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Abstract 

Wood has always been a valuable engineering material, and specific technological 

advancements have drastically increased its usefulness. Forming of veneers has always been 

an innovative aspect of value addition and end product preparation. However, the post-

forming distortions experienced at the bending planes have always been a critical aspect of 

consideration and have affected the effective use of plywood structures. The current thesis 

primarily focuses on the thermoforming of plywood structures to form specific geometries 

through controlling and minimising the post-forming shape distortions at the forming planes. 

There have been significant advancements in the empirical representation of the 

thermoforming process, although there is still considerable potential for improvements. In 

order to do so, the detailed knowledge of the structural aspects and the complicated wood-

forming procedure should be adequately understood. In view of that, a detailed parametric 

analysis was carried out for a single curvature vee-bending test to quantitatively evaluate the 

post-forming distortions (spring-back and spring-forward or negative spring-back). The 

variability and final contributions of each parameter were studied by a statistical data 

evaluation. The forming temperature and pre-forming moisture content were found to have 

the greatest influences, while the experimental results could be satisfactorily simulated by 

calculations based on the established equation.  

The ideal forming parameters and the desired thickness to bend radius ratio were acquired 

and applied to carry out a multiple bend analysis. Wood veneers are usually categorised as 

an anisotropic natural composite with interconnected fibres bound in a predominant lignin 

matrix. Thus, the thermoforming process can have significant post-forming distortions due 

to the existing differences in the in-plane and out-of-plane dimensional changes caused by 

the changing temperature and moisture. These variations on the bending plane can have a 

significant influence on each other in multiple bend situations. A comprehensive multiple 

bend analysis was carried out through in-situ and kinematic strain analysis to observe one 

bending plane's effects on the other. The forming techniques were also used to propose an 

empirical equation representing plywood's thermoforming in a broader range of the most 

influential parameters. Having understood the thermoforming process and with the ability to 

control the post-forming shape distortions, channel manufacturing through minimisation of 

the distortions was carried out. Top-hat sections were produced to perform another statistical 

analysis on the in-situ curing time and forming temperature to report the parameters which 
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gave minimum shape distortion. A new modification was further introduced in the forming 

process in the form of an extended in-situ curing time. The modified method helped in 

successfully achieving negligible spring-back or spring-forward while preparing the top-hat 

sections. With this knowledge, developable curvatures were analytically achieved, and 

developable surfaces on plywood were produced for the first time without any wrinkling or 

other defects. 

The shape-distortion cancellation further helped in producing partially formed 

compartments or chambers (in a reduced scale) from thin-walled veneer structures, which 

were then subjected to the fire performance study. A detailed experimental analysis was 

carried out on the fire performance of standard and formed plywood structures, and the 

results were compared to the traditional straight-walled structures used. Eventually, a 

numerical model based on Fire Dynamics Simulator (FDS®) was prepared, which replicated 

both the standard samples and the partial compartments. The successful prediction of the 

numerical models, compared to the experimental results, also helped extend the work 

towards a non-dimensional evaluation of the effects of the forming radius to the half-span 

ratio on the fire-reaction properties of the compartments. In view of that, the fire-reaction 

properties of the corrugated and honeycomb cores and sandwich panels with those hollow 

cores were tested and compared to the counterparts made from natural fibre (flax) reinforced 

fire-retardant composites. The plywood structures out-performed the composites in many 

aspects, pointing towards the possibility of having a hybrid veneer composite with good 

mechanical and fire performances. Thus, the viability of developing biodegradable, 

renewable and sustainable fire-retardant hybrid plywood was established.  
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Chapter 1 

 Introduction 

1.1 Background and significance 

Wood is a natural material produced by the trees and has been observed to have significant 

mechanical properties; it also forms a long pathway for the flow of minerals, hormones and 

water. Being one of the most important natural energy sources and renewable, it has 

immense economic and environmental importance. Therefore, it is important to understand 

its formability in hybrid structures for novel applications. The main scope of this research 

work is to study and observe the formability characteristics of the plywood made of 3 plies 

of Radiata Pine (Pinus Radiata D. Don) veneers and its possible application to produce 

complex structures and developable surfaces with emphasis on their flammability 

characteristics. New Zealand has always been a pioneer in supplying and using high-quality 

wood and wooden products. Forestry is one of the country's significant and large industrial 

sectors, with 23% being covered by the forests. However, the forest industry is completely 

based on sustainably managed and planted forest and therefore, the actual forest spread is 

untouched visually. The people have a powerful and deeply rooted custom of living in 

wooden framed houses and using wooden furniture and decorations. The Pacific Rim of 

countries, also known as the rim of fire, has a very high demand for New Zealand pine 

because it is relatively cheap and easy to saw, machine and apply preservatives. The Radiata 

Pine veneers fit all these aspects and have medium density and even textures, making them 
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suitable for many internal and external applications. Veneers of Radiata Pine form the 

primary element of woodworking to produce flat panels and surface coverings, known as 

plywood, in doors, cabinets, furniture, tabletops, floors, and various other applications. The 

main advantages of the softwood radiate pines are their significant laminating, turning and 

shaping characteristics. However, commercially available veneers (usually less than 1 mm 

thick), glued into core panels or plywood, can also have other value-added applications, such 

as channel sections, hollow-sandwich structures, corrugated sheets, hollow pillars, auxetic 

structures, honeycomb structures and many others, if they can be formed into desired 

profiles. These pine veneers can be softened to make them pliable by soaking in a hot water 

bath. Softening of the veneers is a compulsory prerequisite to increase the moisture content 

at a state above the fibre-saturation point, which is ideally around or above 30%. 

Temperatures above the glass transition temperatures (GTT) of the constituent 

hemicelluloses and lignin are ideal for softwood forming. The GTTs are again dependent on 

the moisture content of the veneers, which decrease as the moisture contents reach the fibre-

saturation point. Even after softening, the anisotropic nature of the wood structures may 

result in unwanted distortions after forming due to the variation in the moisture content and 

the temperature of the veneers. Srinivasan [1] concluded that 3-ply veneers with cross-

orientation have the ideal properties in forming compared to the others and are even capable 

of significantly retaining their formed structures. 

The response of plywood while bending and forming can be related to that of sheet metal; 

however, significant differences do exist. The field of sheet metal has given many unique 

and conclusive studies on the spring-back and spring-forward (SF) of formed sheet metals 

dependent on the mechanical properties [2], but it has been greatly observed that SF is 

practically non-existent for the common metallic sheets. Detailed analytical, numerical and 

experimental studies have shown that the amount of SB correction can be improved by 

modifying the elastic modulus and, through the adaptation of chord modulus, creating an 

established field in the calculation of the final SB for such materials [3]. However, the 

moisture content, which has a significant contribution towards the final shape of plywood, 

has never been a real issue for sheet metal. Furthermore, the plywood is in 0°/90°/0° 

configuration. Therefore the sample consists of one and a half plies around the symmetry 

line. Thus, there are distinct sectorial variations of the properties along with the thickness, 

depending on the ply selections. This presents a complex situation, and the effort to take the 

property variation into account for manufacturing might be self-defeating. Moreover, unlike 

elastic-plastic materials, the SB in wood is essentially dependent on the temperature gradient 
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and moisture content or thermal coefficients in different directions. These distinct 

differences result in acquiring a different approach for presenting the analytical equations 

which correctly represent the forming process of plywood. Engineers have significant 

knowledge about thin-walled plates being folded to increase any shell’s second moment of 

area and bending stiffness. It is more commonly known as origami-inspired engineering. It 

is indeed a rapidly growing research field investigating how advanced folded geometry can 

be used to create or improve other mechanical behaviours. The use of developable folded 

patterns additionally allows origami engineers to efficiently and quickly manufacture 

various designs that can utilise this improved behaviour. Current applications are already 

seen in deployable and modular housing, energy-absorbing barriers and lightweight 

automobile and aircraft components. Therefore, the applicability of commercially available 

veneer plywood, in the field of origami-inspired engineering, is a possibility and may lead 

to the goal of developing the required hybrid systems, eventually leading to forming 

developable surfaces. 

Plywood has always been extensively used in structural and semi-structural applications; 

although the continuous structures had always been pinned or glued at the joints, mostly 

having straight edges or curvatures within the elastic limit. With the possibility of 

manufacturing complex continuous walled structures beyond the elastic limit (chambers, 

containers, facades, inner-linings of buildings and others), it is of significant importance to 

characterise them. Mechanical characterisation always forms an important aspect, although 

studies have shown that if the forming has negligible effects on the structure’s bonding, the 

overall mechanical variation is negligible, an aspect that has also been confirmed in the 

current work. Flammability forms the other important characterisation aspect, especially for 

structural materials, with the rising stringent criteria being included in the building codes 

[4]. Furthermore, there are very limited studies where the effects of formability on 

flammability have been properly analysed. Thus, it will be interesting to compare the fire 

performance of the continuous structures with the traditional ones, glued to each other at the 

joints, both experimentally and numerically. Cone calorimeter a proven bench-scale testing 

method, helping in measuring the fire-reaction properties of any material, has been employed 

to perform the experimental analysis. Furthermore, Fire Dynamic Simulator (FDS) forms 

the main numerical platform to simulate the fire performance of standard and formed 

plywood structures [5]. Moreover, the possible application of formed plywood structures in 

building panels, both in the form of continuous structures and sandwich structures, must also 

be verified through fire performance studies. Moreover, the advantages and disadvantages 
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of purely plywood-made structures, compared to that of natural fibre reinforced fire-

retardant composites, are also studied to know the feasibility of using plywood-based 

structures in construction. Finally, the possibility of improving the fire properties of 

plywood-based building panels, through novel veneer composites, is also critically 

scrutinised.  

1.2 Research aims 

 Overall goals 

1. To understand and control the thermoforming process of plywood structures for 

achieving desired geometric shapes, including the developable surfaces. 

2. To observe the effect of forming on flammability and develop a fire dynamics model 

to replicate the fire performance of standard and formed plywood structures made 

from Radiata Pine veneers. 

3. To study and compare the fire-reaction properties of plywood and fire-retardant 

polymer composites in various sandwich forms and finally prepare a hybrid fire-

retardant veneer composite. 

 Specific aims 

1. To observe the ideal parameters required for thermoforming of plywood through 

statistical analysis and applying them to achieve desired U-shaped geometric 

structures with shape conformance and a new analytical model to represent the 

forming process more elaborately. 

2. To develop top-hat sections in a new rig with the ideal parameters obtained from 

study #2 (statistical) and introduce a novel forming method to eliminate the post-

forming shape distortion in the form of spring-back or spring-forward. 

3. To develop a theoretical model of a developable surface for creating a punch and 

then applying the same to achieve a developable surface for the first time from 

plywood. 

4. To study the sample's fire-reaction properties and the variation in fire response due 

to the introduction of formability in the method of formed compartments or chambers 

compared to the traditional straight-edged ones. 
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5. To develop a three-dimensional numerical model in Fire Dynamics Simulator 

(FDS®) to replicate the fire performance of both the standard and formed geometries 

made, and numerically observe the non-dimensional dependency of the fire 

performance parameters on the formed edges. 

6. To study the fire-reaction properties in sandwich panels made from plywood, namely 

corrugated and honeycomb, due to the variation in cores and then comparing them 

to the same structures made from flax fibre reinforced fire-retardant polypropylene 

composites. 

7. To prepare a hybrid fire-retardant veneer composite and observe the influence of the 

hybrid composites on the mechanical and fire properties compared to the individual 

materials. 

