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ABSTRACT

With the use of recycled materials within construction becoming more expansive and varied,
there is an increased interest in further developing these materials and processes. This paper
will focus on investigating the mechanical behaviours recycled wood composite material and
will explore improving the suitability of combining wood composite materials into a sandwich
panel, adding a layer of skin on either side to help improve the inefficiencies of the product.
An analytical model has been created to determine how the product can be enhanced by the
addition of these skin layers, and the model has been expanded to include other recycled
material options to select from for the core and skin, to be able to determine the maximum load
that a panel can withstand in a simple three-point bending test set-up. This model aims to create
a design tool which makes it easy to determine the suitability of sandwich panel products for
differing design scenarios. This research will determine the suitability of wood composite
products as well as other recycled materials for use as a solid core or as skin layers of a
sandwich panel. From this outcome, the paper hopes to improve the prove the mechanical
properties of recycled materials, increasing the usage rates and leading to more sustainable

engineering design.
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CHAPTER 1 — INTRODUCTION

1.1  PROJECT BACKGROUND

Helping to protect our natural environment is becoming more important as population growth
continues to increase and the demand for resource and material usage increases every year.
Timber is one of these resources which is in decline, with the UN FAO estimating that an
average of 10 million hectares of forests are being cut down each year (since 2010) and only
5.3 million hectares of forest are being replanted. (Ritchie & Roser 2021) This significant
deforestation rate will make it ever more difficult for future generations demand to meet the

supply and at this rate the natural resource will eventually become depleted.

Currently Australia is going through a significant timber shortage which is predicted to
continue for the next few years, and there is a general timber shortage which is expected to last
until 2035, if not beyond. (Timber and Forestry eNews 2022) New timber plantations have
been sponsored by the Australian government, investing $86 million to help alleviate the
shortage, but the benefits of these plantations will not be realised until at least 2047. (Timber
and Forestry eNews 2022)

The construction industry currently produces enormous amounts of physical waste, being the
main consumer of natural resources, and energy, also being the largest producer of physical
waste products, including timber. The Australian construction industry spent $2 billion on
waste services, which has increased by 35% since 2017, but this waste from construction
materials has the most potential to be reused or recycled. (ABS 2020) The waste category with
the lowest recovery rate according to (ABS 2020) was plastics, being only 19%, with the rest
being sent to landfill. Landfills within Australia are running out of space due to the high amount
of waste being produced each year, with many of the major landfills within Melbourne
expected to be out of space within 5 years. (Waste Sense 2022) This emphasises the need to
find sustainable materials and practices and increase rates and methods of recycling to help

maintain and better our current environment and that of the future generations.

This is why it is important that alternate solutions for timber products are explored and
improved upon to help alleviate the timber crisis, for a more short-term solution and to increase
rates of recycling, particularly for plastic waste materials. A solution to help these problems
can be found in using composite lumber technologies, which combine recycled products of
cellulose fibre (wood) and industrial grade polymers (thermoplastics) with a bonding agent.
(Klyosov 2007) To help alleviate any typically deficiencies of the product, additives are

included in the mixture (lubricants, coupling agents, pigments, antioxidants, UV stabilizers,
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antimicrobial agents, etc.) and is then manufactured in a similar process to plastics, using a
high-volume process such as extrusion, compression, or injection moulding, to create a wood

composite material (Klyosov 2007).

Wood composites have been typically used as a decking or railing, but are also a practical
option for profiles, sheathing, roof tiles and window trims. (Wechsler & Hiziroglu 2007) The
market size for wood plastic composite was USD 4.77 billion in 2019, and Fortune Business
Insights (2020) predicts this to rise to 9.3 billion by 2027. (Market Research Report 2020) The
reason for the market rise is due to the advantages provided by wood composites for the
environment and for the consumer. Not only is the product made of recycled materials, but also
can be made from unusable timber, as more than half of the wood from a tree in unsuitable for
making planks and typical timber products as the branches are too thin but has the potential to
be used as wood flour in wood composites. (Pritchard 2004) This will reduce the rate at which
forests need to be felled and the recycling of plastic reduces a major component global
municipal solid waste while providing a low-cost, high-volume material source. (Najafi 2013)
The downside of the product is the additional cost to traditional timber, but it offsets this by
providing numerous advantages over timber. Wood composites have a good durability, low
maintenance, aesthetic qualities (no knots, splinters, warping or checking), termite and fungal
resistance, as well as fire resistance qualities due to the addition of the plastic and other
additives (Klyosov 2007). A downfall of the product is the strength and stiffness performance
being lower than timber, requiring more structural support and being unusable in many
applications. This problem may be able to be solved through the adaptation of the product into

the core material of a sandwich panel.

Sandwich panels behave differently as they have a structural composition and cannot be
considered as a homogenous material. Sandwich panels consist of an interior core, usually
being of a lower density, and have a thin skin layer on each side of this core, secured by
adhesive bonding. They offer a relatively lower density and a high rigidity (Polmear et al.
2017), having the potential to negate some of the mechanical shortcomings of the composite
wood product, and can help further improve the durability through the addition of the skin
material. The facing materials of the sandwich panel will carry the axial compressive and

tensile forces, and the core (composite wood product) will carry the shear load.

In this study, sandwich panel mechanical properties are being tested for the viability of using
a wood-composite material as the core of the panel, and this research paper will determine
whether the failure mode of the material can be predicted based on the available theory. Two
different types of specimens were prepared for testing, each comprising of a different skin

material, either hemp fibre or recycled PET fabric.
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1.2 PROJECT AIM

The aim of this project is to create an analytical model to predict the failure mode of a
composite wood sandwich panel. This model will be based on the basic properties of the wood
composite and of the skin material, such as the tensile, flexural and shear strength and modulus
parameters to predict the load-displacement behaviour and ultimately predict the failure mode.
Analytical equations will be used to predict the ultimate load for a wood composite sandwich
panel for shear failure, bending failure, and a general equation to roughly predict the load for
both cases simultaneously. A previous analytical model, created by Ferdous, et. al. (2017) will
be used as a starting point for the shear, bending, and combined shear-bending failure model
equations and will be tested against the experimental data for validation. Alterations to these
models will be made as seen fit, and then the general equation will be created based on the
materials behaviour in both flexure and shear. This model will then be validated against the
experimental data of the wood composite sandwich panel, and the success of the model will be

determined from these results.

1.3 SIGNIFICANCE OF THE STUDY

If the project aims are successful, this research will help contribute to the overall scientific
knowledge in the topic of the rapidly expanding sector that is wood composite products. Being
able to predict at what loads the product will reach failure would be useful in determining the
suitability for the application of the product.

This research will also help in determining the viability of composite wood as a sandwich panel
core and will help optimise the use of materials to obtain a stronger and stiffer product, to be
able to be used for more varied and numerous applications, removing the current the reliance
on fresh, non-recycled timber products, reducing deforestation, and helping to alleviate the

current timber shortage for construction.

This research into other developments and applications of composite wood could serve as a
starting point for other researchers who wish to explore this product further, further enhancing
the material or the sandwich panels, which would help bring popularity to the composite wood
products as a renowned structural alternative. This research into composite wood sandwich
panels could also branch out for other environmentally friendly alternatives in construction
such as recycled plastic, which could use this research to develop similar products, improving

the materials mechanical downfalls.
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1.4 SCOPE AND LIMITATIONS

Due to limitations in time and resources, the scope will be refined to only analyse one wood
composite product, to prove that the properties are possible to be predicted. Further studies
should be completed in the future to determine the validity of the experiment using several
different products, that have a range of manufacturing processes, matrix composition, wood
and plastic types used and additives in the mixture. This will be able to translate the research
conducted in this experiment to create predictions of expected material performance for any
possibility of wood composite product in the future, to allow potential consumers or companies
to know how to best use wood composites in construction and their homes to increase the

amount of product sold and continue helping the environment.

The mechanical properties being tested are limited to flexural strength in a three-point bending
set-up, through static testing methods. Other tests such as impact and any dynamic testing will
not be included in this research. There will also be no analysis of how the product performs

after degradation.

All materials will be sourced directly from the supplier, and the limitations of time, restrict any

long-term durability analyses of the products.

1.5 THESIS STRUCTURE

This thesis will consist of 6 chapters, consisting of the following:

Chapter 1: This chapter will provide the background necessary into the wood composite
material and its advantages and show how the inclusion of the material in a sandwich panel
could be beneficial, potentially becoming next stage in developing the wood composite
product. It also includes the aims and objectives of the study, with the significance of the
research to the overall knowledge.

Chapter 2: This chapter provides a literature review of varying scientific papers previously
conducted on wood composite materials, particularly referring to the way different properties
are seen to affect the materials mechanical strength. There will also be a brief analysis on the
skin materials being used and will detail out the other previous analytical models developed

for both wood composites and sandwich panels as useful information for the study.

Chapter 3: This chapter will provide the details of the materials being used in the study and the
methodology of the experimentation that will be occurring. This will be for both the initial

experimentation of the wood composite panel under three-point bending, as well as the final
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experimentation of the composite sandwich panel for model validation. The composition of the

final sandwich panel is also shown in diagram to be referred to in the model equations.

Chapter 4: This chapter will provide information about the theoretical analysis conducted of
the results from initial experimentation as well as the theory behind the model equations. This
chapter outlines each of the failure modes which will be modelled for, including how they

would be predicted to occur.

Chapter 5: This chapter of the research will analyse the results from the model and compare
against the theory from prior literature. The model will also be used to determine the effects of
each parameter within the model equations and summarise a recommended range for each
parameter to get the optimal output. This chapter will also end with the validation of the

analytical model, using the experimental results of the final experimentation.

Chapter 6: This chapter will serve as a summary of the paper, re-iterating the major findings
from this paper. It will summarise whether the goals of this paper were met and how it could
have been improved. The paper will also conclude with recommendations and future studies
which can be conducted to continue and improve upon the analytical model and to best achieve

the goals this paper has set out to do using this research.
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CHAPTER 2 — LITERATURE REVIEW

2.1 —=WOOD COMPOSITE PRODUCTS

A literature review shows that the creation of wood composites is not a recent development,
with the first uses dating back to 1916, finding limited success, and then being reborn with new
processing technologies to create a successful wood substitute which became extremely
popular in North America from the 1990’s. (Pritchard 2004) Over the last 30 years a large
quantity of studies and research has been conducted into the product to better understand and
improve the product to increase its viability in a variety of ways. Due to the vast quantity of
research, the most relevant literature to this potential research will be covered in this review.
This will include previous studies into the differing mechanical properties, being tensile,
bending, and shear properties, analysing use of recycled plastics in wood composites and the

material’s durability.

2.1.1 - Mechanical Properties of Wood Composites

Original testing of the mechanical properties of wood composites has occurred for a long period
of time, with experimental results found dating back to 1977 for the 19" volume of the
‘Radiation Physics and Chemistry’ book. (Gouloubandi 1982) Since the popularisation of the
product, many more studies have been conducted regarding the tensile, compressive, and

flexural strength of wood composites.

The book “Wood-Plastic Composites” by Klyosov (2007) summarises all previous literature
and experimentation data prior to its publishing. Most studies can be seen to focus on flexural
strength of wood composites and how different factors affect the strength in bending. Klyosov
looks at the mechanical properties of Trex boards, the most popular supplier in the US, giving

the equation for flexural strength:

_PLh )
81

Where, S = flexural strength (N), P = load at fracture (N), L = span (mm), h = board
hight/thickness (mm) and I = second moment of inertia, being bh*/12. (mm®*)
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Experimenting on Trex TM boards finding out they were able to withstand an ultimate
distributed load of 1667 Ib/sq. ft. (79.8kN/m?), being “more than 6 times higher than the ICC
required load including the necessary safety factor.” (Kylosov 2007) The flexural modulus was

also predicted using the equation:

PL?

(2)
13 * EJ

D =

Where: D = deflection (mm), and E = flexural modulus (MPa).

Later studies were conducted by Leu et al. (2012) testing effects of wood flour size and addition
of coupling agents and lubricants. Formulas used to get results after testing were similar, being

related to the modulus of elasticity and modulus of rupture in bending:

AP, I3 3
MOE = —2 x —— (3)
Ay 4bd?
3pmaxy, @
MOE = — ==

Where, AP, is the difference between the upper and lower limits of the bending loading (N),

Pmax

Ay is the deflection in the vertical axis about the loading point, and Py*** is the maximum

allowable loading in bending.

Vedrtnam, Kumar & Chaturvedi (2019) performed more recent experimental studies, testing
the mechanical behaviour of wood composites. The injection moulded samples were tested
under tensile, three-point bending and impact, to record the properties of specimens with
different woods and wood percentages. The bending tests were performed under the ASTM
standard D143-14, tensile under ASTM D638-99, and the Charpy and Izod test were used for
impact strength to standard of ASTM D6110-10.

Maximum load before fracture varied from 846-828N and maximum deflection was 12.8-14.4
mm. (Vedrtnam, Kumar & Chaturvedi 2019) Other literature also follows their tensile, flexural,
and notched Izod impact strength testing to the ASTM standards, but Nourbakhsh & Ashori
(2010), use slightly differing standards being D638, D790 and D 256 respectively. The reason
for this is that there are standard configurations for testing behaviours of differing materials,
but due to the material is a composite, there is no set standard to perform to. Both testing
standards for tensile tests are for testing plastics, but Vedrtnam tests the flexural based on wood

standards and Kumar does so based on plastics. (ASTM International n.d.)
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Keskisaari & Kérki (2018a) analysed the tensile and impact strength of wood composites that
use recycled plastic. Flexural properties were found to decrease, but impact resistance

increased from use of recycled polymer (PW).

1400 3,5 1400
1200 3 1200

/\/ 1000 2,5 __”\/ 1000
800 g E 2 800
600 S 215 600
400 1 400
200 0.5 200
0 0 0

MCW ccw Lw PRMW PW Ref MCW cCcw Lw PB-MW PW Ref
Flexura strength =Total costs impast skreagth, =—Totil casla

Figure 1: Difference in flexural strength (left) and impact strength (right) based on changing plastic type.
(Keskisaari & Karki 2018a)

The purpose of this study was to evaluate the influence of different recycled materials on the
price of wood composite materials, and it found the price of recycled raw material is not that
influential on the overall properties. However, the pricing of virgin plastics does represent the

overall quality of the properties of the final wood composite product.

Not many researchers discuss the compressive strength properties of wood composites, but one
study by Hamel, Hermanson & Cramer (2012) tested the composites via creep tests in tension
and compression until ultimate failure. Compressive strengths were found to be close to double
of the tensile strengths if not more. Due to the high compressive strengths of wood composites,
the failure mode in compression of the material should not be considered as a critical failure
mode. Hamel, Hermanson and Cramer then applied mathematical models to the experimental

results. The mathematical expression for instantaneous strain was expressed as:
. o
g(0) = Ay sinh (—) (5)
0Op

Where the instantaneous strain, ¢ is dependent on the original cross-sectional area of the panel,

Ao, the height of the panel, h, and the stress in the panel pre- (0, ) and post- (o) load application.

