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Abstract

Honeycomb sandwich panels are a type of structural composite that is widely
used in aerospace applications because of their exceptional stiffness and
strength-to-weight properties. Throughout their service life, many sandwich
panels will experience damage in the form of dents on the facesheet caused
by low-velocity impacts with foreign objects. This damage, depending on the
size and location, can cause a significant reduction in the residual strength of
the sandwich panel and affect the way the loads are carried by the structure.
Although all known aircraft structural repair manuals have a minimum required
distance between a dent and the edge of the sandwich panel, the technical
data packages supporting these limitations are subject to intellectual property
restrictions. No academic literature has been found discussing and quantifying
the effects of damage edge distance on sandwich panels.

The current work, taking advantage of existing industry standards where
possible, presents a new experimental approach to characterizing the damage
edge distance effects on dented sandwich panel specimens subjected to com-
pression after impact tests. The effects are characterized as changes in residual
strength, failure mode, and facesheet strain behaviour. Data are collected
using a combination of displacement, load cell, and three-dimensional digital
image correlation instruments.

The test methodology developed, including test panel fabrication, testing,
and data collection using three-dimensional digital image correlation, success-
fully characterized damage edge distance effects. For smooth circular dents
20 % of panel thickness in depth and 43 mm in diameter, the damage edge
distance was found to affect residual strength, failure mode, and facesheet
strain at damage edge distances up to 60 mm. The residual strength was found
to have an inverse correlation with the damage edge distance. Edge distance
effects were observed in the form of asymmetric dent growth and delayed
macrobuckling of the sandwich panel. Finally, the facesheet strain became
asymmetric in the presence of edge effects. Hypotheses are proposed as to why
these effects occurred and how loads transfer from the sandwich panel into the
adjacent structure when edge effects are present.
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Résumé

Les panneaux sandwich en nid d’abeille sont un type de composite structurel
utilisé dans les applications aérospatiales en raison de leurs rapports exception-
nelles de rigidité-poids et résistance-poids. De nombreux panneaux subissent
des dommages sous la forme d’indentation sur la semelle causée par des impacts
a faible vitesse avec des objets étrangers. Ces dommages, en fonction de leur
taille et de leur emplacement, peuvent entrainer une réduction significative de
la résistance résiduelle du panneau et affecter la facon dont les charges sont
supportées. Bien que tous les manuels de réparation des structures d’aéronefs
connus prévoient une distance minimale entre une indentation et la rive du
panneau (distance de rive), les ensembles de données techniques étayant ces
limites sont sujets aux droits de propriété intellectuelle. Aucune littérature
académique n’a été trouvée qui traite et quantifie les effets de la distance de
rive des dommages aux panneaux sandwichs.

Le présent travail, qui tire parti des normes existantes, présente une nouvelle
approche expérimentale pour caractériser les effets des distances de rive. Pour
caractériser ces effets des spécimens indentés sont soumis & des essais de
compression apres impact. Les effets sont caractérisés par trois mesures; la
résistance résiduelle, le mode de défaillance et la déformation relative de la
semelle. Les données sont acquis & ’aide d’une combinaison d’instruments
de déplacement, de capteur a jauge et de corrélation d’images numériques
tridimensionnelles.

La méthodologie d’essai mise au point, comprenant la fabrication de pan-
neaux, les essais et la collecte de données, a permis de caractériser avec succes
les effets de la distance de rive. Pour les indentations circulaires lisses d’une
profondeur de 20 % de 1’épaisseur du panneau et d’'un diamétre de 43 mm, on a
constaté que la distance de rive affecte les trois mesures a des distances de rive
allant jusqu’a 60 mm. La résistance résiduelle est inversement proportionnelle
a la distance de rive. Concernant le mode de défaillance, les panneaux se sont
déformés de maniere asymétrique et le flambement du panneau a été retardé a
ces mémes distances de rive. Enfin, la déformation relative de la semelle est
devenue asymétrique en présence d’effets de distance de rive. Des hypotheses
sont proposées sur les raisons de ces effets et sur la maniére dont les charges
sont transférées a la structure adjacente change en présence d’effets de rive.
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Introduction

Honeycomb sandwich panels are a widely used structural composite panel
that offers exceptionally high stiffness and strength-to-weight properties. As
with many high-performance composite materials, they were originally cost
prohibitive for many use cases; however, they are now widely used in aerospace,
automotive, and marine applications [1, 2]. In aerospace, sandwich panels
are used for load bearing designs in fixed-wing and rotary-wing aircraft as
floorboards, interior panels, exterior panels, and even as main structural
members, such as left hand and right hand main beams in the Bell 412 helicopter.
Sandwich panels are characterized by two thin facesheets sandwiching and
adhered to a thin and light core material as shown in Figure 1.1. Facesheets are
often made of metal or fibre-reinforced polymer materials. Core materials are
often made of a foam or a periodic structure, such as a honeycomb structure.
Other skin and core structures exist; however, these are not common in
aerospace applications.

Weight minimisation is an important design criterion in all aerospace
designs. For this reason, sandwich panels are designed with thin facesheets and
low-density cores that, once adhered together, provide the desired stiffness and

Face sheet

Honeycomb

Fabricated
sandwich

Face sheet panel

Figure 1.1: Basic sandwich panel construction [3].