1.3 Thesis outline 

The plywood used for most of the studies in the present thesis is made from 0.6 mm thick 

Radiata Pine veneers having cross-orientation. The samples were commercially acquired 

from Gibson Veneers Pvt Ltd and Plyman Auckland in sheets of 1220 × 2440 mm2 and then 

cut on a bench saw as per the requirements. Single veneer layers in the same sheet size were 

also acquired from Plyman Auckland to prepare the in-house plywood and veneer 

composites. Keeping in mind the research objective outlined in Section 1.2, the current thesis 

is structured to reflect the gradual steps followed to observe minimal undesirable shape 

distortion after forming to acquire desired geometries and eventually the developable 

surface. Furthermore, the effect of that forming on the flammability properties of certain 

structures is also studied. The two aspects of formability and flammability are connected in 

the final process development stages. The overall outline is illustrated in Figure 1-1, where 

the solid connectors show each chapter's direct dependency. The dotted connectors signify 

the inter-dependency and influence of formability in achieving the required structure 

prepared and tested for flammability. The thesis outline helps readers to observe the logical 

flow in the chapters and how the two broad aspects of formability and flammability are 

dependent on achieving the final developed products from the renewable, biodegradable, 

sustainable and eco-friendly material system. 
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Figure 1-1: The thesis outline showing the flow and the respective connections. 
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Chapter 2 

 Literature Review 

2.1 Introduction 

The current chapter details the basics about wood and its structure, applications, formability 

and flammability characteristics. This would help the reader in understanding wood in 

general, the forming techniques used, the broad history behind the use of plywood and its 

significance and the flammability of wood and plywood structures. Furthermore, a 

comprehensive list of experimental, analytical and numerical studies on the various aspects 

of the flammability of plywood is also provided based on the current literature. 

2.2 Wood  

Wood can be easily classified as humanity’s first workable material, and the historical 

origins and excavations prove the same. Its huge abundance and special characteristics have 

led to its use in furniture, houses, tools and even vehicles. Timber or wood has been a 

ubiquitous material with the proof of ancient Egyptians using them for woodworking at 2500 

BC [6]. Wood has also been classified as nature’s polymeric fibre composite. Primarily it is 

important to understand that wood is essentially an evolved tissue for the functioning of 

plants and is not meant to satisfy the need of woodworkers. Therefore, it is important that 

people work around the natural product rather than expecting it to be engineered according 

to specific needs. Thus, it is important to understand the nature of wood to ensure effective 
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use. A glimpse of the philanthropic use of wood, especially plywood, since ancient times, is 

detailed in later parts of the chapter. The initial part concentrates only on the physical and 

functional aspects of wood that forms the basic material for the work carried out in the 

current thesis. Wood can be defined as a natural, hygroscopic, anisotropic, viscoelastic, 

heterogeneous composite that has a very high specific strength. The variations in the amount 

of basic compositions of wood directly affect the weight, stiffness and hardness. Although 

similar species of wood do tend to have basic similarities, studies have concluded that the 

area and conditions also affect the properties of wood to certain extents [7]. Therefore, it is 

important to understand the different features of wood, its physical properties and the sources 

of the wood-based products for various applications. 

 Chemical composition 

Wood has always been a sustainable and renewable product, which is quite easy to work 

with, its roots being in the building and decorative industries, documented for centuries. 

Wood is primarily composed of cellulose, hemicellulose and lignin [8], where the lignin 

forms the matrix and the cellulose and hemicellulose filaments form the fibres, making it a 

natural composite [9]. More elaborately, wood is usually composed of cells that are 

elongated and are oriented longitudinally with respect to the stem. These cells are again 

connected through pits which are nothing but openings varying in size and shape, based on 

their functions [10]. All three primary constituents of wood are types of polymers. Cellulose 

is formed by alternating and repetitive glucose units; both being illustrated in Figure 2-1. 

According to Bergman et al. [10], 3000 repetitive units form cellulose and the huge amount 

of hydroxyl (H) molecules, that leave the glucose units during decomposition (under fire) 

result in char. However, the structure of wood varies greatly between species and for 

industries, wood is categorized mainly into hardwood and softwood [11].  

 
Figure 2-1: Illustration of (a) the cellulose polymer chain and (b) the glucose monomer unit. 
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It should be noted that the term hard and soft are not related to strength, as there are many 

soft hardwood trees and similarly many hard softwood trees. Hardwoods are the trees with 

broader leaves; whereas, softwoods are those with coniferous leaves. The trunk of the tree 

consists of wood which can be further divided into two parts, sap and heart. The sap forms 

the lighter part of the wood; whereas, the heart is the darker part consisting of the majority 

of dead cells and primarily providing support. Moreover, the greater presence of heartwood 

makes the hardwoods more durable and thus costly [12]; whereas, softwoods have greater 

growth and are easily available, making them cheaper and widely used for construction 

purposes [13]. Apart from the three main components, the complete chemical composition 

of wood can be divided into roughly nine elements, which vary in the average percentages 

between hardwoods and softwoods. Table 2-1 illustrates the chemical composition of wood 

studied over 153 different species. The extractives, hot water, cold water and ether, are based 

on the oven-dried weight of wood and the remaining components are also based on the oven-

dry weight, but without the extractives [14]. In general, two types of hemicellulose can be 

observed in plants, polyoses and pentosans. 

Table 2-1: The composition of wood [15]. 

Components Hardwoods (%) Softwoods (%) 

Cellulose 31.1-64.4 30.1-60.7 
Lignin 14-34.6 21.7-37 

Polyoses (Hemicellulose) 18-41.2 12.5-29.1 
Pentosans (Hemicellulose) 12.6-32.3 4.5-17.5 

Holocellulose 71-89.7 59.8-80.9 
Hot water 0.3-11 0.2-14.4 
Cold water 0.2-8.9 0.5-10.6 

Ether 0.1-7.7 0.2-8.5 
Ash 0.1-5.4 0.02-1.1 

 Structure 

Wood also consists of around 5% to 10% of extraneous materials, apart from the three major 

constituents, in the cellular structures. Thus it is critical to understand the cell structure of 

woods at the microscopic level. Though woods are very diverse from each other, there are 

some striking basic similarities possessed by all. An illustration of the different parts of the 

trunk, in a tree, is given in Figure 2-2. The components of a tree are an accumulation of 

numerous cells, which form the basic structural unit of any part of the plant. The cell 

primarily consists of the outer cell wall, which is surrounding the inner cell cavity. The cell 

walls are primarily made of the primary layer and the secondary layers; whereas, between 
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the two cells, there is another lamella for gluing the cells together, making all the cells 

double-walled [1]. The density of a particular wood is dependent on the thickness of the cell 

walls, which varies from 2 µm to 10 µm, and on the porosity or size of the cells. All types 

of woods comprise numerous cell groups which have their axis horizontally oriented and 

radially extend from the pith. These horizontally aligned groups are called rays and form 

fibre orientations in veneers. The distinct visibility of these rays, which are flattened ribbons 

extended or stretched horizontally along with the wood, varies with species and are very 

distinct in certain species, such as oak or beech. A technical way of defining the orientation 

of the hemicellulose fibres or cells in the wood is known as the grain direction. Often wood 

can be found to have un-even grain directions when a distinct difference between the growth 

of latewood and earlywood exist; whereas in trees like basswood, the difference is usually 

very limited and these can be classified as evenly grained woods. The growth ring 

arrangements and the vertical and horizontal orientations of the cells result in considering 

the wood structure in 3-dimensional geometry, as shown in Figure 2-3. 

 
Figure 2-2: The classification of the tree trunk along with a cross-section of the same [16]. 
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Figure 2-3: A block of wood showing the three planes, Transverse or cross-sectional (X), 
Radial (R) and Tangential (T). Image acquired from the web [17]. 

The plane perpendicular to the stem axis is known as the transverse plane (X), also called 

the cross-sectional plane. The plane passing through the pith or centre is known as the radial 

plane (R), as the trunk’s cross-section is analogous to a circle. The plane which is parallel to 

the pith is known as the tangential plane (T) as it forms a tangent with respect to the growth 

rings. The tangential plane is in general perpendicular to the radial plane. While achieving a 

block or lumber of wood, the part having an end-grain surface is along the transverse plane 

and that having a side-grain longitudinal surface is cut along the plane running parallel to 

the pith. Cutting veneers is a bit more complex and therefore, a few more terms are 

introduced. When the veneer is cut in a way that the broad face lies in the radial plane, it is 

termed as radial grain, vertical grain or edge grain veneer. This method is usually followed 

by first sawing the wood along the longitudinal plane and then sawing them quarter radially, 

giving quarter-sawn veneers. The surfaces of quarter-sawn veneers are called quarter grained 

when the grains have angles between 45° and 90° with the surface. The other way of getting 

veneers is having a broad face tangential or approximately tangential. These are called 

flatsawn veneers and the surfaces are called tangential grained or flat-grained when the 

grains lie between 0° and 45° with respect to the surface [18]. The current research deals 

mainly with flatsawn veneers. 

 Cellular classification and cellular structure 

Spermatophytes are the division of cells in the plant kingdom, which consists of all the types 

of seeding plants. Spermatophytes can be broadly classified into two main types, 

gymnosperms and angiosperms. The softwood trees are botanically classified as 

T R
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gymnosperms, where the ovary of the flower do not enclose the seeds, making them devoid 

of any vessels and mostly non-porous. Among the families of gymnosperms, four are 

classified as being Conifereles or conifers having needle-like evergreen leaves; the tree has 

the form of an excurrent, which can also be defined as trees having a dominant main stem 

and other subordinate branchings [7]. The other order or type of gymnosperms is the 

Ginkgoales, the maiden-hair or ginkgo trees found in China and Japan. These are currently 

known as living fossils with their existence being estimated by geologists as being 200 

million years old. However, this type is no longer available in the wild and therefore very 

scarcely used in woodworks. The angiosperms cover all the types of hardwood trees, where 

the ovary encloses the seeds making the wood more porous and filled with vessels. The 

higher density in most of the hardwoods and the attractive colouring have enabled the use of 

some of these trees in woodworking. They can be typically recognised as those trees having 

broad leaves. Some examples are birch, teak, gurjun and others. A graphical systematic 

classification of the spermatophytes is detailed in Figure 2-4. This section also deals with 

the basic anatomical structural details of the two broad wood types, softwoods and 

hardwoods, enabling the readers to have a basic understanding of the cellular level 

differences between the two types. The cellular structure of softwoods is relatively simple 

when compared to that of hardwoods. The softwoods are 90% to 95% consisted of tracheids, 

which are about 100 times longer than their diameters and resemble fibre-like structures. 

Generally, redwoods are known to have the largest diameters, enabling biologists to name 

the wood, cut from the red trees, as coarse-grained wood. Figure 2-5 shows the enlarged 

tracheid usually found in softwoods and the two types of ray cells, which are usually narrow 

in softwoods, microscopic and consist of most of the living parenchyma cells of the softwood 

trees. The hardwood trees consist of more complex anatomy and there are strikingly different 

from that of the softwoods. 

 
Figure 2-4: Systematic classification of the plant kingdom based on cells [18]. 
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Figure 2-5: Coniferous cell types showing the enlarged tracheid, ray tracheid and ray 
parenchyma [18]. 

 Natural moisture content 

The most important part of a tree, which is sap, consists mainly of water. However, it can be 

assumed that about 90% of problems in the wood are related to water and moisture. 

Therefore, it is significantly important to understand the relation between wood and 

moisture. The common household is aware of the fact that wooden drawers slide freely in 

winter but often gets stuck during the monsoon season, a phenomenon directly caused by 

the shrinkage and swelling of wood based on the surrounding atmospheric moisture content 

(MC). The MC in wood is measured as the ratio of the weight of water in a particular piece 

of wood to the weight of that sample when completely dried. The calculation can be carried 

out by the simple equation given as follows: 

 x o

o

M MMC 100
M
−

=    (2-1) 

where, Mx is the mass of the wood sample, Mo is the mass of the oven-dried wood sample 

and MC is expressed in percentage. The water-free weight is commonly referred to as the 

oven-dried weight, as using an oven to completely dry the wood is a very common and 

ancient technique used. The aspect of relative humidity is also important to understand in 

this regard. Humidity in plain terms is defined as the amount of water contained in the 

atmosphere in vapour form. Absolute humidity is referred to the actual water vapour or 

moisture that the atmosphere contains, and is expressed in grains per cubic feet or grams per 

cubic meter. It is noteworthy to mention that the absolute humidity (AH) of air changes with 

the temperature, where the AH increases with the temperature rise. In general, at 21.1 °C or 

70 °F, the air can hold a maximum of 8 grains or about 0.52 gm of water vapour. Finally, 

relative humidity (RH) is derived from AH and is calculated based on the AH by weight in 

the air divided by the maximum amount of water vapour air can hold at that temperature. 

Thus, if 4 grains or 0.26 gm of vapour is contained in the air at 70 °F or 21.1 °C, then the 

RH is 50% because the maximum capacity is 8 grains or 0.52 grams [18]. 



