lap joint. A single lap jointvwghere twobarsare bonded together along their
ends as shown iRigure1-3 and a double lap joint simplydd a third bar above the lower bar in
the figure[2-6]. These authorsalong with many othershow that adhesiveapabilityin a lap
joint is predictablewith reasonable accuraaysing hand calculationalthough some major
constrants were imposed on tlaelhererg. These joint types were verified using FEA by several

authors including Zhu and Kedward who also looked at several variables such as bondline



thickness and part alignment and found that uniform bondlines provided the strongest and most

reliablebond[7, 8].

Single Lap Joint

Figure 1-3: Example of a Single Lap Joint
The difficulty of using historical papers for analysis of a bond in a honeycomb panel is that

traditional lap, scarf, and strap joints do not lendrtbelves well to providing a stiff structure
with minimal massnainly due to geometrical constraint§herefore custom joints are generally
designed based on the expected load conditiongrengeometry of the panelsThe custom
joints often create nedeterminant load paths that drive FEA to be the only practical method for

determining joint capability analytically.

Using linear FEA to predict load capability creates several problems due to the adhesive
singularity that is created due to an analytgiabularity that is created at the interface between
the softadhesive and the stiff adhergff@-12]. This singularity can causke shear stress at the
edge of the adhesive bond to go to infinity as mesh size is decreased authors recommend
using geometric nonlinear effects to mitigate the singularity from the linear andly&it4].

This adds significant complexity to the modeling requirements and the analysis time for the
solver to provide results and is therefore not desirable. It has beam shat f a fillet is

modeled coming off of the edge of the adhesive which does exist in practice, then this singularity



is reduced and results will show good correlation to hand calculations and tefstr dipgjoints

[15-18].

Metallic fittings bondedo the sandwich honeycomb panel provide a means to spread a point
load out over a relatively wide area. This allows for the use of a traditional fastener to hold two
panels together through their bonded fittings. The fittings can also be bonded tbgéttner

adds significant complexity to the design and prevents the panels from being taken apart if
desired in the future. As noted by Devadas, Sunikumar and $afethere idimited research
available discussing bonded joints on honeycomb paféisse authors investigated a butt joint
between two honeycomb panels and showed that varying the fitting, facesheet, and honeycomb
core thickness can greatly affect the strength of the jéwdditionally, Lundgren, Smeltzer and
Kapania investigated theapability of several honeycomb panel double strap joint defl@js

These authors used plane strain linear FEA with a fillet modeled on the adhesive to predict the
stress in thaloublestrap joint They alsanvestigated the effect of various paramgtsuch as

bondline thicknesand the effect of defects in the bdi@].

This thesiswill show in chapter2 that bonding honeycomb panels together through fittisgs
practical method for spacecraft design and thatdtere loads are predictable compared to test

data.

1.3 Core Capability Prediction

The other major failure other than bond failure for a honeycomb joint is the core itself failing.
The core, as discussed previously is a low density material that has the piametrgn of

keepingthe facesheets apart so that tmenelswill carry highe bending loads. The core



presented in the examples in tthesisis honeycomlzore,but other materials such as foam can

also be usefl0, 21]

The primary failure modes d@ghe honeycomb core itself are crush and core sf22jyr Core

shear occursvhen the cells themselves shegenerallybecause of thvads applied normal to

the thin facesheef23]. The capability of a honeycomb core variesviithstandingcorefailure
depending on the directidrecause the core behavior is not isotropi©iecore shear capability

and stiffness of the ribbon direction plane is significantly more thamlirection transverse to

the ribbon. The ribbon direction plane is XZRigure1-4 and the transverse to ribbon plane is
YZ. Core shear capabilifypr a given transverse loadn be increasddr this loadby increasing

the core density or the height of the core as this creates more sheaillageeore height can

only be increased to a certain level before partial buckling in the cell walls will occur as they lose

the rigidity provided to them by their bond to the facesheet.

Figure 1-4: Top View of Honeycomb Core with Rilbon Direction Identified
Honeycomb c¢crush occurs when a |l oad is appli et

area. This usually results in a localized indentation in the panel. Core crush capability can be
improved by increasing panel faceshe@tkhess, core density or applying the load over a larger

7



area. The pint must be designed spread out the load to increase the capability for these failure
modes. Heimbs and Pein discuss several different methods for joining honeycomb panels and

show hat FEA can be a good method for predicting core fajk4dg

Core shear and core crush are simple to predict suitiple analyticalcalculations omusing a

simple finite element model for most loading and geometrical conditions. thdésss will
present analysis of a |l ess common failure mod
An image of this failure mode is shownkigure1-5 and while it ha been shown in literature as

a failure mode, it is not commonggudied[25]. Shear buckling seems to occur mainly in panels

with thick cores and occurs in combination with core shear but the core itself buckles while the

cells shear against each oth&hear buckling occurs because in a tall honeycomb panel the core

in the middle of the panel is no longer well supported by the facesheet and can buckle due to
shear loads particularly near the edge of the panel. In a short panel, the core is wekdigyport

the facesheets and therefore traditional core shear is a more dominant failure mode.

Shear Buckling

Figure 1-5: Honeycomb Panel showing the Shear Buckling Failure Mode
The most detailed analysis of this failure medes performed by Bianchet. al,who wereable

to show that shear buckling can bedlicted using a unit cell modg6, 27] Bianchi, et. al.,
8



tested coupons to failure in the ribbon direction, transverse to ribbon and at an angle of 45° to the
ribbon. They then used Riksnethod to reproduce load versus displacement curve from the test

on a unit cell model. Thithesiswi | | demonst r at modifiedRksdunstieod anf A b ac
a unit cell to create a core buckling failure and then analyze a detailgon model that was

tested and demonstrated to have a core buckling failure. Details on this analysis will be provided

in Section3.



2 Honeycomb Panel JointAdhesive Analysis

This chapterdiscusses predicting adhesive failure in a bonded honeycomb joint. The main goal
of the analysis in thishesisis to show that joint analysis on a honeycomb panel is reliable
enough that coupon testing can be delayed iinfits well into the program flow. In other

words the goal of this analysis is not to show that the prediction is perfect compared to a coupon

test but that it is close enough that the same process could be repeated on other joint designs with

confiden@ early on in the spacecraft design cycle. The analysis on the adhesperfeamed
with linear FEA so that the analysis run timeslame and the models are relatively easy to build
[28, 29] Thischaptemwill show that the analytical predictions fimint capability are similar to

coupon test predicti@when the process is followed.

2.1 Description of Joints Analyzedfor Adhesive Failure

Two specific types of joints are discussed in tihiaptey a Acup€l amd.an ThHs
provides details ajut each type ofoint and describes the moddlsat were created for each

joint.

2.1.1Description of Cup Joint

A CAD image of the cup on the honeycomb panel is shoviaigare2-1 with the bond locations
identified. The cup was tested to failure with six coupons, one of which is shdviguire 2-2.