1.1. Motivation

strength-to-weight properties. In a similar manner as the web and flanges of a
traditional I-beam work in a complementary manner to carry bending, tension,
compression, and shear loads along the beam’s axis, sandwich panel skins and
core material work in a complementary manner to carry loads along the panel’s
plane. However, light and thin material design used for sandwich panel design
makes the composite inherently vulnerable to out-of-plane low-velocity impact
damage [4].

Noor, Burton, and Bert assert that the concept of sandwich constructions,
of which sandwich panels are a subset, dates back to at least Fairbairn in 1849
in his account on tubular bridges [5, 6]. However, early mass production of
a sandwich composite in an aerospace application was first achieved on the
DeHavilland DH.98 Mosquito aircraft, the fastest fighter-bomber of World
War II [7, 8]. Balsa wood was laminated between two veneer sheets and
used, at least in part, as a result of a shortage or other materials. Sandwich
construction, even with these relatively low-performance materials, allowed
for strength and stiffness-to-weight performance that could not otherwise be
achieved with these low-cost materials. Following World War II and the success
of the Mosquito, more advanced sandwich constructions were developed. In the
postwar years, there was a surge in sandwich panel research and development,
including aluminum facesheets and honeycomb core materials. Sandwich panels
remain a prevalent high-performance solution for applications requiring stiff
and strong panels with minimal weight [2, 9].

1.1 Motivation

Sandwich panels used in aerospace applications have always aimed to minimise
weight while providing the required stiffness and strength. With the reduction
of material and the optimisation of the design, the strength-to-weight ratio has
improved; however, sandwich constructions remain susceptible to damage from
low-velocity impacts. Low-velocity impact damage occurs when a foreign object
hits the facesheet with enough energy to deform the facesheet and the core of
the sandwich panel without puncturing the top facesheet. This damage can
be caused in normal aircraft operations such as when rocks or birds strike the
outside of an aircraft fuselage and when equipment is mishandled when being
loaded or unloaded into an aircraft cargo or cabin compartment. Similarly,
low-velocity impact damage can occur during maintenance operations when
tools are dropped and equipment hits the aircraft fuselage.

To balance safety, economy of operation, and operational capability, most
aircraft designed after 1978 have been designed to damage tolerant design
philosophy and standards [10]. To operate safely as a damage tolerance-based
design, each aircraft type must have inspection instructions, damage limits,
repair instructions, and replacement procedures for each of its structural
components. In the case of sandwich structures, this includes designing for low-
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velocity impact damage, approving serviceability limits, and providing repair
and/or replacement instructions. The details of specific aircraft serviceability
limits, repair instructions, and replacement instructions are almost always
subject to intellectual property restrictions and therefore specific aircraft limits
are not presented in this paper.

The Department of National Defence (DND) operates several aircraft fleets
that have honeycomb sandwich panels, including the ageing CH146 Griffon
helicopter, which was first delivered to the government of Canada 30 years
ago in 1994 [11]. The operational and financial costs of sandwich panel-related
repairs and in-service support engineering are significant. The DND, seeking to
improve the operational availability of its aircraft and reduce operating costs,
has sponsored research at the Royal Military College of Canada (RMC) that
supports an improved prediction of the residual strength of the low-velocity
impact-damaged sandwich panels. An improved understanding of the residual
strength of damaged sandwich panels helps ensure the safety of passengers and
crew, as well as the security of the aircraft and its cargo. In addition, it helps
reduce the cost of repairs and maintenance.

The RMC research group is conducting academic research to support the
development of an analytical model to predict the residual strength of damaged
sandwich panels. The model is intended to be able to predict residual strength
based on a number of factors such as the size and shape of the dent, the
interaction between multiple dents, and the interaction between the dent and
the edges of the panel. This thesis presents experimental methodology, results,
and analysis on dent and panel edge interactions that will be used to help
validate the model.

1.2 Overall Approach and Constraints

The goal of this thesis is to characterize edge distance effects for damaged panels.
Damage edge distance is represented in Figure 1.2. Damage edge distance
characterisation is achieved through an experimental test. Compression After
Impact (CAI) tests are selected as a means of testing residual strength as they
are an industry standard for testing laminate polymer matrix composites and
structural composite sandwich panels [12-15]. CAI tests of laminate sheets,
described in ASTM 7137 for example, differ from CAI sandwich panel testing
described in ASTM 8287 mainly in the acceptable range of thickness of the test
panel / sheet, but also in test panel size. Both test standards lightly clamp
the test panel at their top and bottom edges and provide vertical edge support
for out-of-plane movement, while the top and bottom edges are compressed
towards one another. For lamimate polymer matrix composites, ASTM D7137
specifies 100 by 150 mm test panels of between 4 and 6 mm thick. For sandwich
panels, ASTM D8287 specifies 215 by 265 mm test panels of any representative
constant thickness.
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Figure 1.2: Sketch of damage edge distance, the distance between the centre
of the dent and the closest edge of the panel.