Chapter 2   Literature Review 

14 | P a g e  

 

Wood contains water both inside their cells and in the cell walls. A living tree consists of 

sap, which is primarily water mixed with other essential minerals from the land. The wood 

when completely saturated and swollen consists of water in the cell cavities, which is just 

like a sponge and can be completely squeezed out. Smith [19] introduced two equations for 

calculating the maximum moisture content in the wood when both the cell cavity and cell 

walls are saturated. The first equation is based on the dry and weight weights of the wood, 

where the wood samples need to be weighed twice in a dry condition and then weighed at a 

completely saturated state, to get the maximum MC (MCmax), which can be calculated by: 

 n o
max

o

M MMC 100
M
−

=    (2-2) 

where, Mn is the mass of the wood when completely saturated with moisture, Mo is the mass 

in dried condition and MCmax is expressed in percentage. The second equation for calculating 

is dependent on the density of the wood and that of the cell walls and MCmax can again be 

derived from: 

 max
w

1 1MC 100
 

= −  
  

  (2-3) 

where, represents the basic density of wood, w is the density of the cell wall materials and 

MCmax is again expressed in percentage. However, when a sponge is completely squeezed, 

it is still damp and requires drying. Similarly, once the water from the cell cavities is 

squeezed out, the water in the cell walls are still present which are chemically held in the 

molecular form through physical attraction forces. This point is known as the fibre saturation 

point (FSP) of the wood and the water held in the cell walls are called bound water. The only 

way of removing this water is by drying the wood in a dry atmosphere. The amount of bound 

water lost is directly dependent on the RH of the atmosphere, where an RH of 0% will 

theoretically result in 100% removal of the bound water, and an RH of 100% will result in 

0% removal. The FSP is also defined as that amount of MC, reduction in which results to 

affect the mechanical and physical properties of the wood directly [1]. 

Wood is a hygroscopic material and it withholds that property every time, whether in a living 

tree or the wood-workers backyard. Therefore, the wood loses bound water when RH 

decreases and regains it when RH increases. At a certain RH, the wood reaches an 

equilibrium phase when there is no gain or loss of moisture. The time taken for this varies 

with species, and the phenomenon is called equilibrium moisture content. Therefore, the 
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moisture content measured for wood or wooden products, stored in a particular place for a 

long time is the equilibrium moisture content (EMC) of the wood at that particular place. 

Hoadley [18] defined a few EMCs important for woodworkers which are usually the same 

for most of the wood species. EMC is about 5% for an RH of 25%, about 9% for an RH of 

50% and about 14% for an RH of 75%. The dimensional change in wood due to shrinkage 

and swelling can be calculated through established analytical equations. Wood is an 

orthotropic material and therefore, the dimensional changes are calculated separately in the 

longitudinal, tangential and radial directions. In any one direction, the total shrinkage that 

takes place from the completely saturated state to the completely oven-dried condition can 

be calculated based on g o
t r l

g

D D
S / S / S 100

D
−

=  , where, St represents the total shrinkage 

in the tangential direction, Sr represents the total shrinkage in the radial direction, Sl 

represents the total shrinkage in the longitudinal direction, Do is the dimension of the oven-

dried wood and Dg is the dimension of the completely saturated or greenwood. Generally, in 

wood and wood products, the longitudinal shrinkage along the grain is negligible and has 

been calculated to be about 0.1%. However, wood is found to shrink a lot in the other 

directions, with an average shrinkage of 7.95% in the tangential and 4.39% in the radial 

directions. Barkas et al. [20] provided a rough thumb rule for the dimensional changes in the 

three directions as longitudinal: radial: tangential being 1:10:20. However, hardwoods often 

tend to have a high percentage of uneven shrinkage and swelling along the surface of the 

sample. Beech, cottonwood, sweetgum, American elm and sycamore are some of the 

hardwoods which have high percentages of uneven swelling and shrinkage, a phenomenon 

also called warping. 

Wood is considered to be dimensionally stable when its MC is greater or equal to FSP. Below 

FSP, the wood starts to change dimensions as it gradually loses or gains moisture. Tsoumis 

[15] gave a practical approach towards calculating the shrinkage, by estimating that the 

moisture content and the swelling and shrinkage effects are linear. According to the study, 

below the FSP, shrinkage, based on some changes in MC, can be calculated as 

x
S( MC)S

FSP


= where Sx represents shrinkage at any instance, S is the total shrinkage 

experienced and MC  is the change in MC below the FSP. The dimensional change can be 

further calculated from: 
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 gS( MC)D
D

FSP


 =   (2-4) 

where, D is the dimensional change experienced due to shrinkage of Sx. The various 

detrimental effects of swelling and shrinkage include decaying, degradation, changing cross-

sectional shape, case-hardening, loosening and many others. These issues have led to the 

application of various engineering methods to control and stop the dimensional changes, 

which include coating a water-repellent agent, modifying the wood mechanically, reducing 

the hygroscopicity and also through bulking treatment [21]. These methods being expensive 

are usually used in wooden products, such as plywood or particle boards, and not in normal 

woodworks. 

 Properties of wood 

There are many unique and essential properties of wood that should be understood before 

wood selection for woodworking. This section will help the readers in understanding the 

important properties of wood and their variation among certain important types. The 

properties elaborated are the wood density, the specific gravity of wood, compression and 

tensile strengths, thermal conductivity, the effect of temperature on wood, burning of wood 

and few others. 

2.2.5.1 Density of wood and the specific gravity 

Density can be defined as the mass or weight of a material per unit volume and in terms of 

wood can be defined as the dry mass of wood contained in its unit volume. The density of 

wood is directly related to its strength and therefore defines the hardness, resistance to 

nailing and machining ease of each wood. It is expressed in gram/centimeter3 (g/cm3) or 

pounds per cubic feet (lb/ft3). The specific gravity is also called the density index and can be 

defined as the density of that substance with respect to that of a standard sample, which is 

always water for wood and wooden products and any other solids. The weight of wood is 

taken as the oven-dried one for calculating both density and specific gravity. The oven-dry 

conditions help wood in attaining constant weight and volume, which in turn helps in 

calculating the specific gravity and the density of the wood. The oven-dried volume being 

smaller gives a higher oven-dried density compared to full swollen density. Another way of 

drying wood is known as air-drying and this gives an MC of 12% to 15% [22]. These 

parameters help in determining the exact amount of wood mass contained in the particular 

sample and is, therefore, of particular interest to industries and woodworkers. The higher the 
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density, the greater is the amount of actual wood and thus, the higher is the strength [15, 23]. 

Figure 2-6 helps in illustrating the specific gravity of the various types of wood and that of 

water (used as a reference for any solid). It can be observed that the terms hardwood and 

softwood are greatly misleading because there are a substantial amount of domestic 

softwoods which are stronger than a few hardwoods. Moisture has a direct relation with the 

density of wood, the increase of which increases the volume. The structure also plays a vital 

role as the density of the materials producing the cell walls is mostly constant at 1.5 g/cm3, 

for all the woods. Therefore, the voids and the thickness of the cell walls, which varies 

among most of the species, define the density of the particular wood, making density also an 

indicator of the amount of cell wall materials and void in a particular type. Extractives, 

primarily present in the heartwood and ranging from 1% to 20%, also have a similar effect 

where higher amounts cause a higher density of the heartwood and a lower amount reduces 

the density. Moreover, the percentage variation in the chemical composition of wood also 

results in density variation [15]. 

 
Figure 2-6: Specific gravity indicator of different woods averaged for each species, data 
obtained from the work of Hoadley [18]. 

2.2.5.2 Understanding the strength of wood 

Wood being an orthotropic and hygroscopic material has various types of strengths and kinds 

of strains and stresses to which it responds in unique ways. The strength of wood can be 

defined as the ability of the sample of wood in concern to resist an applied force. These 

resistances are results of internal forces acting against the external forces and are often 
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referred to as stress. The other important concept, while understanding the strength of any 

material is the strain, which can be defined as unit deformation, or in other words, the amount 

of deformation per unit of its original dimensions. Any material when subjected to regular 

and incremental loads or stress results in equal increments of strain or deformation, to a 

certain range, known as the elastic range. The elastic limit or range is also known as the 

range of proportionality. However, when the incremental stress is applied above the limit, 

the resultant strains or deformations are increasingly larger till the maximum stress is 

reached, resulting in the failure of the sample and permanent deformation. Hooke’s law [24] 

helps in defining the relation between the stress and the strain inside the elastic range to 

define the modulus of elasticity, represented by the ratio of stress (S) and strain (d), as E=S/d. 

A high value of E denotes a stiff material that can withstand greater stresses without 

experiencing much deformation. The modulus of elasticity for any wood is calculated 

through axial loadings or through-bending. Another important strength measuring criterion 

is the toughness of a certain material, which is measured by observing the resistance of the 

material under a sudden impact load. The tougher the material, the more it is difficult for the 

material to fail under impact loading, resulting in more work being required to break the 

material. The current portion of the study deals with the most important properties required 

to understand the strengths of the wood, namely, tension and compression in both the 

perpendicular and parallel directions of the grain and the shear strength. 

2.2.5.2.1 Compression strength of wood 

The compression strength of wood is significantly varying with the grain direction. When 

the wood is stressed such that the fibres experience shortening in their length, it is known as 

compression parallel to the grain of the wood or in the axial direction. Another common 

direction of loading is the transverse direction, also known as compression perpendicular to 

the grain, where the matrix bears the majority of the load. The maximum crushing strength 

or ultimate strength in the axial direction ( )max , the proportional limit ( ) and the elastic 

modulus (E) can be calculated through a standard ASTM test with a special gauge for 

measuring deflection. The axial compression strength is significantly greater when 

compared to the transverse one, about fifteen times more. The average axial compression 

strength of wood varies from 25 MPa to 95 MPa; whereas, the transverse one varies from 1 

MPa to 20 MPa [15]. Moreover, in softwoods, the tangential compression strength in 

softwoods are higher when compared to that in hardwoods [22]. Axial compression failure 

in wood, which is noteworthy in columns, occur due to intercellular rapturing, buckling, 
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shearing and/or cell wall rapture [25]. However, transverse compression failure, visible in 

rail tracks and railroad ties, results in permanent cross-sectional changes in the cells and 

reduction of the cavities in the cell [26]. The axial compression strength of wood is 

significantly lesser than metals. However, it is quite high compared to other construction 

materials, including bricks. 

2.2.5.2.2 Tensile strength of wood 

The differences in tensile strength are also prominent in axial and transverse directions. The 

axial tensile strength is about 50 times greater than the transverse one. When the wood is 

loaded perpendicular to the grain (transverse direction), the results are not consistent and 

varies between 1 MPa and 7 MPa for different wood species [25]. These values help in 

understanding the splitting nature of various woods because tensile failure in transverse 

directions occurs while drilling nails, splitting firewood, karate students breaking boards and 

others. On the other hand, when the wood is loaded parallel to the grain (axial direction) the 

strength is significantly higher, and often the testing method needs a thicker material at the 

grip to test the actual tensile strength in the axial direction because of the tendency of 

shearing at the grip before tensile failure. The axial tensile strength varies between 50 MPa 

to 160 MPa. Certain tropical woods have been observed to have an even greater tensile 

strength of 300 MPa [15]. The cell length can be greatly attributed to the increase in axial 

tensile strength and therefore, softwoods having longer cells have greater axial tensile 

strengths compared to that of hardwoods. The strength is similar to metals and wood has a 

greater advantage because of its strength-to-weight ratio. Another important comparison of 

wood with metals and other construction materials is the breaking length, which can be 

defined as that length of a ribbon that breaks by its weight and is usually calculated in 

kilometres (km). The breaking length of softwoods vary between 11 km and 30 km; whereas, 

that of hardwoods vary between 7 km and 30 km. on the other hand, the breaking length of 

other construction materials and metals are calculated to be 5.4 km for construction steel, 12 

km to 32 km for other steels, 13.6 km for duraluminium, 1.8 km for cast iron, 4 km for PVC 

and 0.2 km for concrete [27, 28]. Therefore, it can be easily understood that wood has 

significantly greater strength than most of the other construction materials. The tensile 

strength is usually double the compression strength for woods, and this difference can be 

attributed mainly to the structure. The axial tensile strength is dependent on the cellulose 

fibres; whereas, the compression is attributed to the hemicellulose and lignin components, 

with some aid from the cellulose fibres. Although it is almost impossible to observe axial 
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tensile failure in wood, the axial shear strength being significantly lower (only 6% to 10% 

of the axial tensile strength), the wood fails axially before even reaching close to the tensile 

limit. The tensile strength of wood, in either axial or transverse direction is determined by

P
A

= where, is the ultimate stress in the axial or transverse direction, P is the ultimate load 

in N and A is again the cross-sectional area. 