These mathematical models of strain can be very helpful in determining an analytical model

for shear failure based upon the load-displacement relationship of the material.
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Hugot & Cazaurang (2010) submitted composite products to tension and compression tests to
the standards of wood specimens and three-point bending tests to standards designated for
plastics. The results obtained were analysed using the Curve Fitting Toolbox in MATLAB for
stress-strain behaviour of the material.

F. Hugot and G. Cozaurang: Mécanique & Industries 10, 519 524 (2009) F. Hugot and G. Cazaurang: Mécanique & [ndustries 10, 519-524 (2009)
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Figure 2: Experimental and fitted tension stress strain curves. Tension (left) and bending (right).
(Hugot & Cazaurang 2010)

The stress-strain behaviour seen in the graph above (Figure 2), is non-linear, being closer to
typical thermoplastic behaviour than the brittle behaviour of wood. The behaviour of the
material is described by Zawlocki (2003) exhibiting “a constant accumulation of residual strain
that can be well described using a hyperbolic tangent function.” These curves are also difficult
to find a yield point of the material.

From analysing the curves based on a tangent function created in MATLAB, it fits the three-
point bending curve to an R? value of 0.99, describing the dataset very accurately, while the
tensile curve has an R? value of 0.85 being less accurate. This shows the level of uncertainty
for bending behaviour to be less than that of tension and shear, making the probability of
predicting behaviour in bending the most accurate due to the patterns of material behaviour.
The tensile strength was also found to be greater than compressive strength, being the opposite
of its components (wood and plastic) and Hugot & Cazaurang believe this to be caused by the
“mechanical entanglement of wood fibres and HDPE polymer, allowing benefit during
compression testing.” (Hugot & Cazaurang 2010)

The maximum tensile and bending stresses were halved in the transverse direction, but
compression was seemingly unaffected by direction. The maximum tensile stress for the wood
composite (otl = 11.6MPa) was lower than HDPE (ctl = 25MPa) and wood (ctl = 50 MPa) in
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the testing, leading to the conclusion that the wood product is acting as a filler in the matrix,
rather than as reinforcement. (Hugot & Cazaurang 2010) From the fractured appearance of the
material, evidence of fibre pull out is present (Figure 3), being characteristic of poor interfacial
adhesion. This is a well-known problem for composite products due to the incompatible nature
of both components, and Hugot and Cazuarang (2010) suggest “additional improvements
should be done to link wood fibre to thermoplastic in order to prevent the fibre pull out leading

to a better load transfer.”

Figure 3: Failure appearance of wood composite material. (Hugot & Cazaurang 2010)

2.1.2 - Analysis of Plastics for use in WPC

Almost any type of plastic has the capabilities of being used as the plastic component of a wood
composite, but only three major types are used today, being polyethylene (PE), polypropylene
(PP), or polyvinyl chloride (PVC). Klyosov (2007) suggests the reason these plastics are used
is due to the low pricing of the materials, while still having the required properties to allow the
finished material to pass the building code.

Najafi (2013) and Basalp et. al (2020) both stress the importance of recycling plastic waste
products, with wood-plastic composites (WPCs) being an important way to increase the amount
of material recycled each year. Najafi (2013) discussed the effects that the conditions of the
recycled plastic have on the mechanical properties of WPC. Because recycled plastics are
exposed to differing storage and reprocessing conditions, it is found to be important that proper
and efficient collection, separation, and recycling processes are established to reduce a level of
variability as to not have poor performing plastics within the final product mix. Basalp et. al
(2020) examines the difference in performance of WPC with recycled plastic (r-WPCs) versus
virgin plastic (v-WPCs). Five differing types of PP or PE based recycled plastics were tested,
and specimens were created at differing wood flour contents to provide a dataset, different
additives were used as well to determine the optimum compound for the WPC. Basalp
performed tensile tests of WPCs, carried out according to ASTM D638 standard in Shimadzu
AG-I mechanical test equipment at a 10 mm/min tensile test speed and 5 kN load cell. Notched
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Charpy Impact strength tests were conducted by using a V-notch CEAST Resil Impactor and
three-point flexural bending tests were performed by using AGS-J Shimadzu mechanical
testing machine with 5 kN load cell and support span length of 62 mm. The tensile test found
30 % wt of plastic to be the optimum amount, having the greatest tensile strength (24.8 MPa).
It was also found that the r-WPCs had lower impact strength, decreased flexibility, but the most
flexural strength.

Figure 4: Flexural strengths of differing plastics, and with differing wood fibre percentages.
(Basalp et. al 2020)

Basalp attributed this increase in flexural strength from the recycled plastic to be due to the
improvement on interfacial adhesion between the wood and plastic from the bonding of the
matrix and improved dispersion of the wood particles throughout. (Basalp et. al 2020) This
research shows the differing strengths between virgin and recycled plastic in WPCs, having
differing strengths and weaknesses, yet both have acceptable properties to use in the wood

composite.

The lead company in supply of WPC, are one of the largest plastic recyclers in the US, saving
over 800 million pounds of reclaimed timber and recycled plastic annually, with each standard
16-foot Trex board containing the equivalent of 2250 plastic bags. (Trex 2022) This shows the
potential benefit using r-WPCs over v-WPCs can have on the environment, contributing to the
circular economy. From this research into recycled versus virgin polymers in wood composites,
the recycled plastics are determined to have high potential for use while still maintaining
comparable mechanical strength properties. With the cheaper recycled plastic having similar
performance to the more expensive recycled and virgin options, the potential for using recycled
plastics is high, with efficient processes needing to be established to reduce variability of the
plastics strength properties by ensuring effective storage and separation of the recycled

materials.
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2.1.3 - Durability

Studies on wood composites are predominantly from the United States, due to the popularity
of the product within the country. Many studies assessed the durability of the composite, and
this information is important for application in Australia due to the differing conditions that
will need to be endured under the Australian climate and environment. Wood composites are
typically marketed as highly durable, even more so than timber, due to the necessity of high
durability because of the typical outdoor application of the product. Early studies by Caulfield
et al. (2005) showed the nature of the product to absorb moisture slower than timber, which
helps protect itself from issues like dimensional changes as a result of moisture as well as

protecting the material from fungal attacks.

Wood composites were originally depicted as impervious to biological attack due to the nature
of the plastic surrounding the wood particles. Many later studies proved this fact to be false,
showing wood composites to be susceptible to degradation. Pendleton et al. (2002) found
fungal decay to have a very low leach rate, but still could affect the product under the right
condition, and suggested zinc borate as an additive to help prevent fungal intrusion.
Investigation into wood materials using zinc borate were conducted around the same time by
Verhey, Laks & Richter (2001), which found similar mechanical strength deterioration in all
specimens regardless of the amount of zinc borate used. The result of this research concluded
that the predominant strength losses were caused by the thickness swelling from moisture

absorption, rather than fungal attack.

Despite Caulfield’s findings of slower absorption rate, if moisture is allowed to enter the lattice,
the effects are quite devastating to the product. A study into moisture absorption’s effects on
mechanical properties has showed an injection-moulded wood composite containing 40 percent
wood flour was soaked for 2,000 hours that the moisture increased to 9%, resulting in the
flexural modulus and strength decreasing by 39 percent and 22 percent, respectively (Stark
2001). Schirp et al. (2008) recommends into how to improve the durability of WPCs, by
moisture exclusion, via complete encapsulation of the wood particles by the plastic matrix,
hydrophobation of the material surface or chemical modification of the wood substrate. Schirp
also disagrees with Pendelton’s recommendation of zinc borate, claiming “no reasonable

amount of zinc borate will prevent moisture entry into the composite.” (Schirp et al. 2008)

Morell et al. (2006) provides a summary of many other works into the durability of wood-
plastic composites and suggests an ulterior method of degradation by photodegradation caused
by ultra-violet (UV) light. This was though not to be a potential issue due to the plastic matrix,
but residual solvent and other impurities allow photodegradation of the lignin in the wood. This

results in changes in colour, surface composition, and small changes in mechanical properties.
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These affects are not too major, but photodegradation may be a common issue for long term

use of wood composites under the weather conditions in Australia.

Due to the plastic within the matrix, the materials are also resistant to termite attacks, and
improved resistivity to chemical intrusions and fires. The strong durability of the product can
make wood composites a resilient and resistive material, suitable for interior use as panelling

within homes, having a greater resistivity to fire than traditional foam panel materials.

2.2 - PREVIOUS WOOD COMPOSITE ANALYTICAL MODELS

A summation of models used for wood composite products, prior to 2008, was detailed by
Hugot & Cazaurang (2008). The differing models analysed and compared were the series,
parallel, Hirsch (and modified Hirsch), Cox/Bigg/Kelly and Halpin/Tsai models, which all
relate to predicting elastic properties of two discontinuous phases. The comparison was made
against experimental data completed by Hugot & Cazaurang, where the modified Hirsch model

and Cox/Kelly/Briggs model were seen to be in best agreement with the experimental data (See

Figure 5).
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2.3 SANDWICH PANELS

2.3.1 Key Papers for Model Preparation

The analytical model that will be used as a starting point for the wood composite sandwich
panels will be based on the model created by Ferdous, Manalo & Aravinthan (2017), which
will be adapted as required. Ferdous created this model for phenolic core sandwich panels
under 4-point bending to determine the theoretical failure load of the panels. This model tested
the effect of beam orientation and shear span-to-depth ratios on the failure loads and the
predicted failure mode of each panel depending on these two factors. This research featured
analytical models using equations relating to the nature and structure of the sandwich panel
consisting of two outer layers of GFRP (skin) and a softer middle layer (phonetic core). The
wood composite sandwich panel is expected to behave differently under loading due to the
dramatic increase in density of the core material, being the composite wood, being atypical

compared to the phonetic core in Ferdous’ experimentation.

It was observed that the shear span-to-depth ratio of the panels in application is important for
the moment capacity, with this ratio increasing would result in significantly reducing the
moment able to be carried due to the nature of the skin wrinkling from compression (Mathieson
and Fam 2015). Due to this nature, the shear span-to-depth ration will be kept the same for all
materials being tested, so that differing thicknesses will have less of an effect on the results

obtained.

Other papers within the literature have created analytical model equations for sandwich panels
under three-point bending, being based upon the stress within the core material reaching the
allowable limit under midpoint loading. These papers are by Steeves & Fleck (2004b) and
Ouled Ahmed Ben Ali & Chatti (2020) who base the equations upon differing beam theories.
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Figure 6: Diagram of core shear failure in a three-point bending test set-up. (Steeves & Fleck 2004b)
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In the model by Steeves and Fleck, the analytical equation used in this study, considers a simple

equation, based on the shear strength (tc) of the core material, and its width (b) and depth (d).
P =2t.bd (6)

This equation does not consider any effects of the skin and treats the panel as homogenous, due
to the failure criterion of the panel by shear, being considered of the core alone. In their
analytical models (2004a) Steeves and Fleck treat the sandwich panel as a non-linear
Timoshenko beam, having a rigid core and elastic face sheets. This allows contribution of a
post-yielding hardening response, controlled by the bending stiffness of the face sheets (skin),
increasing the load required before shear failure.

3
P = 2t.bd + 8E;b (L) 6 7

This equation is the same as before but with the addition of load required due to the skins
response to loading, requiring the elastic modulus of the skin layer (Ef), the thickness of the

skin layer (tr) and the vertical displacement about the midpoint (5).

The other model equation for shear by Ouled Ahmed Ben Ali & Chatti based the analytical
equation upon the modified Gibson’s model. In this model, the panels failure load in shear is
considered to just be affected by the properties of the core, with no benefit provided by the skin
layers. The critical shear load (Pc3) of the core is expressed in the equation:

3/2
Pers = 2be, [2.32 <&) —0.28%¢| g, (8)
Ps Ps

Being based upon the dimensions of the core, with b referring to the width of the panel and e,
being the thickness of the core. The equation is based upon the yield strength of the core
material (oys) and is multiplied by a factor of dimensionless relative density of the core (pc/ps).
Both of these equations will be later used to compare against the equation based upon four-
point bending by Ferdous (2017) to determine the accuracy of each model’s prediction for the

shear failure load.

For comparison of the four-point bending failure load analytical equation by Ferdous, it will
be compared against a separate model from Ouled Ahmed Ben Ali & Chatti (2020), considering
the tolerance of the yield strength of the skin layers being exceeded by the normal stress at the
load point, from rearranging the bending moment equation. This gives Equation 9 for the

critical bending load (Pcr1):

4beye.
L

Py = Oyp (9)
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Being based upon the modified Gibson’s model, where oy is the yield strength of the skin
material. This results from this equation will be compared against those from the four-point

bending equation for the effects from altering the skin thickness.

2.3.3 Other Key Sandwich Panel Papers

The analytical equations used in this paper will be tested against many other credited examples
of sandwich panels already existing within the literature. This will be done to determine the
viability of the analytical modelling equations against a variety of differing sandwich panel
types and using various materials to determine the suitability of the model equations to describe
the behaviour of any sandwich panel material, and to know the strengths and limitations of the
models. The existing papers within the literature that the model will be tested against will need
to have done practical experimentation on a created sandwich panel, determining the behaviour

of the material under three-point bending.

The papers that were selected for analysis, were required to have the material properties of both
skin and core materials, and the details of the test set-up shown. Photos of the panels after
failure has occurred were also required so that the failure mode can be seen or inferred based
on the condition and failure planes seen on the material to perform a proper analysis and
comparison. If all required inputs for the model were not found within the paper, the values
were taken from manufacturers of the products listed by the paper, or other academic research
papers that used an identical material were sourced for the required information. To help
determine allowable stresses of materials an arbitrary Factor of Safety of 1.5 was chosen for

all examples.

2.3.3.1 - Sandwich Panel Experimentation for Verification of Model
Equations

The differing papers chosen for the analytical modelling were selected to contain as wide of a
variety of sandwich panel types, materials, and compositions as possible from the literature

available, while following the required guidelines that are detailed in Section 4.5 of this paper.

Paper number 1 by Xia et al. (2022) creates 5 different sandwich panels with differing core
types, including some with differing materials, layouts, and thicknesses, while keeping the
same skin material (A15005-H34) and overall dimensions and loading conditions of the panels.
The reason this paper was chosen was to discover the limitations of the model against a variety
of sandwich panel types, instead of the solid core that it was originally modelled for. Cores like

honeycomb cores and transverse and truss hollow cores all respond differently under loading,
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and this paper will help display the inaccuracies due to these differences and will determine if

the model equations are at all suitable in these cases.

The next paper by Mohammadabi et al. (2020) investigates using a composite wood product
for both the core and the skin material. This will show the effects of having materials of the
same properties of both skin and core, and the overall effects of sandwich panel creation in this
manner will be analysed. The composite wood core is a corrugated core, so predictions by the
model may not be relevant due to the model being based on homogenous core panel types. The
level of accuracy of the prediction for this different core type will be known from using
comparisons with the previous paper by Xia et al. (2022).

Another key paper for validation is by Ma et al. (2020), where sandwich panels were tested for
fatigue behaviour under three-point bending. Within this paper, static testing under three-point
bending is conducted as a reference point for the fatigue loading, and this experimental data is
what will be used to compare against the model equations to determine the accuracy and help
validate the prediction of failure load. Ma created two sandwich panel types, consisting of the
same materials, being a 15 mm thick Nomex honeycomb core, at a modulus of 10.5 GPa, with
differing face sheets (skin layers) for each panel configuration, with a differing laminate skin,
having a modulus of 36.2 GPa. The length between the supports of all tests was 200 mm, and
a width of 75 mm. A summary of the thickness of the skin layers, the modulus of the skin
materials and the ultimate failure load for each panel type is in Table 1. The honeycomb core
is tested in two differing configurations, to test how the core behaves when the thicker walls of

the Nomex honeycomb are in the longitudinal direction (L) or the transverse direction (W).

