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Etude expérimentale du flambement Local des structures

sandwiches

RESUME

L’utilisation de structures sandwich s’est répandue dans divers secteurs, notamment dans le
domaine de I’aviation Iégére. L’influence de défaillances localisées imprévues au sein de ces
structures peut étre gravement préjudiciable, conduisant potentiellement a une défaillance
structurelle brutale. Parmi les principaux initiateurs de rupture en compression dans les
structures sandwich se trouve le phénomeéne connu sous le nom de « flambement », une forme
de flambage local. Au fil des années, de nombreux modeles analytiques formulés par différents
chercheurs ont été adoptés par les ingénieurs industriels. Néanmoins, ces modéles analytiques
se sont révélés non conservateurs. De plus, il existe peu d’études expérimentales approfondies
sur le wrinkling dans la littérature existante.

Par conséquent, 1’objectif principal de cette thése est de mener une enquéte expérimentale axée
sur le mode de rupture par wrinkling au sein des structures sandwich. Pour y parvenir, un essai
de flexion classique en trois points a été réalisé sur un ensemble de six éprouvettes spécialement
congues, fabriquées selon la technique de drapage manuel. L'objectif fondamental de I'essai
était de déterminer la charge a rupture a laquelle se produit le premier flambement par wrinkling
en cisaillement. Ce test a été surveillé a I'aide de caméras de corrélation d'images numériques
(DIC), de capteurs de déplacement et de capteurs de force. Ces instruments ont été utilisés pour
suivre des données essentielles telles que les parametres de déformation, les déplacements et
les forces appliquées. Les données résultantes du test ont ensuite été soumises a deux approches
d'estimation des contraintes, et ces estimations ont ensuite été comparées aux modeles

analytiques existants.

MoTs-CLES : Flambement; Structures sandwich; Expérience; Echec local; Fabrication;

Composite.



Experimental Analysis of Wrinkling of Sandwich

Structures

ABSTRACT

The use of sandwich structures has expanded across various sectors, particularly in the realm
of light aviation. The influence of unpredicted localized failures within these structures can be
severely detrimental, potentially leading to abrupt structural failure. Among the principal
initiators of compressive failure in sandwich structures is the phenomenon known as
"wrinkling", a form of local buckling. Over the years, numerous analytical models formulated
by different researchers have been embraced by industrial engineers. Nevertheless, these
analytical models have been proved to be nonconservative. Additionally, there is a scarcity of
comprehensive experimental investigations regarding wrinkling in the existing literature.
Therefore, the main objective of this dissertation is to conduct an experimental investigation
focused on the wrinkling failure mode within sandwich structures. To achieve this, a classical
three-point bending test was conducted on a set of six specially designed specimens, which
were manufactured using the hand lay-up technique. The fundamental purpose of the test was
to determine the failure load at which the first shear wrinkling occurs. This test was monitored
using Digital Image Correlation (DIC) cameras, displacement sensors, and force sensors. These
instruments were employed to capture essential data such as strain parameters, displacements,
and applied forces. The resulting data from the test were then subjected to two approaches for
estimating stress, and these estimations were subsequently compared with existing analytical
models.

KEYWORDS: Wrinkling; Sandwich structures; Experiment; Local failure; Manufacturing;

Composite.
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1. CHAPTER 1: INTRODUCTION

1.1. Sandwich structure overview

The advance of fibre composite materials and the aim to diminish both the weight and the
cost of structures has given rise to the latest concentration in the usage of sandwich construction
for main structures. Strength and weight are essential ingredients to the operational properties
of structures, especially in the aeronautics industries [1]. However, the cost per kilogram of
composite materials is significant when evaluated [2]. Various design constraints that must
satisfy the weight and mechanical performance criteria are considered during the design of
composites [3]. Therefore, the aim to achieve desired economical and lightweight structures in

the engineering field has led to the wide use of composite sandwich structures [4].

In most literatures, sandwich structures have been described as structures made up of two
thin (upper and lower) skins with significantly high mechanical properties, that are separated
by the core (either isotropic, anisotropic or orthotropic in nature) a lightweight material with
relatively weak mechanical properties [2], [5]-[7]. Summarily, this definition logically
describes sandwich as an I-beam which places materials far-off the neutral axis as illustrated
in Figure 1.1. The nature of the structure makes the bending stiffness increase with a significant
reduction in the total weight of the structure. This eliminates the need for additional stiffeners

or stringers to stabilize and control buckling [8]-[10].

The skin, which are commonly carbon, glass fibres or aluminium, due to their great static
properties resists the in-plane compressive and tensile loads while the core, most times Nomex
honeycomb or foam, stabilizes the structures and takes care of the load transfer mechanism in
the form of transverse shear and normal stresses, although lower when compared to the skin,
and an adhesive layer between core and skin that transfers the loads between the two. Sandwich
structures provide enhanced performances compared to conventional laminates as shown in
Table 1.1 and some other material structures. Other exceptional performances include buckling
load resistance increments, and impact resistance that are needed in resisting various load forms

in structural members.
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Stiff face
sheets

Core material

(@)

Adhesive layers

£

adhesive ﬁlm/

lower skin

(b)

Figure 1.1: Typical sandwich structure construction with (a) isotropic core [11] (b)

orthotopic core [12]

Table 1.1: Sandwich flexural and stiffness comparison with conventional laminates [13]

Solid material with Sandwich with Sandwich with
thickness of t core thickness of t core thickness of 3t

I

| ¢ | - "
I

Flexural stiffness 1.0 7.0 370

Flexural strength 1.0 35 9.2

Weight 1.0 1.03 1.06

The application of sandwich structures can be linked with various fields. They are greatly

explored in the aerospace, civil infrastructures, blade for wind power generation, automobile,

and shipbuilding industries [14]. They are used largely for light aviation and non-pressurized

structures such as the recently certified “Elixir” in Figure 1.2 manufactured by Elixir Aircraft.

They are also used in the design of multi-functional structures as in Figure 1.3, as thermal

insulators owing to their structural formations [14], complex shape structures such as facades,

unique architectural views, and curved structures.




Chapter 1 | (Introduction)

Figure 1.2: The Elixir, 2006 EASA certified two-seater light aircraft [5]

Frequency
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Structural
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Structural _— } Reflective
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. Core

Structural
Laminate

Foam Core
Material

Figure 1.3: Cross-section of sandwich used to enclose the USS Radford mast [15]

1.2. Motivation

Like all structures, sandwich structures are prone to various types of failures, ranging from
local to global failures. The behaviour and performance of sandwich structures concerning
failure initiation, propagation, and interaction are influenced by multiple factors, including the
properties of the constituent materials, the type and state of loading, and the geometrical
configuration of the structure [8], [16]. These failure modes are interconnected, meaning that
the initiation of one particular mode may lead to the development of other failure modes as the
initial failure progresses. Understanding the interplay between these failure modes is crucial
for ensuring the structural integrity and reliability of sandwich structures [17], [18].

One of the crucial local failures due to instability of sandwich structure is wrinkling.

Wrinkling in sandwich construction refers to the localized face buckling of a compressed
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sandwich strut or panel, displaying short waves of buckling on the faces in the order of the core
thickness [6]. However, wrinkling can also appear when sandwich structures are subjected to
shear load as well. By resolution of forces at 45°, the shear load results in compression and
tension loads in opposite directions [19]. In a first approach, wrinkling can be envisioned as
the buckling of thin columns (the faces) that are supported by a continuous elastic medium (the
core) [8]. Wrinkling poses a significant challenge in sandwich structures, as it can lead to
reduced load-carrying capacity and structural stiffness.

Over the years several approaches have been adopted by different researchers to
understand wrinkling and consequentially develop simple formulations designers can find
resourceful. Although, the core has been identified to play key role to the state-of-the-art
determination of wrinkling loads [20]. Other factors such as manufacturing defects [21], initial
surface imperfection [3], combined load effect, boundary conditions [22], [23], skin bending-
twisting coupling, and the transverse shear flexibility of the skin [8] have pose threat to having

good agreement between the approaches.

1.2.1. Analytical perspectives to wrinkling of sandwich

From analytical point of view, Gough et al [24], Hoff and Mautner [10] and Plantema [25]
developed wrinkling formulation as in Equation 1.1 based on the theory of elastic foundation.
A knockdown factor of 0.5 was proposed by Hoff and Mautner to account for the unknown
complicating factors [19]. From another perspective, Allen [26] assumed the stress in the core
complies with Airy’s 2D stress equation and solved the buckling differential equation to

develop the wrinkling stress formulation.

3
o=k /EfEch Equation 1.1

Where k = 0.85 and 0.825 for plate and narrow beam for Plantema; 0.91 for Hoff and Mautner
and 0.78 for Allen. The core normal modulus, the core transverse shear modulus, and the skin
Young's modulus are represented as Ec, Gc, and Ex, respectively.

Yusuff [27] conducted research on the theory of wrinkling in skin separated by a core
of finite and sufficient thickness, following a methodology similar to that of Hoff and Mautner.
He identified the failure mode in skin with a thin core thickness as resembling the Euler-
buckling mode, as the shear stresses in such cases could be disregarded. In his study, Birman
[28] examined sandwich panels subjected to biaxial compression, employing the

aforementioned models. He observed that the elastic foundation model was applicable when

4
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dealing with large wrinkles, where core shear stress was not considered. Additionally, Birman
proposed that Hoff's and Plantema’s models were more suitable for situations involving small
wrinkles.

In a recent study, Su et al. [29] utilized a novel computational model known as the
higher-order continuum theory to investigate the influence of foam core cell size on the
wrinkling stress of sandwich panels. This advanced model incorporates the couple-stress
continuum theory, where they introduced a characteristic length as a unique intrinsic scale
parameter in the bending constitutive matrix of the core, allowing for the consideration of cell
size effects. The research results demonstrate a promising trend, but further investigations are
required to build upon these findings.

Furthermore, Ginot et al. [5] worked on evaluation of the industrial analytical formula;
the Winkler formulation, Hoff & Mautner [10], Léotoing et al. [30], Niu & Talreja [31], and
Douville & Le Grognec [32], to have a reasonable benchmark. They successfully identified the
suitability of each of these models for different standard industrial design scenarios. They
stressed the significance of conducting additional experimental work to tackle the
nonconservative nature of the current analytical formulations and enhance their accuracy and
reliability. This is particularly crucial as there is a scarcity of literature on experimental studies

to fill the gap and provide more comprehensive insights.

1.2.2. Experimental perspectives to wrinkling of sandwich

Coming up with an experimental test to assess a highly localized instability failure,
such as skin wrinkling, presents a tough and complicated task. To achieve consistent results
with analytical formulations, the experimental setup must adhere to the critical assumptions
made in those formulations.