Unlike CAI, bending tests on sandwich panels are extremely difficult and
expensive to perform [16]. They require a large volume of material and are
particularly difficult to implement. Although bending loads may be the most
critical load design in many applications, the critical component load on a
sandwich panel created by pure bending loads is on the facesheet in compression.
For this reason, engineers can use much of the data collected in CAI tests
when designing a sandwich panel with bending as a critical load case.

ASTM D8287 specifies that strain gauges be placed in the far-field strain
area of each test panel, however, unlike the physical constraint of individual
strain gauges, Digital Image Correlation (DIC) can be used to provide full-field
facesheet strain information during CAI testing. This thesis demonstrates a
novel approach using DIC to measure far-field strain in CAI testing as opposed
to the individual strain gauges specified in the ASTM D8287 standard. In
addition to traditional DIC capabilities, three-dimensional digital image corre-
lation (3D DIC) can be used to collect surface profile and surface deformation
data from the facesheet during the CAI testing. 3D DIC-collected data will be
combined with the load and displacement data collected during CAI tests to
characterize the effects of the damage edge distance in sandwich panels.

Problem statement. The effects of damage edge distance on the residual
strength of metallic honeycomb sandwich panels are not well understood. The
effects of damage edge distance will be characterized via CAI tests in three
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ways:
¢ Residual strength will be measured as the peak compressive load.

¢ Deformation behaviour will be characterized by quantifying changes in

the dent area and depth and describing the failure mode of the test panel.

o Facesheet strain behaviour will be characterized by measuring and

analysing the full-field strain on the damaged facesheet.

In addition to characterizing damage edge distance effects, the 3D DIC-
collected and analysed data will be compared with traditional and alternate
data sources. The strain results from DIC will be compared with the results
of a strain gauge. Initial dent depth and width measurements taken by hand
using traditional instruments before CAI testing will be compared with the
results of the facesheet models generated by 3D DIC.

1.3 Outline

Chapter 2, Background, presents a technical explanation of metallic honeycomb
honeycomb sandwich panels, their place within the many types of sandwich
constructions, their design process, and an overview of in-service damage
implications. This chapter also provides a technical summary of DIC and the
differences between 2D DIC and 3D DIC.

Chapter 3, Literature Survey presents prior academic works and standards
relevant to characterizing the effects of damage edge distance of the metallic
honeycomb sandwich panels including foundational sandwich panel research,
recent trends in sandwich panel research, and works on damage edge distance.
Finally, this chapter also considers the use of 3D DIC in academic research
and substantiates the academic value of damage edge distance research.

Chapter 4, Methodology, presents in detail the approach taken in devel-
oping a novel approach to damage edge distance effect characterisation. The
entire process from test panel fabrication to DIC to CAI testing to data
post-processing is presented.

Chapter 5, Results presents all results including the experimental results
from CALI tests as well as the quality control results from test panel fabrication,
3D DIC calibrations, and post-processed data.

Chapter 6, Discussion, Analysis and Recommendations, explains the rea-
soning behind the results. In addition to detailed analysis of residual strength,
deformation behaviour and strain behaviour, fabrication and CAI quality
control is analysed to understand confidence in results and potential experi-
mental sources of error. Recommendations for further research and process
improvements are made throughout.

Chapter 7, Conclusion, states all the conclusions identified from this work.



Background

Although most commonly used for flat and curved panels, the basic sandwich
construction model can be used to make a number of light-weight structures that
serve different purposes depending on the design needs. Sandwich constructions
can usually be classified as plates (panels), beams, or shells; however, these
classifications are not necessarily discrete; rather, they describe regions on
a spectrum. Plates are characterized by having moderate to no curvature
and being connected to other structural members at all edges. Beams are
similarly flat or near-flat but are usually long relative to their width and are
usually unsupported along their length. Shells are significantly curved up to
and including cylindrical and dome shapes [17].

Sandwich constructions are designed to transfer loads (nondestructive)
and/or absorb energy (destructive). Load transfer applications take advantage
of the high stiffness and strength-to-weight properties of sandwich constructions
to carry operational loads at minimal weight. Importantly, load transfer
applications are designed so that the sandwich construction is not damaged
while carrying expected operational loads. Energy absorption applications
involve designing for an intentional permanent deformation of the sandwich
structure in response to a short-duration high-load event. During a one-time
load event, such as a vehicle crashing into a barrier, the lightweight and
strong sandwich construction absorbs energy as it is compressed and deformed.
This plastic deformation consumes energy and attenuates forces that would
otherwise be directly transferred to the rest of the vehicle and its occupants [18].
Sandwich constructions used in high-performance vehicles, such as helicopters,
can be designed to transfer loads in normal operations and contribute to
protecting the occupants by absorbing energy during a crash event. The
metallic sandwich panels considered in this paper are primarily used for load
transfer. As a result, large plastic deformation is considered to be a failure of
the structure. However, some small local plastic deformation(s) of the sandwich
panel such as barely visible impact damage in the form of dents is expected.
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2.1 Sandwich Structures and Their Components

Sandwich structures consist of two facesheet materials adhered to opposite
faces of a core material. This basic design principle allows sandwich structure
designers to select from an almost limitless number of materials and geometries
for the skin and core materials. Sandwich structure facesheets are usually thin,
and materials are traditionally selected for favourable in-plane properties. Core
materials and geometries vary greatly. However, they can generally be cate-
gorised as stochastic structures (foams) or periodic structures (2-dimensional or
3-dimensional). Both facesheets and cores are discussed further in the following
sections.

