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Abstract

Glass fibre reinforced polymer (GFRP) sandwich panels, known for their high strength-to-weight ratio,
are increasingly utilized in weight-sensitive civil engineering applications. This dissertation focused on
optimizing a stiffened, bilayer GFRP sandwich panel as a monolithic slab within domestic
environments. This study examined how variations in facesheet thickness, core thickness, and
stiffener angle (input variables) impacted vertical deflection, panel mass, material cost (output

variables), and Von Mises stresses.

A preliminary design of the GFRP sandwich panel, based on literature, was analysed through finite
element analysis (FEA) on ANSYS Workbench. A parametric model with 432 different configurations
was set up. The effects of the input and output variables were globally analysed using a Design of
Experiment (DOE) function followed by a Response Surface function, and locally analysed through FEA
applied to specific configurations. The optimal panel design was derived using a non-dominated

sorting algorithm, parameter-related constraints, and trends observed from this dissertation.

The results showed that higher panel mass and material cost reduced vertical deflection. Increasing
core thickness was more effective than facesheet thickness in minimizing vertical deflection, panel
mass, and material cost. Varying stiffener angles had minimal impact on the output variables.
Increasing the core and facesheet thickness, respectively, globally reduced stress levels. Non-
orthogonal stiffener angles shifted the stress distribution: reducing stress in the core, increasing it in

the stiffening system, and maintaining it in the facesheets.

The optimal panel, chosen based on the described trends from the non-dominated solutions with
deflections under 8.33 mm, featured 100 mm core, 1.2 mm facesheet, and a 50° (or by symmetry,

130°) stiffener angle.

Keywords: GFRP Sandwich Panel; Bilayer Polyurethane Foam Core; Trapezoidal Stiffening System;

Multi-Objective Optimization; Finite Element Analysis
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Glossary

The technical terms used in this dissertation are provided hereunder.

Type Symbol | Definition Units
of Density of Fibre [kg/m3]
Drrp Density of Fibre Reinforced Polymer [kg/m3]
PHPU Density of High-Density PU Foam [kg/m3]
Piru Density of Low-Density PU Foam [kg/m3]
Pm Density of Matrix [kg/m3]
me Mass of Facesheets [kg]
General
Mupy Mass of High-Density PU Foam [kg]
Mmypy Mass of Low-Density PU Foam [kg]
ms Mass of Stiffening System [kg]
mr Mass of Sandwich Panel [kg]
Vs Fibre Volume Ratio [NA]
Vi Matrix Volume Ratio [NA]
Material Properties D Flexural Rigidity [GNm?]
Longitudinal Modulus of Elasticity of
Ei . . [GPa]
Fibre Reinforced Polymer
Transverse Modulus of Elasticity of
Ez . . [GPa]
Fibre Reinforced Polymer
Vertical Modulus of Elasticity of Fibre
Ess . [GPa]
Reinforced Polymer
Mechanical Ec Modulus of Elasticity of Core [MPa]
E; Modulus of Elasticity of Fibre [GPa]
Er Modulus of Elasticity of Facesheet [GPa]
Modulus of Elasticity of High-Density
Enpu [MPa]
PU Foam
Modulus of Elasticity of Low-Density
Eipu [MPa]
PU Foam
Enm Modulus of Elasticity of Matrix [GPa]
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Type Symbol | Definition Units
Modulus of Elasticity of Stiffening
Es [GPa]
System
Modulus of Elasticity of Sandwich
Er [GPa]
Panel
Shear Modulus of Elasticity of Fibre
G2 . . [GPa]
Reinforced Polymer; 12-axis
Shear Modulus of Elasticity of Fibre
Gis . . [GPa]
Reinforced Polymer; 13-axis
Shear Modulus of Elasticity of Fibre
G2 . . [GPa]
Reinforced Polymer; 23-axis
Gy Shear Modulus of Elasticity of Fabric [GPa]
Shear Modulus of Elasticity of High-
Ghpu . [MPa]
Density PU Foam
Shear Modulus of Elasticity of Low-
GLPU . [MPa]
Density PU Foam
Gm Shear Modulus of Elasticity of Matrix [GPa]
Mechanical
Material Properties Poisson’s Ratio of Fibre Reinforced
Vio . [NA]
Polymer; 12-axis
Poisson’s Ratio of Fibre Reinforced
V23 . [NA]
Polymer; 23-axis
Poisson’s Ratio of Fibre Reinforced
Viz . [NA]
Polymer; 13-axis
Vs Poisson’s Ratio of Fibre [NA]
Poisson’s Ratio of High-Density PU
VHpU [NA]
Foam
Poisson’s Ratio of Low-Density PU
Vipu [NA]
Foam
Vm Poisson’s Ratio of Matrix [NA]
Longitudinal Tensile Strength of Fibre
O11 . [MPa]
Reinforced Polymer
Transverse Tensile Strength of Fibre
022 . [MPa]
Reinforced Polymer
Cost Cr Cost per Unit Mass of Fabric [€/kg]
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Type Symbol | Definition Units
Cost per Unit Mass of Fibre Reinforced
Crrp [€/ke]
Polymer
Cost per Unit Volume of High-Density 3
CHPU [€/m ]
PU Foam
Cost per Unit Volume of Low-Density 3
CLpu [€/m ]
PU Foam
Cm Cost per Unit Mass of Matrix [€/kg]
Material Properties Cost
Cr Cost of Fabric [€]
Crrp Cost of Fibre Reinforced Polymer [€]
Crru Cost of High-Density PU [€]
Ciru Cost of Low-Density PU [€]
Cm Cost of Matrix [€]
Cr Cost of Sandwich Panel [€]
A Cross-Sectional Area [m?]
b Width of Sandwich Panel [m]
Ic Second Moment of Area of Core [m4]
I Second Moment of Area of Facesheets [m4]
Second Moment of Area of Sandwich
Ir [m“]
Panel
| Second Moment of Area of Stiffening (m*]
m
s System
L Length of Sandwich Panel [m]
Geometric Properties
Ls Length of Trapezoidal Stiffener [mm]
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1. Introduction

1.1. Background
In engineering, solid materials are classified into four main groups: metals, ceramics, polymers, and
composites. The latter refers to a combination of the aforementioned material families. An example
of a composite material is glass-fibre reinforced polymer (GFRP), which consists of glass fibres (a
ceramic) embedded within a polymeric material (Callister W. D., 2007). This dissertation explored the

behaviour of sandwich panels made from GFRP, as discussed later.

Composite materials have typically been used in high-performance applications in the aerospace,

marine, and sports industries (Callister W. D., 2007). However, there has been an increasing amount
of research focused on implementing these materials in civil engineering applications. This has been
achieved through the use of composite wraps for strengthening purposes (Vijayan, et al., 2023), and
more recently through the development of structural sandwich panels (Manalo, Aravinthan, Fam, &

Benmokrane, 2016).

Composite sandwich panels are structural members, typically consisting of a polymeric core,
sandwiched between top and bottom GFRP facesheets (Kampner & Grenestedt, 2007; Fam & Sharaf,
2010). Such members have found widespread popularity owing to their high strength-to-weight ratio.
In civil engineering, this enables such systems to be used in weight-sensitive cases, typically as roofing
solutions, as well as bridge decks, to name a few (Aref, Alampalli, & He, 2004, Keller, Haas, & Vallee,

2008; Keller, Rothe, de Castro, & Osei-Antwi, 2013).

Recently however, effort has been placed in introducing such technology within domestic
environments, for the purpose of a state-of-the-art flooring solution, be it for rehabilitation purposes,
or building anew (Correia, Garrido, Gonilha, & Branco, 2012; Mastali, Valente, & Barros, 2013; Garrido
M., 2016; Noel & Fam, 2021).

Research in this regard has shown that GFRP sandwich panels are very much prone to failure due to
core failure. As a result, widespread development has been placed on enhancing the performance of
the core. Amongst such developments, multilayer core systems, i.e. core systems composed of
multiple non-fibrous materials, and stiffened core material systems, i.e. core systems reinforced
through the introduction of a stiffening system, have been found to be most promising (Manalo,

Aravinthan, Fam, & Benmokrane, 2016).
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1.2. Goals & Objectives
This dissertation therefore sought to further contribute to the development and adoption of
composite materials in the construction industry by investigating core-strengthening techniques in
GFRP sandwich panels used as monolithic slab members in domestic environments. The research

question addressed was:

“What would be the optimal configuration for a trapezoidally-stiffened, bilayer, GFRP sandwich panel, used

as a monolithic slab in domestic environments?”

The answer was sought through a multi-objective optimization process, considering vertical
deflection, panel mass, and material cost (output variables). The optimization involved varying the
following input variables: a) core thickness, b) facesheet thickness, and c) the angle of the trapezoidal

stiffening system.

The objectives of this dissertation were twofold: first, to study the effects of the input variables on
the output variables, including Von Mises stresses; and second, to determine the optimal panel input
parameters for optimal performance in vertical deflection, panel mass, and material cost for use as a

monolithic slab in domestic environments.

1.3. Overview of the Research Methods

In achieving the set objectives, a preliminary design of the GFRP sandwich panel in consideration was
first set up. This was conducted according to guidelines derived on the basis of state-of-the-art

research obtained from the literature review.

The analysis of this panel was then carried out via finite element analysis (FEA) using ANSYS
Workbench (ANSYS, Inc., 2023). In this regard, a preliminary study was first conducted to establish the
basic methodology based on a study by Manjusha et al. (2020). This constituted setting up material
and geometric parameters, followed by the setup of load and boundary conditions. Successful
implementation of the methodology by Manjusha et al. (2020) was noted to have been achieved if
the discrepancy between the results of the preliminary study and the published study was less than

or equal to 5.00%.

This methodology was then adapted to the GFRP sandwich panel design set up. Given a total of 432
panel configurations, determining the relationship between the input variables and the output
variables individually would have been impractical. Instead, a machine learning algorithm was applied
to predict the global behaviour of the input variables on the output variables. These predictions were

based on a data set with known performance metrics for predefined panel configurations.
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Next, a plot of the output variables was generated, from which identified trends were further
investigated through the application of finite element analysis on relevant panel configurations. This
allowed the effects of the input variables on the output variables, and Von Mises stresses, to be

locally studied.

Finally, with the aim of identifying the optimal panel configuration, a non-dominated sorting
algorithm was applied to the predicted data set. This, together with the application of parameter-
related constraints, and observed trends allowed for the optimal panel configuration to be

determined.

1.4. Structure of the Dissertation

This dissertation consists of five main chapters. This first (and current) chapter discusses the
background which gave rise to such dissertation, and associated goals and objectives. This was

followed by an overview of the research methods employed.

The literature review served to provide a holistic understanding on composite materials, and fibre-
reinforced polymer sandwich systems. This was followed by an understanding on the mechanics of
sandwich systems, and their applications within civil engineering. Focus was then placed on the
current principal developments taking place within fibre-reinforced polymer sandwich systems,
whereby further depth was provided on the state-of-the-art developments pertaining stiffened core
material systems, and multilayer core systems. The latter findings served to develop a set of
guidelines, that allowed for the design of a standard-sized, trapezoidally-stiffened, bilayer GFRP

sandwich panel to be optimized.

The methodology chapter was broken down in two sections. The first served as a preliminary study,
conducted with the aim of following an established methodology in numerically modelling a GFRP
sandwich panel. The second sought to describe the adaptation of the aforementioned established
methodology to the designed GFRP sandwich panel. It additionally also served to describe the steps
adopted in determining the effects of the input variables on the output variables, and in optimizing

the designed GFRP sandwich panel.

The results chapter was set up such that it corresponded to the objectives of this dissertation. It was
therefore composed of two sections, with the first discussing the effects of the input variables on the
output variables, and Von Mises stresses. The second section discussed the rationale that allowed for

the optimal panel configuration to be determined.

The last chapter serves to draw the main conclusions identified in this dissertation, as well as

limitations encountered. Some recommendations pertaining future research was also provided.

19



2. Literature Review
This chapter delved into the realm of fibre-reinforced polymer (FRP) sandwich systems within civil
engineering, beginning with a foundational exploration of composite materials. It progressed to
discuss the composition and structural principles of FRP sandwich panels, with emphasis given to the
Classical Sandwich Panel Theory. Highlighting their versatile applications in civil engineering, the
discussion then shifted towards recent advancements, particularly focusing on innovations in core
materials. Finally, this chapter concluded by synthesizing key insights, applying them to the design

context of a trapezoidally-stiffened, bilayer GFRP sandwich panel.

2.1. Composite Materials
A composite material is a material which is made up of two or more constituents, whose
performance exceeds that of the individual constituents themselves. This, albeit each constituent
maintains their chemical, physical, and mechanical properties. The two constituents making up a
composite material are the dispersed phase (also commonly known as the reinforcement phase), and
the matrix phase. The former typically imparts high strength and stiffness to the composite material,
whilst the latter ensures that the dispersed phase is maintained in the proper spacing and
orientation, and protected from abrasion and the surrounding environment (Jones, 1999; Campbell,

2010). Refer to Figure 2-1.

Typical reinforcement materials include fibres, such as glass, carbon, or aramid. Fibres are typically
used to reinforce polymer matrices, hence the term; fibre-reinforced polymer. Typical polymeric

matrix materials include epoxy, phenolic, polyurethane, and polyimide (Barbero, Materials, 2018).

//) /) //) /’/7
/O O O Oﬁ__ Matrix

phase
Dispersed
phase

Figure 2-1: The phases making up a typical composite specimen include the dispersed phase, and the matrix phase (Callister
W. D., 2007).
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As opposed to bulk materials, such as metals and polymers, composite materials are deemed to
behave in an orthotropic manner; a sub-set of anisotropy. This is because the properties of a
composite material differ along three mutually perpendicular axes of symmetry. As a result of this,
only normal strains are produced on the application of a load applied parallel to such axis. This
behaviour is entirely dependent on the layer (ply) sequence applied (Campbell, 2010; Barbero,
Micromechanics, 2018). Understanding this is important as it allowed for proper composite material

modelling to take place during the numerical modelling portion of this dissertation.

When speaking on ply sequences, it is common to speak of the 1-2-3 coordinate system. Here the 1-
axis denotes the direction parallel to the fibres, the 2-axis denotes the direction perpendicular to the
fibres, and the 3-axis denotes the direction normal to the plane defined by axis 1 and 2. Such
coordinate system is denoted in Figure 2-2. Applying a load parallel to the fibre direction will yield a
longitudinal modulus of elasticity, and a longitudinal tensile strength similar in magnitude to that of
the fibres themselves. This is denoted by E;;, and o011, respectively. Note that as this will be further
explained, such properties are also dependent on the properties of the matrix (Campbell, 2010;

Barbero, Ply Mechanics, 2018).

% 1
Positive angles are

F 3
2
19 counterclockwise

Ply coordinate system:

1-axis is parallel to the fiber direction.
2-axis is perpendicular to the fiber direction.
3-axis is normal to the plane of the ply.

Figure 2-2: Ply sequence denoted via 1-2-3 coordinate system. This is shown in tandem with the cartesian coordinate system,
albeit being independent of it (Campbell, 2010)

On the other hand, applying a load perpendicular to the fibre direction will yield a transverse
modulus of elasticity, and a transverse tensile strength similar to that of the matrix in magnitude. This
is much smaller to that of the fibre, and is denoted by Ez; and o2,, respectively. This decrease in
modulus of elasticity and tensile strength can be attributed to the fact that in this manner, the fibres
and the matrix are functioning in series, thus making the composite material dependent on the
matrix. This phenomenon is graphically depicted in Figures 2-3A and B. Note that similarly, as
described in the case prior, such properties are also dependent on the properties of the fibre

(Campbell, 2010; Barbero, Ply Mechanics, 2018).
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Another contributing factor to a composite’s mechanical properties is the fibre volume ratio. Refer to
Figure 2-3C. For a fibre volume ratio (V) of unity, the longitudinal and transverse modulus of elasticity
of the composite material are equal to the fibre’s modulus of elasticity (E¢), being that only one
constituent is available (the fibre). Hence E1; = E; = E. For fibre volume ratios less than unity, £:; and
E>; begin to approach the magnitude of matrix’s modulus of elasticity (Ex). This is achieved at
different rates, with the E,; being more sensitive in this regard. This is attributed to the orthotropic
behaviour of composite materials, whereby the system is much more dependent on the weaker

matrix when loaded in the transverse direction (Campbell, 2010; Barbero, Ply Mechanics, 2018).
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Figure 2-3: (A) and (B) depict the variation in longitudinal strength, and modulus, as a function of ply angle.
(C) exhibits the relationship between the composite modulus and fibre volume fraction, for a unidirectional lamina
(Campbell, 2010).
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2.2. Fibre-Reinforced Polymer Sandwich Systems

Fibre-reinforced polymer sandwich systems are panels, used in applications within which a
combination of high strength and low weight are required. These typically constitute of a polymeric
central core, sandwiched via top and bottom FRP facesheets (Kampner & Grenestedt, 2007; Fam &

Sharaf, 2010)

In said arrangement, flexural strength and stiffness is imparted via the outer facesheets, whilst shear
strength and rigidity are imparted via the inner core (Kampner & Grenestedt, 2007; Manjusha &
Althaf, 2020). Typical facesheet materials include glass fibre reinforced polymers (GFRP), or carbon
fibre reinforced polymers (CFRP), albeit the former is more commonly used in civil engineering works
owing to its economic efficiency. Both materials are identified to be ideal candidates providing the
sandwich panel with high specific strength and stiffness (Manalo, Aravinthan, Fam, & Benmokrane,

2016).

Figure 2-4A illustrates the stress-strain relationships of high modulus (HM) carbon reinforced
polymer, high strength (HS) carbon reinforced polymer, aramid reinforced polymer, glass reinforced
polymer, and carbon reinforced polymer, compared to mild steels, in the form of tendons and bars
(Abbood, Odaa, Hasan, & Jasim, 2021). This suggests that the stress-strain relationship of typical FRP

materials is linear.

As for core materials, polyvinylchloride (PVC) foam, and polyurethane (PU) foam are typically used.
These are used in densities ranging from 30 kg/m? to 400 kg/m?3, and 21 kg/m? to 400 kg/m?3,
respectively’. Between the two, PU foams are identified to be relatively cheaper, and hence, more

commonly adopted in civil engineering works (Manalo, Aravinthan, Fam, & Benmokrane, 2016).

As exhibited in Figure 2-4B, PU foams follow a nonlinear viscoelastic stress-strain relationship. This
relationship is typically characterized by an initial elastic region where the foam behaves elastically
under relatively low strains. It is followed by a plateau region where the strain increases occur at a
relatively constant applied stress. Finally, at very high strains, significant stress increases are
observed, until failure (Elliot, Windle, Eeckhaut, & Ludwig, 2002). Understanding this complex stress-
strain relationship is crucial, as it poses challenges in accurately developing mathematical models that

describe the behaviour of PU foams.

 Note that here, the foams towards the lower-bound find more practical use in providing excellent thermal

insulation, as opposed to enhancing structural rigidity.
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Throughout the years, various different foam core geometries have been adopted, with the most
basic form consisting of a simple foam core. This is shown in Figure 2-5A (TOPOLO, 2023). Other types
of foam cores include the honeycomb core, and the trussed core. These are shown in Figure 2-5B and

C (TOPOLO, 2022; Manalo, Aravinthan, Fam, & Benmokrane, 2016).

Compared to the basic core, the honeycomb core performs better in both compression and in shear,
and the trussed core provides a lighter sandwich panel, owing to the reduced materials utilisation
(Wicks & Hutchinson, 2001). Nevertheless, practical issues have mitigated widespread use of such
core typologies. Trussed-core sandwich panels are very difficult to produce, owing to the difficulty in
ensuring fibre continuity across truss members of adjacent panels. Additionally, the presence of voids
present between the facesheets and the core makes it difficult for mechanical connectors to be
effectively implemented. This is also true for honeycomb core panels, which are additionally, also
susceptible to moisture entrapment that ultimately leads to skin-core delamination (Kooistra &
Wadley, 2007). This, together with the increased costs involved in implementing such solutions, give
honeycomb core and trussed core sandwich panels a high barrier of entry within civil engineering
industry (Reis & Rizkalla, 2008). Therefore, for the purposes of this dissertation, further focus was

given to the basic foam core.
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Figure 2-4: Typical stress-strain relationship of: (A) FRP materials, and mild steels (Abbood, Odaa, Hasan, & Jasim, 2021);
(B) PU foam (Elliot, Windle, Eeckhaut, & Ludwig, 2002).
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Figure 2-5: GFRP sandwich panels of different core geometries are shown; (A) simple foam core (TOPOLO, 2023); (B)
honeycomb core (TOPOLO, 2022); (C) trussed core (Manalo, Aravinthan, Fam, & Benmokrane, 2016)
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2.3. Classical Sandwich Panel Theory
This section served to describe the basic principles behind the mechanics of sandwich panels. This
was made through the introduction of the Classical Sandwich Panel Theory, which considers first
order shear deformation, as well as unidirectional behaviour of the panels. In this regard, reference is
made to an isotropic sandwich panel of width, b, core thickness, T, equal top and bottom facesheet
thickness, Tr: and Tr, and length, L, with a length-to-width ratio of greater or equal to 3 (Allen,

Sandwich Beams, 1969). This is shown in section in Figure 2-6.

i
F#/

b

Figure 2-6: Cross-section of a typical sandwich panel.

This theory assumes that the cross-section of the panel remains plane to the longitudinal axis when

deflected. This assumption leads to a well-known relationship between the applied bending moment

(M), and the curvature of the member (%), as described in Eq. 2.1 (Allen, Sandwich Beams, 1969).
M = 1 Eq.2.1
Erl; R a- <

Here, the product of the panel’s Young’s Modulus (E7), and the second moment of area (/7)
encompass the panel’s flexural rigidity, D. Owing to the different materials used in the construction of
a sandwich panel, the flexural rigidity is the sum of the flexural rigidities of the individual components
making up the panel. For a sandwich panel consisting of a central core (denoted by subscript C),
sandwiched by top and bottom facesheets (denoted by subscript F), this is given by Eq. 2.2 (Allen,
Sandwich Beams, 1969).

D = ETIT = EFIF + Eclc Eq 2.2

Note that in the case that a stiffening system with the same material properties as the facesheet were

introduced, Eq. 2.2 would need to be modified to include the addition of Els.

When calculating the stresses across the sandwich panel, the flexure formula is applicable owing to
the assumption that cross-section remains plane to the longitudinal axis. However, an adapted
version of this formula is required to account for the composite nature of the cross-section. The
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magnitude of the bending stress within the facesheets (of) and core (o¢), is expressed by Eq. 2.3 and

Eqg. 2.4, respectively (Allen, Sandwich Beams, 1969).