2.2.5.2.3 Shear strength of wood 

The transverse plane, that is, the plane perpendicular to the grain, do not experience shear 

failure and it is often said that it is impossible to have a shear failure of wood in the transverse 

direction because of its structure and cell alignment of the longitudinal cells [18]. However, 

in reality, the wood fails in axial or rolling shear first before it can reach the transverse shear 

failure point because the transverse shear strength is roughly about four times higher than 

the axial shear strength [15]. The axial shear strength of various woods varies between 5 

MPa to 20 MPa. Wood separates due to shear along the grain more easily, and the ASTM 

standard test is performed on a notched block held in a special shear tool such that the sample 

does not rotate. The shear strength per unit area is calculated based on the load applied 

divided by the total area. The axial shear failure is common in inter-locking joints and 

fasteners. Another type of shear experienced by wood is the oblique shear stress, during 

loading the sample in axial compression or tensile loads. The highest oblique shear stress is 

observed at an angle of 45°, but due to the structure of the wood the sample raptures between 

60° and 70° with respect to the shear plane [23, 29]. 

2.2.5.2.4 Bending strength and toughness 

The bending strength forms an important aspect to understand as wood often experiences 

bending due to load in many structural applications. A usual case of a simple beam of wood 

under loading results in the introduction of three forces, tensile, compression and shear, 

which are all in the axial directions. The tensile stresses result in fibre elongation, the 

compressive stresses tend to shorten the fibre, and the shear stresses try to slide the upper 

part over the lower part. The strength is usually defined as the modulus of rapture, defining 

the peak stress on the outer fibre at the instant when the beam breaks under the continuous 

application of a load. This modulus varies in different species and ranges from 55 MPa to 

160 MPa. The bending strength can be compared similar to that of the axial tensile strength 

and is although lower than metals, is significantly higher than other non-metallic 
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construction elements, giving wood a great advantage of having a great strength-to-weight 

ratio and a low elastic modulus. The toughness of wood is another significant feature that 

should be known, especially in applications which include handles of tools, sporting 

equipment, boxes and others. The toughness is the resistance of the wood against sudden 

loading, and it has been observed that wood can observe greater energy while sudden loading 

when compared to static loading. Wooden beams have been studied to deflect twice for 

sudden loading than that compared to static loadings. The toughness, according to ASTM 

standards, can be measured by the change in the initial angle at which a pendulum is released 

during the test, which occurs due to the specimen experiencing breakage [23, 30].  

2.2.5.2.5 Stress-strain relation in wood 

Dinwoodie [6] elaborated that the stress-strain relationship in woods and wooden products 

are significantly complex because the behaviour of wood is time-dependent. It fails to show 

similarities with both truly elastic and plastic materials. This can be attributed primarily to 

the wide number of factors that affect the nature of wood, including, moisture, grain 

direction, micro-fibril direction, temperature dependency and many other aspects [1]. When 

wood is loaded, at time zero (to), the sample experiences a reversible and instantaneous 

deformation which can be represented as the elastic behaviour of the material. However, 

with the increase in loading time to t1, the deformation also increases but not at a constant 

rate, rather at a slower rate which gradually reduces. When the load is released after t1, a part 

of the deformation returns immediately, a part returns slowly again at a decreasing rate till 

t2 after which there is no deformation. There is a part of the deformation which is permanent 

and therefore, the stress-strain relation can be divided into three parts, the elastic part, the 

delayed elastic part and the plastic zone. A detail of the stress-strain relation is illustrated in 

Figure 2-7. Therefore, in the initial stages and lower levels, the stress-strain follows Hooke’s 

Law. Within this region, the shearing stress and strain also are proportional to each other and 

is given by G =   , where, G is called the modulus of rigidity or the shear modulus, 

represents the shearing force and  the shearing strain. 

The Young’s modulus values vary greatly between species and are even greater depending 

on the loading axis. The variation is primarily dependent on the cellular structure of wood. 

More specifically, the moduli of elasticity values in the tangential (T), radial (R) and 

longitudinal (L) directions vary greatly, and the former two are much smaller in comparison 

to the longitudinal modulus of elasticity value [31, 32]. The general variation of the moduli, 
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among each plane, can be given as L R TE :E :E 20:1.6:1= . The moduli of rigidity, which is 

denoted according to the two loading planes where shearing is involved, can be calculated 

as LR LT RTG :G :G 10:9.4:1= . Finally, the relation between the longitudinal modulus of 

elasticity and the modulus of rigidity along the longitudinal and transverse planes is

L LRE :G 14:1= . In woods, the increase in MC results in a greater reduction in transverse 

shear strength compared to that of longitudinal shear strength [33]. Therefore, it can be 

concluded that the overall strength of wood varies with the angle at which the specimen or 

sample of wood is loaded. Kollmann and Cȏté [34] introduced a relation to calculate the 

strength at a specific angle with respect to the fibre orientation, which is: 

 n n

P P
P

P sin P cos
⊥



⊥

=
+ 

  (2-5) 

where, P represents the strength of the wood at a certain angle  , P is the strength of the 

wood when loaded parallel to the grain, P⊥ is the strength when loaded perpendicular to the 

grain and n is a constant which varies between 1.5 and 2 for tension in the longitudinal 

direction, 2 to 2.5 for compression in the longitudinal direction, 1.5 to 2 for static bending, 

1.5 to 2 for toughness and 2 for modulus of elasticity. Another significant factor under 

mechanical properties is the Poison’s ratio which is the ratio between contraction and 

extension for a certain applied strain due to stress in a particular direction. 

 

Figure 2-7: The various phenomenon experienced by wood under loading and unloading [6]. 
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Usually, for isotropic materials, the Poison’s ratio ( ) can be calculated from E and G, with 

the help of the relation 2(1 )= +G E  . However, in the case of woods, Bodig and Goodman 

[35] specified that six Poison’s ratios are important, which further varies between softwoods 

and hardwoods. The values are illustrated in Table 2-2. 

Table 2-2: Average Poison Ratios in various planes of wood [35]. 

Poison’s Ratio 
LR  

RL  
TR  

RT  
LT  

TL  

Hardwoods 0.37 0.044 0.33 0.67 0.5 0.027 

Softwoods 0.37 0.041 0.35 0.47 0.42 0.033 

2.2.5.3 Thermal properties 

Heat has significant effects on wood, with its various properties, such as hygroscopicity, 

swelling and shrinkage, electrical, mechanical, acoustic and others being affected greatly. 

Therefore, it is important to understand the thermal properties of wood in general, which 

include the dimensional changes, conductivity, capacity, combustion and specific heat.  

2.2.5.3.1 Temperature effect 

Heating of wood results in an increase in sample dimensions and cooling results in a 

decrease. These two phenomena are also known as thermal expansion and thermal 

contraction, respectively. Though the extent of the thermal expansion and contraction is 

significantly lower than the shrinkage and swelling phenomenon of wood, still it is important 

to understand the concept, especially when wood and wooden products are exposed to heat. 

Moreover, the change in temperature results in the change in the atmospheric MC, which 

again directly affects shrinkage and swelling. Therefore, with thermal expansion and 

contraction, shrinkage and swelling are also present simultaneously. The expansion in any 

material due to heat is measured through the coefficient of thermal expansion. It can be 

defined as the measurement of unit elongation of oven-dried wood with a unit increase in 

temperature. Similarly, the coefficient of thermal contraction is defined as the measurement 

of the unit reduction in the dimension of the wood sample due to a unit decrease in 

temperature. The orthotropic nature of wood results in having a thermal expansion and 

contraction coefficients different in different directions. The change in length in wood can 

be easily calculated from the following equation: 



Chapter 2   Literature Review 

24 | P a g e  

 

 2 1

1

l l
d

l
−

=   (2-6) 

where, d is the change in length (expansion or contraction), l1 is the initial length and l2 is 

the final length after the change. With the known coefficient of thermal expansion, the 

change in length can be calculated from 1d l T=  where is the thermal expansion 

coefficient and T is the change in temperature. Therefore, it can be simplified to get the final 

length from  2 1l l 1 T= − . The literature helps to highlight the various expansion 

coefficients for different woods in different directions [28, 34, 36]. The different values for 

a few important kinds of wood and that of a few construction materials, for comparison, are 

provided in Table 2-3. 

Table 2-3: Thermal expansion coefficients for wood and other construction materials.  

Species Fir Black 
pine 

Scots 
pine Spruce Beech Oak Glass Al Steel 

Coefficient of 
thermal 

expansion  

(x 106) 

Axial 3.7 4 4.2 5.4 5.4 4.9 

9 24 11 Radial 15.8 18.4 15 6.3 22 11.1 

Tangential 58.4 72.7 29 34.1 34.8 54.4 

2.2.5.3.2 Thermal conductivity 

Another thermal aspect, which needs to be introduced is the thermal conductivity of wood 

which explains why touching a cool piece of wood is way more comfortable than metal. This 

can be attributed to the aspect that the body heat is absorbed at a very high speed by the 

metals because they have higher thermal conductivity; whereas wood, which is usually 

warmer, has a very low thermal conductivity, making it an ideal application in gunstocks, 

seating and tool handles. The lower value of thermal conductivity can be attributed to the 

porous structure of woods, and the conductivity is expressed through the thermal 

conductivity coefficient. The coefficient of thermal conductivity ( ) is the measure of the 

amount of heat flowing through a sample with unit surface area and unit thickness in unit 

time when the temperature difference between the two surfaces are maintained at unit degree 

Celsius. The unit of  is expressed as cal.cm/s cm2 °C and for woods, it is greater in the axial 

direction when compared to transverse directions. The average value of  , for different 

woods calculated at 20 °C, is 0.191 to 0.284 in the axial direction, 0.104 to 0.151 in the radial 

and 0.09 to 0.14 in the tangential directions. The axial placement of the majority of wood 
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cells and the morphology of the fibres attribute to the higher thermal conductivity in the axial 

direction [23]. The moisture content and the density of wood has significant effects on the 

thermal conductivity of wood. The relation of air-dried density and thermal conductivity was 

defined by Kollman and Cȏté [34] as: 

 120.177R 0.0205= +   (2-7) 

where, R12 represents the air-dried density at 12% MC. The change in MC directly affects 

the thermal conductivity, where a 1% increase or decrease in MC results in an average 

variation of 1.25% in the  value. Therefore, the effect of both density and moisture content 

of  is a significant factor to be calculated, which as facilitated by the introduction of the 

equation by Deliiski [37], which can be given as: 

 ( )o0.165 R 1.39 0.038MC = + +   (2-8) 

where, Ro is the oven-dried density of the wooden sample. The effect of temperature on

can again be defined as ( )0 1 bT =  + where, 0 is the thermal conductivity of wood at 0 °C, 

T is the temperature and b represents a coefficient of proportionality related to MC and 

density. The overall coefficients of thermal conductivity of wood and other significant 

materials are presented in Table 2-4. Furthermore, the relative insulating values can be easily 

calculated from the  values by inversing them. It can be observed that the value of  for 

wood is less than most of the construction material and is almost equal to common insulators, 

namely, wool, foam and fibreglass. The low thermal conductivity in wood comes with high 

specific heat. The higher specific heat in wood results in the requirement of a greater amount 

of heat to increase the temperature and therefore, it is ideal for applications such as match 

sticks, various handles, industrial uses and processes, preservative treatments, gluing and 

various other applications where heat is involved. The specific heat of most of the 

construction materials is lower compared to that of wood, making wood very useful in many 

applications.  

Table 2-4: Thermal conductivity of some important materials and wood [18]. 