Table 1: Summary of ultimate load of different sandwich panels from Ma et al. (2020)

Honeycomb Skin thickness | Ultimate Load
Configuration (mm) (kN)

L 1.1 9.38

L 242 10.78

W 1.1 5.69

W 242 5.82

Another paper which will be used for verification is by Giglio, Giglio & Manes (2012), that
performed a numerical investigation of sandwich panels with an aluminium skin and Nomex
honeycomb core. The analytical model is not created for honeycomb core types, however the
results are expected to be similar due to the strong performance of honeycomb cores, acting
with similar mechanical properties to solid core panel types. The panel has dimensions of 70
mm width and 200 mm length, with the core material being 19.05 mm thick, with an elastic
modulus of 1.878 GPa, and a yield strength of 40 MPa. The skin material is 0.25 mm thick,
with an elastic modulus of 72.4 GPa. With data not being provided for the yield or shear

strength of the skin, the data values for AI5052 will be used, having a similar modulus. Four
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experimental tests were performed on the created panels, with the average peak load from the
three-point bending test being 0.455 kN, with a 0.3% error.

Papers also need to be analysed that consist of a solid or foam cores for direct comparison to
the model. One of these papers to be used for verification of the model equations is from Huang
et al. (2022) who tested composite sandwich panels with an aluminium foam core in three-
point bending. The experimental results from this study can be directly compared against the
model, as the model’s creation was based on solid and foam homogenous core panel types. The
length of the samples is 120 mm, by 50 mm width, with the aluminium foam core being 28 mm
thick and the Aluminium alloy 3003 skin layers being roughly 1.6 mm thick. The required
material properties are not provided within the paper, so will be taken from Matweb (n.d.),
giving an elastic modulus of the Al 3003 skin at 68.9 GPa, yield strength of 296 MPa, and a
shear strength of 110 MPa. The core will be taken as ALPORAS aluminium foam, for which

the properties will be included within the final model as standard.

The panels within Huang’s study mostly failed via indentation failure, so the allowable load
for bending, shear, and combined failure should be greater than the failure load of roughly 0.8
kN.

The final paper being compared to the model is by Crupi & Montanini (2007), which also
analyses an aluminium foam sandwich panel in three-point bending. Crupi & Montanini
analyse the collapse mode of panels under static and dynamic loading, but for the purposes of
this research, only the static loading tests will be analysed. Two differing sandwich panel
materials compositions are being tested, Alulight AFS and Schunk panels. The Alulight panels
consist of an AlSi10 foam core, and two Aluminium (99%) face sheets, and the Schunk panels
consist of an AlSi7 core and AIMn1 faces. The dimensions of both panels are identical, being
50 mm wide and 20 mm thick, with face sheets of 1 mm. It was found that the failure mode of
the panels was dependent on the support span of the panels, and many different spans were
trialled, with the differing failure modes of the panels being documented. For the purposes of
this analysis, the span of 110 mm for the panel composition will be used, as this produced a
core shear failure found for the Alulight panels, aligning with one of the failure prediction
modes within the model. At this panel width, the panel failed at an ultimate load of to fail
around 1.20 kN for the Alulight panels, and 2.2 kN for the Shunk panels under static bending.

2.3.3.2 - Sandwich Panel Experimentation for Analysis of Model
Equations

Xia et al. (2022) performed bending tests on various sandwich panels with different types of
cores. The four types of cores focused on in this study were corrugated, truss, honeycomb, and
aluminium foam cores. This paper is very useful to test how the analytical equations used in
this paper perform for differing sandwich panel core types, other than the solid core of the

composite wood being focused on in this study.
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(c) (d)

Figure 7: Schematics of differing sandwich panels. (a) corrugated, (b) truss, (c)

honeycomb, and (d) aluminium foam core.

(Xia et al. 2022)

The three-point bending tests were performed on each of these panel types, set up as in Figure
8.

14.5 mm

14.5 mm

Figure 8: Three-point bending test set-up on corrugated core and truss panels.

(Xia et al. 2022)

Using the parameters of the test set-up and the materials described in the paper as the inputs of
the model, it will be tested against both the bending, shear, and combined failure modes. The

parameters that were required but not mentioned in the study will be taken from the product
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information of ALPORAS aluminium foam in Table 2 below, being the flexural strength and
Modulus of Elasticity of the foam core.

Table 2: Material Properties of ALPORAS aluminium foam. (Shen, Lu & Ruan 2010)

ALPORAS® aluminium foam

Composition (%) Density (kg/m*) Young's modulus (GPa) Shear modulus (GPa) Shear strength (MPa) Tensile strength (MPa)
Al + 1.5%Ca + 1.5%Ti 230+ 20 1.1£0.1 033 +0.02 1.2 £0.05 16+02

Bending strength (MPa) Poisson's ratio Compressive peak stress (MPa) Average cell size (mm)
28:03 0.33 19203 288

Three-point bending tests were conducted for all created panels with the load vs displacement
data being seen in the various graphs in Figure 9. The tests were conducted on a S0kN MTS
machine loaded at a rate of 1.5 mm/min. The maximum load experienced from Figure 9 for
each core type will be used as the loading at panel failure, being the ultimate load to be

predicted and compared against by the final model.
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Figure 9: Experimental results of bending tests by Xia et al.

(Xia et al. 2022)
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Figure 10: Failure mode of corrugated AI5005 core.

(Xia et al. 2022)
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Figure 11: Failure mode of honeycomb Al5052 core.

(Xia et al. 2022)

Corrugated core panel types were seen to experience global bending failure or indentation
failure, aluminium foam core panel failed in shear failure, and honeycomb panels failed by
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global bending failure with some indentation occurring. Truss core typed panels were observed
to have two failure modes, by asymmetrical deformation of the core struts, leading to failure

or by bending of the face sheets leading to deformation of the core struts resulting in collapse.

These failure modes and ultimate failure loads observed by the experimentation by Xia will be
compared against the predicted results by the final model and compared to determine the

viability of the model predictions for differing sandwich panel core types.

The next sandwich panel being tested against the model was created by Mohammadabadi et al.
(2020), where predictive models were created for elastic bending behaviour of a ‘wood
composite sandwich panel’. This model is different to the planned experimentation and model
creation in this study as a composite wood product was made into a sandwich panel in a hollow

core geometry in the configuration as seen in Figure 12.

Figure 12: Composite wood sandwich panel structure by Mohammadabadi.
(Mohammadabadi et al. 2020)

As seen in this figure, the panel is made of a composite wood material which is used as both
the outer skin layers and as the core material, being differentiated by being a corrugated core
construction to improve the material performance. In this study the wood composite was turned
made into unit cells, with only wood strands from small timber used to fabricate the panel for
uniformity. The Modulus of elasticity was determined from these unit cells in both the
longitudinal and transverse directions, with the bending stiffness being determined from a 4-
point bending test, conducted as per ASTM D7249. The corrugated core in isolation and the
created sandwich panel were tested for comparative purposes and the bending stiffness was

determined by the equation below:

B 23ml3
El'==796 (10)

Two theoretical models were then derived and compared against finite element analysis of the

material. The two models were the classical beam theory (Euler Bernoulli) and the first-order
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shear deformation beam theory (Timoshenko) to investigate the bending behaviour of the
product and material. These theories were derived using displacement fields, the principal of
minimum potential energy, and the variational method to arrive at the governing equations used

below,

Euler-Bernoulli ; Q]IE—:iI = qlx)

| Quigs —ksQesA(ghe +%2) =0

%

Timoshenko ; fog. . 2 .
| kQssA|Z2 + 2] 4 qlx) =0

Figure 13: Euler-Bernoulli and Timoshenko equation used by Mohammadabadi.
(Mohammadabadi et al. 2020)

Where w represents beam deflection and @ represents rotation of the cross section about the y-
axis, with Q11 and Qss being components of the stiffness matrix, and ks is the shear correlation

factor.

The results of this paper found both the two models, Euler and Bernoulli both followed the
experimental deflection curve to a greater extent than finite element analysis, being very
accurate until reaching a higher load/deflection. The bending stiffness determined of the
material in experimentation was numerically between the two model equations (being lower)
and the finite element analysis (being higher), with the Euler model derivation having the

closest result.
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Figure 14: (a) Comparison of load-deflection curves and (b) comparison of bending

stiffness results by Mohammadabadi.
(Mohammadabadi et al. 2020)

From a sensitivity analysis performed by Mohammadabi, the Euler model was observed to
have the most differentiation when changing the E values of the specimen, and the finite
element analysis had the greatest change in stiffness when altering G values, being far greater

than the two models. This shows that the Timoshenko model is the safest for differing material
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properties, being mostly in-between the percentage of change of the other two models in these

categories.

Table 3: Sensitivity analysis performed by Mohammadabadi. (Mohammadabadi et al. 2020)

% Change in Bending Stiffness

Property % Change in Material Properties
FE Euler Timoshenko
1 9.4% increase: £y = 10.72 GPa 8.8 9.3 9.2
9.4% decrease: £7 = 8.88 GPa —8.7 -9.2 —-91
2= 13.4% increase: E; = 1.94 GPa 0.41 0.89 034
o 13.4% decrease: E; = 1.48GPa —0.5 —0.85 -0.25
37.8% increase: Gy, = 3.53 GPa 33 0.57 0.97
=G13
2=t 37.8% decrease: Gz = 1.59 GPa _59 —047 ~ii5

2.3.3.3 - Analysis of Shear-Span-to-Depth Ratios of Sandwich Panels

In the model to be created, the differing failure loads of a sandwich panel are to be predicted,
to determine which failure mode will be the minimum and the ultimate cause of panel failure,
either by bending, shear or combined bending and shear failure. One of the properties which
will help indicate the expected failure mode is the shear-span-to-depth ratio, or a/D, where “a”
represents the distance from each support to the loading point, and D representing the total
depth of the composite sandwich panel. Some examples of determining the effects of the a/D

ratio for sandwich panels can be found in the literature.

From testing a phonetic cored sandwich panel with GFRP skin, Ferdous et al (2017) analysed
the effects of a/D ratio for a sandwich panel, and the expected failure mode of panels with
different a/D ratios. From testing in differing orientations and at differing different load points

in a four-point bending test to alter the a/D ratio, the effects could be seen.

From the many different a/D ratios tested, Ferdous concluded that the beams in the vertical
orientation failed in a more brittle manner. Indentation failure is likely to have occurred at
lower a/D ratios, due to the reduced width at the loading positions, creating less contact area to
distribute the load effectively. In relation to the a/D ratio, shear failure was expected to occur
when the ratio was less than 2 and bending failure (skin compression) was expected when
greater than 6. A transitional zone was observed when a/D ratios were between 2 and 6 where

both the effects of bending and shear can be seen contributing to the sandwich panels failure.

Zhang et al. (2020) analysed the effects of a/D ratio for a composite sandwich beam, consisting
of GFRP skin and a balsa wood core. In this study the panels were subjected to three-point

loading.

The results showed that shear failure was experienced at the lower a/D ratios and bending

failure at the higher (roughly 6). This paper concluded that when a/D < 4, it is predicted to fail
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in shear, and for a/D > 6, it would be expected to fail in bending. There is no mention of
combined shear and bending failure, but it would be expected at an a/D ratio between 4 and 6

for this material setup.

Both papers had a similar conclusion about the relationship between a/D ratio and the expected
failure mode. There was agreement that at a/D > 6, the panel should be predicted to fail in
bending, but there was slight disagreement on the shear failure, so any panel that has an a/D
between 2 and 4 will be acceptable to either be predicted to fail in shear or combined failure in
the model. Any panel with an a/D less than 2, should be predicted to fail in shear.

The a/D ratio will be used to help validate the model results, as the properties of other tests can
be inputted into the model, and the failure mode that was seen should also be predicted by the
model, and at a similar load. If failure mode experienced is not noted, it will be predicted by
the relationship from Ferdous et al., (2017), being shear failure predicted for a/D <2, combined
bending and shear failure for 2 < a/D < 6 and bending failure for a/D > 6. The papers used for
validation will need to supply the required material properties of the core and skin and the
experimental failure load under three-point bending.

2.3.4 Material Properties for Use Within Final Model

The final model created will have many differing material options for both the core and the
skin. For use of differing material options within the model, certain properties will need to be
known for each, including the Young’s Modulus, yield strength, shear strength, and the
optional parameter of the shear modulus of the material. For the model, different recycled
material options are desired to be included as well as traditional sandwich panel materials

which are being currently used.

The recycled materials for the core are to be the wood composite product and recycled plastic,
also including traditional materials of foam and phenolic core materials. For the skin, hemp
fibre and recycled PET will be the recycled options, with Aluminium, AL5052 and GFRP being
traditional skin layers also included. The data for the wood composite is determined from the
experimentation under three-point bending within this paper, and the other material options
parameters will be taken from published literature, being referenced within the model.

Recycled plastic lumber is the other sustainable material choice for within the model. The
modulus of elasticity of the recycled plastic for 100% recycled fibres will be 620 MPa (Yin et
al. 2013), the yield strength is 24 MPa (Barbosa, Piaia & Ceni 2017), and the shear strength is
taken from Resco Plastics (1997), where the average of the three tests was taken, being 6.19
MPa. Other more recent testing was found of recycled plastic materials for shear strength, but
the materials undertaking conditioning to determine effects under extreme temperatures to

measure performance, so the values of these tests will not be considered.
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Hemp fibre is the chosen skin material for the sandwich panel creation within the model. This
material was chosen due the availability of the recycled material for the potential to physically
create the sandwich panel for future verification of the theoretical model. Hemp fibres have an
elastic modulus of 75 GPa, being similar to the stiffness of glass fibres, which vary from 50-
75 GPa, and are much more practical in fabrication. (Thygesen et al. 2006) Hemp fibres are a
highly ductile material, allowable large deformations before reaching their yield. The shear
strength of the hemp fibres used within the model is to be 8.86 MPa (Dhaliwal, Dueck & Newaz
2019). The density of hemp fibres was also required for use in the model, for use in the modified
Gibson shear failure model equation which is to be used as comparison to the other shear model
equations. The density used is taken from Liu et al. (2017), who compares many differing
research papers into hemp fibres and the average of these results was taken at 1500 kg/m?. This
parameter is only required for hemp fibre as this is the skin material that is used in the test

model and is not required for any material in the created final composite sandwich panel model.

For the Recycled PET skin material, the flexural modulus and yield strength were obtained at
10.5 GPa (Tapia-Picazo et al. 2017) and 45 MPa (Ror, Negi & Mishra 2023) respectfully with
Tapier Picaso et al. finding the mechanical properties of the recycled PET fibres being found
to have almost twice the mechanical performance of the virgin PET fibres. The shear strength
was not able to be obtained, however the relationship of shear strength being roughly equal to
between 0.58-0.6 times the ultimate tensile strength, the final shear strength was calculated at
60% of 49MPa, equalling a shear strength of 29.4 MPa.