My
My, Eq. 2.3
Of D F q
M
o = FyEc Eq. 2.4

Note that, y is representative of the vertical translation from the neutral axis to the point at which

stress is of concern. This is shown in Figure 2-6.

Similarly, the shear formula is applicable for calculating shear stress across the sandwich panel, owing
to the adopted assumption. As with the flexure formula, an adapted version is presented in Eq. 2.5 to

account for the composite nature of the cross-section (Allen, Sandwich Beams, 1969).

%
- SE Eq. 2.5
t Db2< ) a

Note that V is the shear force associated with the region in consideration, and S is the first moment of

area.

Calculations pertaining to the deflection of a simply supported sandwich panel are found to be
different to those typically used for beams and shafts. Owing to the limit stiffness of the core, the
application of shear to the core is noted to impart significant deflections to the core. As a result of
this, the panel’s ultimate deflection (4) is defined as a function of the deflection due to bending (41),
and shear (4,). This is shown in Eq. 2.6. In the case of a uniformly distributed load, acting on a simply

supported panel, the total deflection is given by Eq. 2.7 (Allen, Sandwich Beams, 1969).

4 2
_oqL”  al” Eq. 2.7
384D ' 8AG

Here g represents the uniformly distributed load, and A depends on the specific panel configuration
under consideration. For an unstiffened panel, A is the cross-sectional area of the core. However, in
the case of a stiffened panel, A refers to the cross-sectional area of the stiffening system. Similarly, G
also varies depending on whether the panel is stiffened or not. If unstiffened, G is the shear modulus
of the core material. In contrast, for stiffened panels, G represents the shear modulus of the stiffening
material. In this latter scenario, due to Er being significantly greater than E, the core’s contribution to

shear resistance is negligible and thus disregarded (Allen, Sandwich Beams, 1969).

Note that due to the orthotropic behaviour of GFRP sandwich panels, for instances of unidirectionality
(that is, panel-to-width ratio = 3.0), the Classical Sandwich Panel Theory is still found to apply. In this
regard, if unidirectional behaviour is predominantly noted to occur along the 1-axis, Er is to be

substituted by E;; wherever applicable in the described equations (Allen, Sandwich Beams, 1969).
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2.4. Uses in Civil Engineering

In understanding as to why research in composite materials for civil engineering use is important, the
applicability of FRP sandwich systems needs to be considered. In this regard such systems are found
to already be in use in housing, bridge and pedestrian decks, bridge beams, floating and protective

structures, and railway sleepers (Manalo, Aravinthan, Fam, & Benmokrane, 2016).

The decision of opting for such materials as opposed to more conventional ones, such as steel and
reinforced concrete, is predominantly owed due to the relatively high strength-to-weight ratio
imparted by FRP sandwich systems. This therefore allows engineers to design structures that are
sufficient in resisting the applied loads, while only being a fraction of the weight of a typical
steel/reinforced concrete (RC) structure. For context, the quasi-permanent load of a concrete slab
(for housing-purposes) varies from 8 kN/m? to 10 kN/m?, whilst that of a GFRP panel varies from

3 kN/m?to 5 kN/m? (Arruda & Lopes, 2020).

This difference was further reinforced in Fam & Sharaf (2010). Via numerical analysis, the authors
showed that in achieving the same strength properties exhibited by the tested GFRP sandwich panels,
equivalent RC sections which are 9 to 14 times the weight of a GFRP sandwich panel, would be
required. Note that this was found to be true for a RC slab whose section is dimensionally similar as
the GFRP panel being emulated, using C30 concrete, a 25 mm cover, and steel reinforcement of yield

and ultimate strength of 400 MPa and 550 MPa, respectively (Fam & Sharaf, 2010).

This characteristic enables sandwich panels to be sufficiently lightweight such that they may be
handled via a limited number of workers, without the need of additional machinery to lift and set up
the panel. This, in addition to the fact that such panels are prefabricated, brings about increases in
time efficiency, which in turn brings about reductions in construction-related costs. Furthermore, in
the case that such panels are manufactured abroad, the energy associated in transporting such
panels will be less to those derived from transporting traditional building materials (namely RC and

steel) (Garrido M., 2016; Arruda & Lopes, 2020).

Owing to the facesheets of the panel, such panels are envisaged to also contribute minimally to
maintenance costs. This is attributed to the good performance characteristics FRP laminates exhibit

within harsh environments (Garrido M. , 2016).

Consider the new Main Gate of the Novartis Campus in Basel, Switzerland (Figure 2-7). This
constituted of a rectangular single-story building, enclosed by four glass walls. Owing to the limited
load-carrying capacity of the glass walls, the designers needed a material that is sufficiently
lightweight. As a result of this, the designers opted for a roofing solution, made entirely of GFRP
sandwich panels. This allowed for a relatively lightweight roof structure, approximately weighing

0.7 kN/m?, which is solely supported via the perimeter glass walls (Keller, Haas, & Vallee, 2008).
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In addition to GFRP sandwich panels being lightweight, they are also identified to be excellent
insulators (Arruda & Lopes, 2020). This is due to their low thermal conductivity. Such a property
makes them ideal roofing/walling solutions in countries with relatively intense climates (Arruda &
Lopes, 2020). As in the case of the new Main Gate of the Novartis Campus, this allowed the designers
to achieve both structural and insulative functions, through a single-layer building envelope. This in
turn allowed it to also serve architectural functions being that the implementation of a GFRP roof

structure voids the need for an additional insulative layer (Keller, Haas, & Vallee, 2008).

GFRP panels are also useful in constructing, as well as rehabilitating, bridge decks. As an example,
consider an approximately 7.8 m long reinforced concrete bridge, built in 1926, on route 248, in the
town of West Union, New York. As a result of the deterioration endured, the New York State
Department of Transportation (NYSDOT) aimed to revitalize the bridge, increasing its load carrying
capacity in the process, as opposed to demolishing the bridge and building anew. In achieving this,
the NYSDOT needed a material that was strong, but additionally, light enough, to allow an increased
live load to be carried by the bridge. In this regard, the NYSDOT implemented a GFRP bridge deck.
This increased the bridge’s loading capacity from 10 tonnes, to around 45 tonnes (Aref, Alampalli, &

He, 2004).

Figure 2-7: Novartis Campus Entrance Building, Basel, Switzerland. Roof is composed of GFRP sandwich panels (Roth, 2006)
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Another instance of a rehabilitated vehicular bridge is the RC bridge across the Avancon River in
Switzerland. Here the designers sought to both rehabilitate, and expand the original design, with the
addition of another vehicular lane. This would upgrade the bridge from one lane to two lanes, and
from a load carrying capacity of 280 kN to 400 kN. All this was to be achieved while still maintaining
the original stone abutments. In ensuring that the additional load did not exceed the load-bearing
capacity of the stone abutments, a GFRP decking structure was devised to lie on two longitudinal
steel girders. Refer to Figure 2-8. This was identified to be a successful solution, striking a good
balance between the increase in live load, and decrease in dead load. Note that the new bridge deck
was estimated to be 75% lighter to a comparable RC deck, weighing in approximately at 1.57 kN/m?
(Keller, Rothe, de Castro, & Osei-Antwi, 2013).

Figure 2-8: Vehicular bridge, Avancon River, Switzerland. Deck is composed of GFRP sandwich panels (Osei-Antwi, de Castro,

Vassilopoulos, & Keller, 2013).
As demonstrated by the case studies provided, the use of sandwich panels within civil engineering
has mostly been limited to roofing, and bridge-decking applications, with a predominant focus on the
latter. As it pertains to the application of such technology in buildings, this area is noted to still be
unexplored. Albeit this, it is important to note that research in this regard has been very much on the
rise. This is particularly true in the context of implementing the discussed advantages; most of which
stem from the panel’s lightweight construction. In this regard, reference is made to Garrido (2016),
and Mastali et al. (2013), both of whom explored the concept of implementing composite slab

systems in favour of deteriorating timber floors, thus rehabilitating old masonry buildings. Similarly,
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Correa et al. (2012) investigated the use of such panels as monolithic slab members', and Noel et al.

(2021) devised empirical design equations with the aim of adopting such panels for walling-purposes.

From the latter, it was clear that a drive is currently present in exploring the potential use of sandwich
panels as an alternative construction material within the construction industry. With the aim of
further contributing to this body of information, this dissertation sought to further investigate the use

of sandwich panels as an alternative flooring solution.

2.5. Recent Developments

Most of the research consulted, focusing on the development of FRP sandwich panels, indicated that
the manner in which FRP sandwich panels fail is very much dependent on the core material, as
opposed to the outer skin arrangements. This was suggested to be the case because, relative to the
outer skin, the core material imparts a very low shear stiffness to the FRP sandwich system (Manalo,

Aravinthan, Fam, & Benmokrane, 2016).

Understanding this meant that therefore, in optimizing FRP sandwich systems, focus needed to be
placed on core optimization. In this regard, the recent developments that have been taking place can
be categorized as follows: Corrugated Sandwich Panel Systems; Stiffened Core Material Systems;
Intermediate Core Layer Systems; Multilayer Core Systems and; Hybrid Core Systems. These will be

briefly explained.

Corrugated Sandwich Panel Systems are panel systems whereby core enhancement is achieved
through the introduction of corrugations to either the top or bottom skins, or both (Kampner &
Grenestedt, 2007). This allows the corrugated face/s to take on a degree of the shear load being
applied that would otherwise need to be fully resisted by the core. This not only allows for greater
shear-carrying capabilities to be achieved, but also lighter panels to be produced. Refer to Figure

2-9A.

Similarly, Stiffened Core Material Systems also function by actively allowing fibres to sustain a degree
of the shear load being applied to the sandwich panel. This was however noted to be achieved
through the implementation of stiffeners within the core material (Reis & Rizkalla, 2008). Refer to

Figure 2-9B.

i In this context, the term monolithic slabs gives reference to a slab, void of beams along the floor span.
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Intermediate Layer Systems refer to systems whereby the core is enhanced through the introduction
of an additional layer, be it at the top, bottom, and/or within the core material itself. The concept
here is that by providing an additional layer to the core, which is stiffer, a higher degree of rigidity
would be imparted to the overall structural system of the sandwich panel (Mamalis, Spentzas,

Pantelelis, Manolakos, & loannidis, 2008). Refer to Figure 2-9C.

Multilayer Core Systems refer to systems whereby the core is composed of multiple non-fibrous
materials; perhaps multiple polymeric foam core structures of varying density. The implementation of
different-density core structure in strategic positions within the core may allow for more efficient use
of materials, and an overall improved core performance (Keller, Haas, & Vallee, 2008). Refer to Figure

2-9D.

Any panel constituting of a combination of two or more of the aforementioned core-strengthening

techniques is referred to as a Hybrid Core System. Refer to Figure 2-9E.

Amongst such developments however, the implementation of a Stiffened Core Material System, a
Multilayer Core System, or a combination of both, (thus forming a Hybrid Core System), are identified
to be the most promising. This was put forward by Manalo et al. (2016) from the fact that, solutions
such as the Intermediate Layer System incur increased material costs, imparted from the large
amount of material required in the implementation of the intermediate layer/s. The same was also
true for Corrugated Facing Sandwich Panels, whose increased costs are a derivative of additional
manufacturing processes (machining), and associated labour and material waste-generation (Manalo,

Aravinthan, Fam, & Benmokrane, 2016).

Contrary to this, the implementation of the Hybrid System previously suggested, allows the use of
cheap and low-strength core materials, and the adaptation of simple production processes. Both of

which render Hybrid Core Systems cost effective systems that can be adopted.

This does not mean to imply that such Hybrid Systems are without fault. Notably, Kampner and
Grenestedt (2007) point out that such panels tend to perform unfavourably under shock loads. This is
suggested to be the case due to the stiff connection present between the stiffener and the
top/bottom face sheets. This in turn may cause the stiffener to puncture the face sheets (Kampner &

Grenestedt, 2007).

The next subsection highlighted recent developments in these areas, important observations, and
findings, as it pertains to this dissertation. This served as the framework to this dissertation. However,
it must be noted that this was predominantly discussed within the Stiffened Core Material System
domain, as research pertaining to the use of Multilayer Core Systems was relatively scarce, even more

so in the case of Hybrid Core Systems.
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FRP Facesheet/Stiffener

Polymeric Core #1

Intermediate Layer

Polymeric Core #2

Figure 2-9: (A) Corrugated Sandwich Panel; (B) Stiffened Core Material System; (C) Intermediate Layer System; (D) Multilayer
Core System; (E) Hybrid Core System (Mohamed, et al., 2015).
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2.5.1.  Core Material Development

To best illustrate the use and implementation of Hybrid Core systems, it is best to revert back to
Keller’s aforementioned project on the new Main Gate of the Novartis Campus in Basel, Switzerland.
Here, Keller et al. (2018), successfully designed and installed a GFRP sandwich roof structure, by
adopting a hybrid approach; that is through the use of mixed-density polyurethane foams, and
orthogonal GFRP stiffeners (Keller, Haas, & Vallee, 2008). The need in opting for a hybrid system was
derived as a result of the large variations in shear acting on the roof structure. In total, three different
types of polyurethane foams were used. This was however still noted to be insufficient. As a result,
this led to the implementation of a system of orthogonal stiffeners. Figure 2-10 exhibits a view of the

concerning hybrid roof structure in section (Keller, Haas, & Vallee, 2008).

The thickness of such stiffeners varies, with the largest noted to be 9 mm. This was approximately
85% the thickness of the thickest portion of the facesheets (Tx). This was noted to be in excess to that
recommended in Arruda & Lopes’ study, suggesting that the optimal stiffener thickness was 0.7 T

(Arruda & Lopes, 2020).

5000

925 ‘ 925 925 925 925

upper face lower face PUR foam integrated
sheet sheet core webs

glasswall —4

Figure 2-10: Hybrid GFRP sandwich roof panel (Keller, Haas, & Vallee, 2008).
Maintaining the same design philosophy, Manjusha et al. investigated the effects of different stiffener
systems within a multilayer core configuration (Manjusha & Althaf, 2020). The three stiffener systems
studied were: a) trapezoidal, b) rhombic, and c) sinusoidal. These stiffener designs are shown in
Figures 2-11A — C. Note that although not specified, in the case of the trapezoidal and rhombic
stiffener configuration, the angle subtended by the stiffener was noted to be around 45° with respect
to the horizontal plane. From the study, the sinusoidal system outperformed its counterparts,
exhibiting the least total deformation at its midspan. This was suggested to have occurred due to a
higher GFRP volume percentage present within the panel. Both the trapezoidal and rhombic systems
performed similarly suggesting that this may have occurred as a result of both systems being similar
in GFRP volume percentage (Manjusha & Althaf, 2020). However, it must be noted that the
implementation of a sinusoidal stiffener system may be impractical, proving to be costlier to produce
in terms of the additional fibre-content required, increased workmanship, and overall higher degree

of difficulty presented by the curvilinear elements. Perhaps it was for these reasons that research on
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stiffener systems has been predominantly focused on more streamlined designs. For this reason, it is

to the interest of this dissertation that focus was to be placed on streamlined stiffening designs.

An example of such can be taken from a study conducted by Mohamed et al. (2015), who, similarly as
in the previous case, attempted to strengthen the core of a composite sandwich panel through a
system of trapezoidal stiffeners, and additionally, a system of orthogonal stiffeners. These are shown
in Figures 2-11i - ii, and are denoted as Types 2 and 3, respectively. The difference between the two
systems was the angle subtended by the stiffener with respect to the horizontal plane. The angle of
the stiffeners with respect to the horizontal for the orthogonal system was noted to be 90°, while for
the trapezoidal system, although unspecified, this was noted to be in the region of 60° — 90°.
Comparisons of such systems were conducted with respect to an unstiffened panel. This was denoted
as Type 1, Figure 2-11iii. From the results obtained, the trapezoidal system outperformed its
counterparts, exhibiting a fourfold shear core strength increase, as shown in Figure 2-12. This was
attributed to the implementation of shear layers embedded between the trapezoid sections

(Mohamed, et al., 2015).

SN
[VAVAY

[ | GFRP Facesheet/Stiffener []| Low Density PU Foam

. Medium Density PU Foam . High Density PU Foam

Figure 2-11: Stiffener configurations; (A) Trapezoidal (§ = 45°); (B) Rhombic (& = 45°); (C) Sinusoidal; (i) Trapezoidal
(60° < 8 < 90°); (ii) Orthotropic; (iii) Unstiffened, (Mohamed, et al., 2015).

35



25

————————————

3 I I I I I 3 I - P

1 1 1 1 1 1 1 | — Type-1 |

! ! ! ! ! ! ! | ——Type2 |

! ! ! ! ! ! ! |=———Typed_|
i i i ‘ ; ! ' i

20 [—----- tommmmmmn 4mmmmmmmn Ao T oo e e e
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1

= g5l Lo v e e e I Lo |
& ! ! ! ! : : : !
= ! ! ! ! ! ! ! !
w : : : : : : : :

175]
g | | | | | | | |
w H 1 K K H D D H
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
! ! ! ! ! ! ! !
1 1 1 1 1

St = . — T T TTTTTT . R YT
! ! ! ! ! ! ! !
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
|:| 3 ] ] ] ] ] 3 ]

0 0.02 0.04 0.068 0.08 0.1 0.12 0.14 0.18 0.18

Strain %{mm/mm)

Figure 2-12 Stress-strain graph for; an unstiffened GFRP panel (Type 1 — RED); a trapezoidal-stiffened GFRP panel
(Type 2 — BLACK); an orthogonally-stiffened GFRP panel (Type 3 — BLUE), (Mohamed, et al., 2015).

Comparing the Von-Mises stress contours derived from computer simulation of a three-point-bend
test, it was identified that in the case of the trapezoidal system, for an applied load equalling to a
total displacement of 2.2 mm, maximum Von-Mises stresses of 0.12 MPa, and 168.6 MPa, were
identified in the foam core, and the stiffener, respectively. Refer to Figures 2-13A and B, respectively.
This implied that for such a system, the trapezoidal stiffener was predominantly responsible in taking
on the load being applied. Similarly, the orthogonal stiffener system was also identified to outline the
same type of behaviour, albeit a smaller contribution was provided by such stiffeners. Refer to Figure

2-13C (Mohamed, et al., 2015).

The same concept was further supported in Kampner and Grenestedt’s study (2007). Here,
simulations conducted on a corrugated sandwich panel revealed that the corrugated face sheets
contributed in carrying a portion of the shear load. This allowed for slimmer sandwich panels to be

developed (Kampner & Grenestedt, 2007).

These findings therefore led to the understanding that for a stiffening system to have an appreciable
effect on the shear resistance of a sandwich system, the implemented shear layers are best to be

designed not following an orthogonal system.
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Figure 2-13: Von-mises stress contours for: (A) Trapezoidal-stiffened core; (B) Trapezoidal-stiffener; (C) Orthogonally-stiffened
GFRP panel, (Mohamed, et al., 2015).
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Similarly, Fam et al. studied the effects of orthogonal stiffeners, having different configurations within
a GFRP sandwich panel. Such stiffener configurations included varying combinations of longitudinal
and/or transverse stiffeners (at mid-point), and/or bordering stiffeners. These are summarized in
Figure 2-14, along with any of their associated detailing. From the tested configurations,
configuration P5 (configuration consisted of a longitudinal stiffener at midpoint, and at all 4 borders)
exhibited the largest failure load, an increase of 140%, relative to P1 (configuration did not constitute
of any stiffening measures). Refer to Figure 2-15. The effects imparted by the stiffening system on the
foam core (having a density of 31.6 kg/m3) in P5 was identified to be equivalent to an unstiffened
system, having a foam core, whose density was doubled (i.e. 64.2 kg/m3), implying greater weight-
savings (Fam & Sharaf, 2010). In cases configurations P2 and P3, and P5 and P6, the addition of a
transverse stiffener was noted to have gone unnoticed. This was exhibited from the insignificant
percentage increase in failure load observed. This behaviour was suggested by Fam & Sharaf to be
owed to the one-way bending nature of the panel (Fam & Sharaf, 2010). This implied that the design
of a stiffening system for the purposes of a one-way slab, was to be most effective if such stiffeners

were designed in the longitudinal direction.
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Figure 2-14: Schematic of all stiffener configurations tested (P1 — P5), along with any associated detailing,
(Fam & Sharaf, 2010).

When considering Figure 2-15, it was identified that for all configurations, the total deflection varied
linearly as the load increased. This was in alighment to Keller’s (2008) observations, who additionally

identified that such linearity was predominantly maintained on unloading the specimens (Keller,
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Haas, & Vallee, 2008). In all cases, the maximum allowable deflection for a simply supported member,

span span
360 ' 180

typically requested in most design codes, ( ), was exceeded very much before failure of the

panel occurred (Fam & Sharaf, 2010). The implication of this was twofold. The first was that, satisfying
the maximum allowable deflection criteria would result in a large strength safety factor. Secondly, it
implied that stiffness was the governing factor in the design of sandwich panels. This meant that
panel failure was a function of vertical deflection. This approach was adopted in (Manjusha & Althaf,

2020)

1 Width of P4, P5 and P8 is 685 mm. Their normalized
35 ] responses with respect to the 635 mm width P5
1 of P1, P2 and P3 are

30 1 also shown P5 (normalized)

Pé

] P6 (normalized)
25 ] Span Span

360 180

P2

P4

Load (kN)
[~}
o

P4 (normalized)
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Figure 2-15: Graph of load-deflection for all tested specimens. Indicated are also typical deflection control limits,
(Fam & Sharaf, 2010).

Studies in this regard were noted to go beyond the analysis of different stiffener geometries and their
effects on a GFRP sandwich panel. There are many parameters that make up a stiffener system. As a
result, studies have also focused on other qualities making up a stiffener system, such as its spacing.
In a study conducted by Sharaf et al. (2015), the effects of stiffener spacing on the ultimate bending
capacity of a sandwich panel were examined. From such study, it was determined that for a panel,
685 mm in width, and 78 mm in height, no significant improvements were noted in implementing
more than two longitudinal stiffeners. This is shown in Figure 2-16, within which S-new 1 and S-new 2,
denote the previously described configuration P5, alternatively having two, and three, longitudinal
stiffeners, respectively. From such study, the authors therefore suggested an optimal stiffener spacing
to thickness ratio of 2.93 (Sharaf & Fam, 2015). This ratio was found to be in excess to that adopted in

Keller’s design, who opted for a more conservative ratio of 1.5 (Keller, Haas, & Vallee, 2008).
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Figure 2-16: Graph of ultimate moment ratio of ribbed panel (P2, P4, P5, S-new 1, and S-new 2) and panel without rib (P1) vs
rib spacing-to-panel thickness (Sharaf & Fam, 2015).