2.1.1 Sandwich Structure Facesheets

Facesheets in sandwich structures are selected and designed to carry in-plane
compression, tensile, and shear loads. As facesheets are thin, application of
in-plane compression loads to a facesheets prior to assembly would result in
buckling failure at low loads. Buckling failure loads of assembled sandwich
structures are much higher than those of the facesheets in isolation.

Aluminum and fibre-composite skins are common skin materials for sand-
wich structures in high-performance applications. They are light relative to
their in-plane tensile and shear load-carrying capacities. Fibreglass facesheets
are also common, but tend to be used in applications less concerned with
weight minimisation such as marine vehicles. All three of these materials
can be made in a number of thicknesses and shapes depending on the design
requirements.

2.1.2 Sandwich Structure Cores

The purpose of most cores in sandwich panels is to maintain facesheet separation
by carrying out-of-plane compression and shear loads. Both stochastic (foam)
and periodic structure cores come in a number of materials and designs. Figure
2.1 provides an organised list of the cellular structures that sandwich structure
designers can consider [2].

Polymeric foams tend to be less expensive and heavier relative to out-
of-plane compression and shear strength than periodic structures. Metallic
foams are not widely used and are not necessarily less expensive than periodic
structures. Foams, particularly closed-cell foams, trap or restrict air movement
and tend to have thermal insulation properties superior to those of periodic
structures. Similarly, stochastic closed-cell structures can have an advantage
in marine applications because they do not allow moisture to travel between
cells.

3D periodic structures are not widely used, as they are relatively new,
with several configurations that are particularly complex and expensive to
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Figure 2.1: Classification of cellular structures used in sandwich panels [2].

manufacture at scale. Like foams, 3D periodic structures can be designed to
permit or restrict air and moisture propagation [2]. That said, 3D-printed
components without 100 % infill can also be considered a sandwich structure
in some sense: the infill material serves the function of the core and the outer
layers of the print act as facesheets. These infill patterns often fit the definition
of 2D and 3D periodic structures. Figure 2.2 shows a number of 3D printed
infill patterns that can be selected based on design needs and preference. In
practice, infill is almost always completely hidden in the final product.

2D prismatic cells are relatively easy and inexpensive to manufacture, but
do not provide particularly strong out-of-plane load-carrying capabilities when
compared with other core designs. 2D prismatic cells are the most widely
successful and available commercial sandwich construction. This design is used
as the basis for the completely recyclable and ubiquitous corrugated cardboard.
Figure 2.3 shows the three main components of corrugated cardboard; two
liners and a medium.

2D honeycomb cell structures are widely used in applications demanding
exceptional strength and stiffness-to-weight properties such as aerospace. The
hexagonal honeycomb pattern is by far the most common honeycomb configu-
ration and is most commonly the implied pattern when referring to honeycomb
sandwich panels. The honeycomb core is made of many ribbons that have
been formed and adhered to each other to create the hexagonal cell pattern
(also because beeswax honeycombs are hexagon-based). The structure of the
hexagonal honeycomb is regular and symmetric, characterized by a ribbon
direction. Figure 2.4 provides a detailed view of the honeycomb core structure.
The cell walls are of the same thickness as the ribbons, except for the cell wall
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Figure 2.2: Various 3D printed part infill patterns are used to provide
structural support to outer layers of filament-printed components. Infill
patterns, like more traditional sandwich core materials, are normally selected
based on design needs [19].

Medium

Figure 2.3: Detailed view of single wall corrugated cardboard using a 2D
prismatic design approach. In this industry, facesheets are called liners and
cores are called medium [20].

in the ribbon direction, which has twice the thickness of the other cell walls.
The smallest repeated element in the honeycomb pattern, marked in bold in
Figure 2.4, consist of three half-cell walls intersecting at 120° from each other.
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Figure 2.4: Detailed honeycomb core cell view showing ribbon direction and
repeated element consisting of three half-cell walls, two of thickness t and one
of thickness 2t (ribbon direction). Figure adapted from Wierzbicki et al. [21].

2.2 Sandwich Panel Design

The geometry and construction of the sandwich structure (facesheet material
selection, thickness and layout, adhesive selection, thickness and curing process,
and core selection, geometry, density, and thickness) significantly affect the
characteristics of sandwich panels [22-24].

Sandwich panel design considerations include the following:

1.