In their study, Stiftinger and Rammerstorfer [33] conducted experimental tests on a few
anisotropic sandwich specimens, subjecting them to both uniaxial and biaxial compression
loading. The research employed a specialized testing facility capable of applying pure bending,
pure compression, and combined loading to the sandwich specimens. The study results
highlighted that a sudden drop in load during testing was linked to the formation of wrinkling,
indicating the presence of nonlinearities in the structure.

In 2002, Daniel et al [17] conducted an experimental investigation on various failure
modes in sandwich structures using three different loading configurations: three-point, four-

point, and end-loaded cantilever beams. These loading setups imposed bending moments and
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shear forces on the specimens. The wrinkling load measured for each load condition exhibited
variations. For the three-point bending case, a core stiffness reduction factor was adopted to
account for the loss of core stiffness. The experiment also revealed that a sharp change in strain
parameters corresponded to the formation of wrinkling [33]. The study's conclusion
emphasized that wrinkling is largely dependent on the core moduli, as specimens with foam
core developed wrinkles, whereas those with honeycomb cores showed no wrinkling.

The experimental study conducted by Tuwair et al. [34] focused on a sandwich panel
comprised of GFRP bridge deck panels filled with Polyurethane foam. In contrast to Fagerberg
and Zenkert's [3] findings that Allen's mode was more consistent, Tuwair et al.'s results showed
that the Hoff and Mautner analytical formula provided the closest prediction to the outcome of
the four-point bending tests performed on the specimens to estimate outward skin wrinkling.
This observation was attributed to the influence of the core's transverse shear modulus.

Recently, Ginot et al. [6] conducted experiments using the VERTEX testing bench,
developed by Castanié [35], to examine wrinkling due to shear and compressive loads in
antisymmetric sandwich specimens commonly used in light aviation. The test was conducted
in the technological framework of the test pyramid. The results highlighted the dependence of
wrinkling on the mechanical properties and geometrical configuration of the sandwich
structure [18]. They observed a linear relationship between compressive strain and load
increase before wrinkling occurred. Furthermore, the study found that honeycomb materials
exhibited better resistance to wrinkling compared to foam core materials. The researchers
suggested the need for more experiments at this scale to further enhance the understanding of

wrinkling behaviour in such sandwich structures used in light aviation.

1.3. Research aim and objectives

As indicated in section 1.2 above, it is evident that there are limited experimental studies
on wrinkling of sandwich structures available in the literature. Moreover, the existing
experimental works show a lack of correlation with the analytical formulations. This highlights
the critical need for further research and more comprehensive experimental investigations on
wrinkling behaviour in sandwich structures.

Therefore, the aim or goal of this experimental research work is to analyse the behaviour
of sandwich structures under combined shear and bending loads, with a specific focus on
understanding the onset and propagation of wrinkles. The study aims to track the failure load

and wavelength of wrinkling to gain insights into the mechanisms and characteristics of this
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phenomenon. By conducting systematic experimental tests, this research aims to bridge the gap
between analytical predictions and real-world behaviour, providing valuable data to enhance
the understanding and design of sandwich structures.

The objective can then be summarised therein as follows:

1. To test specialized sandwich specimens to fail by compression or shear wrinkling
using a simple classical three-point bending test.

2. To study wrinkling failure scenario and mechanisms using laser displacement
sensor, Linear variable differential transformer (LVDT) displacement sensors,
force sensor and Digital Image Correlation (DIC) cameras.

3. To analysis the wrinkling failure load, wavelength development, the skin failure

strain parameters and the wrinkling stress.

1.4. Structure of the dissertation

Chapter 1 serves as an introduction to the study, encompassing an explanation of the
research's motivation, aim, and objectives. Chapter 2 delves into the literature review,
providing a comprehensive exploration of the existing body of knowledge on the subject.
Chapter 3 outlines the test methodologies adopted throughout the course of the study, detailing
the experimental procedures and setups used to investigate the behaviour of sandwich
structures under combined shear and bending loads. In Chapter 4, the results of the
experimental tests are elaborated upon, along with a thorough discussion of the analysis of the
obtained data. Finally, Chapter 5 draws together the conclusions derived from the research and
valuable recommendations for future research directions, paving the way for further

advancements in the field.
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2. CHAPTER 2. LITERATURE REVIEW

In this section, a comprehensive discussion is presented, focussing on various aspects of
sandwich structures related to wrinkling. It gives an overview of sandwich structures, the
materials constituents are explored, various manufacturing techniques employed for sandwich
structures construction, failure modes attributed to sandwich structures, and classical and novel

approaches available in estimating wrinkling failure in sandwich structures.

2.1. Sandwich structures

Several definitions have been proposed to illustrate what and how sandwich structure looks
like. ASTM [4] defines sandwich structure as a “special form of a laminated composite
comprising of a combination of different materials that are bonded to each other so as to utilise
the properties of each separate component to the structural advantage of the whole assembly”.
Hoff and Mautner in 1944 [10] suggested a definition for sandwich structures as thus - “The
characteristics feature of the sandwich construction is the use of a multilayer skin consisting of
one or more high-strength outer layers (faces) and one or more low-density inner layers (core)”.
In most literatures, sandwich structures have been described as structures made up of two thin
(upper and lower) skin with significantly high mechanical properties, that are separated by a
lightweight material with relatively weak mechanical properties [2], [5]-[7]. Summarily, these
definitions logically describe sandwich as an I-beam which places materials far-off the neutral
axis or from the centre of bending.

Section 1.1 highlights numerous applications of sandwich structures across various
industries. Although due to long time taking certification process, they are limited in use where
material standardization is mandatory. However, the presence of multiple constituents has
posed a significant challenge to the industrial design of such structures. This complexity makes
the design process rigorous and demanding to execute effectively. One of the strategies
employed in sandwich structures especially in light aviation to optimize their performances and
functions [12] is to tailor their form to suit their intended applications [36]. As a result, two
main types of sandwich structures have been developed: conventional symmetric and
asymmetric sandwich structures [12].

Symmetric sandwich structures are the popular/conventional sandwich structures in which

bottom top and bottom faces are exactly the same as in Figure 1.1. Due to the similarity in both
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faces, the stiffness of the skin is the same [15]. As a result of their excellent bending
performance, they are mostly used when equal or approximately same loads are applied to both
faces [37].

Asymmetric sandwich structures, as depicted in Figure 2.1, are specially designed with
unidentical bottom and top skins thicknesses. The exterior skin, also referred to as the "Working
skin," serves the purpose of restraining membrane stresses or providing impact resistance,
depending on the specific application. On the other hand, the inner skin, known as the
"Stabilizing skin," works in conjunction with the core to offer buckling resistance and enhance
the overall structural stability [12], [37]. Several works have conducted to understand the
behaviour of this special structure [6], [35], [37]-[39]

Inner skin " STABILIZING SKIN" Honeycomb core

RampdownArea /

N

Exterior Skin" WORKING SKIN"

Figure 2.1: Asymmetric sandwich structures [12]

2.2. Material constituents of sandwich structures

For sandwich structures, the skin or facesheet or face needs to be stiff and strong to handle
in-plane stresses effectively. The core must possess sufficient stiffness and strength to
withstand shear forces and provide necessary lateral stability. Meanwhile, the adhesive layer
plays a crucial role in bonding the core with the skin, ensuring proper load transfer between the
constituents. Hence, it is of utmost importance for engineers to meticulously choose the right
materials for each constituent to achieve the desired performance and functionality of the
sandwich structure. Proper material selection ensures that the structure can efficiently bear the

loads and stresses it is subjected to during its application.
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2.2.1. The skin material

The skins are made up of composite laminates or isotropic metals. For the case of
composite laminates, they comprise of certain oriented fibres stacked in the designed
orientation as shown in Figure 2.2 to give the desired mechanical properties. The fibres are
bonded together and protected by the matrices. For simplicity, symmetric and balanced
composite laminates are mostly employed in sandwich structures. The most commonly fibres
are carbon, glass, and aramid (Kevlar). Table 2.1 shows properties of the major fibres in use.
These values are proposition as the actual fibre mechanical properties are to be determined
using appropriate testing methods. Carbon fibres are widely used for aeronautical applications
due to their better mechanical properties although they are quite expensive. Steel, aluminium,

and titanium alloy are isotropic metal mostly adopted depending on application.

Table 2.1: Mechanical properties of major composite fibers used as skin material [2]

Figure 2.2: Composite laminate stacking structure [4]

Tensile Tensile Specific Specific

Density | modulus (E) strength (o) modulus (Efp) | strength (e/p) | Melting Relative
Type of fibre (Mg/m?) | (GPa) {MPa) (GPam’Mg) | (MPam*Mg) | point (°C) | cost
E-glass 254 T 3450 216 1385 =1540 Low
S-glass 2.50 £6 4500 344 1800 =1540 Moderate
HM-carbon (high modulus) | 1.90 400 1800 2105 047 =3500 High
HS-carbon (high strength) 1.70 240 2600 141.2 1529 =3500 High
Boron 2.6 400 3500 153.8 1346 2300 High
Aramid (Kevlar® 29) 1.45 80 2800 552 1931 500 Moderate
Aramid (Kevlar™ 49) 1.45 130 2800 89.7 1931 500 Moderate
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2.2.2. The core material

The core is an integral component of sandwich structures, responsible for transverse shear
and compressive loads, lateral stability, and crash resistance. These critical roles make the out-
of-plane mechanical properties of the core particularly significant compared to other properties.
Various types of core materials utilized in sandwich structures are illustrated in the Figure 2.3.
Other forms include X-cor or K-cor, in this case there is no need for adhesive application [19].
Foam such as Polymethacrylimide (PMI) as in Table 2.2 used in this study are closed cells
which make them isotropic and water resistant while honeycombs are anisotropic.

The core density has significant contributions to the strength and stiffness of the sandwich
structure; also increasing the core density results in increase in the overall weight of the
structure. In order to strike a balance between mechanical performance and weight, core of
different densities is strategically bonded together to suit the anticipated application [6].
Recently, research is being intensified on the contributions of soft-core materials [40] to

wrinkling failure in sandwich structures as in Figure 2.4.