As mentioned earlier, aside from the implementation of an orthogonal stiffener system, in their study,
Keller et al. strategically made use of polyurethane foam cores, whose density varied throughout the
design of the roof panel (Keller, Haas, & Vallee, 2008). The concept of using foam cores in this manner
has been studied by Kampner and Grenstedt. For illustration purposes, such study highlighted the
application of such a concept to a simply supported beam, acting upon by a uniformly distributed
load. Here, regions of high shear were identified to be present closer towards the supports of the
beam, thus suggesting the use of high-density foams, exclusively for such regions. Refer to Figure
2-17. Doing so yielded an efficient use of materials, rendering a beam which was stronger, and lighter,

relative to a thicker beam, composed entirely of a lower-density foam (Kampner & Grenestedt, 2007).

In a study conducted by Manjusha and Althaf, a similar concept was explored, whereby a multilayer
core system was designed to vary over its height, as opposed to its length, as in Kampner and
Grenstedt’s study. In this regard, Manjusha and Althaf sought to identify the best material
configuration for a bilayer core system using different grades of polyurethane foams. Four different
configurations were considered. These are denoted by A — D, and are depicted in Figures 2-18A — D.
The best performing configuration (i.e. the system which exhibited minimal vertical deformation),
was identified to be configuration B, constituting of a low-density polyurethane top-layer, and a high-
density polyurethane bottom-layer. This exceeded the worst-performing configuration, A, by
approximately 4% (Manjusha & Althaf, 2020). This therefore suggested that for a simply supported
bilayer GFRP sandwich panel in flexure, the core configuration that would yield optimal performance

was to consist of a low-density polyurethane top-layer, and a high-density polyurethane bottom-Ilayer.
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Figure 2-17: lllustrates the use of a multiple cores for a simply supported beam, on the basis of variation in shear. This

dictates that denser cores (DARK GRAY) are needed at the supports, (Kampner & Grenestedt, 2007).

GFRP Facesheet

High Density PU Foam

Low Density PU Foam

Figure 2-18: Different foam core configurations tested in (Manjusha & Althaf, 2020).
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2.6. Concluding Remarks

In closing this chapter, key points pertaining to the direction of this dissertation were highlighted. As
discussed within Section 2.4 sandwich panels have a wide range of application within civil
engineering activities. In this regard, it was of the purpose of this dissertation to further contribute to
the application of sandwich panels as building floors within domestic buildings. As in Correia, Garrido,
Gonilha, & Branco (2012), focus was placed in optimizing the behaviour of sandwich panels as a

monolithic slab system.

As described in Section 2.5.1, owing to the promising results derived via stiffened core material
systems, and multilayer core systems, this dissertation sought to focus on this type of hybrid system.
In particular, this dissertation sought to conduct a multi-objective optimization whereby a standard-
sized (3 m by 1 m) trapezoidally stiffened bilayer sandwich panel was optimized in terms of vertical
deflection, panel mass, and material cost. This was to be done with respect to variations in; the

stiffening system’s angle; the thickness of the facesheets, and; the thickness of the bilayer core.

Range of values pertaining to the input parameters, and associated step size to be investigated are
exhibited in Table 2-1. Note that the range of; the facesheet thickness was defined on the basis of
economic viability; the core thickness was based on the total thickness of traditional flooring

solutions (=150 — 200 mm), and the aspiration in achieving slimmer sections, and; the angle of the

trapezoidal stiffening system was set up on the basis of geometric constraints.

Note that analysis was to be done through finite element analysis.

Table 2-1: Input variables and their associated range and step size.

Input Variable Range Step Size

Lower Bound | Upper Bound

Facesheet Thickness [mm] 1.2 4.0 0.4
Core Thickness [mm] 50 100 10
Stiffener System Angle [degree] 50 130 10

In this regard, as per Section 2.5.1, this dissertation aimed to adopt the use of a GFRP trapezoidal
stiffening system and GFRP facesheets. Additionally, due to the one-way bending nature of the panel,
the fibres of the GFRP components were aligned in the longitudinal direction, in alignment to the
panel’s span direction. Additionally, based on the findings by Manjusha & Althaf (2020), a bilayer core

of low- and high-density PU foam was incorporated into the panel. In this manner, the cores were to

i This is equivalent to the thickness of one ply.
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be of equal thickness, and on the basis of the same study, the high-density core was to be situated on

top of the bottom facesheet.

Note that the adoption of such materials was primarily a function of economy. Relevant material

properties were extracted from Manjusha & Althaf’s (2020) study.

The stiffener design guidelines highlighted in Section 2.5.1. were summarized in Table 2-2. These were
followed in generating the design of the trapezoidal stiffening system for the GFRP sandwich panel

sought to be optimized in this dissertation.

In designing the trapezoidal stiffening system, it was determined that an even number of stiffeners
was required. To ensure the sandwich panel was neither over-stiffened nor under-stiffened, guideline
#4 was applied using a median core thickness of 75 mm. This resulted in a stiffener spacing of
approximately 220 mm (2.93 x 75 mm), corresponding to 5 stiffeners. However, due to the
requirement for an even number of stiffeners, the system was adjusted to include 6 stiffeners. To
ensure proper connectivity between adjacent panels, the edge stiffeners were constrained to an

angle of 90° with respect to the horizontal plane.

Table 2-2: Shear stiffening system design guidelines summarized from Section 2.5.1.

# | Guideline Reference

1 | Streamlined Design (Manjusha & Althaf, 2020)

2 | Non-Orthogonal (Kampner & Grenestedt, 2007; Mohamed, et al.,
2015)

3 | Longitudinal (Fam & Sharaf, 2010)

4 | Optimal Stiffener Spacing-Thickness | 2.93 | (Sharaf & Fam, 2015)

Ratio

5 | Optimal Stiffener Thickness 0.7T | (Arruda & Lopes, 2020)

Such guidelines yielded the hybrid GFRP sandwich panel design shown in Figure 2-19. In this figure,

numbers #1 - #5 indicated the core identification, while letters A — F denoted the stiffener.

Owing to similarities between Manjusha & Althaf’s (2020) study, and this dissertation, the next
chapter commenced by undertaking a preliminary study (Section 3.1) that served to establish the
basic methodology to be followed. The second potion of the chapter (Section 3.2) adopted and
developed the same methodology in ultimately determining the optimal hybrid sandwich panel

configuration for the purposes of an alternative slab solution within domestic buildings.
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Figure 2-19: Design of the standard-sized, trapezoidally stiffened GFRP sandwich panel with a bilayer core. Dimensions are in mm
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3. Methodology

To optimize the trapezoidally-stiffened GFRP sandwich panel and determine how the input variables
affected the panel’s vertical deflection, mass, material cost, and Von Mises stresses, a two-step
process was employed. This approach was detailed in the two main sections of this chapter: Section
3.1 and 3.2. The first section provided a detailed account of a preliminary study aimed to establish a
methodology for developing a numerical model for a GFRP sandwich panel. The second section
adapted this methodology to the trapezoidally-stiffened GFRP sandwich panel designed, detailing the
steps taken to determine the relationship between input and output variables, and identify the

optimal panel configuration.

3.1. Preliminary Study

In establishing the basic methodology that would allow for numerical analysis of a GFRP sandwich
panel to be achieved, a preliminary study was first conducted. In this regard, Manjusha et al’s study
(2020) was re-simulated, albeit not in its entirety. For the purposes of this study, attention was given
to the case shown in Figure 3-1. Successful implementation of the methodology conducted by
Manjusha et al. (2020) was noted to have been achieved only if a discrepancy of smaller or equal to

5.00% was noted to have been present between the result of this study, and the published study.

|- —

Bl | GFRP Facesheet [] | Low Density PU Foam [ | High Density PU Foam

Figure 3-1: GFRP sandwich panel chosen for the preliminary study.

The flowchart shown in Figure 3-2 summarizes the methodology followed in conducting numerical

analysis on the sandwich panel shown in Figure 3-1.

Start Materials Geometric Finite Element Finish
ar Properties Properties Analysis 1S

Engineering Data Design Modeler Static Structural

Module Module Module

* Epoxy E-Glass * Top/Bottom * Materials

* High Density PU Facesheets *Mesh

* Low Density PU * Top/Bottom Cores * Boundary Conditions
e Loads

Figure 3-2: Flowchart summarizing the methodology adopted in conducting the preliminary study.
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3.1.1. Material Properties

First, the material properties of the GFRP sandwich panel were defined using the Engineering Data
module. These included three materials: epoxy e-glass woven fabric, high-density polyurethane (PU)
foam, and low-density polyurethane (PU) foam. As described in Manjusha et al.’s study (2020), the
fabric material was modelled as an orthotropic elastic material due to its orthotropic nature.
Following the same study, the foam materials were modelled as isotropic elastic materials. However,
as discussed in Section 2.2, it must be noted that this approach was not entirely representative of the
nonlinear viscoelastic behaviour associated with polyurethane foams. Table 3-1 and Table 3-2

summarize the material properties of such materials (Manjusha & Althaf, 2020).

Table 3-1: Mechanical properties of e-glass woven fabric (Manjusha & Althaf, 2020).

Epoxy E-Glass Woven Fabric Material Properties

Density (orrr) [kg/m?] 2000

Young’s Modulus; 1-Axis (E1;) [GPa] 45

Young’s Modulus; 2-Axis (E22) [GPa] 10

Young’s Modulus; 3-Axis (E3;3) [GPa] 10

Poisson’s Ratio; 12 (v12) 0.3
Poisson’s Ratio; 23 (v23) 0.4
Poisson’s Ratio; 13 (vi3) 0.4
Shear Modulus; 12 (G1,) [GPa] 5
Shear Modulus; 23 (G23) [GPa] 3.846
Shear Modulus; 13 (G13) [GPa] 5

Table 3-2: Mechanical properties of low- and high-density PU foams adopted from (Manjusha & Althaf, 2020).

Low-Density PU Foam | High-Density PU Foam
Density [kg/m?3] 31.9 192
Young’s Modulus [MPa] 2.1 66.1
Poisson’s Ratio 0.279 0.316
Shear Modulus [MPa} 0.82 25.114

46



3.1.2. Geometric Properties

Next the geometry of the GFRP sandwich panel needed to be defined. Refer to Table 3-3.

Table 3-3: Geometric properties of the selected bilayer GFRP sandwich panel from Manjusha & Althaf’s study (2020).

Span 3m
Width 1m
Thickness | Top Facesheet 2 mm | # of Plies 5
Ply Orientation | 0°
Core | Top Layer 35 mm

Bottom Layer | 35 mm

Bottom Facesheet 2 mm | # of Plies 5

Ply Orientation | 0°

In defining the geometry of the GFRP sandwich panel, ANSYS’ DesignModeler was used. In this
manner the GFRP sandwich panel was drawn in section, through a total of 4 sketches. Each sketch
was dedicated to a particular component (top facesheet, top core, bottom core, and bottom
facesheet) making up the GFRP sandwich panel. This is shown in Figure 3-3. Note that the top and
bottom facesheets were not assigned to a geometric thickness. The purpose of this was to then allow
the extrude function to generate the facesheets as surface bodies, as opposed to solid bodies. More

on the importance of such distinction is provided later, on the topic of meshing.

1000,00

35,00

L

35,00

[l | Top Facesheet [] | Top Core [ | Bottom Core [ | Bottom Facesheet

Figure 3-3: Geometry of GFRP sandwich panel was comprised of 4 independent sketches; top facesheet, top core, bottom
core, bottom facesheet. Note that dimensions are in mm.

In adapting the aforementioned 2D sketches to a 3D environment, the extrude function was adopted
in the z-axis. All bodies were extruded to 3000 mm. Extruding the top and bottom facesheets allowed
for surface bodies to be generated. Extruding the core sketches allowed for solid bodies to be

generated. Therefore, in total 4 bodies were noted to have been generated.
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For the purposes of achieving mesh continuity, such bodies were defined as a singular part. This
allowed for the share topology function to be applied to the system of components, thus allowing the
program to interpret the individual components as one single entity. Note that this was only made
possible as a result of a mating surface present between adjacent components. This allowed for

subsequent manual contact operations within the Static Structural module to be avoided.

3.1.3. Finite Element Analysis

Next, the Static Structural module within ANSYS Workbench was considered. Within such module
links were first created between the previously discussed Engineering Data module, and the
Geometry module. In this regard, both the top and bottom facesheets were attributed the material
properties of epoxy e-glass woven fabric. Additionally, they were also assigned a 2 mm thickness. The
top and bottom cores were linked to the material properties of low-density PU foam, and the high-

density PU foam, respectively.

In Manjusha et al’s (2020) study, two different types of mesh elements were used in setting up the

mesh. Shell elements were used in modelling the facesheets owing to a relatively large length-to-

3000 mm

. . 1000 mm
thickness ratio (
2mm

= 1500) and breadth-to-thickness ratio ( py—

= 500). This was argued

by Manjusha et al. (2020) to provide greater computational savings. The specific shell element used
in modelling the facesheets was shell 181; a 4-node element with six degrees of freedom at each

node: both translations and rotations along the x-, y-, and z-axes (ANSYS, Inc., 2011).

Solid elements were used to mesh the core components. As per Manjusha et al. (2020), these were

chosen in favour of shell elements due to the relatively smaller length-to-thickness ratio

1000 mm

(3000 mm
70 mm

70 mm

= 43) and breadth-to-thickness ratio ( = 14). In this regard, the core components

were meshed using solid 186 elements; a 20-node solid element having three degrees of freedom per

node: translations in the nodal x-, y-, and z-axes (ANSYS, Inc., 2011).

The application of the selected elements onto the geometric model was achieved through the
sweeping method. The mesh was therefore generated by sweeping the profile along the span of the
sandwich panel. This method of meshing was identified as being the most suitable method as a result

of the associated model being extrudable.

Note that for further information pertaining to the difference between the different element types,

and alternative potential methods of meshing, refer to Appendix A.1.
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Next, the quality of the mesh was examined. In examining the quality, it was desirable for all the
elements to coincide with their ideal form. This would allow numerical instabilities to be avoided
within the numerical model (ANSYS, Inc., 2023). For this study, the ideal forms were a square for
shell181 elements and a tetrahedron for solid186 elements. The element quality metric was applied
to measure how closely each element matched its ideal form. This metric provided a score from 0 to
1, with 1 representing elements in their ideal form and 0 representing elements far from their ideal
form. Further details pertaining to the theory behind such metric can be found in Appendix A.1 —

Element Quality Metric.

In this manner, meshes with an average element quality less than 0.90 were discarded. This
restriction resulted in an initial mesh size of 50 mm, as shown in Figure 3-4. This mesh size

corresponded to an average element quality of = 0.93.

Following, a simply supported panel was modelled, where pinned and roller conditions were given to
the opposite short ends of the bottom facesheet. For the pinned end, this meant that translational
movement was prohibited to occur in the orthogonal axis. Although this, rotations were allowed to
take place about the x-axis. For the rolled end, translational movement was only allowed to take

place within the z-axis. Additionally, such end also allowed rotations to occur about the x-axis.

Two different types of loads were applied; standard earth gravity, and area load. Standard earth
gravity was applied to the system, globally. This was set to act in the negative y-axis, at
9.8066 m/s2. The area load was applied only to the top facesheet. In Manjusha et al’s study (2020),

this was set to a magnitude of 0.75 kN/m?, with the purpose of simulating a roof load.
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Figure 3-4: Isometric view of the initial mesh set up.
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Next, the simulation was conducted. The resulting vertical deflection contour is depicted Figure 3-5.
In this context, two sets of vertical downward deflection curved were observed. These curves reached
their maximum values along the longitudinal midplane and the transverse midplane. The deflections
recorded were 11.257 mm, and 11.718 mm, respectively, with the latter corresponding to the
maximum vertical downward deflection exhibited by the panel. This occurrence was attributed to the
panel’s orthotropic properties. Although bidirectionality was observed, it was noted that the panel
predominantly behaved unidirectionally. This was evidenced by the predominance of vertical

deflection along the longitudinal plane.

Cross-referencing this to Manjusha’s (2020) study, it was not specified which value of deflection was
being referenced, be it the maximum deflection along the longitudinal plane, or the transverse plane.
Therefore, it was assumed that the quoted deflection referred to the maximum vertical deflection
along the longitudinal plane. This assumption was based on the predominant occurrence of
deflection along this plane. As well as the fact that it was noted that the difference in vertical
deflection along the longitudinal plane (- 0.88%), compared to Manjusha’s study, was smaller than

the difference in vertical deflection along the transverse plane (+ 1.03%).

In ensuring the validity of the maximum deflection at the longitudinal midplane, mesh refinements
were conducted until convergence was noted to occur within the deflection values. Convergence was
identified to occur when the change in deflection was less than £ 2.00%. In this regard, convergence
occurred after one iteration which corresponded to an element size of 48 mm, and an average
element quality of 0.97. The converged vertical downward deflection value was that of 11.258 mm.

The change in deflection, calculated with respect to the penultimate vertical deflection, was noted to

(-)11.258

be (+) 0.0089% (= ( S

—1)+100).

The final value of deflection was compared to that obtained in Manjusha et al.’s study (2020). Here, a

(-)11.258

change in vertical deflection of (-) 0.87% (= (1 ~ Oiissr

) * 100) was identified to be present. The

discrepancy was noted to be less than 5.00%, therefore ensuring that the basic methodology adopted
by Manjusha et al. (2020), was correctly established in this study. Note that result pertaining to the

ultimate mesh size (= 48 mm) may be found in Appendix A.2.
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Figure 3-5: Vertical deflection contour depicts bidirectional behaviour along the longitudinal and transverse directions, corresponding to an initial mesh size of 50 mm. Note that units are in mm.
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3.2. Main Study
This section served to describe the adaptation of the previously established methodology to the
trapezoidally-stiffened GFRP sandwich panel. It also served to describe the steps applied in
determining the relationship between the input and output variables, and the tools used in assisting

with identifying the optimal panel design.

This section shared most of its methodology described in Section 3.1. Therefore, in this section, only
modifications, and additions made to the aforementioned methodology were described. The

flowchart shown in Figure 3-6 provides a general overview of the methodology followed in this

section.
. . Finite .
Start Materials Geometric Panel L Finish
. . Element Optimization
Properties Properties . Performance
Analysis

Engineering Design Static Response Direct
Data Modeler Structural Surface Optimization
* Epoxy E-Glass * Top/Bottom * Materials « Design of C gon-. g
« High Density Facesheets S Connections Experiment Soog;:‘“ate

PU ¢ Top/Bottom * Mesh * Response Algoritghm
* Low Density PU Cores « Boundary Surface

* Stiffening Conditions
System o lerek

Figure 3-6: Flowchart summarizing the methodology adopted in conducting the main study.

3.2.1. Material Properties

Consider first the Engineering Data module. Difficulty was noted in adopting the same core materials
specified in the preliminary study. This stemmed from the fact that research pertaining to the cost of
the foam cores utilized in Manjusha et al.’s study (2020), proved to be difficult. This would have
prohibited cost-optimization procedures from being conducted. Alternatively, the same concept was
applied, albeit through the use of alternative PU foam cores, whose material properties were more
accessible. In this regard, reference was made to a study conducted by Garrido et al. (2019). From
such study, the material properties of the most dense, and the least dense PU foam cores were

extracted. These are tabulated in Table 3-4.

Note that similarly as in Section 3.1.1, both the low- and high-density PU foam cores were modelled

as isotropic elastic materials.
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Table 3-4: Mechanical properties of low- and high-density PU foams adopted from (Garrido, Madeira, Proenca, & Correia,
2019).

Low-Density PU Foam | High-Density PU Foam
Density (0:pu | preu ) [kg/m?] 35 120
Young’s Modulus (E;py | Expu) [MPa] 9.2 63.4
Poisson’s Ratio (Vipu | Vipu) 0.3 0.3
Shear Modulus (G.ru | Grpu) [MPa] 3.53 24.32
Material Cost (cipu | Crpu) [€/m3] 253 426

In defining the unit cost associated with the epoxy e-glass woven fabric (crp), the properties of the
individual constituents were first identified. The relevant properties of such materials are exhibited in

Table 3-5.

Table 3-5: Mechanical properties of epoxy and e-glass woven fabric, adopted from (EasyComposites, 2016) and (Garrido,
Madeira, Proenca, & Correia, 2019), respectively.

Epoxy E-Glass Woven Fabric
Density (om [ pf) (kg/m3) 1150 2570
Young’s Modulus (E, | Ef) [GPa] 4 70
Shear Modulus (G, | Gf) [GPa] 1.54 27.00
Poisson’s Ratio (v, [ vy) 0.3 0.3
Unit Cost (cm | ¢f) [€/kg] 15.43 3.40

Next, the proportion of the constituents making up the composite material needed to be defined.
This was achieved via the fibre-volume ratio". All corresponding calculations are included in
Appendix A.3. In this regard 62.2% of the composite material was composed of fibre (V4), whilst
37.8% of the composite material was composite of matrix (Vi»). The unit cost of the facesheets was
calculated as the sum of the product of the volume ratio and the unit cost, for each constituent. This
was expressed in Eq. 3.1. Thus, the cost per unit mass of the epoxy e-glass woven fabric was noted to

be €7.95.

crrp = ViCr + Vipem Eq.3.1

v For information pertaining to the fibre-volume ratio, refer to Section 2.1.
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Note that similarly as in Section 3.1.1, the epoxy e-glass woven fabric was modelled as an orthotropic

elastic material.

3.2.2. Geometric Properties

Next the geometric modelling of the stiffened GFRP sandwich panel was considered. Here, the same
approach adopted in Section 3.1.2 was adopted. The difference was that in addition to the sketches
described in Section 3.1.2, an additional sketch was generated to cater for the stiffening system. The

sketches making up the stiffened GFRP sandwich panel are shown in Figure 3-7.

Note that as seen from Figure 3-7, the trapezoidal stiffeners (shown in RED) were sketched on the
faces of cores #2 and #4. This was done to allow the share topology function to be adopted, thus
providing mesh continuity within the model. Independence was however noted to be present
between the trapezoidal stiffeners, and cores #1 and #5. This was mitigated via the implementation
of contact elements, specifically targe 170, which simulated a bonded contact between the
concerning components. Such elements were used owing to their property in allowing contact
between shell and solid elements. The stiffness associated with such contact elements was
calculated based on the pure penalty function formulation, more of which may be found in Appendix

A.4 (ANSYS, Inc., 2023).