For the non-recycled materials, the AL5052 and AL5005-H34 skin layers and the foam core
layers were chosen due to their use within the paper by Xia et al. (2020) for the modulus and
the yield strength, where different sandwich panel core types and materials were tested. The
elastic modulus of these materials used is 73 GPa for the Al5052, 53.5 GPa for the AL5005-
H34 skin material, and 1.1 GPa for the foam core and the yield strength of each of the materials
will be 96.5 MPa for AL5052, 114 MPa for AL5005-H34, and 2.8 MPa for the foam material.
The shear strengths were included in the paper, being not relevant to the study and will be taken
from other sources. The Shear strength for A15052 will be 138 MPa, (Cavallo n.d.), 96.5 for
AL5005-H34 (Matweb n.d. a) and 1.7 for the foam material (Matweb n.d. b).

The other non-recycled materials are the phonetic core material and GFRP skin, both of which
will have the required properties taken from Ferdous, Manalo & Aravinthan’s (2017) paper
investigating the effects of differing shear span to depth ratios on ultimate failure load of
sandwich panels. From this paper, all required material properties are listed, with an excerpt
being provided in Table 4. Of note the properties of the GFRP skin are being taken from testing

on the material in the longitudinal orientation, to align with the modelled sandwich panels.

Table 4: Properties of GFRP skin and phenolic core materials.
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Test GFRP Phenolic core
Elastic Modulus (GPa) 14.28 1.33

Yield Strength (MPa) 450.39 14.32

Shear Strength (MPa) 23.19 4.25

2.4 KNOWLEDGE GAP/CHAPTER SUMMARY

From the literature, a clear gap within the existing knowledge can be seen, with no research
into solid sandwich core panel types. Using a material with a high density and modulus
compared to a foam panel will have a much greater stiffness and can improve the mechanical
performance of panels in shear. Exploring solid sandwich panels, using recycled alternatives
as core materials will be analysed in this paper, with a wood composite material being used
as an example, which will be explored for its performance to determine the structural
performance of this material, and many other solid core sandwich panels. Based on the
various simple model equations of homogenous materials, the use of a validated analytical

model can generate results and be used for analysis in a simple manner.

Various model equations for predicting the load allowable of sandwich panels exist within
the literature, however, none are applied and compared to differing scenarios and there is no
research into using a model to optimise a product based on the theoretical predictions from

the model equations.

Wood composite was found to be a suitable choice for use in a sandwich panel, due to the
materials nature, being a highly durable product, with many great qualities, but studies have
been inconsistent in finding the performance of the material to be less than traditional timber
products, being suitable for use within a sandwich panel to help improve the mechanical
deficiencies of the product, and will be tested within the created model for optimisation of
material thicknesses, dimensions and skin materials to improve mechanical performance.
With the wood composite panels becoming more popular, further studies conducted on the
materials are analysing effects of different agents, mechanical processing, and more to further
improve and simplify the manufacturing and cost of the product, while maintaining its

effectiveness.

The model will be based upon the features of the materials and dimensions, created using and
testing the various existing models outlined in the literature review, and will be tested and
altered based on other studies into homogenous materials and sandwich panel studies. The
model will be validated using the various paper found within the literature which performed
practical three-point bending experimentation on sandwich panels, comparing the ultimate
failure loads from the studies to the predicted results from the model using the material data

given within each paper, outlined within this chapter.
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CHAPTER 3 - MATERIALS AND METHODOLOGY

3.1 INTRODUCTION

Before the sandwich panels can be tested, the wood composite was measured and weighed to
get the dimensions and densities of each specimen, and then a tested to be able to obtain the
required input parameters for the model, notably, the elastic modulus, shear modulus, peak

stress, and subsequent. To do this a 3-point bending test will be conducted.

3.2 WOOD COMPOSITE

3.2.1 — Preparation of Wood Composite

The wood composite was sourced directly from the supplier COEN, being their ‘Solid
Composite Timber Screening’, of dimensions 75 x 25 x 900mm. These panels were sawn down
to be 350mm in length, to be of appropriate size for testing in the universal testing machine
(UTM). Three samples of both the wood composite product (WC1-3) and polystyrene (SF1-3)
were made and numbered on both ends for the preliminary testing at this 350mm length. The
samples were measured using callipers at 5 differing points along the length, width and depth
of each sample and the averages of each measurement were taken, and the volumes were
calculated. The samples were then weighed, so that the densities could be calculated by
dividing the weight of each sample by its volume. The results of which can be seen in Table 5

below.

Table 5: Testing material sample quantities.

Sample Volume (mm3) Mass (g) Density (kg/m?3)
WC1 6.6104 x 10° 875.4 1324.3
WC2 6.7191 x 10° 879.3 1308.7
WC3 6.7127 x 10° 872.0 1299.0
Average 1310.7
SF1 43774 x 10° 6.7 15.306
SF2 4.3617 x 10° 6.5 14.902
SF3 4.4433 x 10° 6.9 15.530
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3.2.2 - Test Set-up

Due to the differing thicknesses of the material, both were to be tested at the same a/D ratio of
6. This made the length between supports of the 3-point bending test (L), equal to 300mm for
the wood composite and 200mm for the Styrofoam. Due to the greater length required for the
wood composite tests, a different clamp was required to properly secure the material in place.

3.2.3 - Test Procedure

The tests were carried out in the UTM, with the specimen being placed in the centre of the
machine and clamped at the supports, ensuring the centre of each support was at 150 mm from
the load application point. Once in place, the load is then applied to the material at the midspan
and slowly increased in magnitude. The extensometer on the UTM measures the displacement
of the midpoint, continuously recording the position as the load is increased. The load is
continually applied and increased until failure of the specimen. The failure load is noted, and
the test is repeated for the other two specimens, so that an average can be obtained. This testing
was also repeated for the Styrofoam samples (ensuring the same a/D ratio to the wood
composite), but this data is not being analysed in this paper, however the data of the Modulus
of Elasticity will be used in the final model for the material option of a foam core.

The test setup can be seen in Figure 15. The notations of each dimension in this figure will be
used in the equations in Section 5 of this paper.

ts
ts

&7

a a »

Figure 15: Diagram of material in three-point bending test set-up.
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3.3 - RISK MANAGEMENT

For the preliminary experimentation, a risk management plan was completed by Ashiqul Islam
for this testing and was approved by the University of Southern Queensland before

commencement. This plan can be found in Appendix A.

3.4 — CREATION OF ANALYTICAL MODEL EQUATIONS

The analytical model equations will then be created for a wood composite sandwich panel using
the experimental data obtained from the three-point bending test on the homogenous material.
These equations will mathematically predict the allowable load the panel can withstand, by
calculating the allowable stress of the combined materials of the panel, and their composition
and will compare against the maximum stress induced to determine if the panel will fail in a
design scenario. The model equation will be based on material parameters; created, tested, and
refined from various beam theories, material behaviours and limits, and the predicted effects

of combining differing materials together to act as a composite sandwich panel.
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CHAPTER 4 - THEORETICAL ANALYSIS

4.1 - METHODS OF RESULTS ANALYSIS

From the obtained data of the three-point bending tests on the wood composite specimens, the
experimental stress, strain, and flexural modulus will be calculated. This is done as to compare
against the model equations and the prediction of stress within the sandwich panels with 0 mm
of skin to verify that the model is appropriate for homogenous panels.

Equation for stress:

3FL

o= (11)
2bd?
Equation for strain:
_ 6Dd (12)
€ f= 73
12
Equation for flexural modulus:
L*m
E; = (13)
7™ 4bd?

The mean of the three specimens for Equations 11, 12, & 13 will be derived, and standard

deviation of the datasets will be calculated using Equation 14.

o =JE[(X — w)?)] (14)

Where, E represents summation, p = the average of the dataset, and X represents each variable.

The average load at fracture point of three panels will also be used to verify the predicted failure

load within the model for a homogenous wood composite panel.

The shear stress of the wood-composite is also needed for the model for determining the
allowable shear stress of the core. To obtain this, the shear stress at the fracture point is
obtained, also known as the shear strength. The shear stress of a sandwich panel is calculated
using Equation 15.
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Where Gs and Gc are the Modulus of Rigidity of the skin and core respectively. When obtaining

(15)

the shear stress of the core material, ts will be inputted as 0, not requiring the rigid modulus of
the shear or core materials, but these will be useful parameters for the model equation for shear

failure. To obtain the Modulus of Rigidity for the material, Equation 16 will be used.

def F/A

=57 (16)

Where, Ay is the change in length in the y axis.

Verification of the analytical model for the combined sandwich panel will be obtained from a
similar three-point flexural test, in the same setup as the homogenous wood composite product,
with the addition of the skin material, being a hemp fibre skin. These created panels average
load at fracture point will be compared against the output from the model for the same
composition, materials, and skin thickness. The margin of error for the prediction equation will
be determined from the variation of failure load of the three wood-composite specimens. If the
experimental result falls within this range it will be verified that the model can be used to
predict the allowable load of a sandwich panel, provided a reasonable factor of safety is used.

4.2 - FAILURE MODES

The main failure methods that are expected to be exhibited by the product under three-point
testing will be shear failure, bending failure, and a combined shear and bending failure. Other
modes which may be seen include indentation failure and compression face wrinkling, which

will be noted if observed, but will not be analysed in this study.

Shear failure is expected to occur when the panel has a lower shear resistance than the shear
force being applied. The same applies to the bending failure, for if the bending moment
inflicted by the central load exceeds the capacity of the beam, it will fail in bending. If both the
shear force and bending moment applied to the beam are both significant, and close to reaching

capacity, a combined shear-bending failure will occur.

Shear failure of the material will show through long diagonal cracks forming through either
the skin material or the composite-wood core, at a point between the loading point and one or

both supports. This failure is expected to occur in the wood composite core material, due to the
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horizontal orientation of the beam, therefore the bending strength of the core will be modelled

against the applied bending stresses from three-point testing.

Bending failure will be seen through a compressive failure of the top skin, with the skin and
core debonding after. Another bending failure type may be observed from the core cracking
from the bottom in the vertical direction, beneath the loading point in the centre of the material.
This bending failure will most likely be from a comptonization of the skin, meaning the applied

shear stress versus the allowable skin stress will be modelled.

Combined failure can be spotted by beginning with core shear failure before the cracks are

propagated to the edge of the material and debonding occurs between the skin and the core.

4.3 - ANALYTICAL MODEL EQUATIONS

Bending Failure

These equations, as stated previously, will be initially based off the equations created by
Ferdous et al. (2017). The equation for estimation of bending failure loads is based on the panel
failing when the bending stress of the skin exceeds the allowable bending stress of the skin,
being:

_ 4(EI)Os(all) (16)

° aDE;

Where, Py is the ultimate failure load of the sandwich beam in bending, o4y is the allowable

bending stress of the skin, and EI can be calculated as in skin thickness influence calculations.
Shear Failure

The equation for shear failure is based on the similar principle, expecting that the beam will
fail when the shear stress of the core exceeds the allowable. The shear failure of the skin is not
expected, but this will be checked by analysing the failure method post testing of the specimens

which failed in shear, and a different model for failure of the skin in shear will be made.

_ 16(EDTs(qu)

- (17)

S

Where, Psis the ultimate failure load of the sandwich beam in shear, T(4) is the allowable

shear stress of the skin, and do is the distance form centre to centre of the top and bottom skin.
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Combined Failure

Failure under combined action of both shear and bending stresses is expected when the sum of
the ratios of actual stresses to allowable stresses of both bending and shear equal to 1 or above,

as shown in equation (3) below.

Tact + Oact _ 1 (18)
Tall Call

So, by substituting in equations (1) and (2) into (3) gives equation (4):

1
4E5td0+Ecd2| aD S (19)
16(EI)‘[S(all) I4(EI)0'S(all)

Psb =

4.4 — GENERAL SOLUTION

These three equations are useful in determining in which method a sandwich panel will fail,
and what the failure limit should be based on the properties of the panel and its materials,
however, a general equation can be useful to give a rough estimation under any of the three
failure methods for the ultimate stress of the product. This will be useful in generating faster
results as the product will not have to be tested separately in three models and compared. This
will allow for more differing analyses of products to be done over the same span of time to
quickly determine if a product will work under a certain application, and if not, what product
or change to the existing product will. Once the product required has been established, then the
more in-depth modelling under each of the failure modes can commence to check the failure

stress of the product more thoroughly.

4.5 - ALTERNATE ANALYTICAL EQUATIONS

The analytical model equation for shear from Ferdous (17) will be compared against the two
other model equations outlined in Section 2.3.2.1 of the paper, being based on the Timoshenko

non-linear elastic beam theory (6)(7) and the modified Gibson’s model (8).

Each of the three models will be compared against their effects from altering the skin thickness
of the panels on the returned shear failure load to be compared against the theory from the
literature and the stress and stiffness analysis. The three models will also be compared for the
effects from altering the length between supports of the panels, changing the shear-span-to-
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depth ratio (a/D) to be compared against the bending failure load. From this, the most suitable
panel will be selected for use in the final model for all other panel configurations.

The alternate analytical equation for bending failure load prediction based upon the modified
Gibson’s model as seen in (9) will be compared against the equation form Ferdous (16), to

determine the similarities and advantages of each when altering the skin thickness.

After comparing both equations, the bending moment equations will be decided upon for use
in the final model.

4.6 - MODEL VALIDATION

Differing papers were chosen for analysis, as detailed out previously in Section 2, each being
chosen for a specific reason, as to allow for a wide sample variety of sandwich panel products
analysed to fully understand the scope of the analytical model equations. For comparison, the
linear section of load vs displacement graph (elastic deformation) will be relevant, as the

models only predict to the point before the yield stress is reached.

All selected papers are relevant, being three-point bending tests on sandwich panels, which
include the parameters of the materials being used to be directly inputted within the created
final model of this paper. The predicted failure load and failure mode outputted from the model
will be compared against the experimental results from within the source papers. If the results
are seen to be similar, the model will be taken as validated to a degree, and if the results do not

align, the reason for the differentiation will be investigated.

4.7 - CHAPTER SUMMARY

This section of the paper outlines the equations used to get the parameters required from the
experimental data of the wood composite material in three-point bending to use within the
model equations. It then explores the three failure modes being analysed, of bending, shear,
and combined failure, detailing the failure criteria of each, how each failure mode will be
expected to occur, and the failure plane that will be seen from each failure mode. The
analytical equations are then listed and discussed for each of the failure modes which will be
originally testes, as well as some alternate analytical equations from other papers that will be
explored within Section 5 of the paper. Then it details how each of these equations will be

analysed and compared to be decided upon and verified for use in the final model.
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CHAPTER 5 — RESULTS AND DISCUSSION

5.1 - EXPERIMENTAL RESULTS OF WOOD COMPOSITES

All specimens of wood composite material were tested in the UTM, and the recorded data was
used for analysis. Photos of the setup for experimentation (Figure 16) and photos of each
specimen post-failure (Figures 17 - 20) can be seen below. Failure occurred suddenly, with no
splintering and little elastic failure observed from the high density, with the created tightly
packed lattice and low modulus, making the material brittle in nature. The photos reveal similar
failure modes for all three specimens to be similar, with the specimens having experienced
bending failure, with the cracks resulting from the underneath of the specimen (tension face)
and propagating upwards to the compressive face or the cracks starting to form from the
compressive face. These flexural cracks take the path of least resistance, being a similar pattern
in specimens 1 and 2, being a notched failure, which indicates cacks from the top and bottom
propagating towards each other. Specimen 3 has a straight into diagonal failure plane, which
indicates the major cracking from the underside was the sole perpetrator for the failure of the
material. No shear cracking is seen in the materials, and there were no signs of indentation

failure.