N

The required mechanical properties of the sandwich panel including
strength, stiffness, and safety margins;
The required thermal properties of the sandwich panel, as needed;

. The required vibration damping properties of the sandwich panel, as

needed;
The importance of weight minimisation;

. Environmental conditions including potential in-service damage types,

temperature, moisture, and corrosives (saltwater environment, etc.);

. Selection, fabrication, and sizing of facesheet materials, ensuring that

they have sufficient stiffness for expected tensile, compressive, and shear
stresses;

Selection, fabrication, and size of the core, including type of core, thick-
ness of the cell wall, and the resulting density of the core so that the
anticipated shear stresses can be carried safely and core crushing is
prevented;

Adhesive selection, sizing, and curing procedure;

. Final sandwich panel properties such that the stiffness of the core and the

compressive strength of the facesheet do not permit facesheet wrinkling,
the core cells are sized to prevent inter-cell buckling of the facesheet, and

the sandwich structure does not deflect excessively under applied loads
[25];

10



2.3. Continued Airworthiness of Sandwich Panels in Aviation

10. Installation, including joining and fastening of the panel to adjacent
structures taking into account the transfer of loads and the ease of
assembly;

11. Manufacturing costs, including materials, fabrication, and certification;

12. Fabrication process;

13. In-service inspection, repair, and replacement requirements, procedures,
and costs; and

14. Testing and validation to ensure that the design meets the design specifi-
cations.

2.3 Continued Airworthiness of Sandwich Panels in
Aviation

Instructions for Continued Airworthiness (ICA) are required for all civilian
aircraft flying under the authority of Canadian or American aviation authorities
[26, 27]. ICAs contain serviceability limits for aircraft components which, in
the case of an aircraft with sandwich panels, includes damage limits. These
damage limits define under what conditions a sandwich panel is considered
and is not considered airworthy. In conditions where a sandwich panel is not
considered airworthy, a maintenance action is required before the aircraft can
be returned to operational service. This would normally include a further
inspection and either repair or replacement of the component. Standard Repair
Manuals (SRM), which are part of the ICA, detail approved instructions for
the repair of structural components.
When ICA are developed or changed, the decision is substantiated by
a documented technical data package. Both the ICA and the supporting
technical data package are often subject to intellectual property limitations.
No ICA free of intellectual property limitations are available to be included
in this paper; however, this author is familiar with multiple ICA for aircraft
with sandwich panels. In general, the following may be included in ICA for
sandwich panel components:
1. A frequency and means of inspection will be defined;
2. Small surface damage that is smooth and of very small depth will be
defined as negligible;
3. Inspection for disbond of the facesheet from the core will be a major
criterion. Disbonded panels will need to be repaired or replaced;
4. Some level of smooth dents on the facesheet will be permissible provided
one or more of the following:
a. The dent depth is below a certain threshold;

b. The dent diameter (maximum measurable) is below a certain thresh-
old;

c. The total dent area within a panel is below a certain threshold; and

11
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d. The proximity of the dent to the edges of the panel or to fixtures in
the panel is above a certain threshold.

To ensure airworthiness, each limit prescribed in the ICA must be sub-
stantiated through sound engineering. When there is a lack of data available
to engineers who are building and developing technical data packages, they
must adopt a conservative approach to ensure airworthiness. These necessary
areas of conservatism provide an opportunity for further research. As research
is performed and additional data are available for consideration, ICA can be
revised and improved accordingly.

2.4 Digital Image Correlation

DIC is an image-based non-contact strain and deformation measurement
technique. DIC applications include materials testing, structural analysis, and
biomechanics. At it’s core, the image analysis technology involves identifying
pixel subsets on a surface captured in a reference image and then locating
the same pixel subsets in subsequent images. The subsets of pixels in the
subsequent images are correlated with their location in the reference image to
determine any deformation or strain that occurred. Modern DIC tracks not
only the movement of pixel subsets, but also the deformation of the pattern
within the subset itself, by having subsets overlap with each other [28]. An
illustration of the identification and comparison of subsets is presented in
Figure 2.5.

Figure 2.5: Illustration of a DIC pixel subset captured and identified in the
images [28].

The amount of overlap between subsets is defined by the subset size and

the step size, both measured in pixels. The size of the subset is the dimension
of the unique pixel patterns (height and width) that are being tracked. The

12
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size of the step is the distance between the start of sequential subsets. For
example, a DIC analysis with a subset size of 24 pixels and a step size of 12
pixels will have the next subset start halfway across the first subset resulting
in a 50 % overlap between adjacent subsets.

As shown in Figure 2.5, the surface being measured must allow unique
subsets to be defined in the reference image and their identification in subse-
quent images. Several factors other than the software used affect this ability,
including surface finish, lighting, camera(s), and lenses. A random speckle
pattern such as the one shown in Figure 2.5 is almost always created or applied
to the surface.

2.4.1 2D DIC

Two-dimensional DIC uses a single camera to capture all images. Provided
satisfactory speckle pattern, lighting, camera, and lens settings are present,
deformation and strain in the camera plane can be calculated. Out-of-plane
movement, either as deformation or strain, cannot be measured with a single
camera.

Modern DIC software, such as VIC-Snap and VIC-3D 9 software used in
this research, perform additional processing to basic deformation and strain
calculations. Importantly, strain results are analysed for unreasonable variation
in strain values between adjacent subsets. Sufficiently high and concentrated
strain gradient areas undergo data smoothing with the intention of correcting
for errors in image correlation.