Verification of the proper functioning of the contact elements was conducted through the status
contact tool. This provided a graphical view (Figure 3-8) of the status of the concerning contact.
Proper set up was identified to have been achieved if the indicator on the mating surface was RED in
colour. This was denoted to imply fixity (termed sticking within ANSYS Workbench) between the faces

of the selected components.
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1000,00

Top Facesheet

]

Top Core

Bottom Core

Bottom Facesheet

Stiffeners

Figure 3-7: Geometry of GFRP sandwich panel was comprised of 5 independent sketches; top facesheet; top core, bottom core; bottom facesheet and, stiffening system. Note that dimensions are in mm

A

Figure 3-8: Red interface indicated fixity (termed “sticking” within ANSYS Workbench) between core #1 and stiffener B.
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In total, the model was constituted of 18 bodies; 2 facesheets; 4 trapezoidal stiffeners; 2 edge

stiffeners; 5 low-density PU cores, and; 5 high-density PU cores.

Next, parameterization of the geometric model was conducted. The parameters, and the associated

parametric relationships are shown in Table 3-6.

Table 3-6: Summary of the geometric parameters.

Parameter Symbol Type Input Value/Expression Step Size

Facesheet 1.2-4.0mm

] Te Independent 0.4 mm
Thickness (Top) [3 - 10 plies]
Facesheet - b dent T NA

ependen

Thickness (Bottom) o P Ft
Total Core

. Tect Independent 50 -100 mm 10 mm
Thickness

. Tct

Core Thickness Tc Dependent - NA
Half Stiffener ROUNDUP (M) % 0.4

) Tsi Dependent 0.4 NA
Thickness (Left)

2
Half Stiffener - b dent (To) NA
- ependen

Thickness (Right) . P st
Stiffener Angle #1 V] Independent 50°-130° 10°
Stiffener Angle #2 2] Dependent (180° —6,) NA

Parameterization brought about a plethora of different panel configurations. For this reason, a

designation system was devised in identifying the different configurations. Following is the generic

form of the designation system devised: A%:CTFTr. Here A denoted the angle of the trapezoidal

stiffening system; C denoted the total thickness of the core, and; F denoted the thickness of the

facesheet.
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3.2.3. Finite Element Analysis

Next the Static Structural module was set up. The aim of setting this module was to establish a
foundation for the Design of Experiment (DOE) component within the Response Surface module to
conduct simulations of specific panel configurations. More details on the Response Surface module
can be found in Section 3.2.4. It was determined that the Static Structural module would best be set
up on the panel with the largest geometric dimensions and complexity to identify the smallest mesh
size applicable to all sandwich panel configurations. Therefore, the setup was based on panel
A50C100F4.0, featuring the thickest core and facesheet options, along with a 50° stiffening angle.

Note that a 130° stiffening angle would also have been suitable.

Within the Static Structural module, the same material-geometry linkages adopted in Section 3.1.3,
were applied. Additionally, the material properties assigned to the facesheets were also applied to

the panel’s stiffening system.

In determining the panel’s total mass (m7) and materials cost (Cr), the mass (my) and volume (V) of
the different components making up the panel needed to be parameterized. Note that the subscript
notation used was as follows; LPU denoted low-density PU cores; HPU denoted high-density PU
cores; F denoted facesheets, and; S denoted stiffeners. The parametric relationships developed in

calculating the total mass and cost of the GFRP sandwich panel are shown in Table 3-7.

Table 3-7: Summary of the mass and cost-related parametric relationships.

Parameter Symbol Type Expression
5 2 6
Mass of Sandwich Panel mr Dependent E(mLPw + Mypyi) + 2 mg; + Z mg;
i=1 i=1 i=1
Cost of Sandwich Panel Cr Dependent Z Crpy + Cypy + Crrp
5
Cost of Low-Density PU Ciru | Dependent Z(Vic)LPU
i=1
5
Cost of High-Density PU Cripu | Dependent Z(Vic)HPU
=1
Cost of FRP Crrp Dependent Z Cn + Cr
2 6
Cost of Matrix Cn Dependent VinCm (Z mpg; + Z m5i>
i=1 i=1
2 6
Cost of Fibre G Dependent Vecr (Z Mmg; + z m5i>
i=1 i=1
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While modelling the GFRP sandwich panel, the numerical model was halved along the longitudinal
midplane, owing to symmetry in design. In this manner, the component of displacement normal to
the plane of symmetry, at the plane of symmetry, was set to zero. This was done to allow increased

savings in computational costs, as well as accuracy.

Next the composition of the mesh was considered. The same meshing philosophy adopted in Section
3.1.3 was adopted. Thus, the facesheets and the stiffening system were both modelled as shell
elements. The cores were modelled as solid elements. As opposed to the use of 4-nodal shell
element, shell 181, 8-nodal shell elements, shell 281, were used in meshing the facesheets and the
stiffening system. This was done to allow higher degrees of accuracy to be achieved. Note that

meshing of the cores was achieved via solid elements, solid 186.

As in Section 3.1.3, these elements were meshed into the geometric model using the sweeping
method. This was adopted owing to the extrudable design of the sandwich panel. Further information
pertaining to the difference between the different element types, rationale behind the specific

elements chosen, and meshing method, may be found in Appendix A.1.

The appropriate initial mesh size determined through the application of the same philosophy
adopted in Section 3.1.3 proved to be unsuccessful. This occurred due to the element capacity
associated with the student license of ANSYS Workbench (ANSYS, Inc., 2023). For this reason, the
acceptable average element quality was dropped to 0.85. In this regard, the largest initial mesh size

was noted to be 23 mm. The mesh configuration for panel A50C100F4.0 is shown in Figure 3-9.

Figure 3-9: Isometric view of the initial mesh for configuration A50C100F4.0.
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The same types of boundary conditions and loads as described in Section 3.1.3 were applied.
However, owing to optimizing the panel as a monolithic slab within domestic buildings, as per EN
1991-1-1, Table 6.2, an increased area load of 2.0 kN/m? was applied to the top facesheet (European

Committee for Standardization, 2001).

Note that in case that large strains were noted to take place, the effects of geometric nonlinearity
were considered in the analyses. In this regard, default settings were utilized, owing to the
computational efficiency achieved in the convergence of results (ANSYS, Inc., 2021). More
information on the theory behind the geometric nonlinearity, and the techniques utilised within

ANSYS Workbench pertaining this topic may be found in Appendix A.5.

The output result was then generated. The maximum vertical deflection obtained by the panel was
recorded (Ar). For the initial mesh size set up, this was noted to be 2.3775 mm. In ensuring validity of
the output values, a mesh refinement study was conducted. The same procedure adopted in Section
3.1.3 was applied, albeit for a convergence rate of £ 3.00%. Note that the convergence rate was
increased by £ 1.00% owing to a limited number of elements allowed within the student license of
ANSYS Workbench (ANSYS, Inc., 2023). The ultimate mesh size adopted was of 21 mm, and the

associated converged deflection value was of 2.3924 mm. With respect to the penultimate vertical

(-)2.3775 _

deflection, this provided a change in deflection of 0.62% (= ((_)2 2974

1)+ 100).

3.2.4. Panel Performance

With the Static Structural module set up, the Response Surface module was considered next. The
purpose of such module was to predict the performance of all panel configurations in terms of
material cost, panel mass, and maximum vertical deflection. Within this module, the input variables
(Tet, Ter, and ©4), and the output variables (47, mr, and Cr) were defined. For each input variable, a
corresponding lower- and upper-bound was provided together with an associated step size, as shown

in Table 3-6. This resulted in 432 sandwich panel configuration runs.

Next a technique was needed to evaluate the performance of all 432 sandwich panel configurations
efficiently. Given the large number of configurations, individually changing each input variable, and
recording the outcomes would have been labour-intensive. Therefore, Response Surface functions
were utilized. These are machine learning algorithms that predict the performance of a system on the
basis of an initial data set (ANSYS, Inc., 2023). In generating this data set, Design of Experiment (DOE)
functions were considered. As shown in Appendix A.6. two DOE functions were considered. The
selected DOE function was the Face-Centred Central Composite Design. This choice was made
because it provided a sample set that included the performance of panel configurations at the
maximum and minimum input variable levels. This approach mitigated the need for the machine

learning algorithm to extrapolate beyond the range of the provided data.
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Next the machine learning algorithm itself was selected. As described in Appendix A.6., the Kriging
model was chosen due to its ability to capture complex relationships with high accuracy. The Kriging
model operates on the principle that panels with configurations similar to the panel whose
performance is being predicted are likely to exhibit similar performance. In contrast, panels with
dissimilar configurations are expected to perform differently. More information pertaining to the

Kriging model, and alternative models considered can be found in Appendix A.6.

In ensuring the suitability of the selected Response Surface function, a comparative analysis was
conducted. In this analysis, the performance of panel configurations that were previously simulated
using the DOE function were evaluated using the Kriging model. As illustrated in Figure 3-10Y, the
Kriging model demonstrated a good statistical representation of the evaluated data set. This indicated

that the chosen Response Surface function was suitable for the study.

Next, data pertaining to configurations of constant facesheet, and core thickness were averaged. For
each case, the uncertainty, that is, the spread in vertical deflection values owing to variations within
the stiffener angle, were calculated. A three-dimensional plot of the predicted data set was then
generated in terms of the output variables. Refer to Figure 3-11. Here, trendlines, denoted by CT¢,

and FTg were set up to indicate configurations of constant core, and facesheet thickness, respectively.

In allowing for the effects of the input variables to be studied, explicit configurations pertaining to
specific trends identified on such plot were further evaluated through the Static Structural module.
For the concerning configurations, vertical displacement contours were generated, from which the
maximum vertical deflection along the longitudinal plane (A) was extracted and compared to
analytical solutions. Note that analytical solutions were conducted on the basis of the Classical

Sandwich Panel Theory. For more information on this refer to Section 2.3.

Von Mises stress contours were also generated. These were generated as opposed to alternative
stress contours in case that out-of-plane stresses derived from bidirectional behaviour occurred. As
such, the Von Mises stress criterion was selected owing to providing a scalar value, representative of

the combined effect of the multi-axial stress state.

v Plots pertaining to the accuracy of the predictive model with respect to panel mass, and material cost are shown
in Appendix A.7. Note that for all output variables, a good degree of predictability was achieved via the Kriging

model.
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Figure 3-10: Graph of predicted vs observed maximum vertical deflection [mm].
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Figure 3-11: Graph of predicted maximum vertical deflection [mm] (z-axis) vs average material cost [€] (y-axis) vs average panel mass [kg] (x-axis) for configurations of constant core and facesheet
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3.2.5. Optimization

In allowing for the identification of the optimal sandwich panel configuration to be facilitated, the
Direct Optimization module was set up. The purpose of such module was to apply a filter, followed by
a sorting algorithm to the data set predicted via the Kriging model thus identifying the panels of

optimal configuration.

In filtering the data, a set of objectives and constraints pertaining to the output variables were set up.
These are summarized Table 3-8. Configurations failing to satisfy the desired objectives and
constraints were termed infeasible; those that met the requirements were termed feasible. Refer to
Figure 3-12.

Next, the remainder of the data was sorted. Sorting was achieved via the application of a non-
dominated sorting algorithm; a sorting algorithm whereby data points were sorted on their
susceptibility of being dominated. A data point (A(mTl, ch,ATl)) was set to dominate another data
point (B(mTz’CTz’ATz)) if (my, <mr, and cr, < cr, and Ar, < Ar,) and

(mT1 <mg, or ¢y, < cp, or A, < ATZ) were noted to be true. This process resulted in the division of

the feasible data set into two subsets: dominated and non-dominated. Refer to Figure 3-13.

From the two sets, the non-dominated subset was identified as providing optimal configurations for
vertical deflection. These optimal configurations were then evaluated in the Static Structural module,

where the credibility of the results was ensured.

Table 3-8: Objective and constraints functions devised in filtering the predicted data set.

Objective Constraint
Parameter Tvoe tareet | Tvoe Lower Upper
ve & P Bound Bound
Maximum Vertical L Lower Bound < Values < )
. Minimize 0 0 mm 8.33 mm"
Deflection (A7) Upper Bound
Total Sandwich Panel .
. Minimize 0 Values > Lower Bound €0.00 NA
Material Cost (C7)
Total Sandwich Panel Mass L
(mn) Minimize 0 Values = Lower Bound 0 kg NA
mr,

Vi The upper bound was determined by the deflection control limit %. This was adopted on the basis of

similarly focused studies (Fam & Sharaf, 2010; Manjusha & Althaf, 2020), further discussed in Chapter 2.
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64

facesheet thickness. Configurations that failed to meet the set constraints were labelled ‘infeasible’ (RED), while those that met the constraints were labelled ‘feasible’ (YELLOW).



C50 «
‘\
\ .
Vo @ Infeasible
1 1Y
‘. Fle QO Feasible & Non-Dominated
30 — Y
\ A . .
\ Feasible & Dominated
c60 & U @
(RS \ ‘\
x v ~ F2.0
2iz== \ A "
! x*\ 17
1 1
C70 & VN .
= e | 178 . F2.4
v i ~
£ \ \\ \ \\1 »
£ S . N
2 C80 & % Vsoov N P28
2 e I TR \\"\ °
= v i N~y ~
g IR ' ‘&, A N
£ ® 2. [ \ ~
§ ] co0 w T e Ve ) W32
E v s s L L, @ b Wi
=} ~ \ ~ L}
g ‘\‘ T \\\ . v "+~ F3.6
] C100 =~ 2 kG LS v v ®
= i o LN . Y e,
2 ST I T i v . F40
10 — R, G \ y
[ i S DY \“‘ ‘\ - [ ]
- -
Z . Ry \\_‘ T ¢ ~ \.L !

560 800

Average Panel Mass [kg]
Average Material Cost [€]

Figure 3-13: Graph of predicted average maximum vertical deflection [mm] (z-axis) vs average material cost [€] (y-axis) vs average panel mass [kg] (x-axis) for configurations of constant core and
facesheet thickness. Configurations previously labelled as ‘feasible’ were further subdivided into ‘non-dominated’ (YELLOW) and ‘dominated’ (BLUE) data sets, on the basis of being dominated or not.
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In this regard, owing to the applied filter, non-dominated sorting algorithm, and the observed effects
imparted by the input variables on the output variables, the optimal panel configuration was to be

identified.

3.3. Concluding Remarks
The results from this chapter included a three-dimensional plot of the output variables, divided into
three subsets: (i) infeasible, (ii) feasible & dominated, (iii) feasible & non-dominated. Additionally, as
highlighted from this chapter, vertical deflection and Von Mises stress contours of specific panel

configurations were also generated.

Based on Figure 3-13, the next chapter described the relationship between the output variables. It
also analysed the impact of the input variables on the panel’s performance using vertical deflection
and Von Mises stress contours. Finally, the chapter revisited the three-dimensional plot from Figure

3-13 and observed trends, to identify the optimal sandwich panel configuration.
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4.Results

This chapter is composed of two main sections. The first section focused on understanding the
relationships among the output variables themselves. This was followed by an analysis where each
output variable was individually evaluated with respect to the input variables. To aid this analysis,
vertical deflection and Von Mises stress contours derived from the described numerical simulations

were extensively used in conjunction with analytical calculations.

The second section utilized information from the non-dominated sorting algorithm, along with

insights gained from the first section, to identify the optimal sandwich panel configuration.

Note that throughout this chapter, the designation system described in Section 3.2.2 was used
extensively. Variants of such system were also used. These included CTc¢FTr, AG:FTr, and AS:CTc;, to
refer to panel systems of constant; core and facesheet thickness; stiffener angle and facesheet
thickness, and; stiffener angle and core thickness, respectively. In referring to panel configurations of
constant; stiffener angle; core thickness, and; facesheet thickness, the notations A%, CT¢t, and FT,

were used respectively.

Additionally, the same naming scheme established in Section 3.2.2 was used in referring to the

specific components within the GFRP sandwich panel.

4.1. Effect on Output Variables & Von Mises Stresses

4.1.1. Vertical Deflection

From the three-dimensional plot in Figure 3-13, two-dimensional plots of maximum vertical
deflection vs panel mass (Figure 4-1), and material cost (Figure 4-2), respectively, were extracted. As
in the case of Figure 3-13, trendlines denoted by CT, and FTr: were set up to indicate configurations
of constant core, and facesheet thickness, respectively. Note that for the purposes of this section, the
associated legend in such figures is to be ignored. Such terms were related to the non-dominated
sorting algorithm and were further defined in the discussion on the optimal panel configuration in

Section 4.2.

As shown in Figures 4-1, and 4-2, minimizing the panel’s maximum vertical deflection resulted in a
consequential increase in material cost and panel mass. This trend was consistent across all cases
except for panel configurations C100F3.6, and C100F4.0. For these configurations, the vertical
deflection was predicted to be surpassed by panels with the same facesheet thickness but a 90 mm
core. This was noted to be erroneous because as described in Section 2.3, increasing core thickness,
led to an increase in the panel’s second moment of area, and thus its flexural rigidity. Given the
Kriging model’s good statistical representation of the sample set from the Face-Centred Central

Composite Design (refer to Section 3.2.4 — Figure 3-10), the error was suggested to be a function of
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the DOE function selected. It is suggested that more elaborate DOE functions with larger sample sizes
should have been considered as these would have provided the Kriging model with a more extensive

data set, leading to more accurate predictions.

Nonetheless, as shown in Figures 4-1, and 4-2, the relationship between the output variables was
curvilinear, suggesting that the enhanced performance in vertical deflection was less sensitive to

increasing panel mass and material cost.

From these figures, it was also noted that the input parameters did not yield the same degree of
influence on the panel’s stiffness. A stepwise increase from a 50 mm core thickness was found to be
5.41% more effective than a stepwise increase from a 1.2 mm facesheet thickness. This was
suggested to have occurred due to the greater degree of change in the panel’s second moment of

area when changing the core thickness, as opposed to the facesheet thickness.

The analytical expression Eq. 2.1 for a panel’s flexural rigidity, D, discussed in Section 2.3, was
considered, with considerations also given to the flexural stiffness provided by the stiffening system
(EFls). Analysis conducted on all panel configurations showed that the governing term was E¢le. Its
contribution was noted to vary from 88.6% to 96.7%, with the lower range associated with thicker
core sections and the higher range associated with thicker facesheet sections. Eq. 4.1 was then
considered, further defining /- in terms of its basic constituents based on Figure 4-3.

2bT3
IF — Ft

+ 2bTy TE + 2bTZ, T, Eq.4.1

68



Average Maximum Vertical Deflection [mm]

35

30

25

20

15

10

10

CSO‘;%.. @
o0 M. *5*

C100 F%4

.
.
vey

Bl Y

tee, "0 '-'m ........... seed N"‘.'l
q‘-‘—n""l'L'lelaap.;::pS\moow"‘ms“s

15 20 25 30 35 40
Average Panel Mass [kg]

@ Infeasible ® Feasible & Dominated Feasible & Non-Dominated

Figure 4-1: Graph of average maximum vertical deflection [mm] vs panel mass [kg] for configurations of constant core and facesheet thickness
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Figure 4-2: Graph of average maximum vertical deflection [mm] vs material cost [€] for configurations of constant core and facesheet thickness.
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Figure 4-3: Broken schematic of the designed GFRP sandwich panel.

Evaluating Eq. 4.1 showed that 2bTxT was the predominant term. Depending on the panel’s
configuration, its contribution varied from 85.6% to 97.6%. Due to the square associated with the
core thickness and its high-value domain, it was deduced that the core thickness was the
predominant variable in determining I, and consequently D. Hence, the increased effectiveness

observed in changing the core thickness rather than the facesheet thickness.

Note that although a bilayer core has been considered in this dissertation, the neutral axis was still
considered to act at the geometric centre of the sandwich panel. This decision was conducted on the

basis that the actual shift associated with the neutral axis was found to be negligible.

Additionally, from Eq. 2.1, the contribution of the core varied from 0.4% to 2.7%. This implied that the

core provided little-to-no effect in strengthening the sandwich panel.

The influence of the angle of the stiffening system on the panel’s maximum vertical deflection was
denoted in Figure 4-1, and 4-2 via the error bars. From such figures, the error bars were noted to vary
in magnitude. The largest absolute change in vertical deflection was observed for panel C50F1.2, with
a vertical deflection change of £ 0.65 mm when altering the angle of the stiffening system. However,
relative to the panel’s average maximum vertical deflection, this change represented the smallest
contribution at £ 2.19%. In contrast, the smallest absolute change in deflection was noted for panel
C100F4.0, with a vertical deflection change of + 0.20 mm. Despite this, it represented the largest

percentage contribution relative to the panel’s average maximum vertical deflection, at 6.41%.

In verifying the observations highlighted by the Kriging model, further analysis was conducted

through discrete FEA models on trendlines F1.2, and C50, respectively.

Figure 4-4 illustrated a representative vertical deflection contour derived from this analysis. The
deflection contour shown applied to configuration A90C50F1.2. Due to minimal variation in vertical
deflection contour trends across different panel configurations, the contour plot shown in Figure 4-4
sufficed for the purposes of this discussion. Deflection contours for the entire set of analysed

configurations can be found in Appendix B.2.
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Upon analysing the contour plot in Figure 4-4, it was noted that there were two main sets of
deflection curves: one oriented longitudinally, and the other transversely. Both types of deflection
displayed a curvilinear relationship, with the maximum vertical deflection along the longitudinal
plane occurring at midspan, and the maximum vertical deflection along the transverse plane
occurring at the free end of the panel. The latter coincided with the system’s maximum vertical
deflection, as indicated in Figure 4-4. It was identified that all configurations exhibited bidirectional

behaviour, but vertical deflection predominantly occurred along the longitudinal plane.

As described in Section 3.1.3, this occurrence was attributed to the orthotropic nature of the GFRP
sandwich panel, which manifests in two ways. First, the GFRP facesheets had fibres unidirectionally
aligned along the longitudinal direction. This caused the panel’s stiffness along the longitudinal
direction to differ to that in the transverse direction. This concept was introduced in Section 2.1,
where it was noted that the longitudinal stiffness provided by a GFRP laminate is similar in magnitude
to that of the fibres themselves (i.e. E;; = Ef= 70 GPa), while the transverse stiffness is comparable to

that of the matrix (i.e. E22 = E, = 4 GPa).

This effect was further compounded by the implementation of the stiffening system. Since the
stiffeners were introduced solely along the longitudinal direction, they increased the second moment

of area in that direction, thereby further stiffening the panel along the longitudinal direction.