The cup is bondedto a panel with aluminum facesheets and aluminum honeycomb core in a
pre-drilled hole that is narrow on the lower facesheet and wide on the upper facesheet to
accommodate the geometry of the cup. The lower bondline between the cup and the lower
faceshet is located inside of the panel and the upper bondline is located on the outside of the
upper facesheet.

10
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Upper Adhesive
Bond

Lower Adhesive Bond
(inside panel)

Figure 2-1: CAD Image of Cup on Honeycomb Panel with Locations of Bonds Identified

Figure 2-2: Cup Fitting Coupon
Figure 2-3 shows the finite element model created to predict failure of thecoupon with

critical items identified. The model has 80,00fbdes and 75,000 elements and is run using the

NX Nastran solver. The cup, adhesive, and honeycomb core are modeled using solid linear
CHEX elements. The facesheet is modeled with CQUAD4 sihethents. A description of

these element types is provided in Appendix Ahe core is modeled using a homogenous
anisotropic material that matches manufacturer provided stiffness for the crush direction (X) and
the core shear directions (XY and XZ). Adther materials are isotropic including the thin
adhesive bond line. The load is applied and the model is constrained via RBE2 rigid elements

that simulate the rigidity of preloaded fastener to rigid test equipmanthese locationsThe

11



load is appkd in the +P direction annotated orfigyure 2-3 which corresponds to theX

direction in the coordinate system shown.

Fixed BCs at

Aluminum Facesheets x 2
Fasteners x 6

Upper Bond
Hoad Lower Bond
Application
Point
\‘r..
Aluminum Honeycomb Core o .
X Aluminum Cup

Figure 2-3: Nominal Cup Coupon Finite Element Model with Critical Items Identified
Figure 2-4 shows a more detailed section cut of the @itting which identifiesimportant

elements of the adhesive modeling. The adhdsgean extra element past the edge of the bond
to model to decrease the effect of the singularity from the linear €&&&ed by the large
stiffness difference between the metallic adherents and the soft adh€b&eesults will show
that this is an effective modeling technicared provides representation of the adhesive that spills

out of the bonded area during maratfeing[12].

Upper Bond

Honeycomb Core with
Homogenous Material
Properties (purple)

Additional element
added to prevent
stiffness singularity

Lower Bond

Load Application on RBE2 M
Rigid >

—]—

Figure 2-4: Detailed View of Cup showingAdhesive Fillet
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Coupon Test
Pull Direction

Figure 2-5: Setup for Cup Coupon Testing

The coupon test setup is showrFigure 2-5 with the load direction annotated:he load versus
failure curves for the cup coupons are showikrigure2-6. The load is applied normal to the
panel facesheets as shownFigure 2-3. All coupons fail between 1006f and 1200bf with
the average failure load being 1066 All coupons experienceboth lower and upper bond

failure in adlition to core failure and which causes the facesheet to appear yiéldadture of

one of the failed coupons is showrFigure?2-7.

1200

1000

800

600

Load (Ibf)

400

200

0

Cup Coupon Normal Load versus Displacement Failure Data

Coupon No:

/4

0

0.02 0.04

0.06

Head Displacement (in)

0.08

Figure 2-6: Load versus Displacement Curves from Cup Normal Load Coupon Tests

13




Failure in Adhesive
of Upper Bond

Facesheet Flexes
from Core Shear
along with Failure
in Adhesive of
Lower Bond

Figure 2-7: Cup Coupon Failure Mode
2.1.2Description of H-Clip Joint
A CAD image of the HClip bonded to the edge of a honeycomb panel is shovrgimre 2-8
with the bond locations identified. There is no bond between the core andGhe. HA small
notch must be cut into the panel to allow clearance for the clip geometry and the clip is bonded
to the facesheet on both its upper and lower flangdse HClip is bonded to a panel with

aluminum facesheets and aluminum honeycomb core.

14



Adhesive Bonds between
H-Clip flanges and Facesheet

Upper Bond|

Lower Bond

Figure 2-8: CAD Image of H-Clip on Honeycomb Panel with Locations of Bonds Identified
Figure 2-9 shows the finite element model of theGHip coupon that was created to predict the

clipds failure mode. It i's setup in a simil
Nastran. The facesheet is modeled using CQUAD4 shell elements aneClig Honeycomb

core, and adhesive are modeled using CHEX linear solid elements. The core is modeled using
homogenous anisotropic material properties just as with the cup. Three diffe@Gdipt irdodels

were created to check the sensitivity of the adhesileréaresults to mesh size. The coarse

model has 58,000 elements, the medium model has 76,000 elements and the fine model has

160,000 elements.
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Figure 2-9: Nominal H-Clip Coupon Finite Element Model with Critical Items Identified

/

Aluminum H-Clip
Load Application

Adhesive Bondlines

Ten HClip coupons were tested to failuradthe loadwasapplied in the putbff direction(+X

in Figure 2-9). An image of the test setup is shown Rigure 2-10 and the load versus
displacement curves are st in Figure 2-11. All of the coupons failed at loads between
2200Ibf and 290dbf with an average failure load of 25881. The failure mode was hdsive

shear and a picture of one of the failecChp coupons is shown iRigure2-12.

Figure 2-10: H-Clip Pull Test Setup
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H-Clip Coupon Pulloff Load versus Displacement Failure Data
3000

2500 N\ Coupon No:
) " il 1
i _2
2000 ; —3
= ! —4
2 s |- 5
- 1500 !
s il N B Rt 6
-\ S || 7
w00 S LZF 0 1| 8
- 9
- 10
500
0
0 0.02 0.04 0.06 0.08

Head Displacement (in)

Figure 2-11: Load versus Displacement Curves from Failure Testing of KClip Coupons in
Pull-off Direction

Figure 2-12. H-Clip Adhesive Failure Mode

2.2 Description of Analysis Methods

Three adhesive methods were usednalyze the adhesive to determine their effectiveness. The
methods are summarized Table2-1 and are detailed further below. The first two methods use
the modeling approaches outlined in Secohand the third method utilizes springs to model

the adhsive[30].
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Table 2-1: Summary of the Three Methods Compared

Method No. Description

1 Build coupon model using 3D solid elements for all components in pane

the joint with at least 3 elements through thiekness of all parts
0 Facesheet may be modeled with shells or solids

1 Apply load to coupon and determine the load required for each of the

1 applicable failure loads using linear scaling

9 Determine which failure modes are local (will not cause total joihtr&gi
and which are catastrophic (joint will lose leldaring capability)

1 Predicted failure load is the force that causes the first catastrophic failur

judged by the analyst

Build the same model as described in Method 1

Build model of the ASTM tesetup used to determine adhesive allowable

using the same mesh size for each failure modes (multiple models are

necessary if the mesh size is inconsistent)

2 1 Apply load to the ASTM model and compare the maximum stress predig
by the model compared to tBress expected based on the hand calculati
the ASTM specification uses to calculate the stress at failure

9 Use calculated factor to scale the adhesive specification allowables and
procedure from Method 1 to calculate catastrophic failure loadupitiated
allowables

1 Build the same finite element model as in Method 1 but replace solid ele
in adhesive with springs with tunstiffness[30]

91 Apply load to the model and convert the shear and normal forces in the

3 adhesive springs to shear and tksisompressive stress by dividing by the
area each spring represents

9 Compare stress in the adhesive and other components in the joint to the
appropriate allowables to calculate the failure load

=a —a

2.2.1Description of Method 1

Method 1 requires the joint coupdmite element model to be created with all significant
features modeled. The honeycomb core, fitting and adhesive must be modeled with brick
element with a minimum of thredements through the thickness to capture local stress fields.
The facesheet maye modeled with either brick or shell elements of the appropriate thickness
but shell elements reduce the total model size significanflye adhesive is modeled using the
nominal thickness for the joint unless the structure has already been builtcim welsie the as

built thickness would be included in the model.