Material Air Wate
r 

Glas
s 

Bric
k 

Concret
e 

Marbl
e 

Stee
l 

Al Building 
insulatio

n 

Wood 

  0.1
6 

4 5 4.5 7.5 17 310 1400 0.2-0.3 0.4-1.2 
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2.2.5.3.3 Wood burning 

Wood is quite easy to burn, and thus it is not considered over other materials in many 

construction-related applications, making it more suitable for various heating and burning 

purposes. Under high temperatures, due to chemical decomposition, woods burn and 

produces flammable gases. The burning steps can be divided into the evaporation of moisture 

at around 100°C, evaporation of volatile substances in the range of 95°C and 150°C or 

higher, carbonisation in the superficial layer and gradual exit of flammable gases in the range 

of 150°C and 200°C, the faster and spontaneous exit of the flammable gases with the ignition 

in the range of 200°C and 370°C and even faster formation of flammable gases with the 

development of char in the range of 370°C and 500°C. The flammability nature of wood is 

greatly dependent on the type of wood, the moisture content, temperature and size. The 

extractive components, such as resin, are different in different species and play a vital role 

in the flammability aspect. Hardwoods having hollow structure and long open vessels result 

in faster burning; whereas, softwoods having short and compact cells with closed-ended 

tracheid result in negative effect and therefore, takes longer time and higher temperatures to 

burn. Moreover, the increase in moisture content delays the burning process as well, and 

higher temperatures result in faster burning. In general, temperatures in the range of 250°C 

results in a condition in which wood needs a spark to ignite. However, at temperatures 

around 500°C, wood ignites without any external source. Moreover, small pieces of wood 

burn significantly faster when compared to larger pieces. Big pieces of wood like beams 

burn with significant difficulty compared to metals that fail directly under fire at high 

temperatures of 1000°C. This advantage is because of the high specific heat and low thermal 

conductivity, enabling the superficial layers to burn initially, which then acts as insulators 

for the remaining wood, delaying the burning process and progress [38, 39]. Heating value 

is a measure of the quantity of heat generated from a unit mass of the specimen that is 

completely burnt. The average maximum value for wood, in general, is 4500 cal/g. However, 

hardwoods tend to have a less heating value of about 4350 cal/g; whereas, softwoods tend 

to have 4700 cal/g [22, 28], showing that the heating value is also affected by the structure 

and species. 

2.2.5.4 Other properties 

Wood has been used since ancient times because of many of its unique properties. Apart 

from the ones elaborated earlier, there are many other properties that construction materials 

should possess for their wide utilisation. One such property is known as the acoustic property 
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of materials. Wood is often used as a source of sound generation, such as in xylophones, 

bells in many village churches and even in violin strings because of its indented growth rings 

[27]. However, when sound approaches wood, some of the acoustic energy gets reflected, 

some get absorbed and some pass through. Wood has a very low sound-absorbing ability as 

walls, with the coefficient of sound-absorbing being less than 10% (6%-8%), which is 

greater than brick with 2% to 5%, depending on the frequency of the noise. In floors, the 

ability of wood reduces further, with the coefficient being in the range of 3% to 5%, which 

although is again higher than the commonly used concrete flooring (1%-2%). Even glass has 

a lower sound absorbing coefficient in the range of 2% to 3%. It should be noted that wood 

shows an 8% coefficient of absorption at a frequency of 125 hertz and 6% at a frequency of 

500 hertz and higher [15]. The next significant property to have is the electrical property or 

the electrical resistance ability so that electrical currents do not flow through the material 

used in construction. Wood can resist the direct passage of electric current and oven-dried 

woods are comparable to the best electrical insulating materials, such as porcelain and 

paraffin. Oven-dried wood has electric resistance in the range of 3x1017 ohm to 3x1018 ohm, 

which is significantly low in good conductors of electricity, like water (5x10-5 ohm in 

distilled water). The resistance to electricity in wood further increases with the drop in 

temperature and is doubled for every 12.5° decrease in temperature, a property that is 

opposite in metals [40]. Wood also has a high dielectric property under the influence of 

alternating currents at high frequencies [15]. These properties make wood a very useful 

material for construction purposes, and electrical accidents due to structural materials can be 

almost omitted.  

 Wood products 

The first and the easiest raw materials derived from wood are round-wood products. These 

are usually produced by rounding the logs for getting a smooth finish and then machining 

them and cutting them to required lengths, before air-drying to prepare for preservative 

treatments. Preservative treatments are important because round woods are usually used in 

the external environment and are subject to environmental changes and other biological 

organisms that might be detrimental to raw wood. The examples where such raw materials 

are used include poles of varying lengths to about 30 m, which needs to survive in the 

environment for very long times, posts that are more commonly used in fencing and made 

of timbers from woods with longer durability and perfect strengths [41]. 
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The second and the most common form of raw materials derived from woods are the 

lumbers, which are solid woods created primarily through lengthwise cutting but can also 

include transverse cutting for length adjustments and defect removal. Three types of saws 

are used for getting the desired lumbers from trees, frame saws with a few straight blades, 

band saws each having an endless ribbon-like blade and a circular saw having a disk with 

teeth on the periphery and rotating on the axle. Frame and band saws have thinner blades 

resulting in less wood wastage but prolonged cutting time [15]. Therefore, it is important to 

select the right type of machine required for the right kind of application. The two most 

common types of saws used are the band and circular saws and the mills, where wood is cut, 

often are named hardwood circular mills and softwood band mills. The names define the 

type of saws used to cut the two major types of woods, hardwoods and softwoods. Therefore, 

the band saws are usually longer and are more prevalent in the wood cutting industries [18]. 

Lumbers are usually obtained in various shapes and sizes and are commonly used in 

buildings and other structural applications. Due to their varied use, lumbers are usually 

classified, primarily by the American Lumber Standards Committee, and the hardwoods and 

softwoods have different classifications. Softwoods are usually longer because of their wide 

applications in buildings and construction purposes. Apart from Roundwood and lumber, 

there are many other types of raw materials acquired from wood for woodworking, which 

are elaborated in the following part.  

2.2.6.1 Veneers 

Veneers have been produced from woods since ancient times, with the first mention found 

in ancient Egyptian civilisation where they were used for decoration and also in the tombs 

of the Pharaohs [25]. These veneers were produced by hand tools in the old times, limiting 

the sizes of production, and the hand tool procedure continued until the early nineteenth 

century before the mechanical saws were invented. In the present days, the production of 

veneers is carried out through cutting and sawing with machines available to perform the 

jobs faster. Mainly two types of machines are used, the veneer lathe and the veneer slicer. 

The majority of the softwood veneers are produced through rotary cut in the veneer lathe, 

and the majority of the hardwood veneers are made in veneer slicers. A schematic 

representation of the veneer lathe is given in Figure 2-8. A piece of wood is categorised as 

veneer when the thickness ranges from 0.5 mm to 1 mm, with some veneers ranging to 10 

mm or a quarter of an inch [18]. Broadly speaking, any piece of wood with a thickness less 

than half-inch is classified as a veneer.  
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Figure 2-8: Veneer lathe used to cut veneers from softwoods. 

Veneers are usually classified into two major types, decorative veneers and utility veneers. 

Decorative species are those which have unique colour and granular orientation, and are, 

therefore, expensive. These veneers find applications in surfacing furniture, interior 

panelling and in other decorative products. On the other hand, utility veneers find their 

applications as partitioning furniture, partitioning cabinets, structural applications and in 

those applications which include the use of paint. However, the decorative veneers also find 

their use in the utility sector as well, depending on the type of work and the application, 

through special processing. The preparation method of the veneer log has a few steps, which 

include (a) sort the woods into standard grades and sizes, (b) debark the wood, (c) heat to 

facilitate the processing before the veneers are cut [42, 43]. The grain appearances in veneer 

are completely dependent on the way they are prepared and the angle at which they are sliced 

or cut from the log. The debarking process is usually carried out through ring debarkers or 

hydraulic pressure. The heating of the wood is usually carried out in steam or hot water 

which softens the wood as well, making it easier to cut, giving longer knife lives and faster 

production. The water treatment is more expensive and time-consuming than steam but is 

often more effective. The temperature of the water-bath does not exceed 80°C to 90°C, with 

the duration widely varying depending on the species and size. The general yield of veneers 

can be averaged to 50% of the trunk, and the significant wastage can be attributed to the 

tapering of the trunk, oversize, deviation from the circular aspect, the diameter of the core 

and many others [15]. 
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2.2.6.2 Plywood 

One of the most widely used applications of wood is plywood, which is primarily an uneven 

number of veneers bonded together with the help of glue. The grain direction of each layer 

is generally perpendicular to each other, and the number varies anywhere from three to nine. 

Plywood can also be formed by gluing layers of lumber panels that are edge glued. The use 

of glue in woodwork is prominent from ancient times and it increased many folds with the 

invention of saws and lathes for cutting slicing woods into desired shapes. The gluing can 

be characterised as the adhesive spreading over the surface and solidifying in the pores, 

which in turn anchors the layers. Water-soluble adhesives can also enter the cell cavities and 

thus directly affecting the various properties of the wood. The veneers used to prepare the 

plywood are selected based on the application. In the case of decorative plywood, the face 

sheet is selected from the higher graded veneers having special colour and texture; whereas, 

the core and bottom layers are selected from veneers having lower grades. However, for 

construction purposes, all the layers are taken from the same grade with strong veneers, as 

strength is the main priority. Moreover, decorative veneers are usually made from 

hardwoods through slicing and have 0.6 mm to 0.8 mm thicknesses; whereas, utility veneers 

are made from specific hardwoods, such as poplar, beech, tropical woods and others, and 

from softwoods through rotary cutting lathes and have 1.5 mm to 3 mm thicknesses. The 

advantage of plywood is the cross-ply construction, enabling all the properties of the wood 

to be present in all the planes, with the strength and stability being dominant in the parallel 

direction with respect to the grains. 

The structural plywood, primarily made of softwoods, are further classified into five main 

categories based on their strength, Group 1 to Group 5, with Group 1 having the strongest 

softwood plywood species. The hardwood plywood, used primarily for decorative purposes 

are also classified into three categories based on their specific gravity, Category A, B and C, 

with Category A plywood having a specific gravity of 0.56 or higher, Category B having a 

specific gravity in the range of 0.43 and 0.55 and Category C having 0.42 or lower. 

Moreover, plywood is labelled usually based on the face bottom sheets, where A-A grade 

plywood (construction or decorative) has both face and bottom sheets from the A grade 

(Group A or Category A). 

There are generally two types of glue used for plywood both usually being thermosetting 

resins. In general cases, glues with phenol-formaldehyde are used to prepare plywood used 

in exterior applications and those with urea-formaldehyde or urea resins for internal 
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applications. The percentage of solid resin varies from 22% to 30% in preparing exterior 

plywood to 12% to 18% for interior ones. However, in the presence of urea-formaldehyde, 

the amount of resin solid used is about 30%. These adhesives are applied with the help of 

rollers, which are either hard or soft, to ensure equal distribution of the adhesives in all the 

parts of the veneer for a high-quality bond and end product. The amount of glue varies from 

100 g/m2 to 500 g/m2, depending on the application and species [44]. It is important to have 

an adequate amount of glue for each wood type because excessive gluing or less gluing 

results in weak bonds and also increases production costs and wastages. In New Zealand, 

plywood is generally made from Radiata Pine veneers, and are available in both treated and 

un-treated forms, depending on the application and use. The plywood and their adhesives 

are specified in the New Zealand Standard (NZS) 3606, Section 5, with three main 

categories, Category A with interior plywood, Category B with plywood which can be 

occasionally exposed to damping and Category C with those that are always exposed to the 

external environment. A more detailed grading system of the plywood includes Grade A (for 

high-quality veneers having minor splits) used in interior walls, ceilings, furniture are others, 

Grade B (for appearance grade plywood having minor repairs) used in joinery, furniture, 

concrete work and engineered products, Grade C (plywood having a sanded surface with 

holes and splits that are covered) used in roof decking, bins, flooring and others, Grade D 

(for unfilled veneers with open holes that can be of 75 mm diameter) primarily for structural 

applications, Grade PG (for non-standard and non-structural veneers) used in packaging and 

boxing and Grade S (for plywood with certain imperfections) used for decorative items and 

applications. 

The properties of the plywood differ greatly from that of the solid wood. The Young’s 

Modulus during bending can be calculated from the equations proposed by Hearmon [45], 

and it differs based on the grain direction. The bending Young’s Modulus when the grain is 

parallel to the major axis (E1) can be calculated as E1=0.963EL+0.037ET, where, EL is the 

Young’s Modulus in the longitudinal direction and ET in the transverse direction of the wood. 