Sample 1

Figure 16: Three-point bending test setup.
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Figure 17: Failure plane of Sample 1.

Figure 18: Failure plane of Sample 2.
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Figure 19: Failure plane of Sample 3.

Figure 20: Failure of all three wood composite specimens (top-down view)
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Figure 21: Failure of all three wood composite specimens.

The data from the Universal Testing Machine recorded the load vs displacement data which
can be seen in Figure 22. Each specimen can be seen to have a similar relationship curve
between load and displacement, with that of Specimens 1 & 3, having a near identical curve,
but failing at differing loads (Figure 22). The applied load at the midspan has a lesser influence
on the displacement to begin at loads less than 200N, and then the wood composite begins to
displace at a higher rate as higher loading is applied. The displacement to load relationship then
begins to decrease before failure occurs (seen in Figure 22 when displacement drops back to
0).

The average load at failure was found to be 2978.8kN, being rounded to the integer of 5 below,
at 2975kN for use in the model. This value is what will be used for the base value for the
applied load in the stress and strain theoretical analysis of the composite sandwich panels.
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Load vs Displacement
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Figure 22: Load vs displacement data from three-point bending experimentation on wood
composite material.

From using the equations in Section 4.1, the mean and standard deviation of the load at fracture
point, stress, strain, and elastic modulus of the three wood-composite specimens tested will be

represented in Table 6.

Table 6: Calculated parameters of wood composite specimens based on experimental data.

Load at z Elastic

Specimen Fracture ST bR Modulus

_ of (MPa) ef y

Point, F (N) Ef (Mpa)

1 3093.9 29.347 0.0126 2978.5

2 3071.8 28.553 0.0111 3109.0

3 2770.9 25.656 0.0103 2898.7
Mean 2978.9 27.852 0.0113 2995.4
Std. deviation 180.5 1.943 0.0012 106.2
% deviation 6.06 6.98 10.29 3.54

The values recorded from the three specimens are similar to each other, with the standard
deviation of strain being the greatest, being most likely from the measuring method, requiring
recordings of very small changes, making the accuracy worse from slight variation. Each
sample is also not of precisely identical measurements as seen in Section 3.2.2, with slightly
altering dimensions and densities of each specimen recorded, leading to differences in the

failure load for each and the resultant ultimate stress and strain. The maximum stress and strain
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were used to determine the elastic modulus of each specimen, and the average of the three will
be used in the model. The variation of this elastic modulus can be seen to be very similar at a
3% difference from the mean. This is due as when a panel endures less stress before failure it

is also seen to endure less strain. This relationship can be seen in Figure 23, where all samples
follow a similar curve.

Stress vs Strain
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—~ 25.00 -
[ Specimen 1

MPa

< 20.00 4+ _Specimen 2

e Specimen 3
15.00 A

Stress, o

10.00 A

5.00 A

0.00 = — T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

Strain, €

Figure 23: Stress vs strain of wood composite materials until fracture point.

The shear stress of the panel and modulus of rigidity were calculated from the average failure
load, strain, and material dimensions. When calculated the results obtained are as follows:

Modulus of Rigidity, Gwe) = 3490 MPa
Shear Strength, twe) =0.778 MPa
These quantities are for use in the model equation for shear failure.

From comparison with other sandwich panel materials identified and discussed in Section
2.3.4, the wood composite material has a higher Modulus of Elasticity compared to other
standard core material. Both foam and the phenolic core materials have an elastic modulus less
than half of that for the wood-composite, with lower yield strength, but higher shear strengths.
The other recycled material that is being included in the model of recycled plastic lumber has
a greatly lower modulus of elasticity than all other products, also having a high yield and shear
strength.
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Table 7: Material properties of core materials for final model.

Wood Recycled Phenolic
Material Composite Foam | Plastic core Custom
Young's Modulus (MPa) 2995 1100 619 1330 0
Yield Strength (MPa) 27.852 2.8 24 14.32 0
Shear Strength (MPa) 0.778 1.7 6.89 4.25 0

The effects of these differences will be investigated further in the model.

5.2 - EFFECTS OF VARIABLES TO MATERIAL STRESS AND STIFFNESS

The effects of differing variables within the model equations can be analysed by theoretically
predicting the benefits to both strength and stiffness of the sandwich panel, in relation to a
changing each parameter. Each parameter being investigated will be the variables of the
sandwich panel that are included in the final model equations that affect the strength and
stiffness, being:

- Skin thickness, t

- Length of panel, L

- Width of panel, b

- Core thickness, d

- Core Modulus of Elasticity, Ec
- Skin Modulus of Elasticity, Es

The strength will be tested by calculating the amount of stress acting on the material, using the
equation:

o = Mc/I (20)

where ¢ = total stress, M = maximum moment acting on material (PL/4), ¢ = distance from
neutral axis to face of skin material (d/2+t), and I = second moment of inertia. Refer to Figure

15 for dimensional references in the test set-up.
The stiffness of the material will be calculated by the formula:
L =EI (21)

where X = stiffness and E = Modulus of Elasticity.

The second moment of inertia I, will be calculated for both materials, core (Ic) and skin (),

separately:
(22)
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Due to the sandwich panel consisting of the two differing materials, the modulus of elasticity
of the product will not be constant. The second moment of inertia for the skin is assumed to
have a greater modulus of elasticity to that of the core as to create an efficient sandwich panel.
Due to this, the width of the skin will be multiplied by a the modular ratio skin and core (Es/Ec)
to create an effective width of the skin material, to allow second moment of inertia be equal to
the amount of area that would be required to get the same I value if the skin had the same
modulus as the core, without effecting the distance from the x-axis (origin at mid-point of
panel). The properties of each component of the cross-section need to be scaled by the modular
ratio of the corresponding material to determine the total cross-section stiffness. (Anwar &
Najam 2017) This gives equations 23 & 24.

bd3
_ 23
=" 23)
E
b (—S) t3 2
fs=2x1—3 +<b(ECt*2+2

To get the stiffness of each panel the modulus of the core (E¢) and skin (Es) materials shall be
multiplied by the respective second moment of inertia, making the equation for stiffness:

El = E_I. + E,I, (25)

For the purposes of each analysis, a standard value was used for each parameter in the
equations, other than the parameter being investigated. The standard values used will be those
of the experimental test on the wood-composite material, the researched E value of hemp fibre
for the Modulus of Elasticity of the skin, and an assumed skin thickness based on the skin

thickness analysis which will be performed first.
These base standard values are as follows:

Table 8: Base values of parameters used in model equations.

Variable Base Value
Length, L 300 mm
Width, b 75 mm
Core height, d 25mm

Skin thickness, t 1 mm

Skin Modulus, Es 75000 MPa
Core Modulus, E. 2995 MPa
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The load is a dependent variable in the final model equations and is not a variable of the
sandwich panel itself and therefore will not be analysed in this section. The standard value for
load for the strength and stiffness equations has been taken as the average of the failure load of
the wood-composite specimens from the experimental analysis, making; Load, P=2974 N for
all stress equations.

5.2.1 — Effects of Skin Thickness on Stress and Stiffness

For the purposes of this analysis, the skin thickness was analysed at every 1mm of thickness
between 0 and 10 mm, and the effects on the strength and stiffness were analysed. From this it
was seen that adding additional millimetres of skin was seen to be decreasing the stress on the
panel an insignificant amount after 5 mm of skin. It was also seen that the greatest decrease in
stress was between 0 and 1 mm being over an 85% reduction, so the skin thickness in this zone
was then analysed in smaller increments at every 0.1 mm of additional skin thickness on both
sides between 0 and 1 mm to see the effects. From performing this analysis in excel, the final
graph can be seen in Figure 24.

Effects of Skin Thickness
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Figure 24: Graph of skin thickness theoretical influence on stress and stiffness.

As seen from Figure 24, the stress experienced by the panel decreases and the stiffness
decreases when the skin thickness increases, both being positive for the sandwich panel. The

stiffness of the panel increases almost linearly, with a similar amount of increase experienced
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from each subsequent increase of skin thickness. The decrease in the amount of stress
experienced by the sandwich panel for each subsequent increase in skin thickness is seen to
lessen the higher the thickness of skin becomes. This makes the amount of benefit per
millimetre of skin become lesser as it increases, making the range of skin thickness which
seems to be optimal is between 0.3 and 1.5 mm for each skin. This range allows values give a
balanced amount of stress experienced and stiffness of the material, before the decreases in

stress for the panel is not worth the extra thickness.

This graph also shows that increasing the skin thickness (t) will continuously benefit the
sandwich panel, increasing the stiffness and reducing the stress experienced. The amount of
benefit to stiffness in the wood composite with no skin is very low in comparison to the amount
with any skin added, showing the benefit gained from the addition of skin layers to the wood

composite.

However, the stress is the key component in the sandwich panel, and the decrease experienced

from increasing the skin thickness gradually lessens. This relationship can be seen in Table 9.

Table 9: Percentage of stress decrease from additional skin thickness.

Skin thickness % decrease from initial
(mm) Stress (MPa) stress
0 28.56 | -
0.1 17.93 37.2
0.2 13.06 54.3
0.3 10.27 64.0
0.4 8.47 70.4
0.5 7.20 74.8
0.6 6.26 78.1
0.7 5.54 80.6
0.8 4.96 82.6
0.9 4.50 84.3
1 4.11 85.6
1.5 2.87 89.9
2 2.20 92.3
2.5 1.78 93.8
3 1.49 94.8
3.5 1.28 95.5
4 1.12 96.1
4.5 1.00 96.5
5 0.90 96.9

The efficiency of using the wood composite as a sandwich panel can be seen in Figure 24 and
Table 9, with only 0.lmm of skin added to each side reduces the stress experienced from the

ultimate load on the wood composite panel by 37% and 0.2mm reduces it by over half. The
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benefits of combining the wood composite material with a skin layer with increased stiffness

are evident, offsetting the shortcomings of the material alone.

As seen in Table 9, the greatest decrease in stress is seen when just 0.Ilmm of skin material is
added, turning the product from a homogenous material to a sandwich panel. After the first
millimetre of skin, there is an 85.6% decrease in stress experienced by the material. This
decrease greatly lessens for the next additional millimetre of skin, as at 2mm an additional
reduction of 6.7% is seen, and the amount of stress reduction continually decreases for each
additional millimetre of skin material added to either side of the sandwich panel. After 3.5 mm
of hemp fibre skin on each face, the reduction becomes less than 0.5% for each subsequent
millimetre added compared to the original stress experienced, and the benefits become

negligible.

The decided optimal skin thickness reduces the total stress experienced from between 64.0 to
89.9%. This is an extreme benefit for the little total addition in thickness. The amount of hemp
fibre skin added is not recommended to go above the 1.5 mm on either side, but if a slightly
higher capacity is required then it can still be a possibility. A thickness greater than 2mm would
be seen as becoming unreasonable for this sandwich panel, and that any further increase would
not be valuable enough in stress decrease to justify the extra material, and to still provide decent

stiffness to the composite panel.

From these findings, our model will consider 0.1 to 2.0 mm of skin thickness of hemp fibre
skin on each face of the sandwich panel. For the purposes of all future evaluations of model
parameter effects on panel strength and stiffness, the standard dimension for skin thickness has
been chosen at Imm. This value gives great benefit to the wood composites strength and
stiffness, being between the recommended range of 0.3-1.5 mm. With this decent skin thickness
chosen, each parameter can be analysed for the effects on strength and stiffness on both the

core and skin materials.

5.2.2 — Effects of Panel Length on Stress and Stiffness

From altering the length of the panel, the modulus and cross section of the panel will remain
constant, making the stiffness of the panel unaltered. The stress in the panel will be increased
as the length between supports increases, as the moment will increase from the increased lever

arm distance (equal to a).

The increase in stress is seen to have a linear relationship (Figure 25) from the increase in
moment, as expected from a point load. If the load was distributed, it would be expected to

increase in exponentially.
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Effects of Length
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Figure 25: Theoretical influence of length on stress and stiffness of panel.
523 — Effects of Panel Width on Stress and Stiffness
From increasing the width of the panels, the second moment of inertia will increase
linearly, due to the increasing of the cross section, in turn increasing the
stiffness. This increase is quite small in comparison to the amount of stiffness
gained from increasing the skin thickness due to the high modulus value of the skin in
comparison to the core, greatly increasing the second moment of inertia (I)
value.
The stress in the panels also decreases with additional width, with the reduction
seen to be exponential, with a greater decrease at the start. The benefit gained from
additional increases to panel width after a certain point would become
negligible, not having a noticeable effect. This effect can begin to be seen after
100 mm of width, making the decreases in stress small. This aligns with the theory
in practice, as width is considered to play a negligible effect after a certain level,
allowing materials to be analysed per metre width as this yields similar results.
The analysis shows that the panels should not be less than 50 mm in width as this

increases the stress experienced by the panels greatly compared to the

presumed cost of having a wider panel.
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Effects of Width
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Figure 26: Theoretical influence of width on stress and stiffness of panel.

5.2.4 — Effects of Core Height on Stress and Stiffness

Increasing the core height has a positive effect on both the stress and stiftness of

the composite sandwich panel. From increasing the cross section, the second moment
of inertia is increased, and the stiffness will increase, and the stress will decrease,
but at a lesser rate than from the skin thickness as the core height has a lower modulus,

making the increase in I be less comparatively to the same thickness of skin
thickness added. This shows that to increase the strength and stiffness properties

of the panel, less skin would need to be added than core to have an equivalent benefit.
The cost of materials may be a factor, and the greater amount of core material required
for the same benefit as that of the skin could be more cost effective and be the

preferred choice.
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Effects of Core Height
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Figure 27: Theoretical influence of core height on stress and stiffness of panel.

5.2.5 — Effects of Skin Modulus on Stress and Stiffness

When the modulus of elasticity of the skin is increased the bending stress within the panel
reduces and the stiffness increases, making it optimal for a higher modulus of the skin layers
to obtain the most effective sandwich panel. The effects on stress are exponentially reducing
as the modulus of the skin increased while the effects on stiffness are exponentially increasing.
This would make the optimal range vary depending on which property is being required as
more valuable. The modulus of the skin being increased above 75 000 MPa can be seen to start
having diminishing returns on the reduction in stress experienced. The stiffness of the panel
can be seen to roughly double from increasing the bending modulus of the material by 30 000
MPa. This amount of increase in stiffness is not likely to be necessary, making the theoretical

optimum skin modulus for a wood composite core sandwich panel to be 65 000 — 85 000 MPa.

60



Effects of Skin Modulus
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Figure 28: Theoretical influence of skin modulus on stress and stiffness of panel.