This meant that the bidirectional behaviour of the panel was therefore attributed to the difference in
stiffness properties in the longitudinal and transverse directions, derived from both the material and

geometric properties used.
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Figure 4-4: Typical total deflection contour. Shown specifically is of configuration A90C50F1.2. Note that units are in mm.
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4.1.1.1. Core & Facesheet Thickness

Plots of the simulated maximum vertical deflections at the longitudinal midplane, along with their
equivalent analytical solutions, were shown with respect to core thickness and facesheet thickness in
Figures 4-5A and B, respectively. Note that a tabulated version of same results, including additional
data pertaining to mesh quality, is shown in Appendix B.1. A reasonable agreement was observed
between the simulated and analytical solutions, suggesting that the effects of geometric nonlinearity
contributed negligibly to the panel’s total vertical deflection. This conclusion was drawn because the

Classical Sandwich Panel Theory, which disregards such effects, matched the simulation results well.
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Figure 4-5: Graph of maximum vertical deflection at longitudinal midplane [mm] vs (A) core thickness [mm] for configuration
A90F1.2 and; (B) facesheet thickness [mm] for configuration A90C50.
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In both cases, the relationship between the maximum vertical deflection at the longitudinal midplane
with respect to core thickness and facesheet thickness was observed to be curvilinear. These
observations suggested that the effectiveness of the core and facesheet thickness on the panel’s
vertical deflection decreased with increased thickness values. This was consistent with the

observations made by Manjusha et al. (2020).

In Section 4.1.1, it was determined that the flexural stiffness, D, of the panel was predominantly a
function of Eflr. Furthermore, it was noted that /- was primarily a function of 2bTxTc%. Analysis of this
term showed that for a constant facesheet thickness, Tr, the second moment of area of the facesheet
varied as a function of the square of the core thickness Tc. In this manner, it was this quadratic
relationship that gave rise to the curvilinear relationship observed between the maximum vertical

deflection along the longitudinal midplane and the core thickness shown in Figure 4-5A.

In the case of Figure 4-5B, for a constant core thickness, the term 2bT=Tc? became a linear function.
For this reason, focus shifted on the second-most dominant term in Eq. 4.1, This was noted to be
2bTe’T¢, whose contribution across all panel configurations varied from 2.34% to 13.69%.
Examination of such term showed that for a constant core thickness, T¢, the panel’s flexural rigidity
varied linearly as a function of 2bTxT¢, and quadratically, as a function of 2bTTc. As a result of the
latter function, a parabolic relationship was observed between the maximum vertical deflection along

the longitudinal midplane and the facesheet thickness.

4.1.1.2. Stiffener Angle

In better understanding the influence of the angle of the stiffening system on the panel’s
performance, discrete analytical and finite element studies were conducted on configurations

C50F1.2, C50F4.0, C100F1.2, C100F4.0. Refer to Figure 4-6, and Figures 4-7A, B, and C, respectively.
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Figure 4-6: Graph of maximum vertical deflection at longitudinal midplane [mm] vs stiffener angle [degree] for configuration
C50F1.2.
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Note that a tabulated version of same results, including additional data pertaining to mesh quality, is

shown in Appendix B.1
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Figure 4-7: Graph of maximum vertical deflection at longitudinal midplane [mm] vs stiffener angle [degree] for configuration

(A) C50F4.0, (B) C100F1. 2, and (C) C100F4.0.
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Variation was noted between the analytical and simulated data sets in terms of the followed trend
and range. Regarding the latter, reasonable agreement was found for data sets pertaining to
configurations C50F1.2 (Figure 4-6), C50F4.0 (Figure 4-7A), and C100F1.2 (Figure 4-7B), with
differences ranging from 3.65% to 5.26%, 2.74% to 4.01%, and 0.59% to 1.23%, respectively. The only
significant mismatch in magnitude was observed for configuration C100F4.0 (Figure 4-7C), where the
difference ranged from 12.94% to 15.61%. However, this magnitude of discrepancy was considered
relatively low in some studies, such as that conducted by Correia et al.’s (2012), which compared

results with experimental flexural data rather than vertical deflection finite element results.

With respect to the trend observed, solution sets for configurations C50F1.2 (Figure 4-6), and
C100F1.2 (Figure 4-7B) were found to align. This alignment was noted due to the observed parabolic
relationship in both solution sets. It indicated that the effectiveness of the stiffener angle increased as
the corresponding angle approached extreme values within its domain. Symmetry was also observed
about the 90° angle, with a maximum occurring at 90° and a minimum at 50° and 130°. This
suggested that the following pairs of angles performed similarly; 50° and 130°, 60° and 120°, 70° and
110°, 80° and 100°.

Although not to the same extent, the analytical solutions for panel configurations C50F4.0 (Figure
4-7A), and C100F4.0 (Figure 4-7C) also showed a symmetric parabolic trend. In this case, changing the
angle was found to have a minimal effect on the panel’s stiffness. The analytical solutions estimated a
maximum change in vertical deflection of 0.06 mm for panels C50F4.0 and 0.03 mm for panels
C100F4.0. This change was not observed in the simulated solutions, likely due to the relatively large
convergence rate used (+ 3.00%) in the mesh study. This limited the resolution needed to clearly

define the effects of changing the angle of the stiffening system.

Comparing configurations C50F4.0, and C100F4.0 to panel configurations of the same core thickness,
but 1.2 mm facesheet thickness, i.e., configurations C50F1.2, and C50F4.0, respectively, showed that
the range in magnitude for the change in vertical deflection due to changes in the angle of the
stiffening system decreased by 80%, and 79%, respectively. This finding was consistent with that
shown in Figure 4-1 and 4-2, where the error bars associated with configurations of lower facesheet

thickness exhibited greater degrees of uncertainty.

This was suggested to have occurred due to the increased contribution of Efl,, and consequential
reduction of Efls, in Eq. 2.1 for panels with increasing facesheet thickness. In fact, comparing the
contributions of Eflsin Eq. 2.1, for configurations A90C50F1.2, and A90C50F4.0, showed a reduction
of 1.59%, from 4.49% to 2.90%. The same applied to configurations A90C100F1.2 and A90C100F4.0,

where a reduction of 2.62% was noted, from 8.65% to 6.03%.

Regarding the symmetric parabolic relationship observed, this was noted to be a consequence of the
length of the trapezoidal stiffener, Ls, being a function of trigonometric ratios.
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Figure 4-8 depicts a schematic of a typical panel configuration, with Detail Z providing further
definition to the geometry of the edge and trapezoidal stiffener. The stiffening system consisted of
edge stiffeners and trapezoidal stiffeners. The former were independent of &,, so their area was the

product of their length (T¢:) and breadth (Ts). In contrast, the length of the trapezoidal stiffeners, Ls,

Tct
sin6,

depended on &,. This made Ls a function of trigonometric ratios, ( ) The application of the

aforementioned angle-pairs within this expression demonstrated that angles within each pair
resulted in identical values of Ls. This meant that the angle-pairs; 50° and 130°, 60° and 120°, 70° and

110°, 80° and 100°, provided identical panels, albeit mirrored horizontally.
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Figure 4-8: Geometric detailing of trapezoidal stiffener

Although it was true that the angle of the stiffener was noted to provide the largest absolute change
in deflection for panel C50F1.2, with a deflection range of 0.78 mm (simulated), and 0.30 mm
(analytical), this change was for practical purposes, noted to have been very small. This was
attributed to the limited effect of the stiffener angle on increasing the panel’s stiffness, D. In fact, for
panel C50F1.2 changing the angle from 90° to 50° increased the panel’s stiffness by 0.24%, whilst for
panel C100F4.0, this increased by 0.33%. Consequently, considering geometric simplification and the
associated reductions in labour intensity and production costs provided by an orthogonal stiffening
system, the optimal stiffener angle for minimizing vertical deflection was found to be 90°. In this
regard, it was suggested that for a more flexible panel design, greater improvements in deflection

may have been achieved.
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4.1.2. Material Cost & Panel Mass

As conducted in Section 4.1.1, in further analysing the relationship between the panel’s material cost
and mass, the relevant two-dimensional plot was extracted from Figure 3-13. As in the case of Figure
3-13, trendlines denoted by CT;, and FT were set up to indicate configurations of constant core, and
facesheet thickness, respectively. Refer to Figure 4-9. Note that for the purposes of this subsection,
the associated legend in such figures is to be ignored. Such terms are related to the non-dominated
sorting algorithm, and further defined in the discussion on the optimal panel configuration and will

be referred to in Section 4.2.

As observed from the material cost vs panel mass plot, a directly proportional relationship was
identified to be present. This was expected owing to the linear cost expression described in Section
3.2.2, Table 3-7. From Figure 4-9, it was noted that the input parameters did not exert the same
degree of influence on the panel’s mass and material cost. In this regard, it was identified that a
stepwise increase in facesheet thickness was 1.8 times the cost increase of a stepwise increase in
core thickness, and 2.7 times the mass increase of a stepwise increase in core thickness. This was
attributed to the lower cost per unit volume and density associated with the core materials. This
implied that in minimizing the material cost and panel mass, increments in core thickness were noted

to precede those in facesheet thickness.

As seen from the error bars in Figure 4-9, the effectiveness of the angle of the stiffening system, for
different core and facesheet thicknesses was noted to have remained the same on both axes. The
average change in material cost, and panel mass derived from changes in the angle of the stiffening
system were noted to be + €4.28, and + 0.26 kg, respectively. With respect to a panel’s overall
material cost and mass, these were noted to contribute minimally. For illustration purposes,
considering the lightest and cheapest panel configuration considered in this dissertation, i.e. C50F1.2,
the largest possible contribution provided by the angle of the stiffening system on the panel’s overall

material cost, and mass was 2.37%, and 1.86%, respectively.
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Figure 4-9: Graph of average material cost [€] vs average panel mass [kg] for configurations of constant core and facesheet thickness.
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4.1.3. Von Mises Stress

In further assessing the behaviour of the input parameters, corresponding Von Mises stress contours
were analysed. For this purpose, configuration A90C50F1.2 was set as the reference configuration.
The following pairs were assessed in studying the effects of core thickness, facesheet thickness, and
stiffener angle, respectively; A90C70F1.2 and A90C100F1.2; AS0C50F2.0 and AS0C50F4.0, and;
A50C50F1.2 and A70C50F1.2. Note that only half of the angle domain was considered in the case of
the stiffener angle. This decision was made due to the suggested symmetry in performance around

the 90° angle, as discussed in Section 4.1.1.2.

Additionally, configurations A50C100F1.2 and A50C50F4.0 were also studied. This was done to
determine the effects of the angle of the stiffening system on panel configurations with relatively

large core and facesheet thickness values.

For the purposes of this discussion, only stress contours corresponding to minimum and maximum
input parameters were shown. This was done as it was noted that the effects imparted by, for
instance, configuration A90C70F1.2, were the same as those imparted by configuration
A90C100F1.2, although to a lesser degree. For this reason, discussing the effects imparted by the
maximum input parameters with respect to the minimum parameters was noted to be sufficient in
providing a coherent understanding of the effects imparted by the input variables. The complete set

of stress contours can be observed in Appendix B.3.

Also note that due to the nature of loading and boundary conditions, at its longitudinal midplane,

the panel was noted to be subjected to pure bending at its midspan, and shear at its boundaries
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4.1.3.1. Panel Components

For each panel configuration, contours of the bottom facesheets were shown in plan. Contours of the
top facesheet were also generated; however, owing to similarities in both pattern and stress
magnitudes, it was decided not to exhibit these in this section. They could be found in Appendix B.3.
For either the bottom or the top facesheet, due to symmetry present in both axes, the associated
Von Mises stress contours depicted only a quarter of the panel in plan. Additionally, also note that
the bottom facesheet stress contours pertaining to configurations A50C100F1.2 and A50C50F4.0
were not included with the rest of the configurations shown in Figure 4-10. This was done because
little-to-no difference was present in such contours compared to their respective 90° configurations.
For this reason, the Von Mises stress contours pertaining to such configurations may be found in

Appendix B.3.

Furthermore, for the purposes of this discussion, only the contour associated with stiffener £ was
discussed. This was conducted in relation to its adjacent core, core #5. The selection of such stiffener
and core was based on monitoring the stress behaviour of the worst-conditioned trapezoidal
stiffener and its adjacent core. Given that out-of-plane stresses were induced due to the panel’s
bidirectional behaviour, stiffener E was noted to be the worst-conditioned trapezoidal stiffener. With
this understanding and owing to symmetry along the longitudinal plane, stiffener B and core #1

would have also sufficed.

The following discussion delved into the general trends shown for the different components making
up the GFRP sandwich panel. Due to similarities between the analysed configurations, the trends

observed were noted to be applicable to all configurations.

Consider the bottom facesheets (Figures 4-10A — D). As expected, and as previously described in
Section 2.2, the facesheets were noted to predominantly function in resisting the bending moment
applied. In fact, the maximum stress in the bottom facesheet was consistently noted to occur at the
transverse midplane. However, in regions near a stiffener, stress values were observed to be lower.
This reduction in stress was attributed to a localized increase in the second moment of area of the

facesheets caused by the presence of the stiffener.

Additionally, varying values of stress were observed transversely across the panel. The trend
indicated that the free end of the panel was consistently subjected to higher stress states. As shown
in the stress contour near the boundary in Figures 4-10A — D, the rate of change of stress in the
transverse direction was nonlinear. These phenomena were attributed to the findings discussed in
Section 5.2.1, where the panel’s orthotropic behaviour, resulting from its material and geometric

properties, led to its bidirectional behaviour.
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Figure 4-10: Von Mises stress (MPa) contour of bottom facesheet for configuration: (A) AS0C50F1.2; (B) A50C50F1.2; (C)
A90C100F1.2; (D) A90C50F4.0.
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It is important to note that stress singularities were present in the bottom facesheet. These
singularities existed at the boundaries and were derived from the simplified 2D modelling of the
stiffening system. For the purposes of this discussion, the stress values associated with these

singularities were ignored. This was reflected in the accompanying legends in Figures 4-10A — D.

As shown in Figures 4-11A — F, green colour bands were consistently noted to be present along the
longitudinal direction, for stiffener E. This differed from what occurred for bottom facesheet, in
which a high-stress state was identified solely at the midspan, not consistently at both ends. This

implied that the stiffener functioned in resisting both shear and bending.

As described in the case of the bottom facesheet, stress singularities were also present in stiffener E.
These singularities were also located at the boundaries and were identified to have occurred for the
same reason stated before. For the purposes of this discussion, the stress values associated with

these singularities were ignored. This was reflected in the accompanying legends in Figures 4-11A —F.

Next, the Von Mises stress contours of core #5 (Figures 4-12A — F) were considered. As expected, and
as described in Section 2.2, such cores predominantly functioned in shear. This was evident from the
increasing stress values observed closer towards the panel’s boundary. Additionally, higher stress
values were attributed to the bottom core. As described in Eq. 2.5 in Section 2.3, this occurred due to
the increased stiffness of the bottom core. Despite this, the stress values across the cores were very
small in relation to those observed in the surrounding components. In all cases, these were smaller

than 0.6 MPa.

The fact that the Von Mises stresses within the core were so small implied that the shear force at the
boundary was predominantly passing through the stiffener and not the core. This, along with the fact
that the core no longer separated the facesheets as it would have in an unstiffened GFRP sandwich
panel, indicated that the core had little-to-no structural functionality in this configuration. However,
Tuwair et al. (2015) argued that the core still played a pivotal role within the GFRP sandwich panel. It
provided adjacent restraint to the stiffening system and the top facesheet, helping to mitigate
buckling of these components. In light of this, concerns were raised about whether the findings of
Manjusha et al. (2020), which were applied in this dissertation, were applicable to a stiffened GFRP
sandwich panel, and whether the implemented core configuration was the optimal configuration for

satisfying the new structural function of providing adjacent restraint.
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Figure 4-11: Von Mises stress (MPa) contour of stiffener E: (A) A90C50F1.2; (B) A50C50F1.2; (C) A90C100F1.2; (D)

A90C50F4.0; (E) AS0C100F1.2; (F) ASOC50F4.0
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Figure 4-12: Von Mises stress (MPa) contour of core #5: (A) A90C50F1.2; (B) AS0C50F1.2; (C) AS0C100F1.2; (D) A90C50FA4.0; (E)
A50C100F1.2; (F) A50C50F4.0.
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4.1.3.2. Component Comparison

The focus of this subsection was to determine the effects of the input variables on the panel’s
components, in terms of Von Mises stresses. This was done through a comparative analysis, with
panel A90C50F1.2 serving as the reference panel. Comparative analysis was conducted by
considering the change in maximum Von Mises stress for corresponding components in different
panel configurations. In this regard, the same components described in Section 4.1.3.1 were
reconsidered. The results were presented as a ratio with respect to the reference panel in Figure

4-13.

Comparisons between the reference configuration (Figures 4-10A, 4-11A, and 4-12A), panel
A90C100F1.2 (Figures 4-10C, 4-11C, and 4-12C), and panel A90C50F4.0 (Figures 4-10D, 11D, and
12D), showed that panels with maximum core or facesheet thickness exhibited a global reduction in

stress states, with all concerning components showing a decrease in stress.

The degree of reduction varied among the different components. For panel A90C50F4.0, the bottom
facesheet and stiffener E showed larger reductions in stress state compared to the same components
in panel A90C100F1.2. The reductions relative to panel A90C100F1.2 were observed to be 9.05% for
the bottom facesheet, and 22.07% for stiffener E. For core #5, panel A90C100F1.2 showed larger

stress reductions compared to panel A90C50F4.0, with a noted difference of 7.57%.

These observations suggested that increasing facesheet thickness was more effective in reducing
stresses in the facesheet and stiffening system. The latter was expected owing to the proportionality
defined between the facesheet and the stiffener thickness, where increasing facesheet thickness

resulted in increased stiffener thickness. Refer to Section 3.2.2, Table 3-6.

0.4

0.2

O I
-0.
mA90C100F1.2
-0. HA90C50F4.0

Ratio of Von Mises w.r.t. Panel
A90C50F1.2

2
4
-0.6 mA50C50F1.2
-0.8
Bottom Core #5 Stiffener E
Facesheet

Panel Component

Figure 4-13: Comparative Von Mises analysis for the top facesheet, core #5, and stiffener E, for panels AS0C100F1.2, A90C50F4.0,
and 50C50F1.2 with respect to panel A9OF50F1.2.
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In the case of the facesheets, Eq. 2.3, described in Section 2.3, suggested that this occurred due to
the larger % ratio associated with stepwise increments in core thickness compared to stepwise
increments in facesheet thickness. In fact, when calculated for the respective panel configurations,

panel C100F1.2 was found to have a % ratio 35.03% larger than that of panel C50F4.0.

On the other hand, it also suggested that increasing core thickness was more effective in reducing

the stresses in the cores. In fact, Eq. 2.5, described in Section 2.3, indicated that this was due to the
higher > ratio associated with stepwise increments in core thickness compared to facesheet

thickness.

When comparing the stress contours of panel A50C50F1.2 (Figures 4-10A, 4-11A, and 4-12A) with
respect to the reference panel, little difference was noted in the trends shown. However, significant
changes in stress state were observed in the concerning components. These changes were
summarized in Figure 4-13, via the blue bar graphs. The largest change in stress state was observed
in core #5, where the maximum stress decreased by 32.5%. Stiffener E, on the other hand, showed
an increase in stress state of 22.01%, while the stress state of the bottom facesheet remained
unchanged. This observation suggested that a portion of the force that originally passed through the
core in the reference configuration was, for panel A50C50F1.2, being transferred into the stiffening

system. This phenomenon was consistent with observations by Mohamed et al. (2015).

The same was noted in the case of configurations A50C100F1.2 (Figure 4-11E, and 12E) and
A50C50F4.0 (Figure 4-11E, and Figure 4-12F), albeit for their respective 90° configurations. The
difference observed between these configuration pairs, and the previously discussed configuration
pair, was in the degree of stress change shown. In the case of configuration A50C100F1.2, the stress
reduction shown in the core was 27.3%, whilst for panel A50C50F4.0, this was 2.41%. These
corresponded to an increase in the maximum stress state of stiffener E. For panel A50C100F1.2, this
increase was 9.47%, whilst for panel A50C50F4.0, this was 2.41%. This suggested that the effect of
the angle of the stiffening system was a function of core and facesheet thickness, with higher
weighting given to the latter. This was conceptually similar to what was described in Section 4.1.1.2,
where the effectiveness of the angle of the stiffening system on the panel’s vertical deflection

diminished with increased facesheet thickness.

In this scenario, due to significant changes in stress state caused by variations in the angle of the
stiffening system, the optimal angle was identified as a function of facesheet thickness. For relatively
thick facesheets, where the angle’s contribution was minimal, the optimal angle was found to be 90°.

This aligned with the rationale presented in Section 4.1.1.2. However, for panels with relatively thin
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facesheets, where the angle of the stiffening system had a significant impact (such as in panel

C50F1.2), the optimal angle was noted to be 50° (or 130° by symmetry).

4.2. Determination of Optimal Panel Configuration

This section delves into the rationale applied in determining the optimal panel configuration from a

total of 432 configurations. In achieving this, a three-step process was applied.

In structural engineering, when designing flooring systems, engineers seek to minimize the vertical
deflection of the concerning system in pursuit of safety (ultimate limit state) and comfort
(serviceability limit state). Owing to this dissertation’s commitment in furthering the body of

knowledge with respect to the implementation of GFRP sandwich panels within domestic

. . . . L 3000 .
environments, a maximum vertical deflection of 8.33 mm (= 300 = %) was imposed. Panel

configurations noted to have exceeded this vertical deflection were disqualified from the
optimisation process. These were denoted in Figures 3-13, 4-1, 4-2, and 4-9, in red, and by the term
infeasible. Panel configurations noted not to have exceeded this vertical deflection value were
further analysed via the non-dominated sorting algorithm. In Figures 3-13, 4-1, 4-2, and 4-9 these

panels were denoted in blue and yellow, and labelled feasible.

As seen from Figures 3-13, 4-1, and 4-2, it was noted that configurations, such as C90F2.0, although
successful in exhibiting a vertical deflection of less than 8.33 mm, were identified to have been
outperformed, i.e. dominated, by alternative panel configurations. Consider configuration C80F2.0,
and configuration C100F1.2, whose output variables were noted by (€312.19, 23.77 kg, 8.31 mm)
and (€251.74, 21.02 kg, 8.18 mm), respectively. Configuration C80F2.0 was dominated by panel
C100F1.2, in that panel C100F1.2 was noted to be lighter, cheaper and stiffer. The panel
configurations noted to have been non-dominated were all identified to be optimal panel
configurations for their associated maximum vertical deflection value. In this manner, the panels
termed feasible were either classified as dominated or non-dominated. In Figures 3-13, 4-1, 4-2, and
4-9, configurations labelled as feasible and dominated were represented in blue, while configurations

labelled as feasible and non-dominated were represented in yellow.

Note that, as identified in Section 4.1.1, error was noted to be present within the predicted data set.
In turn, this caused configurations to be labelled dominated as opposed to non-dominated, and vice
versa. Nevertheless, this was not found to have hindered the ultimate selection of the optimal panel

configuration.

In identifying the optimal panel, configurations from the non-dominated set were considered. Here,

observations noted in the previous subsections were applied. These were tabulated in Table 4-1.
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Table 4-1: Summary of observations identified in this dissertation pertaining to the effects of the input variables on the
output variables.