Moreover, the Young’s Modulus in compression-tension, for the same grain orientation can 

also be calculated from Ea=0.667EL+0.33ET. With the grain direction perpendicular to the 

major axis, the equations change and Young’s Modulus for bending can be calculated from 

E2=0.963ET+0.037EL and that for compression-tension can be calculated from 

Ea=0.667ET+0.333EL. Moreover, the anisotropy values for shrinkage and swelling also 

reduces drastically for plywood, when compared to the actual wood, primarily due to the 

positioning of the plies at 90° grain direction with respect to each other. The modulus of 
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rapture, for general solid woods, is 100 when calculated parallel to the grain, which reduces 

to 82 for plywood, and is 8 for solid wood perpendicular to the grain, but is 17 in the case of 

plywood. Moreover, the modulus of elasticity is again 100 parallel to the grain for solid 

woods, which is 96 in the case of plywood and is 4 perpendicular to the grain, which for 

plywood increases to 7 [46]. Therefore, parallel to the grain, the moduli are a bit higher for 

solid wood; however, perpendicular to the grain, the values drastically increase in plywood. 

However, it should be noted that all the differences are primarily existent in the longitudinal 

and transverse directions, whereas, in the case of along thickness properties, there are very 

little or no differences [47]. A thorough review of the origin, history, uses and thermal and 

flammability properties of plywood are provided in the latter half of the chapter. 

2.2.6.3 Sandwich structures and honeycomb 

Sandwich panels are considered greatly in place of solid panels because of their low density 

and lightweight. The density and weight are reduced because of the core being hollow and 

the face sheets being thin [48]. The use of sandwich panels has been extensive in the 

aeronautical field, in structural applications and as various insulators. The core of sandwich 

structures varies greatly in type, from being simple corrugated cores with two or three 

corrugated panels and face sheets on the top of the corrugation to multiple corrugated panels 

glued or bonded together to form a honeycomb structure with face-sheets on the honeycomb 

plane, Figure 2-9. One of the unique applications includes the paper-board packaging 

industry where sandwich structures provide significant weight saving and a subsequent 

significant reduction in production cost and material usage. Aeronautics form the pioneer 

industry for using sandwich panels in various applications [49] along with the marine 

industry and public transport sector where impact loading is of primary concern [50, 51]. 

The sandwich structures successfully provide through-thickness shear and compressive 

support to the face sheets giving economical options to products that are less demanding in 

certain properties. Mainly three types of cores are generally used, cellular cores such as 

foam, corrugated and honeycomb. Cellular cores are usually made of thermosetting foams 

with various cellular sizes and are even made of wood. Balsa wood, which is extremely 

porous, is often used as a cellular core in sandwich wooden structures. This type of core is 

usually used in applications where closed cells are not beneficial and can be made of other 

materials such as corrugated steel, composites and paperboards [52-54]. Many other novel 

structures have also been introduced in the core, which includes bi-directional corrugated 

cores and diamond lattice cores [55, 56]. Metal cores have significantly greater strengths in 
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shear and compression. However, wooden cores, such as that of balsa, provide better 

strengths (similar to that of Nomex® honeycomb cores) when compared to other material 

systems, such as natural/synthetic fibre reinforced PP composite, polyurethane foam and 

Robacell 110 PMI foam. Thus, with higher strengths, greater economic advantage and 

availability, wooden cores form a lucrative material system. Kavermann [48] extensively 

studied the mechanical properties of sandwich panels made from corrugated sheets of 

Radiata Pine plywood along with other composites, from single corrugation to honeycomb 

structures. The single corrugated plywood, made of 3 layers of Radiata Pine veneers at an 

orientation of 0°/90°/0°, sandwich structure, when tested along the corrugation, had a shear 

modulus of 9.16 MPa (calculated between 1% and 3% strain), with peak stress of 0.62 MPa 

and a peak strain of 0.091; whereas, across the corrugation, the values changed with a shear 

modulus of 12.74 MPa, peak stress of 0.96 MPa and a peak strain of 0.091. On the other 

hand, for double corrugation, along the corrugation testing gave a shear modulus of 11.18 

MPa, peak stress of 0.46 MPa and peak strain of 0.053; whereas, across the corrugation, tests 

gave a shear modulus 13.35 MPa, with peak stress of 0.55 MPa and a peak strain of 0.053. 

These results showed that the double corrugated sandwich structures were stiffer. Moreover, 

honeycomb structures from the same plywood, with the same orientation, gave peak shear 

stress of 1.39 MPa having a load displacement of 6.4 mm, with a midspan shear stiffness of 

64.8 MPa and a loading point shear stiffness of 44.9 MPa. However, more critical studies of 

other aspects should be carried out, including flammability studies, an aspect that forms a 

part of the current research. 

 
Figure 2-9: Illustration of (a) a sandwich structure with a double-layered corrugated core and 
(b) a sandwich structure with a honeycomb core  

2.2.6.4 Other wood products and composites 

Wood has been extensively used in many other products which have immense utilities in 

various fields. One such wood product is known as laminated wood. These products are 

produced by gluing more than one laminae of woods together, maintaining the grain 

directions in the same orientation. The basic difference between plywood and laminated 

wood is the grain direction, where the plywood has the grains of each layer perpendicular to 
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each other; whereas, the laminated woods have their grain direction parallel to each other. 

This type of product provides significant manufacturing advantages and are usually longer 

in size and can be made in various shapes and sizes, as per the requirement of the application, 

which is usually not possible for other products due to the trees’ finite dimensions. Other 

advantages include waste reduction, greater strength, better durability and better fire 

resistance compared to normal wood lumbers. Laminated woods are more commonly used 

in applications such as furniture, sporting equipment, stocks of rifles, novelties and others 

[57]. Other significant uses include paper, which is probably the most used product of wood, 

and the different fibreboards, namely the semi-rigid or insulation board, hardwoods and 

medium density fibreboards. 

Wood can be easily classified as a composite having different laminae with variable 

densities. Wood can also be modified by using preservative treatments and by applying fire-

retardant chemicals, which included resin-impregnated, chemically treated and irradiated 

woods. Layered systems constitute a significant amount of wood-based composites in the 

current engineered products, which include cross-laminated woods, parallel laminated 

woods, sandwich panels, reinforced woods and mechanically connected wood laminates. An 

example of a wood composite is a wooden beam reinforced with steel rods for increasing 

the strength of the entire structure. Another significant example is the particleboard which 

has substantially grown from what was started in 1940 [58, 59], to the current world where 

it is readily used in structural applications due to the unique insulation and other desired 

properties that can be tailored according to applications. The particleboards are 

manufactured by gluing small pieces of wood together with other chemicals, as per 

requirement. Wood forms the main raw product for forming these boards, which also consist 

of adhesives and other additives, such as fire-retardants, wax, fungicides and more. The 

thickness of the particleboards varies from 2 mm to 4 cm, having a density range of 0.5 

g/cm3 to 0.8 g/cm3. The adhesive used is in general urea-formaldehyde for interior 

applications and phenol-formaldehyde for exteriors.  

 Commercial material used: Radiata Pine veneer 

Radiata Pine or Monterey Pine (Pinus Radiata D. Don) is used as the only material for the 

current research. This pine is a part of the 40 other species of pine that can be categorised 

into the yellow pine family. The Radiata Pine is usually a native plant of the state of 

California, in the USA and grows to a maximum height of 1000 m from the sea-level. 
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However, these plants have been extensively planted in many parts of the Southern 

Hemisphere, including, Chile, New Zealand and Australia. This plant has another nickname, 

remarkable pine, given to it because of the exceptional changes brought by it to the world’s 

woodworking. The type can be grown easily and sown easily, with very little care, in 

different conditions, giving a greater amount of usable timber. Radiata Pine has gained a lot 

of recognition in the world because of its remarkable properties and covers 3.7 billion 

hectares of forest lands, with 1.2 million being in New Zealand. With the increase in New 

Zealand’s reputation as a dependable supplier of quality and good woods, Radiata Pine has 

become one of the most demanded species in the Pacific Rim, because of its availability, 

cheap price and great utility. An illustration of the trees is given in Figure 2-10. 

New Zealand exports around two-thirds of its pine harvested every year, having 90% of its 

forestry covered by the same type. However, it is not a native plant of New Zealand but was 

introduced by English travellers in the early 1800s. The utility of Radiata Pine softwoods is 

vast and includes both structural and non-structural internal and external applications. The 

handling of the Radiata Pine is also extremely easy, being easy to saw, cut, nail, glue, finish, 

stain and add a preservative. Radiata Pines are also extremely suitable for preparing veneers, 

plywood, fibre-boards and particle-boards. The properties of the unique tree vary with 

density and the green and air-dried properties are illustrated in Table 2-5. Kininmonth and 

Whitehouse [60] studied that woods and veneers from Radiata Pine do not show cupping or 

diamond defects, like other woods, because of their moderate shrinkage property, with a 

minimal difference between the shrinkages on the radial and tangential planes. However, it 

is prone to experience wrapping of the fibres because the central part of the log consists of 

spiral grains. 

Cellulose forms the main component of the cell wall in pines, whose micro-fibril constituents 

form the structural framework, which is surrounded by lignin and hemicellulose matrices. 

The Radiata Pines constitute 50% carbon, 44% oxygen and 6% hydrogen, having 40% 

cellulose, 31% hemicellulose, 27% lignin and 2% other extractives, which is quite similar to 

other softwoods. New Zealand wood market is one of those unique markets that transformed 

completely from being dependent on native wood products for forestry to being completely 

dependent on plantation trees, especially Radiata Pine. These trees are planted in a way that 

they produce all the needs for domestic use and also for the required export to meet the 

demands, enabling the forest industry to expand its export of semi-finished and fully-finished 

pine products to the entire world, especially to the Pacific Rim countries. 
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Table 2-5: Mechanical properties of wood in comparison to plywood for Radiata Pines. 

Property Density Width 
of ring 

Modulus of 
elasticity 

Radial 
stress (max) 

Tangential 
stress (max) 

Tensile strength 
(║to grain) 

Green state 385 kg/m3 10.5 mm 7.31 GPa 1.59 MPa 1.86 MPa - 

Air-dried at 
12% MC 404 kg/m3 10.3 mm 9.1 GPa 2.34 MPa 3.31 MPa 125 MPa 

 
Figure 2-10: Pinus Radiata D. Don plantation in New Zealand [61]. 

 Glue used for manufacturing the commercial plywood 

Srinivasan et al. [1, 62] pointed out the important role of the glue, used for forming the 3-

ply laminates, in their formability. Therefore, it is important to understand the glue with 

which the 3-ply laminate under study is made of and for that purpose, the Fourier transform 

infrared spectroscopy (FTIR) analysis was used. This process is very efficient in 

understanding the molecular composition of any solid, liquid or gas and obtains an infrared 

spectrum of emission or absorption of the component under study. In order to understand 

the type of glue, a few spectrums of the possible glues were selected, which included poly-

vinyl acetate (PVA), phenol-formaldehyde (PFA) and polyurethane (PU). Attenuated total 

reflection (ATR) is used in this study, along with the infrared spectroscopy (ATR-FTIR 

spectroscopy), so that the spectrum could be achieved directly from the sample, without 

further processing or preparation. 

A small part of the wood was placed under the diamond probe, and a reference was taken on 

the outer surface to differentiate between the glue layer and the wood layer. Eventually, the 

spectrum of the glue layer was taken after which it was correlated with all the three glue 
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spectrums considered in the beginning. Figure 2-11 illustrates all the spectrums achieved 

from analysing the outer wooden layer, the inner glue layer and the polyvinyl acetate 

spectrum, which was taken from the library. The glue spectrum achieved from the analysis 

and the polyvinyl acetate spectrum were then analysed and correlated in the ATR machine 

and the results are represented in Figure 2-12. 