The | oads are applied to the model with the
coupon test and the stress is recovered throughout the model. Each potential failure mode for the
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joint is assessed and its applicable failure mode is calculated. The analyst must determine
whether the failure mode would simply be a local failure within the joint or whether the failure
of the component would lead to catastrophic failure of the joirfte final failure load is the

minimum load for a catastrophic failure as determined by the analyst.

2.2.2Description of Method 2

The method presented in thisesis the second method, expands on the first method using the
same structure coupon model but attesmipt make the methodology more robust by building
additional models based on the ASTM test specifications that are used to determine the adhesive
strength allowables. Models for these test setups are developed as necessary based on the
anticipated failurenode of the joint and used to characterize the failure load of the adhesive in
the finite element model. The mesh siadherentmaterial and adhesive bond thickness are
matched between the coupon model and the ASTM model and therefore multiple madels of

same test may be required for a single coupon depending on the consistency of the mesh density.

The maximumelement centestress predicted by the ASTM finite element model will be
compared to the expected stress based on hand calculations tcadmivelation factor for that
allowable. Setups for the ASTM tests are simple by design so creating these models does not
add significant rigor to the analysis. A flowchart summarizing this method is providkglure

2-13.
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START

Create Joint Create global model of adhesive
Global Model Identify mesh size test setup that was used to derive
— (try to keep mesh ———» i can be multiple ————»{ allowable (tensile, shear, peel as
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critical locations) size as Joint Global Model
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il 9 <¢—— comparing stress «@—— global specification
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test stress

Use FEM
Repeat for another
. Allowables from
mesh size to

— @—— Spec Models to

determine if . ;
determine failure
method converges e
load of joint

END if mesh
Figure 2-13: Flow Chart for Method 2 Analysis
The failure mode for the cup coupons is a tensile failure and the failure mode forGle H

coupon is in shear. The shear failure stress provided by the manufacturer of the adhesive is
developed from the ASTM lap shear test. Models of this test weesect for the three mesh

sizes used in the-glip coupon finite element models showrFigure2-14to assess how much

the finite element model was ovpredicting thestress due to the singularity compared to a hand

calculation assuming the shear will be constant across the bond.

A sample model of the ASTM D1002 test is showrFigure 2-15. It was found that the peak

stress in the bond was predicted to be between 68% and 86% above the expected stress for a joint
with constant shear depending on the mesh size of the model. However, as slioguran

2-16, the adherestare very thin strips that bend due to the offset tensile load will therefore put

high peel loads at the ends of the adhesive which invalidates the constant shear asstitmption.
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coupon also does not see this type of bending due to the high bending stiffness of the honeycomb
panel. The correlation factors from the ASTM D1002 test can therefore not be used to adjust the

adhesive allowables.

Nominal Mesh

Coarse Mesh

Figure 2-14: H-Clip Coupon Model with Varying Mesh Densities (Fine and Coarse Mesh
Models Shown asSymmetric about XZ-Plane)

Figure 2-15: ASTM D1002 Test Specimen Model
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Output Set: +X Load
Deformed(0.00938): Total Translation

Figure 2-16: Bending of ASTM D1002 Model under Tensile Load is Excessive Compared to
Coupon

ASTM has estaidhed a test with thick adhersrio minimize the peel loads of the adhesive in
ASTM D5656. Models of this & setup were created for each mesh size and one of the models
is shown inFigure2-17. The specimen consists of two thick beams bonded to each other with
two notches cutout in the middle to isolate a thin strip of adhesive where the failure stress is
determined. The displacent shows that the adhesive has very near constant shear across its
length as shown iRigure2-18. The correlation factors derived for this model are giverainle

2-2 for each mesh size. They provide very little modification to the results but the overall factor
is higher for the smaller mesh as expected for a model withgalarity that will not converge.
These correlation factors are applied to the lap shear allowable provided by the manufacturer
based on the D1002 test because this is the only strength allowable available and it is

conservative to do so based on the sbass results of the D1002 lap shear models.

22



X

Output Set: +X Load
Deformed(0.000536): Total Translation

Figure 2-18: Bending of ASTM D5656 Model under Tensile Load

Table 2-2: Correlation Factor for each H-Clip Model Mesh Size
Mesh | Correlation
Size Factor

Coarse 1.031
Nominal 1.052
Fine 1.056

The tensile allowables from the adhesive provided by the manufacturer are based on the ASTM

D638 test. This test only tests the bulk resin of the adhesive as shdwigurie 2-19. This
means that there is no stiffness singularity created in thelrbedause there are no adhesdant

create a stiffness difference and therefore no correlation factor could be derived. If the cup were
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failing in peel, models could haueeen created of the D1876 test could have been created to

derive a correlation factor but the cup failure is due to tensile stress in the middle of the bond.

Specimen is all
adhesive with no
adherends

Figure 2-19: ASTM D638 Test Specimen Model
2.2.3Desciiption of Method 3

The third method uses tuned springs based on the stiffness derived by Loss and Ke&@jwvard
The authors presented the method as a means to model double and single lap joints. This
analysis will assess whether it is a viable methodaf@lyzing more complicated geometry and

loading conditions.

This method uses the same model as Method 1 but the brick elements modeling the adhesive are
replaced by spring elements with shear and normal stiffness calculaged draformulas
presentedn [30]. These formulas provide different stiffness values in both shear and tensile for
elements in the middle of the bond, along the edge and on the corners based on the volume of
adhesive that element represents. The stiffness of the springs is ianfusfcthe adhesive
material properties, the adhesive bond thickness and the mesh size. There is no rotational

stiffness applied to the springs.

Figure2-20 shows aguartersymmetricmodel of the cup fitting with tuned springs modeling the

adhesive. A different springfiffnessvalueis used at each radial station to take into account the
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change in bond area represented by each sphimgure 2-21 shows the nominal mesh-Elip

model with the internal, edge and corner springs identified. This method is desirable because the
spring elements are computationally inexpensive coetptr the brick elements and the results

are simple to pogtrocess and interpret. The shear stress is calculated by dividing the total shear
force recovered in each of the springs by the element arghdisaring represen{80]. Tensile

stress is daulated by dividing the normal force recovered in each of the springs by the element

area thaeachspring represent[30].
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Figure 2-20: Quarter-View Model showing Springs used for Method 3 Analysis on Cup

H-Clip Solid
Elements
above Bond

Edge Spring

Internal Spring

Corner Spring

Figure 2-21: XZ Symmetric Model of H-Clip showing Springs used for Method 3 Analysis
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2.3 Adhesive Analysis Results

2.3.1H-Clip Analysis Results

The joints were analyzed using each of the methodologies describ®dction 2.2 where
applicable. A sample deflection of theCGlip model under a default load that was scaled to find
the failure load is shown iRigure2-22. The load is transmitted from the bolt and because the
fastener is on theZ side of the clip, more of the load is transmitted into the lower bond than the

upper bond.