Cellular polymer Core

Wood core

Metallic foam core Tubular core

Figure 2.3 Different core materials used in sandwich structures [7]
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Table 2.2: Properties of Rohacell PMI foams [41]

Properties Unit | ROHACELL® | ROHACELL®” |ROHACELL®”|ROHACELL®| Standard
51 WF 71 WF 110 WF 200 WF
Density kgfma a2 73 110 2035 1SO 845
Ibs./cu.ft. 3,25 4,68 6,87 12,81 ASTM D 1622
Compressive MPa 0,86 1,7 3,6 9,0 1SO 844
strength psi 116 246 5922 1,303 ASTM D 1621
Tensile strength MPa 1,6 2.2 3.7 6.8 150 527-2
psi 232 319 536 986 ASTM D 638
Shear strength MPa 0,8 1,3 2.4 3,0 DIN 53294
psi 116 168 348 725 ASTM C 273
Elastic modulus MPa 79 105 180 3a0 IS0 527-2
psi 10,8735 15,2235 26,100 a0,730 ASTM D 638
Shear modulus MPa 24 42 70 130 DIN 53294
psi 3480 6,090 10,170 21,730 ASTM C 273
Elongation at %Yo 3,0 3,0 3,0 3.9 150 527-2
break ASTM D 638
Heat distortion C 205 205 205 2035 DIN 53424
temperature "F 401 392 392 392

Figure 2.4: Wrinkling in soft-core materials [40]

2.2.3. The sandwich adhesive material

Adhesives in sandwich act as binder for either skin-core joining or core-core joining [6].
They help in ensuring proper load transfer between parts. In 2002 Mazumdar [42] classified
adhesives used for composite sandwiches into three categories based on their mixing
techniques. They are two-component, no-mix adhesives such as Acrylic and Urethane
Methacrylate Ester adhesives; two-component with mix adhesives such as Epoxy and
Polyurethane adhesives and the one-component, no-mix adhesives such as epoxies,

polyurethanes, cyanoacrylates, hot-melt, and solvent or water-based adhesives.
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Sena-Cruz and Renart [43] also mentioned pastes and prefabricated films as types of
adhesives. The former allows bonding of variable thickness and it is highly recommended for
foam core sandwich and detrimental to honeycomb sandwich structures. The latter is used
widely used in aerospace/aircraft industry for secondary parts. Films are prepared like pre-pregs
that allow uniform thickness bond-line but poor gap fillers which makes it suitable for

honeycomb core sandwich structures.

2.3. Manufacturing techniques in sandwich structures

The suitable manufacturing technique for a sandwich structure is determined by
considering factors such as the type of skin and core materials to be used, the structure's shape
and geometrical configuration, and the performance level requirements of the final structure.
These considerations collectively guide the decision-making process for selecting the most
appropriate manufacturing method [44].

Castanié et al. [12] identified co-curing or single shot, co-bonding and secondary or
multiphase process as illustrated in Figure 2.5 as the three main sandwich manufacturing
methods employed in the aeronautical industry to certify top final sandwich quality. Co-curing
or single shot refer to the method in which the skin and the core are both cured together. In
order to reduce cost of materials, it is advisable to use single-shot manufacturing where mass
production is supposed [44]. This process is achieved traditional by wet hand-layup or recently
using vacuume-assisted resin infusion (VARI) with autoclave curing process. VARI method
gives better quality, lessens resin outlay and decrease in volatile discharge than wet hand-layup.
Both causes absorption of resin by the core, foam, which invariably increases the weight of the
structure. The other two methods require the use of adhesive bonds discussed in section 2.2.3.

Additionally, Kausar et al. [7] conducted extensive research work on the successful
cutting-edge sandwich manufacturing strategies utilized in the construction of sandwich
structures. He explained manual process, simply known as hand layup, Prepreg methods,
injection processes, compression-based process, pultrusion also known as continuous process,
and 3D printing. The key areas of application, influence on structural mechanical behaviour,
factor affecting their performance and peculiar challenges and deficiencies of each method were
revealed. The work also extends to other manufacturing phases such as machining, drilling,
cutting or milling operations. These aspects are not addressed in this review as they fall outside

the scope of the study.

14



Chapter 2 | (Literature Review)
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SINGLE SHOT PROCESS Inner skin fresh
Bonding to the core while curing
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Inner skin cured : s
Outer skin cured ‘x

Bonding to the core
MACHINING TO SIZE AND

PREPARATION OF HONEYCOMB) / \ ADHESIVE

Figure 2.5: Schematic of sandwich manufacturing techniques [45]

Kryzak et al [14] concluded that manufacturing techniques with even and more intense
pressure result in better mechanical properties. However, this pressure is should be limited to
avoid core crushing. Also, unlike hand lay-up and pressing methods, manufacturing of
composites using an autoclave produces specimens or structures with smooth, homogenous
surfaces, and is deficient in structural discontinuity. Although autoclave appears to produce
structures with better performance, the pressing method can be seen as a relatively close and
cheap method that is being used in the aeronautics sector.

Scientists of recent are switching to the usage of additive manufacturing or 3D printing
in sandwich manufacturing. Several techniques such as Fused deposition modelling (FDM),
fused filament fabrication (FFF), direct ink writing (DIW), stereolithography (SLA) [46],
material extrusion (MEX) [47] and Digital light processing (DLP) [48]. Additive manufacturing
of sandwich structures is the modern method of sandwich construction that gives no limit to the
geometrical configuration that can realized with sandwich. It is also known as a technique that
saves time, materials, has insignificant impact on the environment and relatively simple to
accomplish. However, Four-dimensional (4D) printing technique is another modern technique
used in the production of sandwich structures with four-dimensions. It gives more robustness
in terms of time and degree of freedom compered to 3D printing. Research [7] proves that

recovery ratio and shape fixity of 4D printing are 99% and 98% respectively.

15


https://www.sciencedirect.com/topics/materials-science/fused-deposition-modeling
https://www.sciencedirect.com/topics/materials-science/stereolithography

Chapter 2 | (Literature Review)

2.4. Failure modes in sandwich structures

Despite sandwich structures exhibit remarkable usefulness and find wide range of
applications, their global effectiveness can be remarkably compromised when specific failure
modes come into play. This is due to the inherent complexity arising from the diverse
constituents present within the sandwich, as discussed in section 2.2. The interaction of these
components gives rise to a range of possibilities for failure. Hence, from design point of view,
composite designers are to ensure failure effects are within tolerance at the loading service
conditions as in Figure 2.6.

To ensure optimal performance in practical applications, it is imperative to exercise caution
by considering the significant factors that contribute to the failure of sandwich structures. These
factors encompass the manufacturing techniques adopted, the design philosophy (maybe post
buckling is allowed), geometrical sizing, the nature of applied loads, and the suitability of the
mechanical properties of the materials used [16]. To avert the possibilities of failure it must be
confirmed that the face and core have necessary properties, and in the same vein the skin-to-
core adhesive bond is capable of transferring stresses between them. Otherwise, the overall
stiffness and strength of sandwich structure will decrease below the anticipated magnitude.

Based on the submission above sandwich beams subjected to combined bending and shear
loads can undergo diverse failure modes. These include wrinkling, face tension and
compression, core shear failure, skin-core debonding, localized indentation, and global
buckling. The recognition of these potential failure scenarios emphasizes the importance of a
thorough comprehension of these aspects when dealing with the design and evaluation of
sandwich structures. In this section wrinkling failure will be discussed in-depth while others

will be briefly elaborated.

Figure 2.6: Sandwich structure under service loading condition [2]
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2.4.1. Sandwich wrinkling

Wrinkling is a local buckling phenomenon where the skin of the sandwich structure
buckles generating wrinkles as illustrated in Figure 2.7 over a characteristics half-wavelength,
which is unconnected to the overall length or width of the panel [19]. This failure scenario is
unrestricted to the direct or indirect compressive loading of the skin alone, but as well occurs
under applied shear and combined or multiaxial loading cases which make its study more
relevant to wide fields. However, in the case of sandwiches with corrugated or honeycomb
cores, the core does not provide continuous support. As a result, the buckling wavelength must
match the distance between supports, such as the cell size of the honeycomb [4], [18], [49].

Furthermore, the modes of wrinkling present are three namely; one-sided wrinkling or the
“Rigid base”, antisymmetric wrinkling (in phase) or the “Snake” mode, and symmetric
wrinkling (out of phase) or “Hourglass” as illustrated in Figure 2.8. The mode depends on the
elasticity and thickness of the core whether isotropic or anisotropic. Provided that the core

thickness is enough, antisymmetric wrinkling does not occur [26], [50].

Figure 2.7: Typical wrinkling form [51]

Case | Case ll Case
‘Rigid base” "onake" "Hourglass'

Figure 2.8: Wrinkling failure modes [3]
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Some of the notable factors that trigger wrinkling failure are manufacturing technique
adopted, as in section 2.3, as some method have impact on the structural integrity, presence of
initial surface imperfection [3], mechanical properties of the core [20], the type of boundary
condition the sandwich is subjected to [23], and general load application system [8]. These
factors also contribute to the difference between experimental and analytical because they are
in fact strenuous to control.

The general assumption used in wrinkling assumes the skin and the core as isotropic, elastic
materials in the form of cylindrical or plate bending under compressive load. Since wrinkling
is a form of buckling, it can be said to be governed by the 4th-order bending theory differential
in Equation 2.1.

d*w d?w dm _
S ot — bo, + =0 Equation 2.1

Where D; is the bending rigidity of the face sheet alone, P, is the axial compressive load per
unit width acting on the facesheet, o, is the normal support pressure between the core (elastic
foundation) and the facesheet, and m is the acting bending moment not considered most times
due to the tinny depth of the skin [26].

In the industry engineers design aeronautical parts using the global finite elements model
(GFEM) which fails to capture local failures like wrinkling. This demands for highly refined
meshes to accurately identify local failures, a process that requires a considerable amount of
time and the utilization of advanced processors [5]. It is therefore necessary and economical to
implement conservative analytical methods to quantify this phenomenon. The first approach to
solving skin wrinkling was proposed in 1940 by Gough et al. [24] using the concept called
Winkler’s elastic foundation. Other analytical and experimental works are discussed in section
1.2.1 and section 1.2.2 respectively. Table 2.3 gives summary of some of the analytical
formulae for wrinkling stress and half-wavelength available in the literature. The mathematical
proves for these can be found in references [2], [8], [10], [15], [19], [24], [27], [33].