The response was subdivided into three important parts, two parts showing the obtained and 

the used spectra; whereas, the final part showing the achieved correlation and the similarity 

percentage. Figure 2-12 depicts that the glue layer, of the sample under study, was 

significantly similar to that of polyvinyl acetate, which was achieved by correlating the glue 

spectrum and the PVA spectrum available in the library. It depicted that the glue layer had 

an 86.3% match with PVA.  Previous studies have shown that commercial PVA glue affects 

the forming process, especially when the plywood is soaked in water. Therefore, the current 

study also helps in highlighting whether formability, using the commercial glue, is 

satisfactory when correlated with the established analytical model and in determining the 

best possible experimental parameters for forming the same. 

 
Figure 2-11: The achieved spectra of the outer wooden layer and the inner glue layer, along 
with the spectrum of the poly-vinyl acetate that will be used for finding the type of glue. 

 
Figure 2-12: Result of the correlation between the achieved spectrum of the glue layer and 
the considered spectrum of the polyvinyl acetate 
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 Forming 

The history of bending wood is very old; however, the procedure has very little 

documentation with no specific input on the formability of veneers or plywood in the 

industrial or commercial sector. Wood is still the oldest form of engineering material, and 

the only assumption is that the forming initiated from freshly cut, unseasoned wood, by 

bending them into desired curves. Nevertheless, surface cracks were present which then led 

to the wood being softened by boiling water or steam to make it pliable. The softened wood 

can then be easily clamped into desired forms and cooled to achieve the shape, which the 

wood is successful in retaining to a larger extent [63]. 

Bending of solid wood can be carried out in different ways. One of the primitive ways 

includes green-wood bending. The green woods, being weaker and full of moisture, is 

significantly more pliable than the dried woods. Greenwoods can be bent beyond the 

proportional limit, and if dried at that stage, can hold the shape, after experiencing a certain 

spring-back (SB). Spring-back can be mathematically defined as the process in which the 

final sector angle of the formed product varies with the included angle of the forming die 

positively. This SB phenomenon is complemented by the spring-forward (SF) phenomenon, 

which can be mathematically observed when the difference between the final sector angle 

and the included angle is negative. Figure 2-13 illustrates the forming process of a U-shaped 

channel with wood, showing the desired profile, the mathematical explanation of the 

possible SB and SF effects. However, in the case of green woods, the maximum limit of 

forming is limited and therefore, it is essential to have other forming techniques. Moreover, 

the drying of formed green wood can result in shrinkage and other defects, which are difficult 

to cope with. The second and the most common way of forming wood is steam forming in 

which dipping hot-water is also included. Steam-bending is an age-old method used to 

plasticize or make the wood pliable for bending and forming. A beam when bent more than 

its elastic limit, deformation increases in the compression side compared to the tension side, 

with steam bending increasing the compression by 30% or more. However, elongation can 

hardly be increased, with a maximum of 2% or even less [18]. On the other hand, thin pieces 

of wood can be easily and successfully bent into desired shapes without failure with the help 

of steam bending or steam forming. Softening of wood, according to the current literature, 

is a compulsory prerequisite for successful forming of wood and wooden products. The 

successful softening of wood is achieved by increasing the moisture content of wood near 

the fibre saturation point [64].  
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Figure 2-13: Illustrations of the: (a) desired profile after forming the plywood, (b) 
mathematical meaning of SB and (c) that of SF, observed in the formed samples, after curing. 

Radiata Pine has an FSP of about 30% [60] and this softening of wood, under steam forming, 

is carried out by boiling or near-boiling water and saturated steam, also known as a thermal 

softening method. Goring [65] studied the effect of this thermal softening on the individual 

components of wood and concluded that at 55 °C, the hemicellulose starts to soften and the 

lignin experiences structural alteration. Moreover, phenolic resins start forming at around 

200 °C, accompanied by the dehydration of the cellulose components. Another important 

criterion is the glass transition temperature (Tg), above which when heated, the wood 

becomes pliable. Salmen [66] and Kelly et al. [67] studied that the Tg of lignin is between 60 

°C and 200 °C and that of hemicellulose is -23 °C and 200 °C. Moreover, based on the Kwei 

Model proposed by Kelly et al. [67], the Tg of the wood constituents are dependent on the 

moisture, which decreases with the increase of MC till FSP. However, because of the high 

possibility of unique and different behaviours of different wood species, the Tg of individual 

components does not represent that of the actual wood [68]. Studies also show that 

hemicellulose transforms into a robbery pliable form at room temperature, when the MC is 

about 25%, with the dry hemicellulose forming easily at 200 °C (Tg) [69], proving that both 

moisture and temperature play a critical role in the forming process. 

The third type of forming process of wood involves the help of a third-party element, such 

as impregnating the wood with a urea solution and treating it with ammonia. Plasticizing or 

making a wood pliable with the help of ammonia is a significant process and helps in better 

forming when compared to steam forming, due to the ability of ammonia to interact with 
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both the lignin and the cellulosic components of the cell wall. Species that bend with steam 

forming are more easily bent with ammonia treatment, which can even bend species that are 

not suitable for steam forming. There are mainly two types of processes when it comes to 

plasticising with ammonia: the dipping of the wood samples in liquid ammonia solution and 

treating the samples with a gaseous anhydrous solution in a gas chamber [18]. The treatment 

process ranges from 30 mins for veneers to a few hours for lumbers, which on completion 

of the treatment can be bent easily with very little spring-back. However, even with the 

significant advantage of ammonia, the extremely expensive and highly critical process of 

ammonia treatment has resulted in its less exposure and limited usage in modern research 

facilities for bending wood. The ammonia needs to be maintained at a temperature lower 

than -33 °C to retain its liquid form and for gaseous treatment, the chamber needs to be 

equipped with pumping facilities and holding tanks. Treatment of wood with radio 

frequency, before forming, also has significant advantages in forming, but the field needs 

further work. 

The forming process of wood, following any one of the aforementioned methods, is 

accompanied by dimensional stabilisation of the formed parts. The process of forming can 

be termed successful or effective when the parts of the wood are formed in an irreversible 

shape. In the case of wood, the viscoelastic nature results in a time-dependent recovery after 

forming, which should be considered to understand the final shape or stability of the formed 

structure [64, 70-72]. Dwianto et al. [73] studied the dimensional stability of wood 

extensively and concluded that the deformation imposed at 180 °C for 20 hrs is almost 

permanent, due to the stresses relieved from the polymers of the cell walls resulting from 

their decomposition. Heat-treatment has been reported in the literature to be quite useful for 

wood, and the heat-treated wood is even considered as a new material, primarily studied by 

Stamm et al. [74] and Inari et al. [75], because of their improved resistance to decay and 

better dimensional stability when compared to normal wood. Penneru et al. [76] studied the 

ability to successfully deform wood in a short period with the help of heated dies. This was 

followed by Esteves et al. [77] to study the effects of heat-treatment on pinewood and 

eucalypt wood and observed that the heat-treated wood had better dimensional behaviour 

and greater stability because of the reduced EMC. Kininmonth and Whitehouse also 

concluded that pine, when dried at higher temperatures (115 °C to 120 °C), gives a product 

that is better in dimensional stability, due to low EMC. Moreover, plywood characteristically 

has less EMC when compared to the actual wood, even in the untreated condition, making 

them more stable when formed. The reason behind plywood having reduced EMCs can be 
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attributed to the adhesives present to make them and the exposure of the structure to hot 

press while manufacturing. A rotary cut veneer experiences shrinkage similar to that of solid 

wood, but when they are combined to form plywood, the shrinkage and expansion amount 

decreases significantly.  

The creep properties are primarily responsible for the dimension retention ability of any 

material. Olsson et al. [78] studied the mechano-sorptive creep property in wood fibres and 

measured the behaviour of single wood fibres. These measurements helped in concluding 

that the wood fibres have a higher creep strain rate when exposed to cyclic humidity than 

compared to a higher fixed humid condition. The study also concluded that at a fixed cycle 

rate for a cyclic humid condition, the creep strain is proportional to that in a fixed humid 

condition. Another important aspect affecting the forming process is the adhesive used, and 

extensive studies have been carried out on the same, with Gindl et al. [79] concluding that it 

is significantly more advantageous for forming when the adhesive used to manufacture the 

plywood has a similar elastic property compared to that of the wood. 

2.3 Plywood 

Plywood is made of an uneven number of veneers, cut from the desired wood. Veneers can 

be defined as thin wood sheets, usually having a thickness range between 0.3 mm and 6.3 

mm [80]. The first use of veneers can be dated back to ~1500 B.C., where historical 

inventions of artefacts have shown the use of veneer and plywood technology in Egypt, 

where the workmen were seen cutting veneers with a tool that resembled a hatchet. 332 B.C. 

has been documented as the time when the use of veneers for industrial developments was 

prevalent in the Alexandria trading centre, in Egypt during the times of Alexander the Great 

[44]. The opening of ancient time’s greatest library by Ptolemy, in Alexandria (323 to 285 

B.C.) marked another milestone in the use of veneers in the school of Hellenistic literature, 

science and philosophy, with the library said to have 700,000 rolls of papyrus that formed 

the basis for the studies [81]. In the ancient days, the veneers might have been prepared by 

splitting slates from the tree or wood and then scraping them into the desired thickness and 

smoothness. Eventually, the invention of hand saws and finally, mechanical saws aided in 

the process of making larger veneer sheets faster and easier. Furthermore, during the latter 

half of the 19th century, a method known as knife cutting was widely used for making veneers 

[18], which was then preceded by rotary cuts in the 20th century [44]. Veneers have primarily 

three uses, formed or bent into shapes for manufacturing baskets or other products, 
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decorative applications on surfaces that usually appear plain, and for manufacturing plywood 

where the veneers sheets are used in odd numbers and are cross-plied to ensure the inherent 

strengths of the wood are equally distributed in all the directions of the plywood. 

Plywood is usually composed of an odd number of veneer sheets, each layer having its grains 

perpendicular to each other, glued together with the help of an adhesive [18, 80, 82, 83]. 

Plywood, a term also used to describe any wood material covered with veneer, consists of 

two face plies on the outer surfaces and a core or centre as the innermost ply [44]. The veneer 

was primarily the core ply in plywood till 1982, as shown in Figure 2-14, after which the 

term plywood was also used for various other cores, such as lumber core, hardboard or 

fibreboard core, particleboard core and other engineered core materials [83]. According to 

the current International Standard Organisation (ISO), plywood is broadly classified as core 

and veneer plywood, lamina-board and block-board being included in the former one [84]. 

The first-ever plywood was manufactured even before 1500 B.C., where Egyptian graphical 

murals showed people using a pot of glue, mostly animal glue, heated in a fire to prepare 

plywood from veneer sheets which were spread as adhesives and then pressed together with 

the help of sandbag [44]. The art was again revived after the Dark Ages in the post-

Renaissance period, with the introduction of hand-sawn veneer in Europe, used in lavish 

furniture from the seventeenth century [85]. The United States also developed the first use 

of plywood for making pianos in 1830, with the first American veneer cutting lathe being 

developed in 1840 and the first slicer being built in 1875 [86]. The use of modern 

particleboard veneer was first dated back to 1981 when the first plant was built by Georgia 

Pacific Corporation for manufacturing oriented particleboard from southern pine [44]. The 

invention of the rotary veneer lathe was made in the latter half of the nineteenth century, 

aiding in increased manufacturing volume and production rate. In the present times, most 

industries use the rotary lathe for cutting veneers from wood, with a smaller percentage of 

veneers being sliced or sawn for special purposes [87]. The first even 3-ply veneer plywood 

(after post-Renaissance) was introduced in 1905 by Portland Manufacturing Company at the 

World Fair’s  Lewis and Clark Exposition held in the Portland city of Oregano, US [88].  

Adhesives having plant and animal origins, prepared by American Casein Corporation were 

primarily used for preparing plywood from veneer till 1920, after which soybean glue was 

introduced in 1926 by I. F. Laucks [89]. Initially, indoor environments were excellent for 

the use of plywood; however, its use in external environments and the unintended exposure 

to moisture and temperature received huge criticism until moisture-resistant variants of the 

adhesives were introduced in the latter half of the nineteenth century.  
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Figure 2-14: Graphical illustration of plywood (3-ply) with veneer as the core ply. 