Output Set: +X Load
Deformed(0.0128): Total Translation
Nodal Contour: Total Translation

Figure 2-22: Deflection of H-Clip under +X Direction Loading
The maximum shear stress for this default load on the nominal mesh model is sHeaguren

2-23 for both bonds. The peak shear stress occurs in the lower bond at the outside perimeter of
the HClip on the edge of the panel. The peak stress in the upper bond is about 60% of the peak
stress in the lower bond and this contour is showrigare 2-24. The peak shear stress in the
upper bond occurs in the center of the bond closest to where the load is transmitted into the
adhesive. Other modes were assessedafturé such as for tensile stress, peel load, facesheet
yield and HClip yield by comparing the applicable stress or force to the relevant strength

allowable butadhesiveshear stress was found to be the only mode that could cause failure.

26



Peak Stress in
Lower Bond

Qutput Set: +X Load
Elemental Contour: Solid Max Shear Stress

Figure 2-23: Shear Stress in Both Adhesive Bonds due to +X Load

Peak Stress in 8895;

Upper Bond 3386.
2878,
2369.

1861.

1352.

8438

3355

Output Set: +X Load
Elemental Contour: Solid Max Shear Stress

Figure 2-24: Shear Stress in Upper Adhesive Bond due to +X Load
The predicted failure loads for the uppeddower bonds for each of the three methods are

compared along with the results of the coupon test dakabie2-3. The computational results

show that the lowerdnd begins to fail at a load significantly less than the test data. The peak
shear stress in the lower bond however occurs in localized areas as Begmag-23 that will

not cause final catastrophic failure of the joint where the joint loses load carrying capability.
Therefore using Method 1, the next failure mode must be assessed which is the shear stress in the

upper bond. As shown figure2-24, the maximum shear stress in the upper bond occurs over a
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large percentage of the bond area. If this large section of adhesive fails, the joint will lose load

carrying capabilityand therefore this is considered a catastrophic failure.

Table2-3 shows that the failure loads for the upper bond are predicted very well compared to the
test data for both Method 1 and Method 2. Method 2 scales the failure load from Method 1 by
the correhtion factor presented ifiable2-2. These correlation factors were found to be small

for these mesh sizes and thin bondline and therefore the results are efféicé\a&yne although
Method 2 has slightly better convergence than Method 1 because the correlation factor for the

finer mesh is larger than for the coarse mesh.

The predicted failure loads predicted using the springs from Method 3 are also shbabtein
2-3. The failure loads for the lower bond are in the general range of the failure in the test data
but the upper bond failure occurs at a significantly higher loadttteanoupons failed at during
test. Additionally, the convergence of Method 3 was poorer than Methods 1 and 2 with an over
5001bf difference between the failure load prediction in the lower bond for the coarse and fine

mesh sizes.

Table 2-3: H-Clip Pull-off Failure Load Predictions compared to Coupon Test Data

: . . Failure Load Prediction (Ibf)
Failure Typg Location | Mesh Density Vethod 1_TMethod 2IMethod 3 Test Data
Coarse 1697 1751 2576
Local Lower Bond Nominal 1476 1554 2218
Fine 1382 1460 | 1026 | 2200 Ibf Average
Range of 2291 -
Coarse 2723 2808 3844 2793 Ibf
Catastrophi¢ Upper Bond Nominal 2465 2594 3719
Fine 2349 2482 3350

2.3.2Cup Analysis Results

The first cup capability analysis used Method 1 from Se@i@n A unit load was applied in the
coor di natiX direcion tatethra @enter of the cup in a similar way as the loaded test
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coupon. This element has its master node at the geometrical center of the cup hole which
supportsa fastener in the test and makes several rows of nodes in the cup dependent to ensure the

load is transmitted to the coupon in arested fashion.

The predicted deflection shape due to the unit load with the displacement exaggerated is shown
in Figure2-25. Thedeformed shapshowsthat the cup deforms the panel facesheets with tensile
load transmitted through the bond. The failure modes that are tracked are tensile and
compressive stresses in the upper and lower bonds and shear through thEheoeeis shear

stress in the bondiso but it is small compared to the tensile stre$e stress in the facesheet

and cups arsmallwith respect to their allowables as well as the shear stress in the bonds. When
assessing each failure mode, it must be decided whether it would be eleirt a | to the
ability to carry load. If the failure mode is not detrimental, other failure modes are assessed as

long as the joint can continue to carry load.

0.0000202

0.00000449

p— 0.00000224

¥
Qutput Set: Unit Pulloff Normal Load 0.
Deformed(0.0000202): Total Translation
Nodal Contour: Total Translation

Figure 2-25: Deflection of Cup due toUnit Pulloff Load (Units in inches)
Figure 2-26 shows the normal stresses in the lower bond. The image shows that the applied

force puts a tensile load on the insafehe lower bond which changes to a compression load but

then back to a tensile load at the bond outside edge. This bond is predicted to fail in tension at
29



the outside edge at a load of 38D but because the load can then be transmitted to the top

facesheet this failure mode is not detrimental to the load carrying capability of the joint.

1362

11,730

830
847
Peak Tensile
Stressin Bond 4
. S . s
27
0378
=ty -1514

E

Output Set: Unit Load, Mormal Direction, Pull off
Elemental Contour: Solid X Nermal Stress

3407

Figure 2-26: Contour of Normal Stress in Lower Bond due to Unit Load in Pulloff
Direction

The next failure mode assesl was shear through the core in the vicinity of the cup fitting. The
core has been removed at the immediate location where the cup is installed but remains adjacent
to the cup and is not attached directly to the cup. The core is responsible forriransiad

between the facesheets by carrying the load in shear. When the shear capability of the core is
exceeded, the cells will plastically defomith respect to each othefhe shear stress prediction

within the core is shown iRigure2-27. The results in the first row of elements along the inside
radius of the core are excluded to avoid artificially high edge stress discontinuities. The core
shear predicts #t the cup fitting will start to fail at 820f using typical core strengtilowables

from the manufacturerHowever, this failure mode is also not detrimental as the core is carrying
the load transmitted from the cup directly from the load applicgimint to thelarge flange

bonded to the upper facesheet.
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Qutput Set: Unit Pulloff Mormal Load
Elemental Contour: Solid 2X Shear Stress

Figure 2-27. Contour of Core Shear Adjacent to the Cup
Essentially, the lower bond and core failure lead to a redistribution of the load as tha coupo

deforms and the force transmitted through the cup continues to load the top adhesive. The
normal stress in the upper bond is displayedFigure 2-28a. The tensile stress in the upper
bond predicts a failure of 110&f which is similar to the coupon test data which failed at an

average of 1056f in the upper bond as shown Figure2-28b.