Aside the classical method, higher order panel theory (HSPAT) and an its improved form,
extended high-order sandwich panel theory (EHSPAT), are explicitly elucidated by Carlsson
and Kardomateas [15]. Su et al. [29] in their work adopted the concept of higher-order couple-
stress continuum theory as in Figure 2.9 to investigate wrinkling by altering the core bending
stiffness matrix with an initialized characteristic length, [. to come up with a formulation as in
Equation 2.2. The derivation was compared with the classical formula of Hoff and Mautner
[10], Allen [26], Heath, Carlsson and Kardomateas [15], and experimental works. The result

showed an improved level of conservativeness.
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Figure 2.9: Wrinkling model for sandwich panel with couple-stress continuum core [29].
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Table 2.3: Summary of wrinkling analytical formulae

Reference Wrinkling stress, g, Half-wavelength, a
[Classical] [MPa] [mm]
Q%ﬂ@@@ [z
Hoff and Mautner [10] 1.648 t; f
With knockdown factor; 0.5%/EE, G, EcGe

2
Plantema [25] 0.853/EfECGC 19¢. Ef
T EcGe
3 ;
E;EZ
f
Allen [26] J2G—vr A+ vV 2001, /ﬂ
EC

2ty EcE
Heath [16] 3t (=2 ] -
Gough et al. [24] 0.79° /EfECGC -
3 6| E?
\ 0T EcG

where the core normal modulus, the core transverse shear modulus, the skin Young's modulus,
skin thickness, Poisson’s ratio of the core and wrinkling stress are represented as E., G, Ef,

tr, v, and o/ respectively.
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The study of wrinkling using computational approach have been explored by many
researchers. In 2007 Ji and Waas [52] presented a computational two-dimensional linear elastic
isotropic continua mechanical model using the classical elasticity to capture global and local
buckling of sandwich beams. The method was also implemented for wrinkling and edge
buckling in orthotopic beams subjected to uniaxial compressive loading [53]. The results
showed that anti-symmetrical wrinkling mode occurs at lower stress compare to symmetric
when the beam is short. Their predictions were supported by finite element analysis.

In addition, the linear stability, Sub-laminate Generalized Unified Formulation (SGUF)
and Ritz approach, was implemented by Vesconini et al [54] to address global buckling and
winkling behaviour of sandwich plates when the skin is anisotropic. It is an upgraded work to
Carrera Unified Formulation (C.U.F) [55]. This work is convenient and efficient for cases
where the cost and time of running finite element simulations becomes too demanding due to
mesh refinement. It is important to consider the multiaxial loading conditions, effect of skin
anisotropy and the precise boundary conditions. They concluded that sandwich structures with
quasi-isotropic cores require high-order core models for antisymmetric wrinkling cases. On the
other hand, low-core models accurately predict symmetric wrinkling scenarios since the shear
term can be neglected. Although, the method is not efficient for multiaxial loading,

In conclusion, Zenkert [4] presented additional criteria and guidelines to some key design
parameters that contribute to addressing and avoiding the potential occurrence of wrinkling
failure in sandwich structures during their operational service. The work of Hadi and Mattew
[56] reviewed that the presence of adhesive layer increases the result accuracy and brings
experimental results close to analytical propositions.

2.4.2. Tensile or compressive skin failure

The skins may fail when subjected to tension and compression uniaxial stresses. The
compressive failure is mostly common in composite skin due to their higher resistance to tensile
forces than compressive forces. Since the out-of-plane failure is assumed to be harnessed by
the core, the out-of-plane properties are neglected in this case. This is apparent in pure bending
loading conditions. For metallic skin emergence of plastic deformation that depicts failure
(depending on the design philosophy) can be captured using the Von Mises or Tresca criterion.

The maximum strain or stress failure criteria is suitable for both cases [9].
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2.4.3. Core shear failure

The primary assignment of the core is to cater for the shear loading; consequently, it is
anticipated to carry almost all the whole transverse forces. Majorly in isotropic cores such as
foam shear stresses cause shear cracks that appear inclined at 45° to the x-direction when the
shear carrying capacity of the core has been exceeded. On the other hand, the failure analytical
method depends on the length of the beam. For short beams maximum stress failure criterion
works reliably while for long beams where the core is subjected to biaxial state of stress failure

analysis such as Tsai-Wu failure criterion is apt [16].

2.4.4. Skin-core debonding

Skin-core debonding can lead to catastrophic failure since the essential structural
interaction required for the structure parts to withstand external loads is compromised. The
skin-core debonding can arise either during the manufacturing phase, as a consequence of
machining and fabrication procedures involving the sandwich, or due to the application of
external loads [4]. Debonding can result to damages such as buckling under in-plane
compression, loss of stiffness, and reduced impact resistance. When designing a sandwich
structure, engineers meticulously consider the mechanical properties of the matrix or adhesive
layer. This is essential to guarantee that the fracture loads are within acceptable limits, while
also ensuring that the structure remains within its defined resistance and tolerance thresholds in

the presence of debonding [16].

2.4.5. Other failure modes

Generally, failure modes in sandwich are mainly controlled by the core. Failures such as
sandwich crimping [19], global buckling [6], [30], [52], [54], and sandwich indentation [13],
[16] can be found as summarized in Table 2.4. A significant challenge in designing sandwich
structures lies in the complexity of accounting for all potential failure modes in the post-
buckling phase. Consequently, failures like global buckling are often deemed to coincide with
the ultimate failure, as it becomes intricate to anticipate and counteract all possible failure
scenarios [19].
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Table 2.4 Summary of possible failure modes in sandwich structure [2]

Facing failure Insufficient panel thickness, facing
thickness or facing strength may
result in failure occurmring in either
the compression or tensile face.

Transverse shear faihare Transverse shear failure s caused
when either the shear strength of the

\ core or pancl thickness is

insufficient.

Local crushing of core Local crushing of core 1s caused when

compeessive strength of the core
ﬂ—“M = material is 100 low.
e ]

Panel bucklmg Panel (or general) bucking is caused
when either the panel thickness or
core shear stiffness is 1o low.

Shear cramping Shear cromping. whach can occur as a
== consequence of gemeral buckling, is
W L caused when either the shear
— modulus of the core material or the
- shear strength of the adbesive is low.
Face wrinkling Core compression failure (buckling
s, inwards) or adhesive bond failure
—a lM S (buckling outwards) may occur
=l depending on the relative strength of
~ adhesive in flatwise tension,
4::“:14::[1 buckling (dimpling) Intracell buckling (apphcable 1o

ceflular cores only ) occurs where the
skins or faces are very thin and the
cell size s large. This effect may
cause fmbure by propagating across
adjacent cells, therehy inducing face
wrinkling.
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3. CHAPTER 3. RESEARCH METHODOLOGY

In this section the materials and test methodologies employed throughout the course of the
dissertation and details of the experimental procedures and setups used to accomplish the

objectives of this research are discussed.

3.1. Sandwich samples description and materials

The specimens used for this research are similar to the standard samples used for courses
for industrial engineers at ISAE SUPAERO which makes it original. The general dimensions
of the geometry are 50mm by 50 by 500 mm [W x H x L] as shown in Figure 3.2. The partitions
demarcate the positions of the woods installed to prevent the sandwich foam core from crushing
due to load concentration when subjected to three-point bending. The skin comprises of the
combination of EC68 bi-directional [fabrics] and unidirectional [UD] glass fibre-epoxy plies
and the core is made up of isotropic PMI Rohacell 51 WF foam core. Mechanical properties of
the skins and the cores are as shown in Table 3.1 while the stacking sequence is as illustrated
in Figure 3.3.

From earlier studies [57], the geometry and the stacking sequence have been carefully
studied and selected to ensure localized failure of the specimen at the expected face, shear face.
The top and bottom laminates comprise of five unidirectional plies stacked at 0° with two extra
45° bidirectional plies at the bottom and one extra 45° bidirectional ply at the top. The two sides
are stacked with one 45° bidirectional plies. Better put, the entire beam was enveloped using
the 45° fabric, thereby establishing continuity at the edges, the configuration is illustrated in
Figure 3.3. In other words, the stacking is: top [05/+45], bottom [05/+45,] and the two sides
[+45]. With these configurations, the six specimens are envisaged to develop wrinkling due to

shear forces induced from the three-point bending test.

3.2. Manufacturing of sandwich samples

The specimens were prepared through the utilization of hand lay-up techniques, which
represent the most used method in composite manufacturing. First of all, non-crimp dry preform
E-glass fibres were precisely cut to the appropriate dimensions using cutting tools. In addition,

the PMI ROHACELL 51 WF foam core was cautiously cut in accordance with the specified
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geometry, ensuring utmost care to prevent any initial dents in the foam that could lead to failure.
The wooden components were affixed to the cores using epoxy adhesive. For the resin, a
combination of Araldite LY 5052, a low viscosity epoxy resin, and its corresponding hardener,
Aradur 5052 — a mixture of polyamines, both manufactured by HUNTSMAN, was employed.
These components, epoxy and hardener, were thoroughly mixed at room temperature,
maintaining a ratio of 50:19 by weight. Furthermore, to prevent the final specimens from

adhering to the mould surface, a release antiadhesive agent was applied to the mould surface.

Table 3.1: Mechanical properties of the sandwich materials

A. Skin E; E, Gy _
. 7 Thickness, tg [mm]
material [MPa] [MPa]  [MPa]

ubD 38000 10000 4000 0.250 0.30
Bidirectional

) 23000 23000 2900 0.098 0.16
[Fabrics]

Shear
B.  Core Density Thickness,
. E [MPa] G [MPa] Strength
material [kg/m3] t, [mm]
[MPa]
Rohacell 51 WF 75 24 52 0.8 50
'-:fa
'Il:-:'ﬁ
> Shear face
i 4B
$ » Compression face
50
(a)

Figure 3.1: Typical specimen overall geometrical scheme.
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(b)

Figure 3.2: Typical specimen overall geometrical scheme.
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Figure 3.3: Specimen stacking sequence.

A single-shot sandwich specimens was used in this research, that is, the fibres and the core
were cured together at once [12]. The top fibres were placed in the male mould and the resin
was impregnated into the fibres expelling air bubbles using the brush [14]. The fibres were
allowed for few minutes to properly soak-in the resin before placing the core part. Moreover,
the bottom plies were then placed and impregnated with resin. Note that the fabric oriented at
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+45°, was applied as a complete wrap around the core to achieve the stacking arrangement
described in Figure 3.3. Having completed that, the female mould was clamped with the male
mould using bolts and G-clamps allowing out-flow of excess resin. The specimens were cleaned
and then transferred into an autoclave system for a 24-hour curing process at 42°C to achieve
properly curing of the specimen.

The polymerization process of the resin and the spring-back effect were not studied in this
research. Furthermore, the specimens were withdrawn from the autoclave, demoulded and any
remaining sticky resin was carefully removed through grinding, with scrupulous attention to
prevent any damage or removal of the fibres. The comprehensive overview of the entire

manufacturing process is as illustrated in Figure 3.4.

Glass Fibre EC68 Fibre placement

Grinding

Autoclave curing

Final Specimens

Figure 3.4: Sandwich sample manufacturing technique chart.