2.4.2 3D DIC

Three-dimensional DIC uses two cameras with shared fields of view to capture
image pairs. With a second camera, additional image correlation functions
can be performed. That is, each subset can be triangulated using the stereo
camera system. This triangulated subset information permits the calculation
of the strain and deformation in three dimensions. This means that not only
can deformation and movement (translation and rotation) be calculated in
three dimensions, but also that surface strain can be calculated in any plane
that exists in both cameras’ field of view. This is particularly useful for curved
and multi-surface objects.

It is important to note that 3D DIC systems can be expanded to more
than two cameras with multiple cameras capturing the entire perimeter of
a test specimen. This is what Gardner et al. performed for NASA’s Shell
Buckling Knockdown Factor Project (SBKF) where multiple cameras were used
to measure strain and deformation on the entire outer surface of a cyclindrical
structure [29]. See Figure 2.6 for a diagram for the SBKF 3D DIC setup.
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Figure 2.6: Diagram showing a top-down view of the SBKF 3D DIC test
setup. Eight vertically-separated 3D DIC cameras pairs each capture 45° of
the SBKF cylinder to provide surface strain and 3D deformation data for the

entire outer surface [29].
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Literature Survey

3.1 Foundations of Sandwich Panel Research

As stated in Chapter 1, the first academic work on sandwich constructions
dates back to at least Fairbairn in 1849 [6]. The first major use of sandwich
constructions in aviation was with the use of balsa wood core and veneer
facesheets in the very successful DeHavilland DH.98 Mosquito developed and
first employed during World War 2 (WW2) [7]. Following WW2 in the 1940s
and 1950s, there was a significant increase in sandwich panel research with the
first theoretical works being published. Hoff et al. performed and published
some of the first buckling analysis of sandwich panels in the 1940s [30]. This
period also included the development of new constructions primarily for the
aerospace industry, including metallic sandwich panels and honeycomb cores
[31]. Honeycomb cores with hexagonal cell shapes offered the best performance
(shear and stiffness to weight) when they were first developed and continue to
be a very high performing configuration for sandwich panels.

Honeycomb core research continued through the remainder of the 20th
century. Notable research related to metallic honeycomb sandwich panels
included McFarland’s 1963 journal article that presented an analytical model
to determine the mean crushing stress of the hexagonal core subjected to axial
load [32]. Wierbicki further developed a method for determining the crushing
strength of hexagonal cell structures by including considerations of both energy
and plasticity [21].

In the same period, metallic honeycomb sandwich panels were adopted for
commercial use, particularly in aviation. The Bell UH-1 military helicopter
(the civilian variant is the Bell 212), which was first flown in 1968, uses metallic
honeycomb sandwich panels for interior and exterior load bearing panels,
including the tailboom [33].

3.2 Recent Sandwich Panel Research

Sandwich panel research has remained an active field, partly driven by academic
interest in the development of new structural designs and analysis models,
the development of new materials suitable for sandwich constructions, the
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development of new manufacturing technologies, and by industry interests.
As shown in Figure 2.1, there are several new core cell structures (metallic
foams, complex 3D periodic structures, etc.) that were simply not feasible
to create with the 1940s technology. Manufactured sandwich panels used in
aviation, first made with balsa wood and veneer, were largely replaced by
metallic sandwich panels. With significant advancement in fibre-reinforced
polymers, sandwich panels made with fibre-reinforced polymer facesheets have
become increasingly popular and cost-effective [2, 34].

Commercial and government use of sandwich panels in aviation has gen-
erated significant interest in the impact resistance and residual strength of
damaged sandwich constructions. Manufacturers and standardisation organi-
sations have developed standardised testing protocols to test sandwich panels,
namely in compression, against projectile impact, and bending. Compression
test standards include ASTM C364 for undamaged sandwich panels, and ASTM
8287, ISO 18352:2009, and Boeing’s BSS 7260 for damaged sandwich panels
[13, 14, 35]. Projectile impact standards include a number of drop-weight and
quasi-static indentation methods such as ASTM 7137 and ASTM 7766 [12, 36].
Bending standards include the long beam flexure standard, ASTM 7249 [16].

Effects of Smooth Dent Damage on Sandwich Panels Subjected to
Edge-Wise Compression

The effect of smooth dent damage on edge-wise compression of sandwich panels
is a main topic of research in the RMC research group along with shear as
these are thought to be the most representative critical loading modes for
dented sandwich panels. Dents are damage to the sandwich panel caused by
contact with a foreign object that deformed the facesheet and the underlying
core without puncturing the facesheet. They are normally categorised as
smooth when the dent curvature is gradual with no creases or sharp curves,
or sharp when the dent curvature is severe or there is a crease or fold in the
dent. The edge-wise compression test of damaged sandwich panels is most
often referred to as the compression after impact (CAI) test. Schubel et al.
highlighted the particular sensitivity of sandwich panel CAI strength with
composite facesheets to delamination (internal separation of composite facesheet
layers) [37]. Similarly, many aircraft ICA consider disbond (detachment of the
facesheet from the core) as the most important internal sandwich panel damage
mechanism, as it also greatly affects the residual strength of the sandwich
structure [38]. Both delamination and disbond can be created by surface
impacts on sandwich panels. Disbonds are not usually allowed and require
immediate panel repair or replacement.