Start of failure in top bond at :
load of 1102 Ibf - |ql 2 &C
| "' - -’- o "’ Catastrophic

failure occurs at
upper bond

]
Output Set: Unit Load, Normal Direction, Pl off
Jomental Contous: Solid ¥ Normal Stress) {

(a) (b)
Figure 2-28: Catastrophic Failure occurred in Upper Bond of all Coupons

Once the upper bond fails, the jog#n no longer carry load as seen in the {deffiection curves

from the coupon tests iRigure 2-29. The displacement versus load curve from the model is

overlaid onthe coupon testing crosshead displacement curves. The slope indicates the
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displacement of the model is ungmedicted with respect to the test data which is expected as

the material is assumed to be linear elastic as opposed-dmeanplastic and thanalysis does

not take into consideration large deformation and the progressive failure of materials. It must
also be noted that the displacement for the test data is measured at the head of the tensometer and
not at the coupon itself meaning that ddftac of the load train, which was relatively loag

seen inFigure2-5, is included in the test data but is not accounted for in the linear model.

The coupon testala shows no indication of a stiffness change in thediedléction curve due to

the lower bond beginning to fail at 3443, indicating it is inconsequential in the stiffness of the
joint. The slopes of all of the curves do begin to decrease slightiyli(rear behavior)
beginning at about 800f, where the model predicts the core to start failing. This change in
slope indicates the core is beginning to shear or crush locally as the core absorbs and

redistibutes the energy from the load
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Figure 2-29: Load versus Displacement Curves for Coupons versus Linear Analysis
Thefailure loadspredicted by Method &re based upon tensile loading and therefore Method 2

is not applicable because a correlatfantor could not be derived for the ASTM D638 test

specimeras outlined in Sectiol.2.3

The results for Method 3 on the cup are very similar to the resultstfreidClip. The failure
of the lower bond is predicted at a force similar to the test data but the overall failure which will
occur in the upper bond is predicted to occur at a load significantly higher than the test data.

Table2-4 summarizes the failure loads for Methods 1 and 3 compared to the test data.

Table 2-4: Cup Normal Load Failure compared to Coupon Test Da

Failure Failure Load Prediction (Ibf)
T Location | Method | Method | Method Test Data
ype
1 2 3
Local LBOg/\r{]%r 340 N/A 1052 1056 |bf Average;
0 Range of 101&bf
Catastrophid B'g‘r’]zr 1102 N/A 6620 i 1150Ibf
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2.3.3Discussion of Results

The results from both the cup andCip analysis show that Method 1 is the most reliable
method for predicting the failure load of the jointhis method predicted the failure of the cup
within 5% of the average failure load of the cup coupons and peedice failure of the FClip

within 10% for the worstase mesh size but within 5% for the two finer mesh sizes. This
method is more computationally expensive than Method 3 because of the large number of brick
elements required to accurately model thedboompared to the springsut Method 3 proved to

be unable to accurately predict the failure of a complex joint. Method 3 mightdwetéd to

predict failure load for this type of joint because the interactions of the upper and lower bonds in
these gints may disqualify some of the assumptions made in deriving the stiffness of the tuned

springs.

Method 2 proved to be largely ineffective in reducing the singularity created by the interactions
of the adhesive and the adheeem the jointalthough taking the stress at the center of the
element seems to mitigate this amplification mostlywas not possible to derive a correlation
factor for tensile sties because there are no adhexremtthe ASTM D638 test. The correlation
factors deried for the shear stress had to be calculated basedauiiick adheresttest from

ASTM D5656 instead of the lap shear test in ASTM D1002 because the lap shear test induces a
peel load in the adhesive becaudebending in the thin adherent This was nipdesirable
because the strength allowables from the adhesive published by the manufacturer areobased up
ASTM D1002 lap shear testing and the correlation faalers/ed from the thick adherentest

ranged from between 3% and 6% depending on mesh sid was not enough to offset the

stress differences seen in thedlp coupons of varying mesh sizes.

34



3 Honeycomb Core Failure Prediction

This chapterpresents analysis that predith® honeycomlzore capability in a joint using high
fidelity nonlinear FEAIn the Abaqus FEA solverThe analysis is more complex than the linear
FEA presented in Sectidhbut provides an interesting methoccdpability for the honeymb

core is desired after it has begun to fail.

3.1 Unit Cell Analysis

The first step in analyzing a complex honeycomb joint is to start with a simple model of a unit
cell to demonstrate the capabilities of Abaqus FEA and understand the process that will be
required for a full coupon modelFigure3-1 shows the unit cell model that was created which

contains about 2,500 nodes and elements.

% :iw

Figure 3-1: Unit Cell Finite Element Model for Abagus FEA Demonstration
ModifedRi ksd met hod was chosen as the solv-er app

buckling problems such as honeycomb failurEhis method is ideally suited for simulations
where the derivative of the load versus displacement changes sign or in other words where the
load carried by the member reduces as it is displ§88d The modi fi ed Ri ks©o

Abaqus FEA solves for equii br i um wusing an arc |l ength appr
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met hod used in traditional nonlinear analysis
equilibrium is that it requires a monotonic increase in load or displacement through eaivie iterat

step. In posbuckling analysis, a monotonic load increase is extremely unlikely. The general arc
length solve approach is summarizedFigure 3-2 and shows howt is able to solve for
equilibrium with imposing the monotonic load increase constraint using arc length along the
curve as an additional vveas suacbskfdly used byoRianchij e d
Aglietti, and Richardson to prove that shear bunckin a simple panel coupon matched the

buckling of an equivalent unit c4R7].

4. Tangentline to
known point intersects
circle
5. Projection of
intersection point onto
curve sets up next
iteration which
repeats until

e equilibrium found
48]
8 3. Next Point to solve for
2. Arc Length determined
1. Current Known based on increment
Point allowable parameters

input to solver

S
>

Figure 3-2: Summary of Arc Length Method
The first stepfor the analysis is to define material properties for the Alumiraf86H39

honeycomb core used in the unit celDue to its use almost exclusively as a component of
manufactured honeycomb, there is little data providing explicit strength properties for the
material itself. A yield strength value of &6i and an ulthate strength of 6Ksi were assumed

based on similar materials and other tempers of Aluminum 5056. Thestaascurve was fit
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around these values based upon the known Youn

strain pattern for aluminunilays.