3.3. Initial out-of-plane deformation detection by laser displacement sensor

The effect of surface imperfection on the behaviour of sandwich structures is indeed
significant especially when it is subject to compressive stresses [3]. This phenomenon results
in the reduction of the mechanical properties; hence materials behave less than expectations.
Also, the anomalous experienced when comparing analytical results in wrinkling failure
estimation with its experimental studies has been established and linked with the initial
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imperfection on the skin of a sandwich structure [6]. Therefore, having a glimpse of the facial
status of the skin is paramount to understanding the sequence of wrinkling, and it can be
described as a viable path in achieving a close correlation between experimental results and
analytical formulations. Hence, the main objective of this part is to capture the initial out-of-
plane deformation present on the shear faces of the sandwich specimens prepared before
subsequent classical wrinkling test. Also, a laser displacement sensor (LDS) will provide
valuable insights into the out-of-plane condition of the specimens and aid in predicting the
location on the sandwich specimen where the first wave could be observed. To achieve this, an
LDS was employed.

This test was carried out on sandwich samples tagged Al, A2, and A3 only. Firstly,
different points of interest were marked with the aid of a permanent marker on the two shear
faces similar to mesh with dimensions 20mm by 10mm while a 5mm offset was maintained to
cater for edge defect due to grinding as shown in Figure 3.5. These points were tracked using a
Keyence LK-G512 24-volt laser sensor head with Keyence LK-GD500 distance reader, bench
vise, and a semi-automated milling machine flat platform as shown in Figure 3.6 to determine

the out-of-plane level of each point.

ok

[ 5]

|

I

[All dimensions are in mm] o

Figure 3.5: Typical mark points per shear face half.
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Laser Machine Set-ug
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Lasef

Pointer

Specimen

Figure 3.6: Laser displacement sensor measurement set-up.

The bench vise was carefully positioned on the milling machine platform and its horizontal
balance was ascertained using a spirit level. After which the specimen was placed and balanced
in the bench Vise clamp opening as in Figure 3.7. The laser pointer was positioned to light on
the right bottom edge mark and the reading on the laser transducer was tarred to zero. This
makes the right bottom edge mark the reference point for all other points measured on the skin.
The level for each point was recorded from the screen of Keyence LK-GD500 distance reader
software. The LK-G512 laser sensor exhibits a linear accuracy of £0.02mm. The specimen was
moved carefully in X and Y directions using the milling machine and the bench vise
respectively with movement restricted in directions not in consideration. This procedure was

repeated for all the specimens and their levels were recorded for further analysis.
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Bench Vise

Specimen

Spirit Level

Figure 3.7: LDS set-up for horizontal balance setting.

3.4. Classical three-point bending test

Understanding the behaviour of sandwich structures subjected to combined loading
conditions is essential for the design and analysis of various engineering applications as
discussed in section 1.1. In order to accurately simulate real-time loading conditions
experienced by structures experimentally, it is paramount to develop a testing configuration
that closely resembles these conditions. For this research, the classical three-point testing
method, in an inverse setup to Daniel's approach [17], was chosen due to its reliability and ease
of setup. This inverse approach allows for the evaluation of the critical wrinkling stress under
combined shear and compressive loads while allowing the set-up of other devices required to
attain the objectives of this research.

The primary aim of this test is to subject the specimens into bending, generating axial or
indirect compression forces, and shear forces. This is planned in-conjunction with some devices
to study the behaviour such as LVDT displacement-control sensor, force sensor and digital
image correlations (DIC). To use the DIC it is therefore vital to prepare speckle patterns on the

sandwich specimens.

3.4.1. Sandwich sample preparation

Digital Image Correlation (DIC) is a highly useful and widely adopted non-contact
measurement technique in the field of mechanical testing. It serves as a valuable tool for

accurately determining strain and displacement parameters. The core principle of Digital Image
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Correlation (DIC) involves comparing two images of the specimen, one taken before
deformation and the other after deformation [58]. These images can be captured using one or
multiple cameras, and the analysis is conducted by the software by examining the intensity
variations of the speckle dot patterns applied on the surface of the specimens.

Furthermore, in order to prepare the specimens for the DIC, speckle pattern were randomly
applied on the specimens. In a vacuum regulated chamber, two layers of white colour paint
were first applied as in Figure 3.8a and after allowing to dry for about 1 hour, the black speckle
dot patterns of average diameter of 0.2mm to 0.3mm were applied on the white paint as in
Figure 3.8[b-d] to achieve almost 50:50 variation of black to white dots. This diameter can be
graded to be good because a 5000 pixels camera over an area of interest (AOI) of 50mm by
470mm will require 0.376mm diameter at minimum of speckle dot patterns as shown in the

calculation below.

40l 470
Camera Resolution ~ 5000

pixel height = = 0.094 mm

1tadre = 4 pixel = 0.376 mm
The speckle dots were applied only on the shear faces where initial out-of-plane
imperfections were observed to be maximum for specimens Al to A3 as in Figure 3.8b while

the dots were applied on both sides of specimens A4 to A6 as shown in Figure 3.8[c-d].

3.4.2. Wrinkling failure test by three-point bending

The sandwich specimen was placed onto the base of the manually controlled three-point
bending machine, and it was loosely clamped to prevent pre-loading in form of tension or
compression on the specimen. The two extreme arms served as supports, while the middle arm
acted as the point of load application as shown in Figure 3.9. To capture the vertical
displacement during loading, a 25mm LVDT displacement sensor was installed on the middle
arm. Additionally, a 2mVN HBM S9M/10kN force sensor was installed on the middle arm to
measure the applied force. The LVDT displacement sensor and the force sensor were connected
to an acquisition system for data storage.

For this particular study, two DIC cameras with a resolution of 5 Megapixels [image size
of 2462 (H) x 2052 (V)] were utilized for specimens Al to A3 to capture a single shear face,
while four DIC cameras were used for A4 to A6, two per each shear face. These cameras were

used to capture images at a rate of one frame per second (1fps). The cameras were focused on
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the areas of interest, that is the entire shear faces on the specimens, and the illumination sources

were adjusted to this region accordingly.

[b]

N

4
4 .

[c] [d]

Figure 3.8: Sandwich specimens with [a] white colour paint; [b] speckle dot pattern [A1-A3];
[c] 1st face speckle dot pattern [A4 — A6]; and [d] 2nd face speckle dot pattern [A4 — A6].

J| 4
|

. |

500
Middle Force
Arm
15; 220 30| 220 115

Support Support

Arm1 Arm 2
Uy =Ux= Uy =Ux=

Uz=0 Uz=0

485

All dimensions in mm

Figure 3.9: Classical three-point bending test loading scheme.
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To ensure accurate measurements, the DIC cameras were calibrated using a 120 mm by
120 mm standard calibrator/speckle kit which featured 81 holes from Correlated Solutions as
shown in Figure 3.10. The cameras were connected to the DIC data acquisition system, which
includes VIC snap and VIC 3D software. An acquisition system was employed when two
cameras were adopted and two acquisition systems when four cameras were used. VIC snap
was employed to review image quality and capture calibration and specimen speckle images.
More than 30 pictures were taken from different locations and angles to calibrate the cameras
before capturing the speckle images. VIC 3D software was later used for the deformation
analysis.

The experimental setup, as depicted in Figure 3.11, involved gradually application of force
using manual control until wrinkles are developed. The middle arm exerted an upward force at
the centre of the specimens, inducing tension at the top and compression at the bottom of the
specimen, which is contrary to the three-point bending setup as employed by Daniel et. al. [17].
In addition, transverse shear forces were generated on the side faces of the specimen. Prior to
testing, careful measures were taken to ensure that the middle arm acted precisely at the
specimen's midpoint. This was achieved by balancing it with a standard rod on both faces of
the arm, thus curtailing any additional bending effect stemming from eccentric loading.

To validate the precision and dependability of the outcomes, the displacement
measurements captured by the LVDT displacement sensor were synchronized with the VIC 3D
displacement records, revealing a flawless correspondence between the two as later discussed
in section 4.2.1. Additionally, other important parameters such as the initial out-of-plane
imperfection, out-of-plane displacement, the skin plane strain parameters (eyy, ey, and e,,),
wavelength (1), and the vertical displacement were obtained from the VIC 3D software.

Furthermore, using the above parameters, the wrinkling stresses of the specimens were
calculated and subsequently compared using three distinct stress deriving approaches as
discussed in section 4.4. The first approach involved employing the referenced theoretical
models as outlined in Table 2.3. Secondly, the shear force distribution between the skins and
the core, with the assumption that the shear strain within the core equates to that within the skin.
The stresses were then computed from the load at first wrinkle as discussed in section 4.2.2.
And lastly, plane stress theory implemented using MATLAB was utilized in conjunction with
the strain parameters at the position of the first wrinkle extracted from the DIC measurements
just before wrinkling to obtain the wrinkling stress as illustrated in Case A. On the other hand,
Case B which involves wrinkling stress determination using DIC shear strain results and the

elastic modulus of the fabric.
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Figure 3.10: DIC camera standard speckle dot calibrator.
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Figure 3.11: Classical three-point bending experimental set-up for wrinkling failure test.
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4. CHAPTER 4. RESULTS AND DISCUSSION

This chapter of this dissertation elaborates upon the results of the experimental tests, along
with discussion of the observations during the tests and the analysis of the obtained data. This

section unveils the findings and draw meaningful insights from the experimental outcomes.

4.1. Initial out-of-plane displacement results and analysis

The initial out-of-plane displacement of the specimens Al to A3 were measured using LDS

and the DIC. Specimens A4 to A6 were exclusively subjected to DIC analysis.

4.1.1. Laser displacement sensor initial out-of-plane displacement results

The results of the LDS test give clear information about the level of imperfections on the
facesheet better than mere visual inspection prediction [59]. The shape and magnitude vary for
different specimens. This inconsistency can be linked to the method of manufacturing adopted,
hand lay-up. Spatial portions of the specimens were observed to be resin-rich compared to other
sections [12]. The resin-rich areas create humps on the facesheet surface. Futhermore, the plots
of the out-of-plane deformations with the length of the specimen for each shear face of
considered for specimens Al to A3 are as illustrated in Figure 4.1 to Figure 4.3. The broken
horizontal lines represent the level of the middle arm where the force would be applied during
the 3-point bending test. Generally, a sudden increment was observed at point 360 + 20mm in
all the specimens, this may be due to a fabrication error in the mould used in preparing the
specimens.