Horrigan et al. showed that in CAI tests, the critical loading force required
to initiate failure is a function of both the core damage area and the dent depth
[39]. Boctor used simulated edge-wise compression tests to predict the effect
of multiple smooth dents on sandwich panels [40]. Deeper dents were found
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to affect the residual strength of the panels in the simulations, as Horrigan et
al. showed experimentally. Sufficiently separated dents were found to behave
individually, while sufficiently close dents were found to interact with each
other.

Both Ye et al. and Tariq et al, [41, 42] also performed CAI tests for
dented metallic sandwich panels however their dents were made in a quasi-
static manner using small impactors that created relatively deep and narrow
dent profiles that are not easily compared with smooth dents with a shallow
depth relative to their width. In an aircraft maintenance context, these dents
would be characterised as sharp dent (more severe) as opposed to smooth dent.
Furthermore, Tariq et al. [42] did not adopt vertical edge supports to prevent
macrobuckling, as is normally included in the CAIT test standards.

Column Buckling Behaviour of Sandwich Panels Subjected to
Edge-Wise Compression

Edge-wise compression of sandwich panels is a well-established test method
with variations including, but not limited to, ASTM C364, which tests short
undamaged specimens with free vertical edges (simple-clamped), and ASTM
D8287, which tests larger specimens with supported vertical edges and is
designed to test the residual compressive strength of damaged panels [13,
35]. Figure 3.1 presents a simple comparison of the two general approaches.
An alternative standard with vertical edge supports for testing damaged
panels is ISO 18352:2009 however, the coupon size is smaller. In addition
to the standards controlled and published by standardisation organisations,
manufacturers provide their own recommendations for testing sandwich panels
such as the Boeing Specification Standard (BSS) 7260 which is closely linked
to the ISO 18352:2009 [14, 15].

Fleck and Sridhar tested sandwich panels subjected to edge-wise compres-
sion and developed analytical models for axial strength [44]. They characterize
four failure modes for edge-wise compression including (a) Euler macrobuck-
ling, (b) core shear macrobuckling, (c¢) facesheet microbuckling and (d) face
sheet wrinkling as illustrated in Figure 3.2. The same edge-wise compression
failure modes, along with bending and face-wise compression failure modes,
are described in the Hexcel technical manual for honeycomb sandwich design
technology [45].

The purpose of vertical supports (supports to the non-loading edges as
shown in Figure 3.1 (b)) present in the test standard for damaged sandwich
panels (ASTM D8287, ISO 18352:2009, etc.) is to promote failure of the
panel at the damage location. The CAI test of sandwich panels with dented
facesheets without vertical supports is likely to result in premature failure due
to early macrobuckling. Vertical supports in ASTM D8287 and ISO 18352:2009
are shaped as knife edges (sliding edges). To create the knife edge, an 8 mm
thick plate is cut inward from both edges at 45° to form a blunt knife-like
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edge (bevelled to a 1 mm radius) that contacts the facesheet perpendicular to
the plate. A detailed view of the vertical supports showing the blunt knife
edges that are placed against the front and rear facesheets of the test panel on
both vertical edges is provided in Figure 3.3. The blunt knife edge geometry
minimises vertical support edge surface area in contact with the facesheet and
therefore minimises friction while preventing outward out-of-plane facesheet
movement. The facesheets at the knife edge can still wrinkle or buckle inward,
away from the knife edge support but the overall panel is prevented from
moving outward at its edges.

(b) Support fixtures with fixed knife edge
supports along the vertical edges of the test
are normally used to prevent premature
macrobuckling of the panel when testing
(a) Simple-clamp support fixtures, damaged sandwich panels [43].

normally used to test undamaged
sandwich panels, have no vertical
edge supports [35].

Figure 3.1: Comparison of simple-clamped vs supported sandwich panel
edge-wise compression test fixtures.
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Figure 3.2: Failure modes in sandwich columns subjected to edge compression.
In compression tests, columns ends are constrained to in-plane movement. (a)
Euler macrobuckling; (b) core shear macrobuckling; (c) facesheet
microbuckling and (d) facesheet wrinkling [44].
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Blunt
Knife Edges

Figure 3.3: Knife edge support component. This near top-down view of the
support fixture component shows the front and rear facesheet knife edge
supports used to prevent outward movement of the test panel at the vertical
edge.
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3.3 Sandwich Panel Damage Edge Distance
Research

For the purpose of this research, the damage edge distance is defined as the
distance between the centre of a damage and the edge of the sandwich panel, as
shown in Figure 1.2. This is one of several means of quantifying the proximity
of a damage area and a panel edge. For example, edge margin, the shortest
distance between the edge of damage area and the panel edge, can also be used
to characterize damage to panel edge geometry. Damage edge distance is the
term used in this paper.

Boctor et al. refer to the Gulfstream Standard Repair Manual (SRM)
prescribing limit for the distance between two dents on a sandwich panel being
no less than 101.6 mm (4 inch) [40]. While the Gulfstream SRM is not available
to this author due to intellectual property restrictions, it is very likely that
similar distance limits would be published for the distance between a dent and
a panel edge. Similar limits are known to be published in other SRMs and
ICA for other aircraft. For example, this author is familiar with the published
limits for the CH146 Griffon helicopter. However, all known limits are subject
to intellectual property limitations and cannot be published in an academic
paper.