Aluminum 5056-H39 Stress vs. Strain Curve Used

Stress (ksi)

0 i A s 4 1 L L J
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Strain

Figure 3-3: Aluminum 5056-H39 Stress vs. Strain Data Used for Nonlinear Analysis
The next step of the analysis was to define the boundary conditions to constrain the unit cell in a

realistic manner.These are identified ikigure3-4wher e A10 indicated a <c
directon A2 0 i-&kki rienc ttihcen ,Y a-dirdctiofi. 3Adunitiload isppliedtatthre tog

in the Y-directionas indicated by the arrow irigure 3-4. The next step in t
process is to solve for linear buckling eigenvalwegtie unit cell. The shapes from the buckled
eigenvectors are then sujmeposed onto the unit cell to give the model imperfections. These
imperfections represent the likely manufacturing defects from expanding the core in the
manufacturing processbut @ o ensure that the Riksd solver

bifurcation point as it steps up in |ogf].
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Figure 3-4: Unit Cell Model with Boundary Conditions and Load Applied (Boundary
Conditions Only Shown on Select Nodealong each edge for visuallarity)

After the imperfections have been smeared onto the modeljfied Riksd analysis is run in
Abaqus FEA and the deflected model contour plots are showigure 3-5 anda stressstrain
curve derived from the model 0s Figued@ Thsedats us di
gualitatively agreesvith Bi a n aralysisen a different honeycomb coreaterialtype and
shows that Riksd method is a good candidate f

complex joint coupofi27].
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Figure 3-5: Various Steps of Shear Buckling Process for Unit Cell

16 Stress vs. Strain Curve for Unit Cell using Riks' Method
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Figure 3-6: Derived Stress vs. Strain Curve based on Load vs. Displacement Output from
Unit Cell Model

3.2 Bushing Analysis

The fitting chosen to analyze for core failure is showRigure3-7 and will be called a bushing.

It is similar to the cup in that it habonded flange with a part that fits into a hole drilled into the
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panel but differs in that it is not bonded to the inside of the opposite facesheet. It is instead held
by a separate flat fitting bonded to the other side of panel. The bushing coupon isaitedn

much closer to the edge of the panel than the cup coupon.

Figure 3-7: Images of Top and Bottom of Bushing Coupon
Six bushing coupons were tested with the load normal to the panel as shieiyareB-8. The

failure mode was core shear buckling as shown in the figure. Six coupons were tested until the
coupon lost load carrying capability as showrFigure 3-9. Two of the coupons were tested
until complete failure where there was an adhesive disbond of the fitting but this happened at an

extremely high deflection #t is not shown on the chart and is not relevant for this analysis.
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Figure 3-8: PostTest Image of Bushing Tested in Normal Direction
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Figure 3-9: Load vs. Displacement Curves for Bushings Tested with Force Normal to Panel
The first step of the analysis process was to determine what a linear FEA model in NX Nastran

would predict for core failure. The cup model predicted the initiation of core failure accurately
in Chapter2.3.2but since it was a linear modildid not predict the change in slope caused by
this failureinitiation. The linear model was created usihg same modeling principles ased

in Section2 andthe modelis shown inFigure3-10. This model predicts a core shaaitiation
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point aound 450bf which appears to line up with the change in slope of the test data as

annotated irFigure3-9.

Figure 3-10: Bushing Coupon Finite Element Model with Honeycomb Core Represged at
Solid Brick Elements

A detailed FEA modethown inFigure3-11 was created of the coupon using Abaqus FEA shell
elements to model the facesheet and solid elements to model the bushing and adhesive.
description of the element types used is providedippendix A. The core was modeled with

shell elements with material properties showFRigure3-3 just as in the unit cellThis creates a

very large modelte95,000nodes and 112,000 elementgzigure3-12 shows a halsection view

of the couponand highlights the thickness differences on wallls in the ribbon plangersus

those that are at an angle to the ribbon plane. The thickness difference is a result of the
manufacturing process that creates the core. Thin strips of metal are bonded to each other at
specific increments and then the assembly is expanded to creaextgonal honeycomb core

shape.The ribbon runs in the Yplane in the coordinate system shown in the figure.
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Figure 3-11: Bushing Coupon Finite Element Model with Honeycomb Core Represented as
Explicitly Modeled Shell Elements

Gray: 1t Thickness
- White: 2t Thickness

Figure 3-12 Half-Section View of Bushing with Honeycomb Core explicitly modeled
identifying Mode Details of Core Thickness

The Ri ksd met hod pr oc e s scelldmalystswashherdrepeated ferthe c ut i
coupon model. The first 500 eigenvalues from a linear buckling analysis were used for smearing
the imperfections onto the core. There were many eigenvalues because each cell wall in the
loaded zone can buckle infidgrent ways and there are many cell walls buckling. Looking at

each shape and assigning a scale factor to it was a tedious and time consuming proaess.

sample eigenvectors are showrFigure3-13.
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Buckled Honeycomb Core
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Figure 3-13: Images showing Sample Buckling Mod&hapesof t he Couponds Hon
Core

Ri ks6 method was then attempted bsidoonfasathel ed d
model began to step into a nonlinear region. There were some relatively poorly formed elements

in the facesheet caused by having to mesh a circular bushing with a hexagonal honeycomb core
underneath it while trying to maintain even, squdeenents. Afterassessingt the geometry,

the fitting was remeshed but care was taken to make the model symmetric about thedangshing

also to locate the honeycomb core pattern in a location in the coubrection that was
conducive to achieving a wkable mesh. The first mesh is shownFigure 3-14 and the

updated, symmetric mesh is showrFigure3-15. The overall model remained about the same

size.
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Figure 3-14: Original Mesh of Explicitly Modeled Honeycomb Core where Core was Not
Modeled Symmetric across the YZplane at the Center of the Bushing

Figure 3-15: Updated Mesh of Explicitly Modeled Honeycomb Core where Core was
Meshed Symmetric acr ossPlanehe Bushingos

Riksd method vas thenappliedand the load versus displacement curve successufiylated

the nonlinear regioas shown irFigure3-16. The core buckling was not triggered hoeeand

instead the core simply yieldaohder the shear loaas shown irFigure3-17. The model was

also much stiffer than expected even in the linear region whiclbeaeen by comparing the

slopes of the test data versus the predicted dathould be noted that the displacement data in

the test was recorded by measuring the load head displacement on the test machine rather than by
using an extensometer. This means that the displacement in the model versus the test may be
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different becaus¢he load head displacement will be increased altrdy slightly by the test
equipment in the load train rather than in just the coupon itself. An extensometer would have

mitigated this issue by isolating the coupon and is recommended for future ¢estiom

Bushing Normal Direction Analysis vs. Test

1800 r
1600
1400 +
1200 + Explicit Honeycomb Core Model;
Washer Attached to Bushing
S 1000 Tested Coupon 1
‘;J’ Tested Coupon 2
1= Tested Coupon 3
uc_: 800 Tested Coupon 4
Tested Coupon 5
600 + s T Sted Coupon 6
400
200 +

0 0.02 0.04 0.06 0.08 0.1 0.12
Head Displacement (in)

Figure 3-16: Bushing Coupon Test Data Compared against the Analytical Prediction from
the Coupon Model with Honeycomb Core Modeled Explicitly
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Figure 3-17: Image Showing Deflection and von Mises Stress of Bushing Coupon when
Honeycomb Core Shear Buckling of Core was not triggered