The measurement of the shear face 1 of specimen Al follows a uniform gradient with the
measured deformation range of 0.49mm to -0.09mm at the starting point and 460mm distance
mark. Shear face 2 of specimen Al has displacement range of 0.61mm. This amount to a range
of 0.58mm as illustrated in Figure 4.1. The first wrinkle is predicted develop in the second part
of the specimen, between 250 and 460mm. This is also applicable to specimens A2 and A3 in
Figure 4.2 and Figure 4.3. In the initial segment of the specimens, a relatively consistent level
is observed, while in the subsequent segment, there is a notable increase in the observed

disparities among the point levels. For A2 specimens, shear face 1 and 2 exhibited an initial
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displacement range of 0.62mm and 0.68mm respectively. Similarly, in A3 specimens, shear
face 1 and 2 displayed an initial displacement range of 0.70mm and 0.83mm respectively.
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Figure 4.1: Specimen Al LDS initial out-of-plane displacement results; [a] and [b] shear
faces 1 and 2 2D-plots; [c] and [d] shear faces 1 and 2 3D-plots.
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Figure 4.2: Specimen A2 LDS initial out-of-plane displacement results; [a] and [b] shear
faces 1 and 2 2D-plots; [c] and [d] shear faces 1 and 2 3D-plots.
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Figure 4.3: Specimen A3 LDS initial out-of-plane displacement results; [a] and [b] shear
faces 1 and 2 2D-plots; [c] and [d] shear faces 1 and 2 3D-plots.

4.1.2. Digital image correlation initial out-of-plane displacement results

The DIC cameras were used to capture the initial state of the speckle-patterned faces of
the sandwich specimens Al to A6 before applying the load. These captured images were then
analysed using the VIC-3D software [60]. By utilizing the software, 2D and 3D processed
images were obtained, along with XZ-plane plots as illustrated in Figure 4.4 to Figure 4.9 that
displayed colour dispersion in the Z-direction. This allowed for the examination of the initial
out-of-plane displacement variation. The test results intensely depict the influence of contour
and waviness present on the specimens, as evidenced by the dispersion pattern of the speckle
dots. Generally, the specimens displace varieties of out-of-plane displacement. Specimens Al
to A3 demonstrated a fairly consistent pattern. The right faces exhibited an upward convex
shape towards the middle arm, while the left faces displayed a relatively straight path at the
centre. On the other hand, specimens A4 to A6 showed an upward convex shape for both faces.
This observation can be attributed to the fact that these specimens were manufactured in distinct
batches and moulds. This indicates that the initial imperfections were primarily concentrated

around the central region for all the specimens.
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Figure 4.4: Specimen Al DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.

Figure 4.5: Specimen A2 DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.
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[c] —

Figure 4.6: Specimen A3 DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.
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Figure 4.7: Specimen A4 DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.
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Figure 4.8: Specimen A5 DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.
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Figure 4.9: Specimen A6 DIC initial out-of-plane displacement result in [a] 2D-plot; [b] 3D-
plot; and [c] XZ-plane plot.
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4.1.3. DIC and LDS results comparison

The results of the two approaches were compared. The range of the global initial out-of-
plane displacement for the methods were presented as Figure 4.10. On average, the measured
range was less than 1.00mm. The results from specimens A4 to A6 using the LDS were non-
existent, as these tests were not executed. It is worth noting that the results obtained from the
LDS may be considered less accurate compared to the DIC results. This is because the LDS
results were obtained from discrete points along the face, while information about other points
was excluded. Nevertheless, the results obtained from the DIC technique can be reasonably
correlated with the data obtained from the LDS in Figure 4.4 to Figure 4.6 and Figure 4.1 to
Figure 4.3 respectively.

In conclusion, the results from the DIC and the LDS reviewed specimens Al to A3 has
maximum downward depression between 120mm and 200mm distance mark and maximum
upward depression between 340mm and 420 mm as in Figure 4.4 to Figure 4.6. In contrast
specimens A4 to A6 showed a downward depression in this region. Therefore, it can be inferred
that the development of wrinkles can be predicted to occur around the central area of the

specimens since the initial global imperfections are localized intensively there [3].
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Figure 4.10: DIC and LDS global initial out-of-plane displacement range summary.
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4.2. Wrinkling test by simple classical three-point bending

The outcomes of the classical three-point bending tests at ISAE SUPAERO, conducted to
induce wrinkling failure in the specimens, were documented, and relevant observations were

made throughout the testing process.

4.2.1. Data synchronization with displacement-time results

The displacement data obtained from both the LVDT displacement sensor and the VIC snap
software for the DIC cameras were carefully synchronized. This measure was adopted to
guarantee precise synchronization and alignment of the displacement output parameter. This is
necessary due to the inherent delayed launch time of the acquisition systems. This alignment
was established before proceeding with the plotting of the displacement output against the force
output and other subsequent analyses. The corresponding plots for specimens Al to A3 and A4
to A6 are presented in Figure 4.11 and Figure 4.12 as a, b and c respectively.

These results provide detailed insights into the test history, illustrating the progression of
the applied compressive force trajectory over the testing period. The flat sections observed in
the curves (O-P) indicate the moments when the specimens were carefully examined for the
development of wrinkling wave and a brief stop in the specimen loading. Additionally, the
downward slope (L-P) represents the loading phase of the test, while the upward slope
corresponds to the unloading phase (U-P) of the experiment as shown in the Figures. The abrupt
drop observed in Figure 4.12b appears because the 25mm limit of the LVDT was reached.
Generally, the results show a good correlation as the pattern of the LVDT displacement and the
DIC data appears to be in good agreement for all cases.

4.2.2. Classical three-point bending test results analysis and wave evolution

For the sake of this analysis Figure 4.13 would be used as reference for all the specimens.
It is important to recall that in section 3.4.2, it was emphasized that only sides A and B were
observed by the DIC for specimens Al to A3 while all the sides were monitored by the DIC for
specimens A4 to A6. The force to local shear strain, e,,, at the initial wrinkling location, and
force-displacement relationship as wrinkles evolve on the sides and wavelength of the wrinkles

formed for each of the specimens were discussed in this section.
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Figure 4.13: Schematic representation of specimen parts.

a. Specimen Al

At a load of 3258N as shown in Figure 4.14 the wrinkle appeared suddenly and explosively
on the sides B and D. Other sides showed no wrinkling formation. The strain shows a quasi-
linear path as the load increases, then turns non-linear due the wrinkle development because
the strain is calculated at the wrinkling location. Moreover, wrinkle waves were observed to
develop as the unloading process progresses from 2300N to 2100N. This infers that the
appearance of the first wave instigates other short waves as the load reduces.

However, Figure 4.15 gives information on the applied force against the local shear strain
at the point where the wrinkle first developed on face B. The shear strain at this point just before
the wrinkling wave appeared was -5107ue on Side B while on side A it was averagely 4421 pe.
The occurrence of the wrinkling mode led to the disappearance of the speckle patterns for the
DIC readings, resulting in a strain value of zero. Notably, the strain on side A was observed to
decrease to 3631pe, even in the absence of wrinkling development. This reduction in strain can
be attributed to a change in the overall structural stiffness. This particular region in side B,
ranging from 320mm to 400mm, exhibited a high degree of waviness on both sides [12], as
revealed in the LDS and DIC results in section 4.1 [3].

Furthermore, the wavelength of the wrinkles was estimated from the out-of-plane
displacement in the z-direction, w;, to the length along the x-direction as Figure 4.16. This value
was divided with v/2 to obtain the equivalent wavelength required. The half-wavelength, a, was
estimated experimentally to be 0.09t.,,.. The first wrinkle exhibited an inward shape on side

B, indicating a localization of compressive force on the elastic core.
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Figure 4.16: Al out-of-plane deformation vs x-direction relationship with wave plot.

b. Specimen A2

For this sample the first local wrinkle was observed on side C at a load of 2654N which led
to a drop in force as illustrated in Figure 4.17. This was captured by mere visual observation as
there was absence of DIC on this side. The shear failure became apparent with possibility of a
core shear failure as the load increased to 3669N as in Figure 4.17 which resulted into a large
drop in the force applied to about 2095N. Subsequently, wrinkle emerged on side A when the
load drop was further increased to 2172N, whereas sides B and D did not exhibit the
development of any wrinkle wave.

Moreover, Figure 4.18 shows the relationship between the applied force and the local shear
strain at the point where the wrinkle appeared on side A. The effect of the first wrinkle can be
seen on the shear strain trajectory. The slope of the curve was distorted and later deviated.
Before the load reached 2172N, that is before wrinkle finally appeared on side A, the strain was
obtained to be 7734pue. At this point the average shear strain on side B was -4650ue which
dropped to -3294pe after wrinkling developed. The position on side C links to a notable
depression of -0.8mm between the 300mm and 400mm marks [3], as apparent in the LDS result
presented in section 4.1.1. Later, the wave appeared at side A within the region spanning from
250mm to 360mm, where a significant number of disparities were also observed [12].

Furthermore, the wavelength of the wrinkles was estimated from the out-of-plane
displacement in the z-direction, w;, to the length along the x-direction as Figure 4.19. This value
was divided with /2 to obtain the equivalent wavelength required. The half-wavelength, a,
estimated experimentally to be 0.177t.,,.. This value is high due to the outburst of the wave
that led to widened wavelength. The first wrinkle exhibited an outward shape at Side A,

indicating a localization of tensile force on the elastic core.
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Figure 4.19: A2 out-of-plane deformation vs x-direction relationship with wave plot.

c. Specimen A3

This sample manifested wrinkling at an earlier stage compared to Al and A2. The initial
wrinkling was observed on side D when the load reached 1438N, as illustrated in Figure 4.20.
Subsequently, the applied load was progressively increased until reaching 2441N, resulting in
the appearance of wrinkles on side B. It is important to note that the specimen experienced
debonding between the skin and the core during testing [17], led to the wrinkling failure
occurring earlier than anticipated. Sides A and C did not exhibit the development of any wrinkle
wave.

Moreso, as illustrated in Figure 4.21 a linear relationship was recorded until when the first
wrinkle developed on side D. Just before the failure appeared, the shear strain parameter on
sides A and B were 2009ue and -2204ue respectively. Side B increased to -2350ue but A
decreased to 1968 after the wrinkling on side D had been developed. The shear strain level
on side B was recorded by the DIC as -9138p.¢ just prior to the occurrence of wrinkling on this
side. This phenomenon can be attributed to the influence of debonding [12] within the structure,
which prompts an extension of shear strain levels.

Additionally, the wavelength of the wrinkles was estimated from the out-of-plane

displacement in the z-direction, w, to the length along the x-direction as in Figure 4.22. This

value was divided with /2 to obtain the equivalent wavelength required. The half-wavelength,
a, was estimated experimentally to be 0.11t.,,.. The first wrinkle exhibited an inward shape at

Side B, indicating a localization of compressive force on the elastic core.
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Figure 4.22: A3 out-of-plane deformation vs x-direction relationship with wave plot.

d. Specimen A4

Sample Al demonstrated wrinkles on sides A, B, and D. The first wrinkle emerged on side
B when the applied load reached 1486N. The localized impact of this wrinkle exhibited
relatively minor effects on the load-displacement curve, as depicted in Figure 4.23. The load
continued to increase to 1928N, at which point the wrinkle became apparent on side A, and
around 2661N, it materialized on side D. From the curve, it is obvious that the occurrence of
wrinkles on sides B and A precipitated a change in the overall stiffness of the structure. No
wrinkle was noted on side C throughout the test progress.