5.2.6 — Effects of Core Modulus on Stress and Stiffness

Increasing the modulus of the core can be found to have a negative effect on both the strength
and the stiffness of the composite sandwich panel in bending as the stress experienced within
the panel will increase and the stiffness of the composite panel will decrease. Figure 29 shows
that the core stiffness decreases rapidly as the modulus of the core decreases initially before
rapidly beginning to plateau after the initial increase to core modulus. Reduction of the core
modulus will therefore have minimal negative effects on the panel composition for stiffness
after the core material increases above 10 000 MPa. This high core modulus would be seen as
unreasonable for use in a sandwich panel as the benefits of combining the material would not
be reasonable for the additional cost. The core modulus value of the wood composite at roughly
3000 MPa can be seen to offer a reasonable value of stiffness at roughly 5000 Nmm?, while
the stress experienced is still low. The optimum modulus for the core for the chosen sandwich
panel composition will be 1000 — 3000 MPa, with the wood composite value being on the outer

limits of this optimum range from Figure 29.

The relationship between the core modulus and skin modulus is a critical factor in maximising
the bending strength of the material. If the modulus of the sandwich panel core increases to a
similar level of the skin, the material will begin to act more towards a homogenous state, with
similar material properties of both the core and skin and will lose the benefits to bending
strength and stiffness offered from being a sandwich panel composition.
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Although the benefits to bending stiffness appear to continue to improve by lowering the core
modulus (Figure 29), the performance in shear will worsen as core shear is a major failure
mode of composite sandwich panels. To obtain an optimum design, a balance will need to be
obtained between having a high enough core modulus to prevent core shear and a great enough

difference between core and skin modulus for the benefits to bending strength of the panels.

Effects of Core Modulus
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Figure 29: Theoretical influence of core modulus on stress and stiffness of panel.

5.3 -MODEL VALIDATION

5.3.1 — Validation of No Skin Layer Applied

From analysing the model outputs, it was determined that the model was accurately predicting
data for the wood composite product with no skin layers applied. Through the altered equation
for when no skin is applied, the predicted failure load is to be between that of combined failure
2.15 kN, (Equation 19) and bending failure 3.40kN (Equation 16). The average failure load
from the experimental results was 2.95 kN, being between the predicted range for the model,
verifying the model for predicting the ultimate failure load required about the midpoint (in
bending, shear, and combined bending-shear) of a homogenous material.
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5.3.2 — Investigation of Bending Failure Load Modelling

From investigating the two differing equations for bending failure load outlined in Section
2.3.2.1 within the model based upon to skin thickness, the results can be seen in Figure 30.
Both equations can be seen to produce similar results, having a similar starting failure load and
a similar linear increase based upon increasing skin thickness. The four-point bending
analytical equation produces slightly higher failure loads at all skin thicknesses and has a
slightly greater linear relationship between skin thickness and failure load. Due to the
similarities between the results of both equations, either would be fine to use within the model,
so the model equation from Ferdous will be used, as the modified Gibson model is simpler in
nature, and treats the skin and core layers separately, not considering the effects of the distance
from the centroid to the middle of the skin layers.

Bending Model Equation Comparison for Changing Skin Thickness
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Figure 30: Comparison between bending failure mode model predictions per skin thickness.

5.3.3 — Investigation of Shear Failure Load Modelling

Due to the nature of the equations being derived from another paper by Ferdous (2017) who
investigated sandwich panels failure under four-point bending, the model equations may not
directly transfer across to this study with analysis of composite panels under three-point
bending. The model equation for ultimate shear failure of the panels will be investigated, by
comparing against results from other shear failure load prediction equations under three-point
bending conditions of sandwich panels. The model by Ferdous will be compared against

models based on the non-linear ‘Timoshenko Beam’ theory and the ‘Modified Gibson Model’.
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After comparison, each will be evaluated for their predictions based on changes to skin
thickness and length to determine the best shear failure load prediction equation to use within
the final model.

When comparing the differing models for shear for the effects of skin thickness, the differences
between the models are portrayed in Figure 31. The model equation based upon four-point
bending is affected the most by changing the skin thickness, having an inverse exponential to
the skin thickness, becoming less of an increase as the skin is additionally increased. The
modified Gibson equation has a constant predicted failure load, being unaffected by any
increase to skin thickness, this is due to the failure criterion of the panel, with the panel
predicted to fail solely based upon when the shear stress in the core is greater than the allowable
shear stress and is therefore unaffected by the skin layers. The Timoshenko model also has a
similar failure criterion, however there is a predicted minor increase to the predicted failure
load, with the failure load presumed to be slightly benefitted by the addition of skin layers,
reducing the amount of shear stress within the panels. As seen from Figure 31, the amount of
increase is minimal in this panel scenario and could be seen as negligible. All three analytical
prediction equations have a similar prediction for the shear failure load. With the modified
Gibson equation predicting the lowest failure load after 0.3 mm of skin applied, and the
Timoshenko model is higher, but is less than the prediction of the four-point bending model
after 1.5 mm of skin. Due to the panels being predicted to fail when the shear within the panel
is greater than the allowable of the core material, the failure load should not be majorly affected
by the addition of skin layers.

Comparison of Differing Shear Failure Models for Skin Thickness
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Figure 31: Comparison between shear failure mode model predictions per skin thickness.
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Comparing the different shear prediction equations based on altering the length of the panels
against the bending model equation (Figure 32), the different equations can be analysed based
on the predicted failure mode at certain shear-span-to-depth ratios. Figure 32 shows the effects
of altering the a/D ratio by altering the length and keeping a constant core height of 25mm and
skin thickness of 1mm on each face.

Each shear prediction equation is not affected by the length of the panel, having a constant
failure load. The Timoshenko equation has the highest prediction for this panel configuration
at just over 6 kN, and the Modified Gibson has the least, at roughly 5 kN. From the literature
(Section 2.3.1), the predominant failure mode of composite panels depends on the shear span
to depth ratio (a/D), predicted to be bending failure at a/D > 6, shear failure in the range of a/D
< 2-4, and combined failure at 6 > a/D > 2-4.

Comparison of Shear Failure Models vs a/D Ratio
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Figure 32: Comparison between shear failure mode model predictions per a/D ratio.

In the load vs shear-span-to-depth graph (Figure 32), the bending failure load is predicted to
be less than the shear failure load of the at an a/D of roughly 7.0 for the Modified Gibson
method, and at roughly 5.5 for the four-point bending prediction and at roughly 5.0 for the
Timoshenko method. This shows that the Modified Gibsin equation is underpredicting the
shear failure load, with the panel being expected to fail in shear over bending for a span to
depth ratio greater than expected. Taking into account that there will be roughly a combined
shear bending failure predicted at an a/D of approximately +1 at the curve intersection makes
both the four-point and Timoshenko model equations fit within the theory. With both model
equations being acceptable within the theory, the Timoshenko and four-point equations will be
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more likely to return bending failure as the ultimate failure load and the modified Gibson

method will be more likely to output shear failure as the ultimate failure mode.

Ultimately, the model equation for shear is decided to be based upon the modified Timoshenko
method. This is due to the equation being based on the prediction of three-point bending, rather
than for four-point bending testing, and produces results that align more accurately with the
literature than the Modified Gibson equation. While the Timoshenko method is less
conservative, the model will have an appropriate factor of safety in the calculations due to the
uncertainties of the model, being of an analytical nature. The Timoshenko model aligns best
within the predicted failure mode based on shear-span-to-depth ratio from Ferdous (2017),
being predicted to fail via shear fail at an a/D less than 4, by combined shear and bending
failure from 4 to 6 and by bending failure for any panel with an a/D greater than 6. The
Timoshenko method also does not require yield strength of the core or skin, for which
experimentation of each skin material will be required, lowering the ease of use for quick

preliminary checking of composite panels for design applications.

Due to these reasons the analytical model prediction equation for the shear failure load of a
composite panel under three-point bending will be predicted based on the Timoshenko method.
Any mention of the shear model equation will be referring to the Timoshenko equation from

this point forwards within the paper.

5.4 -MODEL VERIFICATION

The results from the experimental results on the homogenous wood composite material have a
close resemblance to the predictions from the model. The failure mode observed from
experimentation was bending failure, as was predicted in the model using the same parameters,
with a skin thickness of 0 mm in the equations, and the allowable stress of the skin as that of
the wood composite (as this material is taken as the skin when no other skin is applied). The
model predicts the load at fracture to be 3.40 kN using the bending model equation (16), 5.89
kN in shear (17) and 2.15kN in combined failure (19). This means that the model predicts the
failure load to be between 3.40 kN for when no effects of shear influence the panel, and no
lower than 2.15 kN when true combined failure is in effect. The average failure load from the
experimentation was roughly 3.0 kN, falling within the predicted range, predicting that the
wood composite had some influence on the failure load from the presence of shear stress within
the material. The model’s failure load and failure mode predictions are considered verified to

be accurate for the wood composite material for when no skin layers are applied.

With the model being verified for the wood composite product homogenous material, it also

needs to be verified as a sandwich panel and for differing materials and compositions to know
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the strengths and limitations of the model. From comparing the model with experimental results
from other three-point bending tests on sandwich panels from within the literature, a variety of
results can be seen, with Figures 33-38 showing the inputs and predicted failure loads of the
panels from the respective literature which tested sandwich panels within a three-point bending

test set-up.

The first papers being compared by Ma et al. (2020) and Giglio, Giglio & Manes (2012) both
consist of honeycomb core panel types. In the testing by Ma et al., the honeycomb core had
stiffening along the edges of the hexagonal lattice in a particular direction, being longitudinal
or horizontal. Shear failure was observed to be the determining failure mode of the honeycomb
panels for both skin thicknesses of panels (1.1 and 2.42 mm) and for both stiffened directions
of core. The panels with 1.1 mm of skin thickness failed in Ma’s static three-point bending
tests at 9.5 kN with longitudinal stiffening and 5.5 kN with transverse stiffening and the panels
with 2.42 mm of skin failed at 11 kN with longitudinal stiffening and 5.75 kN for the transverse
stiffened core panels. From the model predictions in Figures 33 & 34, the predicted range for
the 1.1 mm panel 4.0-5.2 kN and 6.1-9.1 kN for the 2.42 mm skin panels. The model is
underpredicting the failure load of both panels, with the prediction being closer to the upper
limit of the 2.42 mm skin panels, and below the lower limit for the 1.1 mm skin panel. This
shows that the effects of changing the skin thickness to the model have a greater affect then
what is seen in Ma’s experimentation. The model also has predicted combined failure/bending
failure to be the ultimate failure load of the panel, most likely from the assumption of greater
core stiffness from the assumed homogeneity of the core by the model equation. The stiffening
of the core within a certain direction is not applicable within the model equation, making the

predictions compared to this panel less accurate.

From the experimental results of the paper from Giglio, Giglio & Manes, the average peak load
was 0.455 kN, being lower than the predicted peak load from the model at 0.6 kN. This
behaviour is expected from a honeycomb core being expected to have a slightly lower value
than for the same panel configuration with a solid homogenous core of the same material. With
similar results from this paper, with no directional stiffening of the panels, the model is seen to
be accurate to a degree, of predicting the failure load of a honeycomb panel type, being a
common sandwich panel core. To use honeycomb sandwich panel core types within the model,
the factor of safety inputted to the model should be increased to be conservative for the
unknown decrease in ultimate load by the honeycomb core composition.

67



SANDWICH PANEL ANALYTICAL MODEL
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Figure 33: Model output for paper by Ma et al. (2020) for honeycomb core, 2.42mm of skin.

SANDWICH PANEL ANALYTICAL MODEL

Expected Loading Capacity: 40 t 52 kN

Skin thicknass (tf)
Care haight (tc)

Utilization: 0.0 %

Predicted Failure Mo Bending Failure Mode

Panel Configuration SAFE

Figure 34: Model output for paper by Ma et al. (2020) for honeycomb core, 1.1 mm skin.
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Figure 35: Model output for paper by Giglio, Giglio & Manes (2012).
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The next papers to be compared against the model are those which conducted static three-point
bending experimentation on foam core panel types, by Huang et al. (2022) and Crupi &
Montanini (2007). In Huang’s experimentation, the panels failed via indentation, at an average
of 0.8 kN. This means that the load required for indentation must be lower than the required
load to cause bending, shear, and combined failure of the panels. From the model, the failure
load is predicted to be between 3.2-4.1 kN (Figure 36), being far greater than the minimum 0.8
kN of indentation failure. However, due to the panels failing in indentation, not much can be

gained in validating the model from this study.

The paper by Crupi & Montanini sandwich panels failed via shear failure at 1.2 kN for the
Alulight panels, and by bending failure at 2.2 kN for the Schunk panels, being able to be
directly compared against the model’s predictions. For these two differing foam cored panels,
the model predicts that the Alulight panels will fail at an ultimate load of 1.1-2.0 kN by shear
(Figure 37), and the Schunk panels will fail between 1.7 and 2.8 kN via combined failure
(Figure 38). These predictions are accurate with the experimental values falling within the
ranges predicted by the model with similar failure modes being predicted to the modes that

occurred in Crupi & Monanini’s experimentation.

SANDWICH PANEL ANALYTICAL MODEL
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Panel Configuration SAFE

Figure 36: Model output for Huang et al. (2022).
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Figure 37: Model output for Crupi & Montanini (2007), Alulight panels.
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SANDWICH PANEL ANALYTICAL MODEL
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Figure 38: Model output for Crupi & Montanini (2007), Schunk panels.

From these comparisons, it shows that the analytical equations of the model are closely accurate
to the experimental data, being more accurate for foam core panel types compared to
honeycomb cores, with the failure mode for honeycomb cores being more likely to predict
bending failure over shear than what would be observed, and at a higher ultimate load. No
papers undertaking three-point bending static experimentation of solid sandwich panel types
exist within the literature for direct comparison, however due to the nature of foam panels being
a homogenous material, the panels are expected to perform in a similar manner, but with a
higher core stiffness and resistance to shear failure. From the accurate predictions of the foam
core panel types, the model equations are taken to be verified for use for the solid wood-
composite core as well as other solid core and foam panel types.

5.5-FINAL MODEL OVERVIEW

With the final model prediction equations decided and verified for homogenous core panels,
the model for use was generated. This model simplified the process of the model equations into
an excel spreadsheet of three sheets, being easy to understand and use. The practical use of the
model, the main sheet that is needed is the “Summary” page, being sheet 1. In the “Summary”

sheet, the instructions for use are in the top left explaining how to use the model (Figure 39).
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SANDWICH PANEL ANALYTICAL MODEL

Outputs

Expected Loading Capacity: 26 to 46 kN

Utilization: 76.0 % Pradicted Failure Mode: Combined Faillure Mode

Panel Configuration SAFE

Figure 39: Model overview “Summary” sheet.

To

begin, the materials need to be selected for both the skin and the core. When selecting the cell
of the core and skin materials, an arrow will appear next to the cell, which will display a list of
material options to be selected from (Figure 40). If the desired material is not in the material
options, the “Custom” option can be selected for both the core and skin. If this option is
selected, the line below gives the instructions to input the material properties of the custom

material on the “Materials” sheet.