# | Observation Section #

In increasing the panel’s stiffness, increments in core thickness were identified to

. . . . 41.1.1
be more effective than increments in facesheet thickness.

Angles # 90° were noted to increase the stiffness of the panel. In this regard, a
2 | symmetric parabolic relationship was shown, with maximum stiffness being 4.1.1.2
imparted at #; = 50° (and by symmetry, 130°).

Effectiveness of stiffening system on the panel’s vertical deflection was noted to
reduce with increasing values of facesheet thickness. In any case, it was noted
that for all panel configurations the absolute change in deflection recorded for all
panel configurations, was for practical purposes, insignificant.

41.1.2

4 Increases in core thickness were noted to be both more mass-efficient, and cost 412
effective compared to increases in facesheet thickness. o

Variations in the angle of the stiffening system had no appreciable effect on the

, . i 4.1.2
panel’s mass and associated material cost.

Compared to the reference configuration, increases in facesheet thickness were
6 | found to bring higher stress reductions in the facesheet and in the stiffening 4.1.3.2
system than increases in core thickness.

Compared to the reference configuration, increases in core thickness were found

4.13.2
to bring higher stress reductions in the core than increases in facesheet thickness.

Compared to the reference configuration, varying the angle of the stiffening
8 | system (8; # 90°) was found to reduce the stress state in the core, increase it in 4,1.3.2
the stiffening system, and maintain it in the facesheets.

Stress reductions derived form varying the angle of the stiffening system were
noted to diminish for increasing core and facesheet thicknesses, with facesheet
9 | thickness having had a more significant impact. Consequently, this meant that for 4,1.3.2
relatively thick facesheets, the optimal stiffener angle was 90°, while for thinner
facesheets, it was 50° (or 130° by symmetry).

Based on the observations in Table 4-1, preference was given to panels with increasing core thickness
and minimal facesheet thickness. This was because, as described in the table, stepwise increments in
core thickness resulted in greater increases in panel stiffness, while also being mass-efficient and
cost-effective. Additionally, these increments reduced stresses in the core, further mitigating the risk
of core failure". In this manner, the optimal core-facesheet configuration was noted to be the
configuration from the feasible and non-dominated set, with the thickest core, and thinnest

facesheet.

Vi This was discussed in Section 2.5 to be the predominant mode of failure for GFRP sandwich panels.
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This dissertation has demonstrated that determining the optimal stiffener angle should be based on
Von Mises stresses rather than vertical deflection. As was shown in Section 4.1.1.2, the impact of the
stiffening system on the panel’s vertical deflection was insignificant for practical purposes. Therefore,
selecting the optimal stiffener based on Von Mises stresses meant that it depended on the thickness
of the facesheet. Specifically, if a panel configuration from the feasible & non-dominated set had a
minimal facesheet thickness, the optimal angle was identified to be 50° (or 130°, by symmetry).
Conversely if no configuration in this set had a relatively thin facesheet, the optimal angle was

determined to 90°.

Referring to Figures 3-13, 4-1, 4-2, and 4-9, a panel with a facesheet thickness of 1.2 mm and a core
thickness of 100 mm was identified within the dataset. Based on the described rationale, given the
panel’s facesheet thickness of 1.2 mm, the optimal stiffener angle was determined to be 50° (or 130°,

by symmetry).

4.3. Concluding Remarks

Based on this understanding, the panel configuration that satisfied all criteria was identified as panel
A50C100F1.2 (or by symmetry, A130C100F1.2). Hence, these findings indicated that for use as a
monolithic slab in domestic environments, the optimal trapezoidally-stiffened, bilayer GFRP sandwich
panel consisted of a 100 mm core with an upper 50 mm layer of low-density PU foam, and a lower
50 mm layer of high-density PU foam. Additionally, it included a 1.2 mm GFRP facesheets, and a
GFRP stiffening system, inclined at 50° (or by symmetry, 130°). In optimizing the panel in terms of
vertical deflection, panel mass, and material cost, the resulting values were noted to be 8.12 mm,

20.96 kg (6.97 kg/m?), and €256.73 (85.58 €/m?).

However, it was important to highlight that due to several limitations and simplifications
encountered in this dissertation, further research is needed to provide a definite answer to the
research question it aimed to address. Therefore, the concluding chapter of this dissertation
summarized the dissertation’s research objectives and contributions to knowledge, discussed its

limitations, and suggested avenues for future research.
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5. Conclusion
Due to their high strength-to-weight ratio, GFRP sandwich panels may prove to be a novel solution
within the construction industry, particularly in weight-sensitive cases. The main goal of this
dissertation was to contribute to the body of knowledge regarding the development and application
of composite materials in construction. This study specifically investigated the structural behaviour of
GFPR sandwich panels, without considering their environmental impact. Given that core failure is the
predominant failure mode of such panels, this was achieved by investigating novel core-
strengthening techniques in GFRP sandwich panels used as monolithic slab members in domestic

environments.
To address this, this dissertation aimed to answer the following research question:

“What would be the optimal configuration for a trapezoidally-stiffened, bilayer GFRP sandwich panel,

used as a monolithic slab, in domestic environments?”

This dissertation identified two main objectives. The first objective was to study the effects imparted
by the core thickness, facesheet thickness, and the angle of the panel’s stiffening system on the
panel’s vertical deflection, mass, material cost, and Von Mises stresses. The second was to optimize a
standard-sized trapezoidally-stiffened, bilayer GFRP sandwich panel in terms of vertical deflection,
panel mass, and material cost, while also considering Von Mises stresses. This was done to assess

how variations in these input variables impact the panel’s performance.

5.1. Design of GFRP Sandwich Panel

The design of the GFRP sandwich panel that was optimized was conducted on the basis of current
literature pertaining to the development of stiffened core material systems, and multilayer core
systems. This was done with the aim of developing a hybrid core material system. The designed
hybrid GFRP sandwich panel was based on a standard 3 m by 1 m panel configuration, constituting of
a bilayer core, sandwiched between top and bottom GFRP facesheets. The core was composed of a
high-density PU foam at the bottom, and a low-density PU foam at the top, and designed to include a

total of six stiffeners; two edge stiffeners, and four trapezoidal stiffeners.

5.2. Effect of Input Variables

The three input variables considered in this dissertation were; core thickness, facesheet thickness,
and stiffening system’s angle. Their effects were studied with respect to the panel’s vertical
deflection, panel mass, material deflection, and Von Mises stress contours through finite element

analysis.
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5.2.1. Vertical Deflection

In terms of vertical deflection, the contribution of stiffening the GFRP sandwich panel varied
depending on whether the increments were in core thickness or facesheet thickness. Specifically, a
5.41% difference in vertical deflection was observed when increasing core thickness stepwise from
50 mm compared to a stepwise increase in facesheet thickness from 1.2 mm. This difference was
analytically attributed to the core thickness having a greater influence on the panel’s second moment

of area.

Varying the angle of the stiffening system was found to exhibit a parabolic relationship with the
panel’s vertical deflection. For each panel considered, this relationship was symmetric about the 90°
angle, reaching a minimum at 50° and 130°. This also indicated that panels of the following pairs

were geometrically symmetric; 50° and 130°, 60° and 120°, 70° and 110°, 80° and 100°.

The effectiveness of the angle of the stiffening system was found to be predominantly a function of
facesheet thickness. In fact, comparative analysis of configuration pairs C50F1.2 and C50F4.0, and
C100F1.2 and C100F4.0, revealed that the range in magnitude for the change in vertical deflection
due to change in the angle of the stiffening system decreased by 80%, and 79%, respectively. This
reduction was analytically attributed to a decrease in the contribution of the stiffening system to the
panel’s overall rigidity. Specifically, the stiffness contribution reduced by 2.90% from configuration

C50F1.2 to C50F4.0, and by 2.62% from configuration C100F1.2 to C100F4.0.

In any case, it was identified that even for the configuration providing the largest absolute change in
deflection (C50F1.2), the magnitude of this change was, for practical purposes, insignificant. The
absolute deflection change was 0.78 mm (simulated) and 0.30 mm (analytical). This minimal impact
across all panel configurations was attributed to the limited effect of the stiffener angle on increasing
the panel’s stiffness. In fact, for panel C50F1.2, changing the angle from 90° to 50° increased the
panel’s stiffness by 0.24%.

For this reason, as well as the geometric simplifications and associated reductions in labour intensity
and production costs provided by an orthogonal stiffening system, the optimal stiffener angle for

minimize vertical deflection was found to be 90°.

92



5.2.2. Panel Mass & Material Cost

As it pertains to the material cost of the GFRP sandwich panel, it was identified that stepwise
increments in facesheet thickness (i.e., 1.2 — 4.0 mm, at 0.4 mm steps) were 1.8-fold more expensive
than in core thickness (i.e., 50 — 100 mm, at 10 mm steps). Additionally, it was also noted that,
relative to a stepwise increase in core thickness, a 2.7-fold increase in panel mass was noted for a
stepwise increase in facesheet thickness. This was attributed to the lower cost per unit volume, and
density associated with the core materials relative to the facesheet and stiffener material. Variations
in the stiffener angle were found to have had no significant effect on the panel’s mass and material
costs, with the maximum increase attributed to changing the angle of the stiffening system being

2.37%, and 1.86%, respectively.

5.2.3. Von Mises Stress

Analysis of the Von Mises stress contours revealed that increasing facesheet and core thicknesses led
to a global reduction in stress levels across the panel. However, the extent of reduction varied among
different components. Specifically, panel A90C50F4.0 showed significant stress reductions in the
bottom facesheet (9.05%), and stiffener E (22.07%) compared to panel A90C100F.2. Conversely,
panel A90C100F1.2 exhibited greater stress reductions in core #5 (7.57%) relative to panel
A90C50F4.0. These findings indicated that increasing facesheet thickness was more effective in
reducing stresses in the facesheet and stiffening system, whereas increasing core thickness was more

effective in reducing stresses in the core.

Lower stress levels were also observed in core #5 when a stiffener angle of 50° was adopted.
Specifically, panels A50C50F1.2, A50C100F1.2, and A50C50F4.0 consistently exhibited reduced stress
states in core #5 compared to their counterparts with a 90° stiffener angle. These reductions were
noted to be 32.5%, 27.3%, and 9.47%, respectively. However, this reduction in core stress was
accompanied by increases in stress in stiffener E. Specifically, panels A50C50F1.2, A50C100F.2, and
A50C50F4.0 showed increases of 22.01%, 9.47%, and 2.41%, respectively.

This demonstrated that when the stiffener angle deviated from 90°, reductions in the stress state of
the core were accompanied by increases in stress within the stiffening system. Additionally, it
indicated that the extent of stress reduction in the cores depended on the thickness of the

facesheets, with thicker facesheets minimizing the influence of the stiffener angle.

In all configurations where the stiffener angle was varied, no significant change was observed in the

stress state of the bottom facesheet. This observation suggested that when altering the stiffener
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angle, a degree of the force that previously passed through the core in an orthogonal stiffener

system was now redirected through the stiffening system.

In this manner, the optimal angle was identified as a function of facesheet thickness. For relatively
thick facesheets, the optimal angle was found to be 90°, while for relatively thin facesheets, this was

found to be 50° (or by symmetry, 130°)

5.3. Optimal Panel Design

In identifying the optimal panel configuration for the purposes of domestic buildings, a three-step

process was applied. First, owing to the design of a monolithic slab within domestic environments,
the deflection limit was set to 360" This was adopted on the basis of similarly focused studies,

highlighted in the literature review. In this manner, panel configurations whose vertical deflection

3000 . . . .
exceeded 8.33 mm (= Tgﬂn) were omitted from selection. These were termed infeasible. Next,

on the basis of the non-dominated sorting algorithm, which was defined in Section 3.2.5,
configurations noted to have been dominated were discarded. These were termed feasible &
dominated, while their counterparts were termed feasible & non-dominated. In determining the
optimal panel configuration from the latter solution set, the same observations identified in this
dissertation pertaining to the effects of the input variables on the output variables, were applied.
Increments in core thickness were favoured to increments in the facesheet thickness. This was
because, as discussed in Section 5.2.1 and Section 5.2.2, stepwise increments in core thickness
resulted in greater increases in panel stiffness, while also being mass-efficient and cost-effective. It

also resulted in reduced stresses in the core, thus further mitigating the risks of core failure.

Based on the findings of Section 5.2.1 and Section 5.2.3, it was determined that the optimal stiffener
angle should be based on Von Mises stresses rather than vertical deflection. Consequently, the
optimal stiffener angle was found to be a function of facesheet thickness. In this manner, if a panel
with minimal facesheet thickness was identified within the feasible & non-dominated solution set,
the optimal stiffener angle would be 50° (or by symmetry, 130°). Otherwise, the optimal angle would
be 90°.

In this regard, from the feasible & non-dominated solution set, a panel with a facesheet thickness of
1.2 mm and a core thickness of 100 mm was identified. As such, the optimal stiffener angle was

determined to be 50° (or by symmetry, 130°).
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5.4. Research Question

In answering the research question, the optimal configuration for a trapezoidally-stiffened, bilayer
GFRP sandwich panel used as a monolithic slab in domestic environments was identified as
A50C100F1.2 (and by symmetry A130C100F1.2). This configuration consisted of a 100 mm core with
an upper 50 mm layer of low-density PU foam, and a lower 50 mm layer of high-density PU foam.
Additionally, it included 1.2 mm thick top and bottom GFRP facesheets, and a GFRP stiffening system,
inclined at 50° (and by symmetry, 130°). In optimizing the panel in terms of vertical deflection, panel
mass, and material cost, the resulting values were noted to be 8.312 mm, 20.96 kg (6.97 kg/m?), and

€256.73 (85.58 €/m?)

5.5. Limitations & Further Research
Although for the scope of this dissertation, it has been identified that panel A50C100F1.2 (and by

symmetry panel A130C100F1.2) was the optimal panel configuration, it must be noted that further
research is to be conducted in verifying such a claim. The following serve to provide further

explanation in this regard.

e Software
o Inthis dissertation, owing the use of the student version of ANSYS Workbench
(ANSYS, Inc., 2023), limitations were noted to had been set on the number of
elements authorized for meshing. Consequently, this imposed simplifications in the
design of the panel, particularly within the stiffening system, as well as limitations on
the degree of accuracy achieved within the generated numerical models. In this
regard, further research through more detailed stiffener designs, and higher quality
meshes, would need to be done in further verifying the findings of this dissertation.
e Material Nonlinearity
o Due to the nonlinear viscoelastic stress-strain relationship of the polyurethane foam,
further research is to include a nonlinear material analysis, with special interest
given to the effects of creep.
e Modifications to Panel Design
o Inthis dissertation, the stiffener spacing-thickness ratio used was noted to have been
applicable to a system of orthogonally-aligned longitudinal stiffeners. It was noted
that in further contributing to the mass- and cost-reductions of the panel designed in
this dissertation, the stiffener spacing-thickness ratio pertaining to a system of
trapezoidal longitudinal stiffeners is to be investigated. In this manner, in the case

that higher stiffener spacing-thickness ratios were to be achieved, mass- and cost-
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reductions are noted to take place to the trapezoidally-stiffened, bilayer GFRP
sandwich panel, owing to a decrease in the number of stiffeners required.

The optimal panel configuration was based on a bilayer core system. The
introduction of the stiffening system changed the role of the core, from
predominantly resisting the applied shear to providing adjacent restraint to the top
facesheet and the stiffening system. Therefore, further research is needed to identify

the optimal core configuration for the core’s new function.

e lLaboratory Testing

O

The nature of the work conducted in this research was purely based on FE models,
and analytical calculations. A comparative analysis of the results obtained should be
made with respect to laboratory tests. This is to be done to further substantiate the
validity of the numerical modelling conducted in this dissertation, as well as to
outline observations that were missed in this dissertation, owing to the

simplifications adopted.
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Appendices
Appendix A.1.

This appendix aims to provide a basic understanding of different element types, meshing methods

and mesh quality metrics.

First consider the term element within finite element analysis (FEA). An element serves as the
fundamental unit used to discretize a continuous structure into smaller, manageable parts for
computational analysis. These elements collectively form a mesh, which represents the geometry of
the original structure. Each element is defined by a set of nodes (vertices), where physical quantities

such as deflection, are computed.

Element Types
This section was derived from ANSYS, Inc. (2011)

In FEA, various types of elements exist, each with its own characteristics and applicability. Table A.1-1
provides a breakdown of these element types. It is important to note that this section only considers

2D and 3D elements, as used in this dissertation.

At the highest level, elements in FEA are categorized by dimensionality: 2D elements lie within an X-Y
plane, while 3D extend into an X-Y-Z space. This extra dimension allows 3D elements to provide more
information than 2D elements, particularly along the thickness direction. These categories further
encompass specific types. 2D elements include triangular and quadrilateral shapes, while 3D
elements encompass tetrahedral, hexahedral, forms. Note that additionally, 3D elements also include
pyramidal and prismatic forms, however these are less commonly used. Elements are classified as
linear or parabolic based on their nodal arrangement; linear elements have nodes only at vertices,

whereas parabolic elements feature nodes at both vertices and midpoints.

Element Selection
This section was derived from ANSYS, Inc. (2011)

The selection of the optimal element type for a given solution is noted to be a multivariable problem,
with the main functions being geometry, accuracy requirements, computational efficiency, and mesh

quality.
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Table A.1-1: Typical 2D and 3D elements, including both their linear and parabolic variants (enterfea, 2019)

Element
Dimension Shape # Nodes Schematic
3 Nodes
Triangular Elements
6 Nodes
2D
4 Nodes
Quadrilateral Elements
8 Nodes 4 .
4 Nodes
Tetrahedral Elements
10 Nodes
3D
8 Nodes
Hexahedral Elements
20 Nodes

Linear Elements

Parabolic Elements

|
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As discussed in the section prior, at the highest level, elements are classified as either 2D or 3D. In
structural analysis, the decision to use 2D or 3D elements depends on the aspect ratio of the
structure. For thin structures, the stresses in the thickness direction are very small and can be
assumed to be zero (this is referred to as a plane stress situation). This makes 2D elements ideal for
meshing thin structures, as they sufficiently capture the require data without considering the
thickness direction. Compared to their 3D equivalents, using 2D elements allows for fewer elements
to be required, resulting in computational savings. On the other hand, for thick structures, solid
elements are more suitable. The additional dimension allows these elements to provide data along

the thickness direction, which is particularly important for analysing thick structures.

As discussed, elements can take various shapes. Depending on the complexity of a given structure,
some elemental forms are more easily applicable than others. Triangular elements (for 2D) and
tetrahedral elements (for 3D) are particularly well-suited for fitting complex geometries. This is
because their geometries are simpler compared to their counterparts; quadrilateral elements for 2D,
and hexahedral elements for 3D. Conversely for simpler geometries, quadrilateral and hexahedral

elements are more applicable, require fewer elements and thus being less computationally intensive.

The choice between linear and quadratic elements is a function of several variables, one of which is
the required accuracy. For applications demanding higher precision, parabolic elements are
preferred. This preference is due to the additional nodes in parabolic elements, enabling higher-order
interpolation functions that more accurately approximate variations in field variables, unlike linear
elements restricted to linear interpolation. This enables for faster convergence rates to be achieved
when using parabolic elements, being that, for a fewer number of elements, finer details can be

acquired. This reduces computational cost, while maintaining accuracy.

Preliminary Study

In the preliminary study, the methodology applied by Manjusha et al. (2020) was adopted.

Main Study

In determining whether 2D or 3D elements were to be selected, focus was shifted on the bodies
making up the GFRP sandwich panel. In this regard, these were noted to be ten; two facesheets, two

cores; and 6 stiffeners

Being that the selection was primarily a function of aspect ratio, focus was shifted on the aspect ratio

pertaining to the facesheets, the cores, and the stiffeners. In the case of the facesheets, high length-

3000 mm

. 1000 mm
to-thickness ( T
4mm

= 750), and breadth-to-thickness ( ppem——— 250) ratios were noted to be

present. For this reason, it was noted that plane stress conditions were present within the facesheets.

Therefore, assuming that the stresses along the thickness direction were negligible, 2D elements
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were noted to provide a quality mesh, as well as computational efficiency in deriving the desired

results.

As for the core bodies, their respective length-to-thickness, and breadth-to-thickness ratio was noted

3000 1000 . . . .
to be 30 (= ﬂ) and 10 (= ﬂ), respectively. In comparison to the ratios calculated prior,
100 mm 100 mm

it was clear that the degree of thickness exhibited by the cores was much larger. Additionally, it was
also of importance to monitor the behaviour of the cores along the thickness direction. For these
reasons, it was noted that adopting 2D elements in this regard would have not sufficed. For this

reason, 3D elements were opted instead.

In regard to the stiffening system, in a similar fashion to that described in the case of the facesheets,
plain stress conditions were noted to be present for the different bodies making up the stiffening
system. As such it was noted that 2D elements would provide a quality mesh, as well as

computational efficiency in deriving the concerning results.

In determining between the type of 2D and 3D elements to adopt in modelling the facesheets, the
core, and the stiffening system, attention was given to the complexity of the GFRP sandwich panel. In
this regard, in the case of all the components, no holes, internal voids, tapers, or irregular surfaces
were noted. This rendered the GFRP panel simple in form. Owing to such simplicity, accuracy, as well
as computational efficiency was noted to be achieved via the implementation of quadrilateral

elements for the facesheets, and hexahedral elements for the cores.

The selection between opting for linear or parabolic 2D and/or 3D elements was based on the degree
of accuracy desired in the numerical solution. In this manner, analytical analysis conducted prior
highlighted a very fine variation in results owing to changing the angle of the stiffening system. For

this reason, it was therefore decided to opt for the parabolic variant of the selected elements.

Specifically, the elements chosen were shell281, and solid186. The specific elements chosen were
both noted to satisfy the previously described elemental criteria set up. However, shell281 was
specifically selected owing to its property in accounting for nonlinear analysis, as was element
solid186. As an element, shell281 is an 8 nodal element, with 6 degrees of freedom at each node:
translations in the x-, y-, and z-axis, and rotations about the x-, y-, and z-axis, and rotations about the
X-, Y-, and z-axis. This element was chosen over shell181 (the 2D element chosen in Manjusha’s study
[2020]) being that shell281 is the parabolic variant of shel181. As described, this was therefore
selected with the intention of achieving higher degrees of accuracy to those required in Manjusha et

al’s (2020) study.

As for solid186, this was noted to be a 20 nodal element, with 3 degrees of freedom per node:

translations in the x-, y-, and z-axis.

Shell281 element and solid186 are depicted in Figure A.1-1A, and B, respectively.
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Figure A.1-1: (A) Shell281, and (B) solid183 (ANSYS, Inc., 2011).