Additionally, Figure 4.24 illustrates the quasi-linear relationship between the global
applied force and the shear strain at the point of the first wrinkle occurrence on side B. This
transitioned into a wrinkle formation at a strain level of -2749ue on side B. It's worth noting
that the presence of the wrinkle led to a force plateau, subsequently transitioning into a non-
linear trajectory for the shear strain [3]. At the point where the wrinkle emerged on side A, the
shear strain was 3769ue. However, the shear strain on side B exhibited noise afterward, prior
to the occurrence of the wrinkle on side D. Consequently, this information was omitted from
the plot.

Furthermore, the wavelength of the wrinkles was estimated from the out-of-plane
displacement in the z-direction, w, to the length along the x-direction as in Figure 4.25. This

value was divided with v/2 to obtain the equivalent wavelength required. The half-wavelength,
a, was estimated experimentally to be 0.105t,,,... The first wrinkle exhibited an inward shape

at Side B, indicating a localization of compressive force on the elastic core.
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Figure 4.25: A4 out-of-plane deformation vs x-direction relationship with wave plot.

e. Specimen A5

Specimen A5 exhibited a slightly distinct behaviour in comparison to other specimens, as
wrinkles developed on all sides. The load-displacement curve illustrated in Figure 4.26
elucidates the load points at which wrinkles emerged on each side. Specifically, wrinkle
formation occurred on side A at 1487N, followed by side B at 1843N, side C at 2038N, and
finally side D at 2769N. The influence of the initial instances of wrinkling on the overall
structural stability was relatively minimal.

In addition, Figure 4.27 illustrates the temporal progression of force alongside shear strain
on side A, within the region where the first wrinkle emerged. The graph also delineates a quasi-
linear trajectory, persisting until the appearance of the wrinkle on side B [61]. Thereafter, a
notable alteration in the slope of the shear strain parameter occurred across all four sides
subsequent to the initial wrinkle formation. The shear strain right before the emergence of the
first wrinkle on side A was measured at 2190ue, while on side B it registered at -1960pue.
Notably, the shear strain on side B surged to -2103pe shortly afterward. Following a modest
increment in load, a wrinkle developed on side B at a shear strain of -2203ue. Side C and D
exhibited wrinkles at shear strain levels of 3159ue and -3748¢, respectively.

Furthermore, the wavelength of the wrinkles was estimated from the out-of-plane

displacement in the z-direction, w, to the length along the x-direction as in Figure 4.28. This

value was divided with v/2 to obtain the equivalent wavelength required. The half-wavelength,
a, was estimated experimentally to be 0.112t.,,... The first wrinkle exhibited an inward

depression at Side A, indicating a localization of compressive force on the elastic core.
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Figure 4.28: A5 out-of-plane deformation vs x-direction relationship with wave plot.

f. Specimen A6

This particular sample exhibited a wrinkling pattern akin to specimen A1, where wrinkles
materialized on sides B and D concurrently. The wrinkles emerged at a load point of 3995N.
Figure 4.29 visually presents the load-displacement curve, pinpointing the load at which
wrinkling transpired. It can be inferred that the skin-to-core bond displayed enhanced adherence
[15], which deterred debonding that could potentially lead to premature failure. Notably, no
wrinkles were observed on sides A and C.

Furthermore, Figure 4.30 outlines the relationship between force and shear strain on side B,
precisely at the juncture where the initial wrinkle formed [61]. The graph also delineates a
quasi-linear trajectory, up until just prior to wrinkle development. The shear strain just
preceding the occurrence of wrinkling at this location measured at -5688u¢ on side B and -
5489ue on side D. Post-wrinkling, the strain level persisted at a plateau of -9300u¢ on side B
and surged to -20,341pe on side D.

Furthermore, the wavelength of the wrinkles was estimated from the out-of-plane
displacement in the z-direction, w, to the length along the x-direction as in Figure 4.31. This
value was divided with /2 to obtain the equivalent wavelength required. The half-wavelength,
a, was estimated experimentally to be 0.11t.,.. The first wrinkle exhibited an inward

depression at side B, indicating a localization of compressive force on the elastic core.

54



Chapter 4 | (Results and Discussion)

I'st Wrinkle at 4950
B and D

|- 4450

3950

3450

Force [N]

2950

2450

1950

1450

950

450

-oU
-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 | 2 3 4

Displacement [mm]

Figure 4.29: Specimen A6 load-displacement relationship plot.

Force [kN]
hy w
[3,] w o >
T T T T

~N
T

05

0 | | | | | | | | |
-2 1.8 -1.6 1.4 1.2 -1 0.8 0.6 0.4 0.2 0
Local shear strain, €y [ue] x10%

Figure 4.30: A6 side B force-local shear strain relationship curve.

55




Chapter 4 | (Results and Discussion)

Figure 4.31: A6 out-of-plane deformation vs x-direction relationship plot.
Summarily, the results of the classical three-point bending tests and the wave evolution can

be seen in the Table 4.1 below: The results of the strains in x and y directions were ignored

because it is expected that their influence on the final wrinkling stress of interest is negligible.

Table 4.1: Summary of three-point bending test results and wave evolution.

Shear strain before wrinkle appears (pe) 1st Shear load Half
Specimen ) )
Wrinkle at first wavelength, a
ID Side A Side B SideC  SideD )

side wave (N)  (value*t,yre)

Al N/W -5107 N/W N/A Band D 3258 0.09

A2 7734 N/W N/A N/W C 2654 0.18

A3 N/W -9138 N/W N/A D 1438 0.11

A4 3769 -2749 N/W N/A B 1486 0.11

A5 2190 -2203 3159 -3748 A 1487 0.11

A6 N/W -5688 N/W -5489 B and D 4390 0.11

N/W — No wrinkle developed; N/A — Wrinkles appear but no DIC data; t.,.. = 50mm
The shear strain, shear loads and wave pattern in Table 4.1 provide a clear history of the
test progression. The initial appearance of wrinkles in specimens Al and A6, concurrently on

sides B and D with subtle sound indications possibly pointing to core shear failure, validates
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the proximity of their elevated shear load at first wrinkle wave and shear strain values in the
skin. Likewise, the comparatively higher skin shear strain in specimens A2 and A3 can be
attributed to force redistribution following the first wrinkle formation on the side not monitored
by DIC. In contrast, specimens A4 and A5, thoroughly captured by DIC, exhibit a closer trend
in shear loads at first wrinkle and shear strain of the skin as shown in Table 4.1.

4.3. Mechanical performance evaluation

4.3.1. Failure loads

Figure 4.32 illustrates the combined load-displacement curve derived from the three-point
bending tests for all the tested specimens. This graph also describes the specific loads at which
the initiation of the first wrinkle was recognized. The specimens were all observed to exhibit
elastic behaviour prior to the first wrinkling. Among the specimens, A6 demonstrated the
highest stiffness prior to the first wrinkle formation. This could be attributed to the extra resin
impregnation on the specimen, which was administered to address areas where certain fibres
were observed to be inadequately saturated with resin post-curing. The sample underwent a
secondary curing process to ensure complete polymerization. The supplementary resin
strengthened the resistance and the bond between the skin and core in specimen A6, ultimately
contributing to its superior performance. Specimens A4 and A5, both of which were fabricated
in the same batch as A6, exhibited the emergence of the first wrinkles at closely similar force

magnitude.

57



Chapter 4 | (Results and Discussion)

......... Al 4950
......... A2
--------- A3 4450 A6 |st Wrinkle
......... A4 —
......... A 3950 | &
Q
A6 2
S 3450 | ©

_
S 7 Al |Ist Wrinkle

—> A2 Ist Wrinkle

B» A4 and A5 |st Wrinkle
—» A3 Ist Wrinkle

I T IR I N33 3333333337 33 T T T T T yenresy

Displacement [mm]

Figure 4.32: Specimen A combined load-displacement relationship curve.

Moreover, specimens Al, A2, and A3, although originating from the same production
batch but fabricated by different individuals, showed variations. Specifically, A1 and A2
displayed close difference in wrinkling force compared to A3. The reduction observed in A3
wrinkling force was associated with debonding failure, as elucidated in section 4.2.2, leading
to the earlier emergence of wrinkles. However, the investigation into the post-wrinkling
behaviour of these specimens falls outside the purview of this study and, consequently, will be
ignored here.

4.3.2. Bending stiffness of the specimens

Figure 4.33 provides insights into the bending stiffness of the six specimens. This stiffness
was calculated by determining the slope of each specimen's plot in Figure 4.32 within the
displacement range of 0 to -2mm. This range was chosen to avoid the non-linear effects caused
by wrinkling or other unforeseen local failures. The calculated average stiffness across all
specimens was 735.02N/mm.

As previously discussed, the impact of the additional resin was noticeable in specimen

AB, as its stiffness was 13.8% above the calculated average. Similarly, specimens A4 and A5

58



Chapter 4 | (Results and Discussion)

maintained stiffness values 2.3% and 4.9% above the average, respectively. On the other hand,
the debonding effect was evident in specimen A3, which displayed a stiffness 10.8% below the
average. Specimens Al and A2 also exhibited reduced stiffness, with values 8.7% and 1.6%
below the average, respectively.

Generally, these results align closely with the findings of Kausar et. al. [7] and Castaniée
et al. [12] indicating that the sequence of manufacturing, variation in fibre/matrix volume, and

core-skin debonding significantly impacts the structural behaviour of sandwich structures.
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Figure 4.33: Specimen A bending stiffness comparison chat.

4.4. Wrinkling stress analysis

The wrinkling stress was estimated using three varieties of approaches as follows:

4.4.1. Approach I: Using analytical formulae

In this case the wrinkling stresses were computed using the theoretical models’ equations
stated in Table 2.3 while considering the mechanical properties of the materials specified in
Table 3.1. Recall that the equations are primary derived for wrinkling failure due to axial
compressive stress whereas shear stress is the case for this study. To conform with this situation,
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the properties of the fabrics were transformed at an angle of 45° for the calculations. Given that
the fabrics were installed at 45° and the core is isotropic, hence it is convenient to adopt the
mechanical properties directly without further transformation. The results are presented in
Table 4.2.

Recall that the material properties for bidirectional fibre [Fabrics] and the foam core given
in Table 3.1 are:

E, = E, = 23000MPa; G;; = 2900MPa; v;, = 0.098; t, = 0.16mm.
E. =75MPa; G, = 24MP3,; t;yr. = 50mm

Also, from Table 2.4 Hoff and Mautner derivation for wrinkling stress are:

owr = 0.913/EfE. G, without knockdown factor and;

owr = 0.53/EfE G, with knockdown factor.