After the materials have been selected or inputted under custom, the all the input fields need to
be filled out, which are cells highlighted in yellow. This includes the dimensions of the design
panel, including the width, core height, and skin thickness, as well as the distance between the
supports for the loading scenario. From these inputs the model will return an expected loading
capacity in the “Outputs” section on the “Summary” sheet. The expected loading capacity will
be affected by the input of the desired factor of safety, being recommended between 1.25 and
2, due to the uncertainties of the model.

Other inputs on this sheet include the load and relative position along the length, for if the
loading scenario for the design is known. These two inputs will be used to compare against the
expected loading capacity and display a utilisation of the modelled panel for the particular

loading scenario.

Parameters Parameters

Sandwich Panel Core Material Wood Composite | ~ Sandwich Panel Core Material Wood Composite
Sandwich Panel Skin Material Wood Compoasite Sandwich Panel Skin Material Hemp Fibre -
Note: If a custom material is desired, add it to the ‘Materials FOam and Note: If & custom material is desired, add it to the "Material{ None and

Recycled Plastic Hemg Fibre

Phenolic Core Recycled PET

Custom AIS052
Tmsmiiba : Inputs o

h l GFRP
L'.".’.'g_'. _.U__ S— | custom |mm

Figure 40: Drop down selection options for core (left) and skin (right) materials on “Summary” sheet.
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Core Materials Shis

Material Wood Composite | Foam Recycled Plastic |Phenolic core Custom Material Hemg Fibre iﬂxvcled PET_|AISO52 A GFRP [C.mqm

Young's Modulus (MPa) 2995] 1100 _519) 13301 ] Young's Modulus (MPa) T5000] 2000  73000] 53500) 14260 o
Yiedd Strength (MPa) 27.852 2.8] 24 14.32] 0) Yiedd Strength (MPa) 200 45 96.5 114] 135 0)
Shear Strength (MPa) 1.56497) 17 6.89) 4.25) 0) Shear Strength (MPa) 8.86 294 138] 96.5] ;3.\# 0|
Shear Modulus (MPa) - Opticnal 3400 ﬂ 0| Shear Modulus (MPa) - Opticnal 26786 ﬂ | o]

Figure 41: Model overview “Materials” sheet.

|length (1) 250.0/mm
Panel width (b) 75.0|mm
Skin thickness (tf) 1.0{mm
Core height [tc) 25.0|mm |Bending Failure Load | | 4.624 [kn |
Youngs Modulus of skin (Es) 75000.0| MPa
Youngs Moduls of core (Ec) 2995.0(MPa
Yield strength of skin (os) 200.0]MPa [shearFailure Load | | 6.104 [kn ]
Allowable yield stress of skin (os(all)) 133.3|MPa
Yield strength of core (oc) 27.9|MPa
Allowable yield stress of core (oc{all)) 18.6|MPa |Com bined Fallure Lold | 2,631 |I(N |
Shear Strength of core (ts) 1.6|MPa
Allowable shear stress of core (ts(all)) 1.0({MPa
a 125.0{mm Reduction from combined failure 431 %
c 13.5|mm
Total depth (D) 27.0/mm
Dist. from centre to skin centre (d0) 26.0|mm
Second moment of inertia, | 732777.3|mmA4
Stiffness, EI 47926558098 | NmmA2
Bending Stiffness 2194667969 | NmmA2
|Optional [shear modulus of skin (Gs) 26786.0|MPa
Optional |Shear modulus of core (Ge) 3490.0| MPa
Core Shear Iteration 1 6.1034 kN
Optional |Predicted Displacement, ion 1 0.0001|mm
Optional |Shear Failure Load, Iteration 1 6.1038 | kN

Figure 42: Model overview “Calculations” sheet.

On the “Materials” sheet, each material is listed, including the required material parameters for
the model equations, as well as the ‘Optional’ input of shear modulus. This shear modulus is
for use in the Timoshenko calculation of the additional effects of skin on the core shear failure
load. This is marked as optional as the additional benefits from this additional calculation are
small, slightly increasing the allowable load, so removing this additional benefit will be
conservative in the model equation. If this input is not included, the model is able to bypass
this step and output the expected shear failure load based on core stress alone.

On the “Calculations” sheet, the model executes all required calculations for display as the
outputs on the “Summary” sheet. It calculates all the required parameters for each of the three
model equations for the bending, shear and combined failure loads using the model equations,

multiplied by the desired factor of safety. From these model equations, the minimum will
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always be the combined failure mode, so the model will output a range of which the modelled
composite panel is expected to fail. This will be between the combined failure load and the
minimum of either the shear or bending failure load predicted by the model. The model will
also output the expected failure mode on the “Summary” page, being determined based on the
a/D ratio to align with the theory, as well as the amount of contribution each failure mode
(bending and shear) has on the combined failure load predicted by the model.

5.6 — EFFECTS OF VARIABLES TO MODEL

The effects of each variable analysed in Section 5.2 of this paper for the stress and stiffness
experienced from a sandwich panel will also be analysed in this section, investigating the
effects of each parameter on the ultimate failure load and failure mode of a composite sandwich
panel. The same standard values of each variable will be used as in Section 5.2, other than the

independent variable being altered and investigated in each section.

It should be noted that the predicted load from combined bending and shear will always be less
than both bending and shear due to the nature of the prediction equation. This is because the
effects from both bending or shear will contribute and reduce the failure load of the panel.
While the model will always predict that the failure load will be less in the combined failure
mode, the ultimate failure mode will not always be combined failure, as evidence of both
methods will not always appear in the physical failure observed of a panel. When one of the
failure modes, either bending or shear, is the predominant contributor to the materials failure
load, the panel will be assumed to not be failing due combined bending and shear. When both
bending and shear are contributing a significant amount to the predicted combined failure load,
then the failure mode can be assumed to be combined failure. The level of contribution from

each to be considered as combined failure will be investigated further in this chapter.

5.6.1 — Effects of Skin Thickness on Failure Load

The effects of altering the skin thickness of the composite sandwich panel, and the effects of
transitioning of the homogenous wood composite to a composite sandwich panel are shown in
Figure 43. There is an initial drop in required bending failure load when the material transitions
from a homogenous material to a composite sandwich panel. This is due to the failure condition
under bending transitioning to be from failure of the core to compressive failure of the top skin
material induced via bending moment. Due to the thickness of the skin being very low when
the skin thickness is less than 0.5 mm, the load required to cause compressive failure of the top

skin layer (caused by bending moment) is less than the load required for bending failure of the
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core material, leading to a reduced bending failure load from the model. After this initial drop
between 0 and 0.1 mm of skin thickness, the allowable load under bending linearly increases
for the design panel, at a rapid rate. The allowable load under the shear failure condition also
linearly increases at a rate which is seen as insignificant. From the relation of these two curves,
the load required for bending failure of the panel becomes greater than that of shear failure
after lmm of skin thickness on both faces of the panel. Overall, the panel would be likely to
fail in bending failure for lower skin thickness (<0.5mm) in this panel configuration and fail
via shear at higher skin thicknesses (>2.5mm) and by combined shear-bending failure in-
between. Once the bending failure load required surpasses that of shear, the benefits to the
composite panel lessen, as the shear failure load does not increase substantially enough to make
any difference to the failure load. This makes the only benefit to increasing the skin thickness
to reduce the combined failure load.

This makes the optimum skin thickness for this panel to be above 0.5 mm, to have benefit in
bending failure over the homogenous core and should be less then 2mm due to the decreasing
benefit gained from additional increasing the skin thickness and becoming impractical for a
sandwich panel.

Effects of Skin Thickness

w
o

—e—Bending Failure

25 4 —e—Shear Failure
—o—Combined Failure

20

15 -

Predicted Failure Load (kN)
o

[4,]

Skin thickness (mm)
Figure 43: Effects of skin thickness to model equations prediction of failure load.

From the analysis of skin thickness’ effects on the ultimate failure load of the test panel
composition, the standard value of skin thickness has been selected at Imm. This is the point
where the benefits of increasing the skin thickness lessen from any further increase and
provides a decent increase to the base homogenous materials failure load. The failure load
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under both shear and bending conditions are most similar at this point, making the analysis of
other variables within the model best able to represent the effects on both bending and shear
failure load, having the two values origin be at a similar point.

5.6.2 — Effects of Length on Failure Load

For the purposes of analysing the length, the a/D ratio will be mentioned for significant points
for the distance between supports. From the standard values, the core height of the panel in this
test is 25 mm, and the skin thickness has been decided as 1 mm, making the D =27 mm as the
standard (unless specified elsewhere).

Changing the length of the sandwich panel will have no difference on the ultimate shear load
of the panels. Both the materials and their configurations will not be altered, and therefore the
amount of shear the panel can withstand will be constant.

The bending moment that will be induced by a load at the midspan will increase as the span
increases, making the panel fail at a lesser load without altering the panel itself.

Effects of Length
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Figure 44: Effects of distance between supports to model equations prediction of failure load.

With the predicted shear failure remaining constant and the required load for bending failure
increasing as the distance between support decreases, so the predicted failure load for shear
failure is less when the length of the panel reduced beyond 275mm. This would make the a/D
ratio be roughly equal to 5, and with an assumed tolerance of +1, would make the panel be
predicted to fail at an a/D of 6, being 325 mm span, and fail via shear at an a/D of 4, being a
span of 216 mm.
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The distance between supports is not always controllable in design scenarios for panelling,
rather being a determining factor, not an easily changeable material property, however a range
will be given for the optimal span that this panel configuration could be designed for, being up
to 300 mm before the load required for bending failure becomes less than shear failure. The
decrease based on length for bending failure loads does begin to plateau, making the allowable
load for any length of the design panel be roughly 3 kN.

5.6.3 — Effects of Width on Failure Load

From increasing the width of the sandwich panel there is a continuous linear increase in the
required failure load in both bending and shear. This is due to the stiffness of the panels (EI)
increasing from the increase in width of the materials. The increase to both bending and shear
failure loads is similar, with bending having a slightly greater increase, while both these
increases due to width do not have as great of an effect on the ultimate failure load as altering
the length or thickness of the skin. However, if a general increase to both parameters is required
then increasing the width of the panels would be a recommended option for exploration, as
both skin thickness and length had only significant effects on the bending failure load. With
both parameters increasing at a similar rate, increasing the width will have little to no effect on
altering the predicted failure mode of the panels.

Effects of Width
15

—e—Bending Failure

125 | ==*=Shear Failure
—o—Combined Failure

Predicted Failure Load (kN)

25 50 75 100 125
Width (mm)

Figure 45: Effects of panel width to model equations prediction of failure load.
5.6.4 — Effects of Core Height on Failure Load
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From increasing the core height of the sandwich panels, the cross-sectional area of the panels
increases becoming stiffer, increasing both the bending and shear strengths, and making the
predicted failure load under both scenarios greater (Figure 46). The increase for this particular
panel with a wood composite core is greater than for other traditional panel core types such as
foam due to the comparatively high modulus of the material. Even though the affects are
significant, they are not as great as increasing the skin thickness due to the higher modulus of
the skin. The option of increasing the core height would be desirable in situations where there
is allowable room to do so in the design scenario, and the cost of increasing the skin thickness
significantly outweighs increasing the core height. Both the shear and bending failure loads are
increased from increasing the core height, unlike from increasing the skin thickness, as the
failure criteria in shear is directly affected by the cross section of the core and is practically
unaffected by the skin layers dimensions and properties. The increase to both bending and shear
failure loads is similar compared to the increase in width of the panels, but the shear failure
load relationship is linear, while the bending failure relationship is exponential to a small
degree. The effects of this exponential relationship would be more greatly seen at higher core
heights, greater than 50 mm, however this is seen as unreasonable for this sandwich panel
configuration with wood composite products typically coming in long thin boards and planks.

Effects of Core Height
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Altering the modulus of the skin has a minimal effect on the shear failure, as the failure
criteria for shear is based on the cores allowable stress. The bending failure load is
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seen to be exponentially decreasing, due to the nature of equation, for the increase in second
moment of inertia is not great enough due to the small thickness dimension of the skin, making
the increase to the modulus of the skin greater, lowering the overall bending failure.

Materials with a greater flexural modulus should intrinsically have a greater resistance to
bending moment before failure. From the nature of a sandwich panel, the benefit should be
produced from the difference ion modulus between the core and skin materials, if the greater
the difference, to a degree, the better the panel would mechanically perform. This is not what
is being observed from the model, and the reason behind is presumed to be from the yield
strength of the skin remaining constant, which would not be true for if the modulus of elasticity
of a material was theoretically increased, then so should the yield strength.

Effects of Skin Modulus
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Figure 47: Effects of skin modulus to model equations prediction of failure load.

5.6.6 — Effects of Core Modulus on Failure Load

When the modulus of the core increases, the sandwich panel becomes stronger in bending as
the overall stiffness of the panel increases, while the shear of the panel remaining constant
under the Timoshenko model. The panel remains constant in shear due to the model equation
being based upon the shear strength of the core, however in practice, the shear strength of the
core would be likely to increase if the flexural modulus is also increase, but this case is not
always true.
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From the relationship between bending and shear predicted failure loads, the combined failure
load is not greatly affected by the increase to the flexural modulus of the core. This makes any
core modulus of a material viable as a sandwich panel, however the potential drawback to a
greater modulus giving slight increases to the predicted failure load would be the increase in
density of the materials. If a core material is dense, this removes one of the advantages of the
panel of being lightweight compared to their mechanical properties, so the density as well as
other factors (e.g., shear strength) should be the governing factors over core modulus for
selection of a core material in a composite sandwich panel composition.

Foam core panel types typically have a greatly reduced modulus, compared to the skin material,
making the performance in bending worse for the panels, but this has little to no impact on the
load required for shear failure. Although the performance is lesser, there are several benefits to
having a lightweight material, with great properties of heat preservation, sound insulation, and
impact resistance, being a highly elastic material compared to solid core panel types.

Effects of Core Modulus
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Figure 48: Effects of core modulus to model equations prediction of failure load.

5.6.7 — Effects of Core Shear on Failure Load

From increasing the shear strength of the core in the design sandwich panel, the load required
for failure of the panel in shear will linearly increase, while the load required for bending failure
will remain constant. The failure load in shear is directly related to the shear strength of the
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core as the failure condition in the Timoshenko model is based upon the shear stress exceeding
the allowable stress of the core, of which increasing the shear strength directly increases the
allowable stress within the panel, with the panel requiring 0 kN of load to fail when the core
material has 0 shear strength.

Due to the bending failure load remaining constant, the combined failure load will continually
increase from a higher shear strength of the core, but at a lower rate than the shear failure load,
being unable to surpass the plateau of the bending failure load. This makes subsequent
increases to the core shear strength have a continually diminishing increase on the allowable
load in the combined failure equation. The optimum core shear strength is therefore any point
greater than where the shear failure load becomes greater than the bending failure load, as the
greatest increase can be seen in this zone, which for this design panel is after a core shear
strength of 1.5 MPa. The maximum core shear strength would be recommended at 3 MPa for
this design panel, due to the diminishing returns. If shear failure is the major issue for a panel
being created in the model, increasing the core shear would have a great effect on increasing
the failure load of the composite panel.

Effects of Core Shear
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Figure 49: Effects of core shear to model equations prediction of failure load.