The design of the bushing was assessed in detail and it was realized that the model was
incorrectly assuming the bushirand the flat plate holding it on the opposite facesheet were
connected as shown gure3-18. There is no volume available for an adhesive bond between

the two pats and therefore this was updatedhe model
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Purple and yellow elements
were connected together

o

&

Figure 3-18 Image Showing Location where Mesh had Two Pieces Bondé&agetherwhich
does not represent the abuilt Bushing Coupon well

Ri ks 6 metrhagain andahe predictecbupon stiffness matched the test stiffness as
shown inFigure3-19 more closely. Cell buckling shown Figure3-20 was seen in some of the
incomplete cells around tHmushingindicating that the parameters setting up fhe kasadysis

arecloseto those needed to initiate buckling in the honeycomiztsire

Bushing Normal Direction Analysis vs. Test
1800

1600 -

1400 +

1200 ¢ Explicit Honeycomb Core Model;
Washer Detached from Bushing
Tested Coupon 1
Tested Coupon 2
Tested Coupon 3
w=Tested Coupon 4
Tested Coupon 5
Tested Coupon 6

0 0.02 0.04 0.06 0.08 0.1 0.12
Head Displacement (in)

Figure 3-19: Comparison of Coupon Test Data to Analytical Prediction when the Washer
on the Top of the Bushing is disconnected from the main spool
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Buckling in
incomplete cells
I i

Figure 3-20: Image Showing Buckling Occurring in the Incomplete Cells around the Fitting
It was decided that additional imperfection in the honeycomb core geometry was required in

order to trigger cell buckling based on these resuliandbi, Aglietti, and Richardson suggested
altering honeycomb core wall thickness and geometry in their unit cell buckling @@rkThis

was done bychanging the core thickness +5%ndomlyon a normal distribution in order to
simulate manufacturing tetances on the honeycomb material. Additionally, the nodes in the
core were moved +10% of the core thickness on a normal distribution randomly in order to
provide imperfections that were not simulated by the linear buckling run. The problem with the
bucKking modes smeared on the coupmasthat at the point where the core was beginning to
buckle, the coupo has deflected so much that sbduckling shapeswere likely not to be
representative of théeflected model.Figure 3-21 shows an image of the honeycomb core with

the randomly distributed thickness properties on the core. Each color represents a different

thicknessof the cell wall in the honeycontdwore.
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Figure 3-21: Image showingrandomly Distributed Honeycomb Core Thickness Properties
across the coupon (Colors Represent Different Properties)

The updated model was successful in allowing the core to fail in shear buckling which caused a
load versus displacement curve that was very representative of the data from the coupon test as
seen inFigure 3-22. After the successful run, it was decidedduweck the sensitivity of the

results to the core thickness distribution and node locatiéigure 3-23 shows two additional

curves from Figure 3-22 with one having a +10% core thickness distribution with ndeno
location altering and the other having a +5% core thickness distribution with no node location
altering. Both of these models buckled and the results are very similar to tlob@éatedusing

the corewhen the node locations were alterétigure3-24 showsan image of the coupon model

with the buckled honeycomb core in the Abaqus FEA viewer.
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Bushing Normal Direction Analysis vs. Test

1200

1000 +

Explicit Honeycomb Core Model;
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Figure 3-22: Comparison of Coupon Test Data to Analytical Prediction when the Thickness
of the Honeycomb Core is Altered Randomly and the Core Nodal Positions are Modified

Bushing Normal Direction Analysis vs. Test

1200
1000 Explicit Honeycomb Core Model;
—— <)% Node Position Varied;
g e 1t ¢ <5% of Core Thickness Varied

Explicit Honeycomb Core Model;
- = = Node Position Not Varied;
<10% of Core Thickness Varied
Explicit Honeycomb Core Model;
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Figure 3-23: Comparison of Coupon Test Data to Analytical Prediction of Several Versions
of the Explicit Honeycomb Model
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Figure 3-24: Image Showing Buckled Honeycomb Core around Fitting

3.3 Discussion of Core Capability Anaysis Results

The analysis using Riksd method on the -bushin
buckling on a coupon with the core explicitly modeled. This analysis is much more complex and

the modeling is difficult due to the honeycomb chexagonal shapes needing to be meshed in
conjunction with solid fittings which generally have square or circular shaes analysis also

requires ahighermesh quality than the linear FEA presenite@®ection2 due to the nonlinear

effectsbut could be a useful tool an analyst believes that the core will be the ultimate driver of

joint capability rather than an adhesive bond.

A convergence study based on megte ©ias not been performed for this analysis. The mesh

size used was based on giving as high quality of a mesh as possible in the facesheet. The
honeycomb mesh size was based on keeping shell elements as square as possible based on the
mesh size that hdsken used in the facesheet. The analysis was performed on a computer with a
3.5GHz Xeon® processor with 32 GB of RAM. The linear buckling analysis on the 95,000
nodeand 112,000 element model took 30 minutes to solve and thdpdding run took 10

hours to solve.
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4 Conclusions

This thesisshowed that predicting joint capability using FEA is possible for a honeycomb panel
and coupon testing early in a program to determine joint capability can be av@iisedhapter

will provide asuccinctoverview of themethodology used and tla@alytical results Thechapter

will then provide conclusions abadhe results and discuss future opportunities for improvement

and expansion of the analysis.

4.1 Overview and Conclusions

Thisthesi® pr i mar y teshowptlasfiaite element analysis can be used to predict
honeycomb joint capability with reasonable accuracy. thhsisstarted by usingriear FEA in

NX Nastranto show that aradhesiveb o n d | i n e 0 san leegrdiceadcwrately if the

model is setup properly and the results are interpreted carefully. The finite element model must
be setup by creating as regular a mesh as possibléyansing at least three solid elements
through the thickness of the adhesive in ordertfi@ model to predict local stress gradients.
Additionally, in order to mitigate the effect of the singularity created by the large stiffness
difference between the soft adhesive and the stiff adherents, an additional row of elements must

be modeled beyual the free edge of the bond.

The finite element model is then submitted to NX Nastran to run using a linear static solution
which allows for low run times. The results from the run must then be interpreted by the analyst
carefully. First, all relevantafi | ur e modes should be identi fi e
compared to the failure loads predicted by the model. The analyst must then step through each
failure mode and determine if the failure will cause a catastrophic failure in the joint or if the

joint will continue to carry load. Thimesisused this method on a cup joint and aChp joint

53



and showed that the joint capability predictions determined using this method compare very well

to coupon test data of the joint.

The second portion of thesiswas also dedicated to detening joint capability but the focus
shifted from determining theadhesive bondline capability to predicting core failure using
nonlinear analysis in Abaqus FEAThis was done because while it was shown that the linear
modds with the core modeled using homogenous brick elements could predict when the core
would begin to fail, the joint was able to continue to carry significant load as the core buckled

and the load versus displacement curve became nonlinear.