Therefore, the wrinkling stress can be computed as follows:

o, = 0.91 * /23000 * 75 * 24 = 314.8MPa, without knockdown factor;

o,y = 0.5 % /23000 * 75 * 24 = 173.0MPa, with knockdown factor.

The results of other theoretical models stated in Table 2.4 are computed and highlighted in
Table 4.2 below.

Table 4.2: Wrinkling stress from analytical model formulae.

Analytical wrinkling stress models

Hoff & Mautner
Plantema  Allen Heath Goughet.al. Yusuff

NK WK
owr [MPa] 314.8 173.0 294.0 286.9 63.6 273.3 332.4
Half wavelength, a,
0.043 0.050 0.045 - - 0.034

(value*t,pe)

NK - No knockdown factor; WK - With knockdown factor, t,,. = 50mm
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4.4.2. Approach I1: Using test force distribution analysis between the skins and the core

The approach is the estimation of shear stress in the lateral skins from the analytical
calculation of forces (and stresses) distribution between skins and core. This approach involves
analysis of the test setup shown in Figure 3.9 taking the mechanical properties in Table 3.1
into account. Coupled with an assumption that the shear strain, e,,, in the skins is the same as
in the core and the shear stress is uniform and constant in the height of the specimen. It should
be noted that this approach can only analyse the first wrinkling, as after, the estimation of the
distribution of stress in the opposite face is no more possible. With these assumptions the

following derivations were obtained,;

Given that; Ty = E; where F is the wrinkling failure load. )
2 Equation 4.1

Distribution of shear force between the foam core and the skins

Ty = 2.Skin-Tskin + Score-Tcore Equation 4.9

where Ssrin, Tskin» Score, aNd Tcore are the skin surface area and shear stress, and the core
surface area and shear stress respectively. The multiplied 2 denotes the two skins’ shear force.

Note that the shear stresses in the skin and the core can be expressed as;

Tskin = 2. Gskin- Exy

Equation 4.3
Tco-re = 2. GCOT@' (c:xy q
Therefore;
F
& = .
XV A[2. Sepin- Gskin + Score- Georel Equation 4.4

Gkin = Gy = Shear modulus of the skin laminate derived from transformed stiffness matrix.
Where, Ggpin = 10474 MPa; Ssiin = tspin * Rskins @Nd Score = teore * Reore

With these parameters the wrinkling stresses are estimated for each of the specimens as
shown in Table 4.3. These stresses are equivalent to the wrinkling stress at the first wrinkle for
all the specimens.

The resultant shear forces on the skins and the core at the onset of the first wrinkle are
presented in Table 4.3, as stated in the Equation 4.2. These results reveal that the two skins can
withstand more than twice the shear force experienced by the core. Consequently, based on this
analysis, it would be hypothetically inadequate to disregard the core's contribution to shear

force resistance. Moreover, it is important to acknowledge the doubt in the reliability of this
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approach, which is rooted in the assumption that the shear strain in the core and skin are equal.
This assumption may not hold true for all scenarios, as it could be influenced by the specific

ratio of skin and core stiffnesses.

Table 4.3: Wrinkling stress using approximate test analysis.

Skin shear Skins Core shear
] Shear force at Shear Core shear
Specimen ] . stress, shear force
firstwrinkle,  strain, &, Stress, Teore
Tskin force [N]
FIN] [ne] [MPa]
[MPa] [N]
Al 3258 3579 74.97 0.17 1199.53 429.47
A2 2654 2915 61.07 0.14 977.15 349.85
A3 1438 1580 33.09 0.08 529.44 189.56
A4 1486 1632 34.19 0.08 547.00 195.84
A5 1487 1634 34.23 0.08 547.64 196.07
A6 4390 4822 101.01 0.23 1616.13 578.62

4.4.3. Approach I1I: Using DIC strain results

This methodology encompasses the computation of the wrinkling stress by utilizing the
measured strain data from the tests and considering the properties of the skin to determine the
"experimental” stress. The Digital Image Correlation (DIC) technique played a pivotal role in
this experiment. It was instrumental in providing precise strain parameters at any instance,
which, when combined with the precise material mechanical properties, simplified the
calculation of the stress of interest.

The shear strain, &, just before the first wrinkle at the position of the first wrinkling were
considered. The shear strains after the occurrence of the first wrinkle are inconsistent due to the
wrinkle, hence they were neglected. The strains in x and y directions, &,, and &, were also
neglected since they vary across the height of the specimens and their contributions to the

wrinkling stress in study is apparently insignificant.

Case A

In this case, the stress constitutive Equation 4.5 was implemented by calculating the plane
stress stiffness matrix [@Q] using the mechanical properties in Table 3.1 on MATLAB in the
plane coordinates 1 and 2 as shown in Figure 4.34. Meanwhile, the shear strain parameters,

[xyz] Were extracted from the VIC 3D software associated with the DIC technique just before
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the first wrinkle developed as in Table 4.1. For the plane strain parameters, &,,3, it is logical to
assume the shear strain ¢, measured directly from the DIC corresponds to the strain in
direction 1, £;4, which is responsible for the compressive stress leading to wrinkling formation.
Similarly, the strain in direction 2, &,,, can be resolved as a tensile strain and is equivalent to
the negative of the shear strain, ¢,,, directly measure from the DIC. The shear strain parameter,
g1 in 1-2 direction which can be taken as either ¢, or €, is neglected because it has no effect
on the stress being considered. The equivalent stresses were computed and presented in Table
4.4,

Plane stress constitutive equation:

[0123] = [Q][€123] Equation 4.5

Plane stress stiffness matrix in directions 1 and 2; [Q] =

2.3223 0.2276 0.0000
1.0e+04 *[0.2276  2.3223 0.0000 ]
0.0000 0.0000 0.2900

Plane strain in directions 1 and 2; [&1,3] =

Figure 4.34: Typical specimen coordinates system representation.

Recall that shear skin laminate stacking sequence is symmetric [+45] about its midplane,

which makes the Q4 = Q26 = Q1 = Q42 = 0. Hence, the wrinkling stress can be obtained
by:

011 =022 = Q11-&€11 + Q12-&22 Equation 4.6

63



Chapter 4 | (Results and Discussion)

The wrinkling stress on each face based on the shear strain results in Table 4.1 were
computed. The wrinkling stress based on Equation 4.6 for specimens which the DIC captured

the first wrinkle are bolden for emphasis.

Table 4.4: Wrinkling stress using DIC strain parameters case A.

Wrinkling stress at the first wrinkle (MPa) 1st Wrinkle
Specimen ID
Side A Side B Side C Side D side
Al N/W 106.97* N/W N/A B and D
A2 162.01* N/W N/A N/W C
A3 N/W 191.41* N/W N/A D
Ad 78.95 57.58 N/W N/A B
A5 45.87 46.15 66.17 78.51 A
A6 N/W 119.14 N/W 114.98 B and D

* Not first wrinkle stress because first wrinkle developed on the face without DIC camera;
N/W — No wrinkle developed; N/A — Wrinkles appear but no DIC data.

Case B

For this case it is proposed that the stiffness of the skin is directly its elastic modulus E;
in Table 3.1. On the basis that the shear strain acts at 45° which corresponds to the skin angle
of rotation during installation. The wrinkling stress on each face based on the shear strain results
in Table 4.1 were computed. The wrinkling stress for specimens which the DIC captured the

first wrinkle are bolden for emphasis.

Table 4.5: Wrinkling stress using DIC strain parameters case B.

Wrinkling stress at the first wrinkle (MPa) 1st Wrinkle
Specimen ID )
Side A Side B Side C Side D side
Al N/W 117.46* N/W N/A Band D
A2 177.88* N/W N/A N/W C
A3 N/W 210.17* N/W N/A D
Ad 86.69 63.23 N/W N/A B
A5 50.37 50.67 72.66 86.20 A
A6 N/W 130.82 N/W 126.25 Band D

* Not first wrinkle stress because first wrinkle developed on the face without DIC camera;
N/W — No wrinkle developed; N/A — Wrinkles appear but no DIC data.
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Two cases, Case A and case B were considered for this analysis due to their different
perspectives on the skin stiffness in the shear stress direction. In Case A, the skin directions
were resolved to be transformed from at x and y directions to 1 and 2 directions, respectively,
using the plane stress constitutive approach. The stress was determined based on the stiffness
matrix parameters in the fabric direction. On the other hand, Case B assumed the stiffness to be
the elastic modulus since the fabric was installed at 45°, which aligns with the direction of the
shear force. Comparing the stress results for the first wrinkle in Case A and Case B, they appear

to be close but different from the results of the theoretical models presented in Table 4.2.

4.4.4. General discussion

The results derived from the analytical models consistently indicate significantly higher
estimations, often exceeding the experimental results up to a multiple of 5. This disparity in
values can be attributed to a range of factors, including variations in boundary conditions,
assumptions made during derivations, manufacturing imperfections, and other sources of
uncertainty. These results emphasize the nonconservative nature of the models and highlight

the substantial discrepancies reported in various scientific literature [6], [34], [56].
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5. CHAPTER 5. CONCLUSIONS AND FURTHER DEVELOPMENT

5.1.1. Conclusions

The methodology employed in this research serves as a valuable benchmark for future
investigations into wrinkling in sandwich structures. It was observed that the analytical models
consistently yielded significantly higher estimations of wrinkling stress compared to the
experimental results at first wrinkle, often up to a factor of 5. This corroborates the consensus
in existing literature that analytical models tend to be nonconservative. Also, the wave length
was experimentally observed to be relatively 0.1t.,,. irrespective of the force that initiated the
wrinkle wave.

Furthermore, this study emphasizes the susceptibility of sandwich manufacturing
techniques to surface imperfections, which act as vulnerable points for the development of
wrinkling in sandwich structures. The research also demonstrates based on assumption that the
proportion of resin has an influence on both the global structural stiffness and the wrinkling

stress in sandwich structures.

5.1.2. Further development

a. The large deviation observed between the experimental findings and the analytical
models could be validated by developing an appropriate Finite Element (FE) model that
closely simulates the experimental setup. Unfortunately, the time constraints of this
study prevented the exploration of this concept.

b. Aninfluential factor contributing to the observed disparity is the manufacturing process.
Critical parameters like resin thickness and distribution, resin absorption by the foam
cells, and fibre waviness are challenging to control during manufacturing. Therefore,
future research endeavours could explore alternative sandwich construction techniques
that mitigate the impact of these parameters.

c. Toaddress economic considerations, many industries employ ply-drops in their parts to
reduce costs and overall structural weight. The inclusion of ply-drops on the skin
naturally introduces surface imperfections that can trigger wrinkling. Consequently, it
would be a pertinent area of investigation to conduct tests on specimens featuring ply-

drops in the skin.
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