5.7—- SUMMARY OF MATERIALS AND PARAMETERS INFLUENCE ON
MODEL OUTPUT

Each parameter within the model has the potential to be altered to have a positive influence on
the strength and stiffness of the panels, leading to a greater load required to cause failure of the
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sandwich panels. If the model predicts the panels to be predominantly failing due to the bending
stress being far greater than the allowable limit of the panel, increasing the skin thickness will
have the greatest increase to the panels allowable bending stress, for a small amount of extra
material and thickness of the panel. The modulus of the skin can also be altered to increase the
allowable bending stress of the panel, or the loading scenario can be changed, reducing the
distance between supports of the panel within a three-point bending test set-up can reduce the
bending load applied to the panel itself. Increasing the width can lead to an increase in load
required to cause bending and shear stress, however the increase is not as major compared to
the increase in material requirements for the panel. This increase in both failure criteria can be
from increasing the core height, however this may not be an applicable solution, due to the
panel requirements, which can be used within wall and ceiling panelling, often being restricted
in size by the surrounding environment. To greatly increase the load requirement to cause core
shear failure within a panel, the core material should be changed to having a higher shear
modulus. Using this analysis, the required changes for a design scenario of a sandwich panel
can be made based upon the theoretical benefits gained from altering each of the model

parameters.

From testing the design panel and altering the core materials (keeping skin material constant),
the wood composite material is seen to have the greatest mechanical performance as compared
to the other recycled (solid) and foam material options within the model, with the aluminium
foam performing the worst (Figures 50 to 53). Recycled plastic lumber is seen to perform on
par with foam materials for point loads applied at the midspan. This shows the potential of
wood composites to be used as a structural sandwich panel core material, outperforming other
panel core types, but have the negatives of the high density and weight of the product and

having a brittle nature in failure.
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SANDWICH PANEL ANALYTICAL MODEL

als from the drop dow nels in cells C6
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the design panel in the ye

Parameters
Sandwich Panel Core Material
Sandwich Panel Skin Material Al5052

Note: If a custom material is desired, add it to the ‘Materials’ sheet in place of "custom™ and input the required parameters below

Inputs OQutputs
Length (1) 150|mm
Panel width (b) 75/mm

Expected Loading Capacity:
Skin thick (tf) 1|mm . & Capacity
Core height (t 25

ors haight ftc) UL Utilization:

[L“d_ — [ ofkn Panel Configuration SAFE
|Relallve position along length (la) | 0.5|
Relative position as a factor of 1, eg. 0 = LHS, 0.5 = midspan, 1 = RHS.
[Desired Factor of Safety [ ‘1.5|

Figure 50: Standard panel set-up with wood composite core.

SANDWICH PANEL ANALYTICAL MODEL

wn panels in cells C6

For use of this model, please select
and skin materials from drog
and C7 respectively. Then input each of the parameters of

the design panel in the yellow squares only.

Parameters
Sandwich Panel Core Material

Sandwich Panel Skin M al Al5052

Note: If & custom material is desired, add it to the "Materials’ sheet in place of "custom™ and input the required parameters below

Inputs Outputs
Length (I} o
P | width (b

S, (b) mm Expected Loading Capacity: 3.0 to 33 kN
Skin thickness (tf) 1|mm
C height (t 2

ore height (tc) S |{mm G

kN

|L°ad_ — | 0| Panel Configuration SAFE
|Relat|ve position along length (la) | 0.5|
Relative position as a factor of 1, eg. 0 =LHS, 0.5 = midspan, 1 = RHS.
|De5ired Factor of Safety 1.5|

Figure 51: Standard panel set-up with recycled plastic lumber core.

82



SANDWICH PANEL ANALYTICAL MODEL

the design panel in the vellow squares only

Parameters
Sandwich Panel Core Material

Sandwich Panel Skin Material

Note: if & custom material is desired, add it to the ‘Materials’ sheet in place of “custom” and input the required parameters below

Inputs Outputs
Length (I} 150|mm
Panel width 7!
anel width (b) S Expected Loading Capacity:
Skin thickness (tf) 1|mm
Core height {tc) 25| mm Utilization: 0.0
|Load_ — | Ul L Panel Configuration SAFE
lReIatl\re position along length {la) l 05]

Relative position as a factor of 1, eg. 0= LHS, 0.5 = midspan, 1 = RHS

|Desired Factor of Safety | l.5|

Figure 52: Standard panel set-up with aluminium foam core.

SANDWICH PANEL ANALYTICAL MODEL

and skin materials from the drop down panels in cells C6
and C7 respectively. Then input each of the parameters of
the design panel in the yellow squares only.

Parameters

Sandwich Panel Core Material Phenolic Core

Sandwich Panel Skin Material AlS052

Note: If & custom material iz desired, add it to the "Materials’ sheet in place of “custom” and input the required parameters below

Inputs Outputs

Length (1) 150|mm

_E!Iggl_mdth {b}- A2 i Expected Loading Capacity:

Skin thickness (tf) 1|mm

Core height (tc) 5] c Utilization: 0.0
|Loadl _ | ofkn Panel Configuration SAFE
|Re|at|\.re position along length (la) | 0.5]

Relative position as a factor of 1, eg. O = LHS, 0.5 = midspan, 1 = RHS.

[Desired Factor of safety T s

Figure 53: Standard panel set-up with phenolic core.

5.8 —MODEL LIMITATIONS

With the model equations being based on solid core panel types, the model is analysed against
other sandwich panels with differing core types to see the extent of accuracy from the model.
From using the parameters of the experimental testing performed by Xia et al., the results of
corrugated core panels, with the corrugations spanning the longitudinal direction (L) and the

transverse direction (W), truss core panels, honeycomb core panels, aluminium foam core
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panels were calculated separately by the model, as the differing core type panels were made of
various materials. All sandwich panels consisted of A15005-H34 face sheets, with differing
core materials with corrugated and truss core types using Al-5005-H34, honeycomb core panels
using an Al15005 lattice and the foam core consisting of Al-Ca5-Ti3 aluminium foam. Due to
this the model prediction results will be the same for the corrugated and truss panels, as the
only differentiation is by core type. The results can be seen in Table 10 below.

Table 10: Comparison of model and experimental results for panels by Xia et al.

Theoretical Experimental Difference
Results (kN) Results (kN)
Corrugated Core-L. | 3.7-3.8 3.1 -0.6
Corrugated Core-T 3.7-3.9 0.5 -3.2
Truss Core 3.7-3.8 0.45 -3.25
Honeycomb Core 2.9-3.0 2 -0.9
Foam Core 0.79-1.4 0.8 0

From these results, the failure mode in this example is heavily dominated by bending failure
due to the extreme shear prediction from the model due to the assumption by the model that
the core to be differing homogenous aluminium materials. This makes the reduction in the
predicted failure load due to shear almost negligible which is not accurate for these various
panel core types and would make the predicted range lower if the core shear results were more
reasonable. From Table 10, the predictions from the model can be seen to be most accurate for
the foam core, being at the minimum of the range (where the model is predicting pure combined
failure, which is not true from the experimentation), being an accurate prediction. The results
for the longitudinal corrugated core and the honeycomb core are less accurate, due to the high
predicted shear failure, but are within a reasonable limit to which an appropriate factor of safety
could be applied. The predictions of the transverse corrugated core and the truss core are
inaccurate due to the nature of the core types. The transverse corrugated core is much weaker
than a longitudinal corrugation in this bending setup due to the direction of the support being
in-line with the load applied, having a lower increase to the strength of the panel in a three-
point bending set-up. Truss cores also have a substantially lower failure load due to the
substantially lesser amount of material being used, being in the same pattern as the longitudinal

corrugated core, but only at the edges.

A clear reduction in all sandwich panel core types can be seen as compared to solid core panel
types, however the benefits of other core types may outweigh the decrease in strength.
Longitudinal corrugated cores and honeycomb cores are highly effective for the reduction in
material being used and overall cost of the panel, while still having good mechanical
performance. Using foam as a cheaper alternative also provides a solid strength to the panels,

while being lightweight and elastic in nature, but features a lower stiffness. Many of these core
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types are more suitable to withstand higher distributed loading, which is not able to be seen by

the current model.

From this analysis, the model should only be used for solid core panel types without alteration,
and is able to be used for foam, honeycomb, and longitudinal corrugated core sandwich panels
with an increased factor of safety. With the varying benefits and ideal application of each panel
type, being able to model these differing sandwich panel cores will greatly enhance the viability
and versatile design tool for modelling and exploring sandwich panels as structurally sound,

recyclable construction materials.

5.9 - CHAPTER SUMMARY

In this section of the paper, the experimental results from the three-point bending test on
wood composite samples is analysed for failure load and failure mode, with the results from
the experimentation being used to obtain required parameters for the analytical model
equations. The effects of each of the parameters within the model equations is then analysed,
based on the theoretical strength and stiffness of the theoretical composite panel
configurations, with the effects also being analysed by how each effects the predicted failure

mode within the model.

The model tends to predict bending or combined bending-shear failure as the ultimate failure
load when experimental results on honeycomb and core panels were observed to fail by core
shear. This is due to solid core panel types have the highest shear strength compared to other
traditional sandwich panel cores. Solid panel cores make the panels denser and heavier,
requiring the most material, however they are easily constructed and offer the greatest
mechanical strength. This material requirement can be offset by using recycled materials for
the core, as this can offset the greater material requirement, reducing the environmental

impact of the material usage, providing the options are available and at a reasonable cost.
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CHAPTER 6 — CONCLUSIONS AND
RECOMMENDATIONS

6.1 - SUMMARY OF FINDINGS

This research paper has investigated using wood composite materials as a sandwich panel core
to improve the mechanical properties of the material. Based on the material properties of the
wood composite from experimental data and previous literature on predictive model equations,
an analytical model has been developed for composite sandwich panels. This model uses
different model equations to predict the ultimate failure load of a wood composite sandwich
panel in bending, shear and combined bending-shear failure modes. From this model, the wood
composite panels were investigated to determine how to further improve the performance by
altering the properties of the panel materials or dimensions. The panels were found to
theoretically have over a 30% decrease in bending stress on the core material from the addition
of a hemp fibre skin layer added to each face of the wood composite and increase the failure

load required by double from just 1 mm of skin added to each face.

When comparing wood composite to other traditional core materials as a sandwich panel core,
a high level of mechanical performance was evident compared to all other core types. Although
other core types are lightweight and have differing situational advantages, this study has
confirmed the practicality and potential of using solid, dense materials as sandwich panel cores,

with the great potential for using recycled materials such as wood composite as the core.

With wood composites strong mechanical performance in shear and flexure as a sandwich core
material, the option of using recycled solid sandwich panels is justified to obtain high
mechanical properties of the panel. With the high durability and resistivity of wood composites
(Section 2.1.3) due to the plastic within the material composition, it makes the product a great
option within homes, being termite and fire resistant. The use of recycled plastic within the
material matrix also is found to perform on-par with virgin plastics within the wood composite
mix (Section 2.1.2). Using recycled polymers within the wood composite material will increase
rates of recycling of plastics which contribute a great amount to landfills, having the lowest
recovery rate which could be greatly offset if this material gains popularity as a mechanically

efficient construction material.

Overall, this study has been successful in determining the viability of solid, homogenous,
recycled materials as an alternative as a composite sandwich panel core material. Through the
use of the analytical model equations the panel types and materials were able to be investigated
in this study, however there is still a lot more to be worked on to further improve this model,

to be used as an efficient and effective design tool for more varied applications.
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6.2 - RECOMMENDATIONS FOR FUTURE WORK

This model was created with the intentions for experimentation of a fully constructed sandwich
panel under three-point testing to compare to the prediction of the model, but due to limitations
in time and resources, this was not able to be accomplished, so the model was compared against
sandwich panels within the literature to verify the model. By taking other experimentation
results, the full details of how these tests were performed and kept unbiased is not known, and
the uniformity of testing across differing papers is not applicable, which could lead to outliers
and uncertainties when comparing against the analytical prediction equations. Due to this,
experimentation under three-point bending should be performed for each of the materials
within the model as a homogenous product and as a sandwich panel to validate the information
on the “Materials” page and the outputs for expected failure loading. Once this is performed,
the reliability of the model equations will be verified further, to reduce uncertainties and not

relatively high factors of safety.

The modelling equations for created sandwich panels of many varieties still need to be created
for various loading conditions, to be represent a wide range of loading scenarios a panel may
undergo in a practical scenario. This would include four-point bending, distributed loads, off-

centre point loads, and loads of varying magnitude.

These changes along with investigation of material and fabrication costs associated with
differing panel materials and types would allow designers to have a simple way of determining
what materials and make-up of a sandwich panel can deliver the requirements needed in an
efficient and effective manner. This analytical model can become a very useful tool, saving
time and money in construction due to the simplicity of such a tool within engineering design,
being able to simply input the parameters of their product to see determine the safety under the

intended loading condition.

Future changes to the analytical model can include the variations required of the model in the
spreadsheet for different core types, such as corrugated, honeycomb, truss, and foam core
sandwich panel types. This study only had the time and resources to study a solid core sandwich
panel, but other configurations may provide a greater range of options to select from in a design,
and also could provide financial optimisation, through the use of less material in these differing
panel types.

Further experimentation on different sandwich panel compositions, dimensions, and materials
should be performed and compared against the model to refine what the allowable factor of

safety can be within the model for different applications.

A major aspect which should be included to create an effective and useful design tool is a cost
per each material included within the model (per m?). This will allow designers to be able to
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compare options against a cost/benefit analysis, as the cost of materials or products has a large

importance in design.

6.3 —IMPACT IN INDUSTRY

This research paper has helped contribute to the knowledge of composite sandwich panels and
has determined the effectiveness of using non-traditional recycled materials as either the core

or the skin of a sandwich panel.

This research and modelling has the potential to have a large impact on the industry if further
refinements and enhancements are done to the model with further research. Once refined and
tested with practical experimentation for created sandwich panels for validation, this design
tool could be used throughout engineering design offices as a quick checking tool to determine
options for a design situation in an efficient and effective manner. With the model included
many recycled materials, the ability to do design checks of options with these recycled
materials would be quick and easy to prove the effectiveness of recycled materials within
composite panels compared to traditional sandwich panel materials. This will help improve the
rates at which recycled materials are being used, with options for homogenous materials to be
checked as well being a versatile design tool. Many traditional non-recycled materials are also
being included within the model to increase the useability, as if only recycled options were
available as choices, it would not be as desired for use, and then limitations would be placed
on designers, being limited in engineering choices, as many traditional products have benefits
in particular scenarios, which would limit the choice of designers which is not the desired
effect. Without limiting the choices, designers would be more open towards using recycled
materials due to their similar, if not better, performance within design scenarios. Although the
ultimate decision may be dependent on the cost of materials, the performance, and benefits of
using recycled products will be evident and may lead to increased demand of these products,
leading to better production methods and lower costs in the future, leading towards an ever-

reducing reliance on non-recycled unsustainable materials.
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APPENDICES: APPENDIX A — RISK MANAGEMENT
PLAN

This Risk Management Plan is for the mechanical testing of the homogenous materials under three-point
bending. This experimentation was completed by fellow student Ashiqul Islam, who has completed this Risk
Management Plan, and was assisted by the author of this paper, with the experimental results being shared
across both papers. The data from the mechanical testing on the wood composite material was vital in the

performance analysis of the product and the model creation.
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