Methods of Meshing

This section was derived from ANSYS, Inc. (2011)

Having identified the appropriate meshing elements for the panel, the next step was to determine
the method for applying these mesh elements to the panel. This section describes different meshing
methods and the rationale behind the selected method. The most commonly applied meshing
methods include:

e Sweep Method

e Multi-Zone Method

e Patch Conforming Method
e Patch Independent Method

In the sweep method, mesh elements are applied to the body by sweeping them along a specified
path or surface. This allows for the generation of high-quality meshes for bodies with geometry

elongated in a specific direction.

In cases whereby the geometry does not follow an extruded form, the multi-zone method may be
used. This method segments the geometry into individual components that follow an extruded form.
In this way, the advantages pertaining to the sweep method are also found to be applicable to the

multi-zone method.

In the patch conforming method, discrete portions (patches) of the surface are meshed
independently. Elements are generated from the surface of the structure and move inwards. At some
point, these patches intersect, at which point, a smooth transition is ensured by merging the
independent meshes into a conformal volume mesh. This technique is suitable for complex
geometries where the sweep method is not applicable, and splitting the structure in adopting the

multi-zone method does not yield in the simplification of the structure.
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Alternatively, for very high geometric complexities, the patch independent method may be the best
meshing option. Similar to the patch conforming method, discrete portions of the surface are mesh
independently, but without concern for neighbouring patches. As a result, conformality is not
enforced across the boundaries of different mesh patches, leading to gaps and/or misalignment
between mesh elements. This lack of conformity can result in inaccuracies in the simulation,

especially in areas where interaction between different regions is critical.

Main Study

Among all the techniques discussed, the sweep method was identified as the most applicable. This
conclusion was based on the fact that the geometry resembled a rectangular prism, a shape that is

well-suited for extrusion.

In this regard, the sweeping method was to be applied in meshing the facesheets and the stiffening
system via shell281 elements. Additionally, the same method of meshing was to also be applied to

solid183 elements in meshing the cores.

Element Quality Metric
This section was derived from ANSYS, Inc. (2023)

In determining the quality of the mesh, reference was made to the element quality metric. The
element quality metric is a composite quality metric. It follows the basic concept that, it is a desirable
trait for an element to coincide with its ideal form; an equilateral triangle for triangular elements; a
square for quadrilateral elements; a regular tetrahedron for tetrahedral elements, and; a cube for
hexahedral elements. This is because, elements that match their ideal form provide numerical
stability and accuracy in the results derived from the numerical model. Conversely, elements that

deviate from their ideal form can lead to instability and inaccurate results.

The element quality metric ranges from 0 to 1, with 1 representative of elements in their ideal form,

and 0 representative of elements of negative area/volume.

For two-dimensional elements, this is expressed as follows:

area )

Quality = ¢ (Z(EdgeLength)2

Whilst for three-dimensional elements, this is expressed as:

volume ]

lity=C
Qualtty L/[Z(EdgeLength)z]3

106



Where area and volume refer to the surface area and the volume of a 2D and 3D element,

respectively, and EdgelLength refers to the total length of the edges of a given element. Additionally,

the parameter Cis noted to be a constant, whose value is based on element type. These constants

are denoted in Table A.1-2.

Table A.1-2: Value of constant C for different element types (ANSYS, Inc., 2023).

Element
Value of C
Dimension | Geometry
Triangle 6.92820323
2D
Quadrilateral 4.0
Tetrahedron | 124.70765802
3D
Hexahedron 41.56921938
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Appendix A.2.

Figure A.2-1 depicts the vertical deflection contour corresponding to an ultimate mesh size of 48 mm,
a mesh quality of 0.97, and a convergence rate of (+) 0.0089%. The maximum vertical deflection at

the longitudinal midplane was labelled.

11.718
10417

Figure A.2-1: Ultimate vertical deflection contour corresponding to a mesh size of 48 mm. Units are in mm.
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Appendix A.3.
In determining the price per unit mass of the selected GFRP material, the degree of contribution
provided by the constituents making up the GFRP material; that is, the degree of reinforcement, and

matrix present within the GFRP material needed to be identified.

In determining the percentage contributions of the matrix and the reinforcement, the fibre volume
ratio was utilised. This is a tool which allows one to measure the degree of fibre volume present within

the FRP material as a fraction of the entire FRP volume. This is expressed as follows:

Vs Eq.A.3.1
VFrrp

Vf=

Where:
Vs is the fibre volume ratio;
v is the volume of fibres;
Verp is the volume of the FRP.

The volume of the FRP may be expressed in terms of the fibre and matrix volume (vi,) as follows:

Vprp = V§ + Uy Eg. A.3.2

Assuming a value of unity with the volume of the FRP (vezp = 1.0), congruency was noted to be

present between the pairs Vrand v, and Vi, and vi,. This was reflected in Eg. A.3.1. as follows:

1=V +Vp, Eq.A3.3

As described in Section 2.1, this is an important tool because the mechanical properties of any
composite material are a function of the fibre volume ratio. Table A.3-1 provides typical material
properties, and their relation to the fibre volume ratio. All of these equations were obtained from

Kopeliovich (2023).
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Table A.3-1: Typical material properties expressed as a function of the fibre volume ratio (Kopeliovich, 2023).

Material Property

Equation Designation

Longitudinal Modulus of Elasticity (E11) | E11 = (1 - Vf)Em + V7Ef Eq.A.3.4

1 Vn V¢
Transverse Modulus of Elasticity (Ez2) —_— =+ = Eg.A.3.5
Ey, En  Ef
GGy
Shear Modulus (G23) Eq.A.3.6

Poisson’s Ratio (u12)

M1z = Vil + Vinttm Eg. A.3.7

Where:

Em is the matrix modulus of elasticity

E;is the fibre modulus of elasticity

Gnmis the matrix shear modulus of elasticity

Gy is the fibre shear modulus of elasticity

Um is the matrix Poisson’s ratio

s is the fibre Poisson’s ratio

From the equations provided in Table A.3-1, all of the material properties were noted to be a function

of both Vrand V.. The only exception was noted on the case of Eq. A.3.4. This was noted to be a

function of V4. On the basis that all concerning material properties were defined (refer to Table A.3-2),

it was identified that rearranging Eq. A.3.4. in terms of Vy would allow for Vto be calculated. The

following exhibits the rearranged equation in terms of Vrand the subsequent calculation pertaining to

Vs

E—E
sz—m
Ef — Ep
_45-4
F=70-4
Vi = 0.622

The matrix volume ratio, V/,, was calculated via Eq. A.3.3. to be 0.378.
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Table A.3-2: Material properties of the selected constituents (matrix and fibre), as well as the properties of the FRP being
emulated. The far-right column indicates the source from which the material properties were extracted from.

Material | Constituent | Young’s Shear Poisson’s | Cost Source
Modulus Modulus Ratio
[kg/€]
[GPa] [GPa]
Matrix Epoxy 4.00 1.54 0.3 15.43 | (EasyComposites)
E-Glass (Garrido, Madeira,
Fibre Woven 70.00 27.00 0.3 3.40 | Proenca, & Correia,
Fabric 2019)
Epoxy E- E11 =45.00
(Manjusha & Althaf,
FRP Glass Woven 3.846 0.3 NA
_ 2020)
Fabric E>; =10.00

In verifying that the proper fibre and matrix constituents were selected, the remainder of the

material properties were calculated. Proper selection of the fibre and matrix constituents was noted

to have been achieved if a discrepancy of less than 0.5% was noted between the estimated material

properties, and the actual material properties of the FRP. Table A.3-3 summarizes the estimated, and

actual material properties for the FRP being emulated.

Table A.3-3: Comparison between the properties of the selected FRP (actual), and the emulated FRP (estimated).

Epoxy E-Glass Woven Fabric Percentage Diff.
Actual Estimated
Transverse
Modulus of
10.00 9.99 0.1%
Elasticity (E>2)
[GPa]
Shear Modulus,
3.842 3.846 0.1%
(G23) [GPa]
Poisson’s Ratio,
0.3 0.3 0.0%
(u12)
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As shown in Table A.3-3, the percentage difference between the mechanical properties of the
emulated FRP material and the actual FRP material was within 0.5% for all properties considered. This
indicated that the selected fibre and matrix constituents accurately represented the properties of the

FRP material being emulated.

With the proper selection of constituents confirmed, the cost of the epoxy e-glass woven fabric was

calculated by summing the products of the volume ratios and unit costs for each constituents.
crrp = ViCr + Vintm
crrp = (0.622 * 3.40) + (0.378 * 15.43)
crrp = 795 €/kg
Therefore, the cost per unit mass of the epoxy e-glass woven fabric was calculated to be €7.95.
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Appendix A.4.

Note that entirety of this section was derived from ANSYS, Inc. (2023)

This appendix delves into the concept of contact stiffness. In describing this, it is best to first illustrate

its importance.

Consider a system of two rigid bodies that have been perfectly bonded together at the mating
surfaces. This enables such bodies to act as one single entity. Because of this, no relative movement is
allowed to occur between the bodies. In this manner, because the bodies have been perfectly

bonded, the stiffness at contact is noted to be infinitely stiff.

In FEA however, this simplification results in numerical instability. For this reason, a finite stiffness
value is assigned to the nodes present at the contact area. Now, difficulty is identified in identifying
the magnitude of stiffness assigned to such nodes. On one hand, assigning too large of a value may
result in numerical instability. On the other hand, assigning too small of a value may result in one
body penetrating into the other. In light of this, various techniques have been developed in assigning
a finite value of stiffness to the concerning nodes, striking a balance between numerical stability, and

minimization in penetration.

In this regard, consider the Pure Penalty Contact Formulation. This formulation adopts a penalty-
based approach, with the aim of enforcing the applied contact constraints. This normal force is

calculated using the following formula:
FTl = kpr

Where F, is the normal force; ky is the contact stiffness, and; x, is the penetration. These terms are
diagrammatically illustrated in Figure A.4-1. The determination of the contact stiffness, ky, is an

iterative process, based on the described equation.

In determining ky, first an initial guess for the contact stiffness is made. On the basis of simulating a
perfect bond, and thus approximate infinite stiffness, this is typically chosen to be very large. Doing

so allows for the concerning bodies not to significantly interpenetrate.

Next, the initial penetration is determined. This is achieved via the difference in coordinate points

associated with the nodes present at the mating surfaces.

With kn and x, determined, the magnitude of the penalty force is calculated, F, and applied to the
same nodes at the mating surface. The updated position of such nodes is noted, and the new

penetration, x,, is calculated.
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The updated penetration magnitude is compared against a convergence criterion. If the relative

change in penetration is noted to be below a specified tolerance, then the contact stiffness, ky, is

noted to have been identified.

Otherwise, either the initial value of ky is adjusted, and the process is repeated using the initial
penetration value, or the same value of ky initially selected is maintained, and node positions are

updated until convergence in penetration is achieved. The latter approach is typically adopted more

frequently.

|

Figure A.4-1: In the context of two independent surfaces that have been perfectly bonded, the normal force, F, (a function of
kn) and the penetration, x,, are illustrated (ANSYS, Inc., 2023).
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Appendix A.5.

Note that entirety of this section was conducted on the basis of ANSYS, Inc. (2021)

This appendix provides a basic understanding of the theory behind geometric nonlinearity in finite
element analysis. Geometric nonlinearity occurs when structures undergo significant deformations or

displacements, rendering small deformation theories insufficient.

There are four main types of geometric nonlinearities: a) large strain, b) large rotation, c) stress
stiffening, and d) spin softening. This appendix will solely focus on large strain geometric nonlinearity,

as it was the primary concern of this dissertation.

To illustrate the effects of large strain geometric nonlinearity, consider a slender cantilever, of length
Lo, subjected to a point load, P, at its free end. Refer to Figure A.5-1A. When the load is applied, a
bending moment is generated, causing the cantilever to deflect. Due to the slenderness of the
cantilever, it is not very stiff and thus deflects significantly. This deflection changes the perpendicular
distance from the applied load to the support, reducing the magnitude of the applied moment. The

new perpendicular distance is denoted as L;, and depicted in Figure A.5-1B.

The aim of this example was to illustrate that when a structure undergoes significant shape changes,
the magnitude of the resulting shear force and/or bending moment also changes for the same

magnitude of applied load.

Lo

A

Ly

A

Lo

A

Figure A.5-1: Schematic of a cantilever beam in: (A) undeflected position, and (B) deflected
position.
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Theory of Geometric Nonlinearity

To describe the theory behind geometric nonlinearity, consider a point on an arbitrarily shaped body.
Assume the position vector of this point in space is X. When a load is applied to the body, it may
translate, deform, or both. Let the new position of the point be defined by the position vector x. The

displacement of the point, u, from its initial position to its new position is determined as follows:
u=x-X
This is illustrated diagrammatically in Figure A.5-2.

Next, let the partial derivative of the vector in the new configuration, with respect to the original
configuration be defined by the deformation gradient, F, as follows:

0x

F=ﬁ

If the body solely translates, the vector x becomes a linear function of the vector X, shown as:

x=u+X

In this case, the deformation gradient equals the identity tensor I. However, if the body deforms, the
deformation gradient is no longer equal to the identity tensor, because x is no longer a linear function
of X. This implies that the deformation gradient is fundamental in determining whether the body has

been stretched or compressed (i.e., strained).

Figure A.5-2: Arbitrarily shaped body has initial position vector denoted by X, and the new position vector denoted by x.
Change in the position is denoted by u (ANSYS, Inc., 2021).

In finite element analysis, various techniques have been devised to quantify strain. For the purposes
of this appendix, focus is given to the Lagrange strain. The Lagrange strain () quantifies the change in

length of a unit material through the following relationship:

1
=—(FTF -1
€ 2( )
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Expressing the deformation gradient, F, in terms of u, and substituting into the equation for € yields

the following definitions for the individual Lagrange strain components:

1% Term 2" Term
oun\>  (ow)\*  (du?]
b = D L0 () (O
X 2|\ 0X X X
d 1] /0u\? ou,\*  ou,?)
AR CECE
ay 2|\oXx X X
1[oun\?  (ow)\®  (ouy?]
e, = ou, + 1 ( ux) + (% +< uz)
0z 2(\oXx X X
1/0u, OJu, 1[0u, 0u, Ouyou, du,du,]
= o|(=—=+—=—=) + =
Fxy 2<ax ax) 2|ax oy Tax ar Tax ar)
_ 1/0u, Ou, 1[0uy0u, Ouydu, Odu,du,]
o = g(atar) 2|ox 2z T ox oz Tox oz,
. 1(0u, ou, N l'aux ou, Ouy,duy, 0Ju, O0uy,]
- 2\ 0z oy 2|dYy 9z = aYy 9z = oY 9oZ|

As shown, each strain components consists of two parts; a linear component and a quadratic
component. When deformations are very small, the derivatives of the displacements will also be very
small, and their squares will be even smaller, making them negligible. Thus, for small deformations,
the quadratic term can be ignored. This simplifies the Lagrange strain components to a function of

only the linear terms. These are expressed hereunder:

Ju,
Exx = X
du
_ 9y
&y = By
Ju,
€2z = 97
1(/0u, OJu,
Exy = z(a * W)
1 (aux N (')uz)
&z =2\az " ax

1/0u, OJu,
frz 7(%* ay>
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As deformation increase however, the contribution of the quadratic term to the strain of a given
component becomes more significant. Ignoring this term can lead to errors whose magnitude

increases quadratically.

Having established this, consider how this theory affects the governing equation for a body in static

equilibrium, expressed as follows:
[K{u}=F

Where; K is the stiffness of the system; u is the displacement of the system, and; F is the applied

external force.

Since the stiffness of the structure depends on displacement in the case of large deformations, the
governing equation must be modified to account for this. Therefore, in the case of large strain

geometric nonlinearity, the governing equation becomes:
[KW{u} =F

Extended Bibliography
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Appendix A.6.

Note that entirety of this section was conducted on the basis of ANSYS, Inc. (2023)

This appendix served to describe the functionality of the Response Surface module and its

components, namely the Design of Experiments (DOE) and Response Surface component.

The primary aim of the Response Surface module was to analyse the effects of input variables on
output variables for a given system. Traditionally, this was achieved by changing each input variable
individually and recording the outcomes. However, for large number of permutations, this method

was noted to be both labour-intensive and time-consuming.

To address this, Response Surface functions were used. These are machine learning algorithms that
predict the performance of a system on the basis of an initial data set. This data set is generated via a

Design of Experiment function

In light of this, the first section of this appendix discusses two different DOE functions: the Face-
Centred Central Composite Design (FCCCD), and the; Box-Behnken Design (BBD). The second section

covers two Response Surface methods: the 2" Order Polynomial Regression, and the Kriging method.

Design of Experiment

Before discussing the different DOE functions considered, it is important to clarify the nomenclature
used. All possible input variable combinations lie within a design space, which corresponds
dimensionally to the number of input variables. For example, a system with three input variables has

a three-dimensional design space, where each axis represents one input variable.

Within this space, the maximum and minimum values for each input variable are denoted by +1 and
-1, respectively. Values between these extremes are assigned a value between +1 and -1 through

linear interpolation.

For illustration purposes, consider the input variables in this dissertation: facesheet thickness, core

thickness, and stiffener angle. The ranges for each are summarized in Table A.6-1.

Table A.6-1: The domain of the input variables considered in this dissertation, together with their associated step size are
tabulated.

Parameter Symbol | Input Value Step Size

Minimum (= -1) | Maximum (= +1)

Facesheet Thickness (Top) | Te: 1.2 mm 4.0 mm 0.4 mm
Total Core Thickness Tet 50 mm 100 mm 10 mm
Stiffener Angle #1 V] 50° 130° 10°
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Since three input variables were considered, the design space was three dimensional. The range of

each axis was from -1 to +1, with -1 denoted the minimum value and +1 denoted the maximum value
of the input variable. For instance, for the facesheet thickness axis, -1 corresponded to a thickness of
1.2 mm and +1 corresponded to a thickness of 4.0 mm. The same principle applied to the other input

variables.
The rest of this discussion considered DOE functions with respect to a three-dimensional design space

Face-Centred Central Composite Design

The Face-Centred Central Composite Design is an experimental design that uses 15 data points based
on predefined input variables. Figure A.6-1 illustrates the locations of these data points within a

three-dimensional design space.

For each input variable, the FCCCD considers all possible combinations at their maximum and
minimum levels: (1, 1, 1), (1, 1, -1), (1, -1, 1), (1, -1, -1), (-1, 1, 1), (-1, 1, -1), (-1, -1, 1), and

(-1, -1, -1), totalling 8 data points. Considering such data points allows for the selected machine
learning algorithm to determinate the degree of linearity between the input variables, and the
output variables. It additionally allows the generated sample-set to inhibit data pertaining to the
relationship of the input variables between themselves. Finally, by including points at the extreme
corners of the design space, it allows for a broad coverage of the design space to be achieved, thus
minimizing any errors derived from the selected machine learning algorithm as a result of

extrapolating the given data beyond its extremities.
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Figure A.6-1: Sample set pertaining to the Face-Centred Central Composite Design (ANSYS, Inc., 2023).
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The FCCCD also includes face-centred data points where one input variables is at +1 or -1 while the
other two are at their centre levels (0). These points are: (1, 0, 0), (0, 1, 0), (0, O, 1), (-1, O, 0),
(0,-1,0), (0,0, -1), totalling 6 data points. Considering such data points allows for curvature, if any, in
the response surface to be accounted for. Additionally, they also account in providing data at
intermediate levels for each input variables, thus filling the gaps between the high and low levels

explored by the previously discussed data points.

Finally, FCCCD also considers the centre point of the design space at (0, 0, 0). By considering such
data point, a reference point is provided in validating the model, ensuring that the selected machine

learning algorithm accurately predicted the response at the midpoint of the input variables.

The main advantages of the FCCCD are that it allows for the design space to be thoroughly explored,
as evidenced by considering combinations at their extreme levels. Although this, with respect to the
Box-Behnken Design, because more combinations are considered in the FCCCD, this experimental

design is identified to be more computationally intensive, requiring more time to conduct.

Box-Behnken Design

The Box-Behnken Design is an experimental design that analyses 13 data points based on predefined
input variables. Figure A.6-2 illustrates the locations of these data points within a three-dimensional

design space.
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Figure A.6-2: Sample set pertaining to the Box-Behnken Design (ANSYS, Inc., 2023).
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Unlike the FCCCD, which considers all possible design points at their maximum and minimum levels,
the BBD conducts analysis at the midpoints of the edges of the experimental space. These points
include: (1, 1, 0), (1, -1, 0), (-1, 1, 0), (-1, -1, 0), (1, O, 1), (1, O, -1), (-1, O, 1), (-1, O, -1), (O, 1, 1), (O, 1, -
1), (0, -1, 1), and (0, -1, -1). This approach allows the BBD to estimate interaction terms in the
response surface model more effectively, enhancing the estimation of relationships between different

input variables.

Additionally, similar to the FCCD, the BBD includes a design point at the centre of the design space (0,
0, 0). This serves the same function as in the FCCCD, i.e., to serve as a reference point in validating

the data set derived by the machine learning algorithm.

The main advantage of the BBD is its efficiency in estimating the design space while reducing the
number of design points from 15 in the FCCCD to 13. This makes data generation through the BBD

less computationally intensive and more time efficient.

However, because the BBD does not consider the maxima and minima of the input variables, the
design space is not as thoroughly explored as in the FCCCD. This limitation places greater emphases

on the selected machine learning algorithm’s ability to extrapolate the provided data set.

Response Surface

The aim of the Response Surface component was to predict the entirety of the output response, on
the basis of the provided data set generated by the Design of Experiment function. In this section,

reference was first made to 2" Order Polynomial Regression, followed by the Kriging model.

2" Order Polynomial Regression

In 2" Order Polynomial Regression, the relationship between the output variables takes the following

form:
y =ay+ a;x + apx?
Where a; are the coefficients to be estimated.

However, owing to catering for the presence of three input variables, and three output variables, for

each output variable (i = 1, 2, 3), the model above is modified to take the following form:
— 2 2 2
Yi = Qo T Aq;X1 + ApiXp + A3iX3 + A4 XT + A5;X)5 + A X3 + A7;X1X; + AgiX1X3 + A7;X7X3

In this manner; x1, x2, and xz are linear terms; x1x2, X1x3, and X>x3 are interactions terms, and; x:%, x5%,
and x3? are quadratic terms. Calculating the coefficients yields the relationship between the input

variables and the output variables. These are determined as follows:

a; = (XTX)"1xTy;
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Where X is the design matrix containing all the polynomial terms; X" is the transpose of the same

design matrix, and Y; is the vector of the i-th output variables values.

The advantage of adopting this technique is that, relative to the Kriging model (to be discussed in the
following section), it is a relatively simple model, in that the coefficients of the polynomial provide
clear insights into the relationship between the variables, thus making interpretation of the model

relatively easier. Because it is a relatively simpler model, it is not as computationally expensive.