The finite elemat model for performing the nonlinear analysisrery demanding, and creating

and maintaining a good mesh quality is very important so that Abaqus cathisiegh the

nonlinear posbuckling solution usinghemo di f i ed Ri ks & met h avdre The
model ed explicitly wusing S4 shell el ement s.
included in the podbuckling run. These were included by smearing buckled shape eigenvectors
onto the mesh as well as including a randomly distributed tbak variation in the coreThe

use ofmodi f i ed Riakimg@lemented ih Alsagus was instrumental in successfully
performing the nonlinear paebuckling analysis of a honeycomb couptmpredictthe ultimate

core failure with good accuracy

4.2 Future Work

The linear FEA was able to predict the joint capability accurately but required careful
interpretations of the results to do géor both the cup and +€lip model, one of the bondlines
was predicted to fail below the actual joint capabitity it was clear from the geometry that the

bondline on the other facesheet could continue to carry the load. There are likely examples of
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joints where it is not so clear that a second bondline would continue to carry this load so a more
robust approach thateduces the amount of user interpretation required. An approach to
accomplishing thignay be to introduce elastmlastic material properties onto tlaelhesive.

This wouldrequire a robust set of test data for the adhesive at various bondline thicknésses bu
Stapleton Waas, and Bednarcy&how dogbonetest data of the commonly used structural
adhesive EA9309.3NAand the data indicates that adhesive behaves in ebtestactly elastic
fashion through failurg14]. Using elastiplastic test data of thadhesive in a nonlinear
Abaqus FEA model may allow the model to predict bimadfailure at an accurate load without

critical user interpretation and would be interesting to investigate.

For predicting core failure, t rheéhod rwasnable toe ar
predict buckling of the core but the model was very demanding to build with elements that
passed quality checks as the model deformed in the nonlinear analysis. It wdulghlye
desirable tohavea method that allows for modeling tineycomb core using homogenous
material properties and still be able to run gmstkling analysis. The most difficult aspect of
executing thigask will require further investigation One mustdetermire how bestto model
imperfections onto a homogendenodel forperforming apostbuckling analysis. Using the
homogenized properties is desirable because then thessaplemesh could be used to predict

adhesive and core failure since the honeycomb core would not have to be modeled explicitly.
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Appendix A: Element Usage Details

A.1 NX Nastran Model Elements

The cup and KClip models discussed in Secti@rof this report used NX Nastran 8.5 to run the
analysisand used the same element types to model featurbgs setion will discuss which
element types were used specifically in the medé&ligure A1 shows the FClip model from
Section 2 with the element types identified. The main components in the model are the fitting,

honeycomb core, adhesive and the panel fes

i3
XK

CHEXA elements PR slement CQUAD4 elements
model adhesive, fitting  4ed for load model facesheet
and honeycomb core application

Figure A-1: H-Clip Fitting Model with NX Nastran Element Types ldentified
The panel facesheet was modeled using CQUAD4 shell elements. These elements have 4 nodes

on the corners. Due to meshing limitations, some CTRIAS3 shell elements werbuidbdse
are all in the faffield from the fitting in the mesh transition region goilngthe edge boundary
conditions and so they are not focused on here. There are 14 CTRIA3 elements versus over 6000

CQUAD4 elements in this model for comparison. The€ Nastran CQUAD4 and CTRIA3
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elements are based on MindReissner shell theory and are recommended for modeling flat
geometry such as [8Zh eAddgienallg thé 4nodé @QRUADRB4Lhekmmentsis
recommended over ther®de higheorder CQUADS element for flat plates. The CQUADS
element is acknowledged to be more accurate but this effect is negligible on flat geometry and
the CQUADS8 element increaselet computational task for NX NastrgB82]. The stress
calculations for these elements were not critical for these problems as the failures are driven by

the adhesives and the core.

The honeycomb core, adhesive and the fitting are each modeled usingizedided CHEXA
elements with a few wedgshaped CPENTA elements in the honeycomb core in thiefdr

from the adhesive. The CPENTA elements are at the same locations inYth@aKe as the
CTRIA3 elements in the faceshedthe solid element types weused for the fittings because of

their complex geometry that were not conducive to shell element model and for the core and
adhesive so stress variation could be captured through the thickness of the adies8saode
CHEXA and 6-node CPENTA elementtype were used with their default integration point
scheme which uses reduced integration. This formulatmmizes shealocking in the
element and eliminates the mesh instability that can arise in some element formulations known
as hourglassing wherelement strain erroneously decouples itself from element deformation

[32]. The stress used for failure margin calculations is output at the center of the element.

The final element type used is an RBE?2 rigid element that is used to represent the tagid bol
connection where the load is applied to the coupon. This is not actually an element but an
automated mukpoint constraint (MPC) capability that is provided by NX Nas{i@a?]. The

MPC equations eliminate the degrees of freedom of all nodes oneffemdent side of the
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element and wrap them up into the node on the independent side of the element hence why the

element is referred to as a rigid element.
A.2 Abaqus FEA Model Elements

The bushing model discussed in Sectbwof this report used Abaqus FEA 6.13 to run the
analysis. This section will discuss which element types were used in the model and provide
rationale as to why they are acceptabldbaqus FEA povides significantly more element
choices and formulations than NX Nasteamd therefore careful consideration must be given to
each element typeFigure A2 shows a halection view of the bushing model with element

types identified for each component.

S3R and S4R
elements used to
model facesheet

S4 elements used
to model
honeycomb core

C3D6R and C3DSR
used to model adhesive
and bushing

Figure A-2: Bushing Model with Abaqus FEA Element Types Identified
The bushing and adhesive models are only needed to trahsriaad to the coupon accurately

in this model as adhesive is not a potential failure mode. Because of this and to reduce th
complexity of the model, C3D6R and C3D8R reduced integration solid elements were used to

model these components. The reduced integration element minimizes the number of integration
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points which can lead to hourglassing if not used properly. Abaqusré&ofmends using a

fine meshin addition to its default hourglass control settibggrevent this hourglassing which

was done in the model with at least 3 elements through the thickness of each corfggnent
Additionally, in order to prevent hourglasgifrom occurringat the load application point in the
middle of the bushing, kinematic coupling was used to spread the load out in a similar manner to
the RBE2 element in Section A.1. No hourglassing was observed in any elements in the model

and therefag this element type was sufficient.

The panel facesheets were modeled using S3R and S4R radigggdtion shell elements. The
facesheet like the adhesive and fitting was not expected to contribute to the failure of the fitting
and therefore the lesxpensive reduced integration elements were used. S4R elements were
used when the mesh allowed but thedgle triangular S3R elements were required in areas
where it was only possible to put a highly distorted S4R element. These elements have one
integration point at the center and no hourglassing was observed due to the fine mesh and using

Abaqus FEAO6s defaul t[833hourglass control settin

The honeycomb core which was modeled explicitly is where failure was expected to and did
occur i n t heaaly8ld. Becdusemfahislexpectaton,shéllelements were usddr
modeling. Wile these 4 integration point elemendse more computationally expensive than
1integration poiniS4R elements, they are superior to them in that they cannot hourglass and are
recommended for areas where significant bending is expected such as in the core as it buckles
[33]. No triangular S3 elements were required in the core because the elementxtweted

down from the facesheet mesh and all elements were given dimensions as close to square as
possible to aid in the solution accuracy. Based on the results, the S4 elements contributed as

expected to the model.
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