Bouwhuis et al. investigated the edge effects on the compressive testing
of periodic cellular metal cores (lattice structure); edge effects were found to
be comparatively small, with samples as small as two by two cells wide being
representative of bulk cores [46]. Damage edge distance effects are expected to
manifest at distances greater than two-cell width.

No articles were found that specifically discussed the effects of the damage
edge distance on the residual strength of metallic honeycomb sandwich panels
subjected to CAL

3.4 Use of 3D Digital Image Correlation for
Research

ASTM D8287 explicitly states that DIC is not used in the standard because
there are no ASTM-accepted calibration methods for DIC systems [13]. How-
ever, 3D DIC is a powerful tool set that can generate sufficiently precise strain
and out-of-plane deformation data when properly configured for the application
and calibrated [28, 29]. Gardner et al. demonstrated with the NASA SBKF
project that, unlike traditional linear variable displacement transducers and
electrical resistance strain gauges that allow data to be collected only for a
select number of point locations, 3D DIC can be used to characterize full field
displacement and strain behaviour. As the intent of strain measurement in this
research is to characterize strain throughout the facesheet to understand the
effects of damage edge distance, the full-field strain results of the DIC system
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are more meaningful than the local high-precision results of the individual
strain gauges. However, to better align this research with the ASTM D8287
standard, the results of the DIC instrument will be compared with known,
trusted, and calibrated measurements provided by a traditional strain gauge.

McQuigg et al. reported using DIC to measure 3D displacement and strain
information during CAI tests of nonmetallic sandwich panels; however, this was
only done for select panels within their data set that compared CAI results at
various impact energy levels [47]. The main benefit of 3D DIC for their research
was the ability to quantify the change in size and shape of the damage region
during CAI loading. McQuigg et al. found that the dent width (perpendicular
to the loading direction) grew with an increase in the CAI load while there was
little change in the dent height (in the loading direction) with the CAI load.
Importantly, the CAI support fixture described and shown by McQuigg et al.
does not appear to have vertical edge supports. It appears that the ASTM
C364 standard test method for edge-wise compressive strength of sandwich
constructions, which is designed to test undamaged sandwich panels and does
not include any vertical edge supports, was used as a basis for the tests.

Wang et al. tested sandwich panels for blast performance, the sandwich
panel’s response to a blast shock wave striking a facesheet while the panel is
under various in-plane compressive loads [48]. To characterise the mechanical
response to the blast shock wave, 3D DIC was used to measure the out-of-plane
deformation of the rear sandwich panel facesheet in response to the front
facesheet being exposed to the shock wave. Undamaged sandwich panel test
coupons were tested for their response to blast shock waves at various in-plane
compression loads; however, the panels were not supported along their vertical
edges.

For the RMC research group, there is a desire to validate finite element
simulations of dented sandwich panels subjected to edge-wise compression. Sim-
ulations generate full-field displacement and strain behaviour in the facesheet
that can be compared with 3D DIC results from experimental tests. At this
stage in the development of simulation models, the full-field experimental
strain and deformation results from a 3D DIC system are more valuable than
the strain values at discrete locations collected from individually placed strain
gauges on the facesheet. The DIC results allow for a comparative analysis of
the entire facesheet deformation and strain behaviour to the model, as opposed
to only the discrete local results from individual strain gauges.

3.5 Research opportunities

Only one published article was found using 3D DIC for CAI testing of damaged
sandwich panels, McQuigg et al. [47]. That article did not publish 3D DIC
strain information, only changes in dent width and height during CAI. Further-
more, their CAI test fixture did not appear to be compliant with an existing
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standard: Most notable, since they were testing damaged panels, no vertical
knife edge supports were used and therefore the test coupons were unrestricted
from macrobuckling. Knife edge supports are far more representative than
unsupported edges of a sandwich panel installed in aircraft as sandwich panels
installed on aircraft are attached to supporting structure on all edges. The
research performed for this thesis uses the opportunity to significantly improve
DIC-collected facesheet deformation and strain information for CAI tests of
damaged sandwich panels with edge supports that more closely represent
sandwich panels in aircraft.

No articles or academic works were discovered that present the effects
of damage edge distance for sandwich panels subjected to CAI. Meanwhile,
damage edge distance limits for multiple aircraft’s sandwich panels are known
to exist, but the technical data packages supporting these limits are subject to
intellectual property limitations.

In the RMC sandwich panel research group, an experimental test basis is
needed for the validation of the CAI FEA model. 3D DIC-collected facesheet
deformation and strain data from experiment CAI tests provide an excellent
opportunity to compare results.

In summary, this research on metallic honeycomb sandwich panels focuses
on the following goals:

1. FEA model validation. Conduct experimental CAI tests that can be

used to validate the FEA models of the RMC research group.

2. Experimental test methodology. Develop an experimental CAI test
method for damaged sandwich panels that collects full-field facesheet
deformation and strain data using 3D DIC. This improves upon all known
metallic sandwich panel research by using 3D DIC in a representative
CALI test fixture.

3. Damage edge distance effects. Characterise the effects of edge distance
for dented panels under in-plane compression on res