However, because this polynomial regression is restricted to the second order, it is limited to
guadratic relationships. For this reason, applying this technique may not suffice in the case that the
true relationship is more complex. Additionally, it is noted that the extrapolation of data beyond what

has been provided in the data set may lead to unreliable predictions.

Kriging Model
The Kriging model is a geostatistical interpolation technique, typically used for spatial data analysis

and prediction. It is based on the assumption that design points closer to the unknown design point

are more likely to have similar values compared to those that are farther away.

Using this assumption, the Kriging model estimates the value at an unsampled location by computing
a weighted average of the observed design points, where the weights are determined based on their

distance to the unsampled design point. This is mathematically expressed as follows:

n
G(x0,Y0,20) = Z Aig(xi, v z;)

i=1
Where G(xo, yo, 20) is the predicted value of the design point; g(x, y, z)) is the observed data at design

point i, and A; represents the weight assigned to each design point. The weights A; are determined

using the covariance matrix:

011 012 O13 * Oim [ 010
021 Oz O3 - Om ||A, 020
031 032 033 ** O3y ||A3] =030
On1 Onz On3z ° Opmild, Ono

Where o.m is the covariance between design points n and m, and g.¢is the covariance between

design point i and the new design point 0.

Once the weights A; are computed, they are applied to the corresponding design points to calculate
the weighted average, which allows for the prediction of the value at the new design point to be

achieved.
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Compared to the 2" Order Polynomial Regression model, the Kriging model can offer more accurate
predictions due to its superior handling of irregular data. However, Kriging requires computation of a
larger number of linear equations and spatial correlations, making it more computationally intensive.
Additionally, Kriging is less interpretable than the 2" Order Polynomial Regression model because it
relies on spatial correlations rather than explicit functional relationships. In both models however,
extrapolating beyond the range of observed data can result in unreliable predictions and increased

uncertainty in the results.

Selection of Design of Experiment & Response Surface Function

In determining the optimal DOE function and corresponding Response Surface function, focus was
initially shifted on the latter owing to its dependency on the DOE function. It was observed that both
the 2" Order Polynomial Regression model and the Kriging model, while useful, have limitations in
accuracy when extrapolating beyond the range of observed data. Therefore, it was crucial to select a

DOE function that thoroughly explored the extremes of the design space, thus mitigating errors.

Among the discussed DOE functions — Face-Centred Central Composite Design and Box-Behnken
Design — only the FCCCD was found to provide comprehensive exploration of the design space.

Hence, FCCCD was chosen as the optimal DOE function for this dissertation.

Regarding the Response Surface function, the 2" Order Polynomial Regression model was noted to be
limited to quadratic relationships. This made the Kriging model a better choice for capturing more
complex relationships with greater accuracy. On this basis, the Kriging model was selected as the

optimal Response Surface function for the purposes of this dissertation.

In summary, the chosen DOE function was the Face-Centred Central Composite Design due to its
thorough exploration of the design space, while in predicting the performance of the output variables
with respect to the input variables for all panel configurations considered, the Kriging model was
selected as the Response Surface function. This was selected for its ability to accurately model

complex relationships.

Extended Bibliography
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Appendix A.7

Figures A.7-1 and A.7-2 provide a graphical representation of the goodness of fit of the Kriging model
to the sample set generated via the Face-Centred Central Composite Design. This appendix includes
only those pertaining to total sandwich panel mass, mr, and total sandwich panel material cost, Cr.
The plot concerning the maximum vertical deflection, A7, was provided in Section 3.2.4. The shown

plots present the predicted data vs the observed data.

Also provided were the; coefficient of determination; root mean square error; relative maximum

absolute error, and; relative average absolute error, with the optimal scenarios depicted in brackets.

A good fit was identified in Figures A.7-1 and A.7-2, as evidenced by the quasi y = x relationship and

supported by the statistical scores.
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Figure A.7-1:Graph of predicted vs observed total sandwich panel mass [kg].
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Predicted Total Sandwich Panel Material Cost [€]
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Figure A.7-2: Graph of predicted vs observed total sandwich panel material cost [€].
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Appendix B.1

Analytical Analysis FEA/AA
Finite Element Analysis (FEA)
(AA) Ratio
Thickness
Designation Angle Mesh Maximum Vertical Deflection at Longitudinal Midplane
Penultimate Ultimate
Penultimate [mm] Ultimate [mm] Convergence Ultimate [mm]
Core [mm] Facesheet [mm] Size[mm] | Avg. Quality | Size [mm] Avg. Quality

A90C50F1.2 90 50 1.2 18 0.92 17 0.93 27.24 27.46 0.80% 28.62 95.95%
A90C60F1.2 90 60 1.2 18 0.96 17 0.96 19.37 19.31 -0.31% 19.87 97.18%
A90C70F1.2 90 70 1.2 18 0.97 17 0.97 14.36 14.26 -0.70% 14.57 97.87%
A90C80F1.2 90 80 1.2 18 0.87 17 0.87 10.80 10.81 0.09% 11.11 97.30%
A90C90F1.2 90 90 1.2 21 0.86 20 0.86 8.58 8.58 0.00% 8.74 98.17%
A90C100F1.2 90 100 1.2 23 0.85 21 0.86 7.11 6.99 -1.72% 7.05 99.15%
A90C50F1.2 90 50 1.2 18 0.92 17 0.93 27.24 27.46 0.80% 28.62 95.95%
A90C50F1.6 90 50 1.6 18 0.92 17 0.93 20.68 20.86 0.86% 21.44 97.29%
A90C50F2.0 90 50 2.0 18 0.92 17 0.94 16.43 16.57 0.84% 16.84 98.40%
A90C50F2.4 90 50 24 18 0.92 17 0.94 13.59 13.71 0.88% 13.80 99.35%
A90C50F2.8 90 50 2.8 18 0.92 17 0.94 11.66 11.77 0.93% 11.73 100.34%
A90C50F3.2 90 50 3.2 18 0.92 17 0.94 10.11 10.21 0.98% 10.09 101.19%
A90C50F3.6 90 50 3.6 18 0.93 17 0.94 8.92 9.00 0.89% 8.82 102.04%
A90C50F4.0 90 50 4.0 18 0.93 17 0.94 8.00 8.08 0.99% 7.86 102.80%
A50C50F1.2 50 50 1.2 18 0.87 17 0.89 26.38 26.91 1.97% 28.32 95.02%
A60C50F1.2 60 50 1.2 18 0.89 17 0.91 27.07 27.26 0.70% 28.46 95.78%
A70C50F1.2 70 50 1.2 18 0.90 17 0.93 26.98 27.51 1.93% 28.55 96.36%
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Analytical Analysis FEA/AA
Finite Element Analysis (FEA)
(AA) Ratio
Thickness
Designation Angle Mesh Maximum Vertical Deflection at Longitudinal Midplane
Penultimate Ultimate -
Penultimate [mm] Ultimate [mm)] Convergence Ultimate [mm)]
Core [mm] Facesheet [mm] Size[mm] | Avg. Quality | Size [mm] Avg. Quality -

A80C50F1.2 80 50 1.2 18 0.91 17 0.93 27.55 27.47 -0.29% 28.60 96.05%
A90C50F1.2 90 50 1.2 18 0.92 17 0.93 27.68 27.46 -0.80% 28.62 95.95%
A100C50F1.2 100 50 1.2 18 0.91 17 0.94 27.33 27.41 0.29% 28.60 95.84%
A110C50F1.2 110 50 1.2 18 0.90 17 0.93 27.14 27.37 0.84% 28.55 95.87%
A120C50F1.2 120 50 1.2 18 0.89 17 0.92 26.35 27.08 2.70% 28.46 95.15%
A130C50F1.2 130 50 1.2 18 0.87 17 0.89 26.08 26.63 2.07% 28.32 94.03%
A50C50F4.0 50 50 4.0 18 0.88 17 0.90 7.93 8.11 2.22% 7.80 103.97%
A60C50F4.0 60 50 4.0 18 0.90 17 0.92 8.03 8.08 0.62% 7.83 103.19%
A70C50F4.0 70 50 4.0 18 0.91 17 0.94 7.92 8.11 2.34% 7.84 103.44%
A80C50F4.0 80 50 4.0 18 0.92 17 0.94 8.08 8.07 -0.12% 7.85 102.80%
A90C50F4.0 90 50 4.0 18 0.93 17 0.94 8.00 8.08 0.99% 7.86 102.80%
A100C50F4.0 100 50 4.0 18 0.92 17 0.94 8.03 8.07 0.50% 7.85 102.80%
A110C50F4.0 110 50 4.0 18 0.91 17 0.94 7.91 8.10 2.35% 7.84 103.32%
A120C50F4.0 120 50 4.0 18 0.90 17 0.92 7.91 8.08 2.10% 7.83 103.19%
A130C50F4.0 130 50 4.0 18 0.88 17 0.90 8.01 8.11 1.23% 7.80 103.97%
A50C100F1.2 50 100 1.2 23 0.85 21 0.86 6.87 6.99 1.72% 6.91 101.16%
A60C100F1.2 60 100 1.2 23 0.90 21 0.90 6.95 7.04 1.28% 6.97 101.00%
A70C100F1.2 70 100 1.2 23 0.93 21 0.93 7.10 7.07 -0.42% 7.02 100.71%
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Analytical Analysis FEA/AA
Finite Element Analysis (FEA)
(AA) Ratio
Thickness
Designation Angle Mesh Maximum Vertical Deflection at Longitudinal Midplane
Penultimate Ultimate -
Penultimate [mm] Ultimate [mm] Convergence Ultimate [mm]
Core [mm] Facesheet [mm)] Size [mm] Avg. Quality | Size [mm)] Avg. Quality

A80C100F1.2 80 100 1.2 23 0.94 21 0.95 7.23 7.08 -2.12% 7.04 100.57%
A90C100F1.2 90 100 1.2 23 0.95 21 0.95 7.07 7.08 0.14% 7.05 100.43%
A100C100F1.2 100 100 1.2 23 0.94 21 0.95 6.91 7.08 2.40% 7.04 100.57%
A110C100F1.2 110 100 1.2 23 0.93 21 0.93 6.97 7.06 1.27% 7.02 100.57%
A120C100F1.2 120 100 1.2 23 0.89 21 0.91 6.92 7.01 1.28% 6.97 100.57%
A130C100F1.2 130 100 1.2 23 0.85 21 0.86 6.85 6.97 1.72% 6.91 100.87%
A50C100F4.0 50 100 4.0 23 0.85 21 0.86 2.34 2.36 0.85% 2.04 115.69%
A60C100F4.0 60 100 4.0 23 0.90 21 0.91 2.38 2.37 -0.42% 2.06 115.05%
A70C100F4.0 70 100 4.0 23 0.93 21 0.94 2.36 2.35 -0.43% 2.07 113.53%
A80C100F4.0 80 100 4.0 23 0.94 21 0.95 2.36 2.34 -0.85% 2.07 113.04%
A90C100F4.0 90 100 4.0 23 0.96 21 0.96 2.33 2.35 0.85% 2.07 113.53%
A100C100F4.0 100 100 4.0 23 0.95 21 0.95 2.36 2.34 -0.85% 2.07 113.04%
A110C100F4.0 110 100 4.0 23 0.93 21 0.94 2.38 2.36 -0.85% 2.07 114.01%
A120C100F4.0 120 100 4.0 23 0.90 21 0.91 2.38 2.37 -0.42% 2.06 115.05%
A130C100F4.0 130 100 4.0 23 0.86 21 0.86 2.34 2.36 0.85% 2.04 115.69%
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Appendix B.2.

This appendix serves to display all of the vertical deflection contours for trendlines F1.2, and C50.
Figures B.2-2 through B.2-14 show only a quarter of the contour due to symmetry along the

longitudinal and transverse axes.

Figure B.2-1 serves as a key for all figures in this appendix.
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Figure B.2-1: Key applicable to vertical deflection contours.
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C: Static Structural
Total Defarmation
Type: Total Deformation
Unit: ram
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Figure B.2-2: Vertical deflection contour of configuration A90C50F1.2. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rrm

Time: 15
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Figure B.2-3: Vertical deflection contour of configuration AS0C60F1.2. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rrm

Time: 15

Max: 16,31
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Figure B.2-4: Vertical deflection contour of configuration A90C70F1.2. Note that units are in mm.

134



C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rarm

Time: 15

Plax: 12,537
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Figure B.2-5: Vertical deflection contour of configuration AS0C80F1.2. Note that units are in mm.
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C: Static Structural
Total Defarmation
Type: Total Deformation
Unit: mm

Time: 15
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Figure B.2-6: Vertical deflection contour of configuration AS0C90F1.2. Note that units are in mm.
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C: Static Structural
Total Defarmation
Type: Total Deformation
Unit: rmm

Time: 15

P B.0587

bin: 0

8.0587
71633
6.2679
53724
4477
3.5816
2,6862
1.7002
0.89341
0

0.00 300.00 60000 (rmrn) 7 e

150,00 450.00

Figure B.2-7: Vertical deflection contour of configuration AS0C100F1.2. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rrm

Time: 15

Mz 23,877

Min: 0

23.877
21.224
18571
15.018
13.265
10.612
7.9531
5.2061
2,653
0

.00 330.00 F00.00 (rrim)

175.00 525.00

Figure B.2-8: Vertical deflection contour of configuration AS0C50F1.6. Note that units are in mm.

138



C: Static Structural
Total Deformation
Type: Total Deformation

Unit: rarm
Time: 15
Pz 18,928
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Figure B.2-9: Vertical deflection contour of configuration A90C50F2.0. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rarm

Time: 15
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Figure B.2-10: Vertical deflection contour of configuration A90C50F2.4. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: ram

Tirme: 15

b 13,381

Min: 0

13,381
11.8%4
10407
89207
74338
5,047
44604
2.9738
14868
0

0.00 350.00 F00.00 {rrim)

175.00 525.00

Figure B.2-11: Vertical deflection contour of configuration AS0C50F2.8. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rmm

Tirme: 15

bz 11,583

hin: O

11.583
10,296
0.0092
i
64351
51481
3.8611
2574
1.287
0

Q.00 350.00 700.00 {rmrn)

175.00 325.00

Figure B.2-12: Vertical deflection contour of configuration AS0C50F3.2. Note that units are in mm.
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C: Static Structural
Total Deformation
Type: Total Deformation
Unit: rmm

Time: 15

hax: 10,19

din: 0

1019
9.0577
70255
67033
5.6611
4.5289
3.3066
2.2644
11322
0

0.00 350.00 F00.00 {rmrn) 7 e

175.00 525,00

Figure B.2-13: Vertical deflection contour of configuration AS0C50F3.6. Note that units are in mm.
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C: Static Structural
Total Defarmation
Type: Total Deformation
Unit: rmrm

Time: 15

hlax: 01265

tin: 0

91265
21124
7.0084
6.0543
5.0702
40562
3.0422
2.0
1.4
0
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0.00

Figure B.2-14: Vertical deflection contour of configuration A90C50F4.0. Note that units are in mm.
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Appendix B.3.

This appendix serves to display all the Von Mises stress contours mentioned in Section 4.1.3. Figures
B.3-1 through B.3-10 show only a quarter of the contour due to symmetry along the longitudinal and
transverse axes. Each figure includes a key that indicated the portion of the panel shown, boundary
conditions, and, if applicable, stress singularities. Note that in the case of stress singularities, these

were excluded from the Von Mises stress values, as reflected in the corresponding legends.
Four sections are present in this appendix. The order in which they are presented is as follows:

e Top Facesheet

e Bottom Facesheet
e Core#5

e Stiffener E

For each section, the contours are presented according to the order shown in Table B.3-1. Excluding
the reference configuration, the table highlights four pairs of contours. The first three pairs examined
the effect of varying a single variable; the first pair investigated changes in the angle of the stiffening
system; the second pair explored changes in core thickness, and; the third pair addressed changes in
facesheet thickness. The final pair examined the effects of varying two parameters simultaneously:
first, the angle of the stiffening system with respect to core thickness and second, with respect to

facesheet thickness.

Table B.3-1: Summary of the panel configurations considered, and their order. This is applicable to all section in this
appendix.

Variable

Pair # | Configuration | Stiffener Core Facesheet

Angle | Thickness | Thickness
Ref. | A90C50F1.2
1 A70C50F1.2
A50C50F1.2
5 A90C70F1.2
A90C100F1.2
3 A90C50F2.0
A90C50F4.0
4 A50C100F1.2
A50C50F4.0

Not Considered

[ | Considered
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Top Facesheets

Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane

41,151
36.679
32167
27.655
23,143
18.611
14119
9.6064
5.0%43
058217

A

41.453
36.92
32387
27.854
2331
18787
14.254
9.7
51878
0.65466

B

41315
36,825
32.335
27.845
23,355
18,865
14.374
9.0843
535842
0.90407

28164
25,071
21.973
18,885
15,792
12.699
9.6065
65137
34208
0.32793

D

Figure B.3-1: Von Mises stress (MPa) contour of top facesheet for configuration: (A) A90C50F1.2; (B) A70C50F1.2; (C)
A50C50F1.2; (D) AS0C70F1.2.
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Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane

18,854
16,777
4.7
12.624
10,547
8.4607
6.3927
4.3158
22389
016193

A

24434
1.761
19.087
16414
13.741
11.068
83953
57222
3.0491
0.37602

B

15.124
1345
11,776
10,102
8.4285
6.7546
5.0806
3.4066
1.7327
0.058726

19.747
17.604
15462
13.32
177
9.0349
6.8925
475
2.6076
0.46523

D

(@]

Figure B.3-2: Vlon Mises stress (MPa) contour of top facesheet for configuration: (A) A90C100F1.2; (B) AS0C50F2.0; (C)

A90C50F4.0; (D) AS0C100F1.2.
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Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane

15.079
17773
4.0114
2,069
1.0672
055042
0.2839
014643
0.075526

Figure B.3-3: Von Mises stress (MPa) contour of top facesheet for configuration A50C50F4.0.
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Bottom Facesheets

Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane
Stress Singularity

ol =] .

4191
36,679
32167
27.665
23143
18.631
14119
9.6064
5.0%43
058217

A

41453
36.92
32387
27.854
2331
18,787
14.254
9721
51878
065466

41,315
36.825
32335
27.845
23,353
18,863
14374
08843
5342
0.90407

28164
2507
21.878
18.883
15,792
12.699
0.6063
65137
34208
032798

D

@]

Figure B.3-4: Von Mises stress (MPa) contour of bottom facesheet for configuration: (A) AS0C50F1.2; (B) A70C50F1.2; (C)
A50C50F1.2; (D) AS0C70F1.2.
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Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane
Stress Singularity

ENEEC]

18,854
16,777
14.7
12,624
10.547
8.4697
6.3927
43158
223809
016193

A

24434
21,761
19.087
16414
13701
11.088
0.3853
57222
30401
0.37608

B

15124
1345
1,776
10102
84285
67246
5.0806
3.4066
17387
0.058726

C

19,747
17.604
15.462
13.32
177
0.0340
6.8925
4.73
26076
046523

Figure B.3-5: Von Mises stress (MPa) contour of bottom facesheet for configuration: (A) AS0C100F1.2; (B) A90C50F2.0; (C)
A90C50F4.0; (D) A50C100F1.2.
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Key
Longitudinal Midplane
Boundary
Free-End
Transverse Midplane
Stress Singularity

L]
[
L]
L]
[

15.079
77773
4.0114
2,069
1.0672
0.55042
0.2839
0.14643
0.073526

Figure B.3-6: Von Mises stress (MPa) contour of bottom facesheet for configuration AS0C50F4.0.
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Core #5

Hl] We

LA

152

Boundary
Transverse
Midplane
Top Core
Bottom Core

0.56866
0.30533
016394
0.088025
0.047264
0.025377
0.013626
0.0073182
00039283
0.0021002

051848
0.26474
013518
0.069021
0.035242
0.017995
0.0091881
0.0046915
0.0023955

038372
023013
013805
o.0e28
0.049663
0020788
0017867
Qoo71e
0.0084277
00038353

028812
016869
0.008768
057828
0033837
0019523
0011606
0.0067953

0.0039756
00023204

01883
010523
0.058
0.032860
0.018367
0.010265
0.0057365
0.0032058
.01 716
Q0010072

043307
0.20883
010048
0048336
0.023268
Q01197
0.0053882
00025828
0.0012477
0.00060039

026255
01498
0083464
0.048761
0.02782
Qmserz
0.0090558
0.0031667
00023478
00016818

Key

Figure B.3-7: Von Mises stress (MPa) contour of core #5: (A) A90C50F1.2; (B) A70C50F1.2; (C) A50C50F1.2; (D)

A90C70F1.2; (E) A90C100F1.2; (F) A90C50F2.0; (G) A90C50F4.0.



H] HE

Boundary
Transverse
Midplane
Top Core
Bottom Core

013624
0.06769
0.033484
0.016563
0.0081932
0.0040529
0.0020048
0.00099172
0.00049057
0.00024267

0.25623
0.1468
0.084107

0.027602

0.m5e17
0.0090623
0.005152
0.0029747
0.0017043

Figure B.3-8: Vlon Mises stress (MPa) contour of core #5: (A) A50C100F1.2; (B) A50C50F4.0.
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Stiffener E

o

154

Key

B Boundary
[ Transverse Midplane

] Stress Singularity

43.565
27.649
17.547
11.136
7.0677
44856
2.8468
1.8067
1.1466

47.716
26.164
14.346
7.8665
43134
2.3652
1.2969
071111
0.38992

53.153

29,064
15.892
8.6896
47514
2,598
1.4206
0.77677
042473

34345
18,593
10.065
5.4487
2.9496
1.5968
0.86441
0.46795
0.25332

21.989
14711
9.8421
6.5845
44052
29471
1.9717
1.3191
0.88249

25,6
16.555
10.706
6.9235
44774
2.8955
1.8724
1.2109
0.78307

12.376
7.9692
51317
3.3045
21279
1.3702
0.88235
056818
036588

Figure B.3-9: Von Mises stress (MPa) contour of stiffener E: (A) A90C50F1.2; (B) A70C50F1.2; (C) AS0C50F1.2; (D)

A90C70F1.2; (E) A9OC100F1.2; (F) A9OC50F2.0; (G) A90C50F4.0.



Key

[ Boundary
. Transverse Midplane

] Stress Singularity

24,01
15.464
9.9343
6.382
4.1
2,6339
1.6921
1.0871
0.69835

12,674
8.7453
6.0344
41639
2.8732
1.9826
1.368
0.%4396
0.65135

Figure B.3-10: Von Mises stress (MPa) contour of core #5: (A) AS0C100F1.2; (B) A50C50FA4.0.
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