The development of synthetic resin adhesives in 1930 marked a very important upgrade in 

the field of plywood and currently, most of the hardwood plywood used internally are 

bonded by urea-formaldehyde (UF) and most of the softwood plywood used for construction 

and exteriors are bonded with phenol-formaldehyde (PF) adhesives. Currently, the plywood 

industry has grown significantly both in volume and sophistication, and the uses have also 

increased manifolds. The current classification of plywood is illustrated in Figure 2-15. The 

main use of plywood remains in the decorative industry and the first signs of its use in that 

industry were found in the inlaid excavated from the tomb of King Tut-Ankh-Amon of 

Egypt, which was made of ebony veneer and was used to cover a wood casket [90]. Romans 

and Greeks used veneers and plywood greatly for providing incredible aesthetic finishes to 

their treasured furniture [44]. This use remains prominent and the decorative plywood 

obtained from oak, walnut, birch, teak, mahogany, rosewood and others are extremely 

valuable. In the present times, the Commercial Interior Moisture Resistant (MR) grade 

plywood is used for making most of the furniture and other interior decorations. Hardwood 

veneer plywood, also known as Boiling Water Resistant or Boiling Water Proof grade 

plywood are primarily used in wall panels and skins of doors and forms a huge import market 

in the United States of America [44]. Other uses include block flooring, cabinets, flush doors 

and also for hiding/sealing the pattern of wood grains, which can be quantified to almost 

80% of total plywood usage in the world [90]. Plywood also finds its application extensively 

in the structural field, where the greater dependency on strength and durability of the 

adhesive bond is required. The versatility in manufacturing plywood significantly helps in 

tailoring the end product according to the requirements.  
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The use of plywood in light-frame buildings was introduced from World War II. Initially, 

softwood from pine, Douglas fir, hemlock and spruce were used for preparing construction 

plywood. However, from 1983 half of the construction plywood was made from medium-

density hardwoods from yellow poplar and sweetgum [44]. Further advancements included 

the use of plywood in panelling, exhibits, displays, high-way traffic signs, storage tanks, 

store fixtures and many other applications [91]. Another relatively new use of plywood is in 

marine vessels and other marine-related structures where Marine grade plywood is used. 

Other uses involve Flexi-ply plywood which is composed of plies having their grains only 

in one direction and can be easily bent or rolled to get the desired structure. Unique and 

special plywood involves termite resistant and concrete shuttering plywood, where the 

plywood is specially made to resist termites and for making wooden cases in buildings for 

moulding concrete. Finally, plywood can also be classified according to use into Fire-

retardant (FR) grade which is the latest type and is greatly used in internal and external 

applications, such as theatres, shopping places, malls, restaurant kitchens and others, where 

fire hazards should be minimum. The plywood is treated with chemicals to ensure the fire 

performance is significantly higher when compared to normal un-treated plywood. Apart 

from uses and wood types, there are a few other classifications of plywood, as can be 

observed in Figure 2-15. Plywood, being composed of wood veneers with grains in the 

perpendicular direction to each layer [62, 92, 93], can be represented as a layered composite 

and has been in demand for more than 4000 years. The applications very often include places 

exposed to higher temperatures and flame. 

 
Figure 2-15: Classification of commercial plywood based on types, the wood used, uses and 
size. 
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 Preparation methods 

The basic preparation method can be defined as the assembling process of laying up an odd 

number of veneer sheets, each having their grains in the required directions, and gluing them 

together with the help of a press.  

2.3.1.1 Application of adhesive 

The adhesives form a significant role in achieving the desired quality of plywood and 

therefore, the method of its application is worth discussing. Initially, in ancient times, 

adhesives were applied on the veneers with the aid of hand-held brushes, however, in the 

current times, there are several ways in which the plywood industries apply adhesives on the 

veneers. The most basic and widely used method is the hand-layup method, which is the 

conventional way in which the full veneer sheet (usually 220 mm by 440 mm) is laid and 

the core veneer is fed through the roller coaters, applying adhesive on both the top and 

bottom sides of the core veneer. This core is then stacked on top of the laid veneer with 

another veneer going on top of the core veneer. This process is extensively used for 

manufacturing both decorative and structural plywood [94]. The assembly of dry veneers to 

ensure the edges are lined perfectly has been carried out through various processes, such as 

strings with adhesives, tapes with adhesives, gluing the edges, sewing the edges and using a 

mechanical crowbar. Having the veneers precisely arranged helps in reducing the handling 

time of veneers during the lay-up process. Harwood veneers are assembled in the dry state 

by either gluing the edges or by applying adhesive tapes [95]; whereas, the softwood veneers 

are usually assembled with adhesive coatings, applied via string machines. The strings 

usually have a thermoplastic-based adhesive, such as ethylene-vinyl acetate, which is heated 

in the temperature range of 149 °C to 204 °C, above which the adhesives may be exposed to 

degradation [44].  

Another method of lay-up style adhesive application is the use of curtain coater which 

produces lay-up lines at a speed of 92 m/min. This helps in spraying lines uniformly and can 

cover about 25 m/min on average, which can be calculated to be 6 to 8 full-scale plywood 

panels, depending on the number of veneers [96]. The other method for adhesive application 

is the double roll coater which uses two rollers to apply adhesive on both sides of the veneer 

sheet and was the primary one before the hand lay-up took over. However, it is still used for 

custom manufacturing of special plywood panels, because it is extremely accurate and any 

inaccuracies in the veneers result in defects in the adhesive application. However, the 
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accuracy of the roll coaters makes it an automatic gauging device for measuring the veneers’ 

accuracy and the parts with non-uniform adhesive spread can be easily discarded [97]. The 

next known method is curtain coating which is used to apply thin films on one side of the 

veneer sheets. The veneer sheets are placed on the conveyer belt that passes through the 

curtain containing the adhesive mixture. This method has been widely used in the paper 

board industry, hardwood plywood production industries, panel production industries and 

also in metal parts production and the method is known to reduce the resin cost [98].  

Spray coater is another way of applying adhesive and has two types, air spray system and 

airless spray system, both primarily used on softwood veneers. The air spray coating system 

was primarily used in applications where the air is needed to atomize the adhesive before 

applying it on the veneer, before the invention of airless spray coating in the 1980s. The 

atomization of the adhesive is very fine, enabling a very smooth laying of the same on the 

veneer sheets. Air spray coating systems can also be arranged in a way where the coating is 

applied on both surfaces. The method is used for unextended resin, where the air pressure 

controls the level of the spray and the pressure on the resin. The levels and spray amount can 

be controlled easily while the veneer passes through the spraying chambers. Air-less spray 

coating system uses the same method in principle but is used in applications where coating 

on one side is required and is used in about 50% of plywood manufacturing where spray 

coating is utilised as the adhesive applying method [44]. Another significant method used 

for the adhesive application is the liquid extrusion method where the liquid adhesive is 

continuously extruded in a roller like structure with equally spaced holes for adhesive 

application. This method is rarely used and is only utilised for making southern pine 

softwood laminates and plywood, being extensively used in heavy timber lamination [99]. 

The method of application plays an important role in the wood bonding and quality of the 

plywood. The experimental investigation has shown that using curtain coater, where the 

coater does not touch the veneers while coating, results in about 13% more plywood failure 

when compared to the lay-up method. Although there is no set standard for adhesive 

application as it varies from one application and wood type to another, however, an average 

specification can be laid out as a reference for spreading adhesive. The condition includes 

the milling temperature being 32 °C, core temperature being 43 °C, the temperature of the 

face and the back of veneer being 27 °C, the MC of veneer being 3% to 5%, the assembly 

time being 20 min to 30 min, amount of adhesive for 3.2 mm veneer at 27 °C being 205 g/m2 



Chapter 2   Literature Review 

47 | P a g e  

 

to 214 g/m2 which increases at 43 °C by 30 g/m2, and the adhesive amount for 4.2 mm veneer 

at 27 °C being 225 g/m2 to 234 g/m2 which again increases by 30 g/m2 at 43 °C [44]. 

2.3.1.2 Assembly of plywood 

The manufacturing of plywood includes a close relationship between people working, the 

veneers, other substrates if any, machines, temperature, MC and time. The material, machine 

and people are usually fixed; whereas, temperature, moisture and time usually vary 

depending on applications and the type of plywood made. Plywood structures are usually 

batch assembled, depending on the number of slots available in the press in the industry, 

which varies from 24 to 50. The processes included in the assembly are the layup, standing, 

pre-pressing, travelling, press loading and press closing. The total assembly time is 

calculated based on the time required for each process and the faster each process is carried 

out, the faster is the production rate of the industry. The lay-up is the process that starts with 

the first piece of veneer being laid to the last piece after adhesive application. The time is 

highly dependent on the number of plies each plywood has, the core used is random or 

special, the application method of the adhesive, the formulation of the adhesive and the 

number of panels packed together. The stand-time is also calculated from the time the last 

panel is loaded to the time the load of the package is put under pre-pressing [100]. Pre-

pressing is the process where a group of panels are cold-pressed before the process of 

actually pressing for manufacturing. This process has been found to improve the bond 

between the wood and the adhesive, the rate of productivity and also results in a reduced 

amount of defects. The process is also known as tacking or consolidating and is a very 

delicate and complicated one, which if not necessary or not successful when necessary, 

might cause harm to the final bonding [101]. The next step is the travelling of the pre-pressed 

lot to the press or the time in which the plywood batch waits to be loaded onto the press. 

Finally, the hot press closing is also included in the assembly process, and the total assembly 

time is calculated, including the time taken by the press to close. Therefore, considering all 

the steps the total assembly time can be calculated which in general takes about 20 minutes 

to 45 minutes for southern pine plywood, which can again be reduced by high veneer level, 

high temperatures and very low moisture contents [44, 102].  

2.3.1.3 Pressing 

The pressing is primarily of two types, cold pressing and hot pressing. In the initial days, 

cold pressing was the only method used for manufacturing the plywood. However, with the 
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invention of hot pressing, cold pressing is almost extinct for achieving the final product, with 

only about 0.1% of the plywood being produced from cold pressing. The process is currently 

used only for pre-pressing which is for a short period ranging from 3 minutes to 7 minutes, 

to ensure proper tacking or consolidation of the glue line with the veneer sheets and for the 

strengthening of the same. The adhesives, used for manufacturing plywood to be used 

internally, use casein and soybean which strengthen when pre-pressed under a cold press by 

losing water. On the other hand, the plywood for exterior use has resorcinol formaldehyde 

or similar components, which strengthen under the cold press through the loss of solvents 

such as alcohols and water and through formaldehyde reactant which creates hardening. This 

process of losing moisture and other products is also known as curing and is an essential part 

of both interior and exterior plywood manufacturing. The plywood for cold pressing is 

assembled in bales with caul boards on the top and bottom sides, which are then held together 

either by hydraulic force or through turnbuckles. These bales are cured in a hot room at 

temperatures of about 49 °C, with a recommended minimum temperature for the process 

being 21 °C [101].  

The hot press came into existence with the requirement of heating blood albumin during its 

use as a wood adhesive, helping in developing the adhesive property of the dried blood faster 

and better [89]. Hot pressing is also needed while bonding plywood with phenol-

formaldehyde based adhesives, which needs significantly higher temperatures. 1937 

onwards, urea-formaldehyde got introduced as the resin for wood adhesives, which needs 

lesser temperatures in the hot press for curing. Presently, phenol-formaldehyde is used as the 

adhesive for exterior plywood and urea-formaldehyde for internal uses. 1980 onwards, 99% 

of the plywood industry uses steam heated platens for manufacturing plywood and curing it 

in the hot press. The initial hot press was invented by heating the two platens of the cold 

press and had about five openings. In the current times, there are hot presses with even 50 

openings, although, the decorative plywood industry usually uses hot presses with 10 to 15 

openings [42]. The hot presses are generally hydraulic and have a series of pistons, which 

can be automatically controlled for pressure and the temperature of the platens. The 

temperatures in the hot press usually vary depending on the thickness of the veneer, the 

number of veneers used for the plywood and the type of wood. Usually, for southern pine, 

the temperature required to cure in the hot press is in the range of 140 °C to 160 °C. The 

temperatures are monitored with the help of a thermocouple which is attached to a 

temperature controller to control the heat input [44].  
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 Bending and other forming processes 

The bending and other forming processes of plywood are similar to that of composite sheet 

forming, and the same procedures can be applied when the MC and forming temperature are 

maintained as per requirement. The various available composite sheet forming methods 

include hydro-forming, match-die forming, roll-forming, rubber-pad forming, diaphragm 

forming, flat sheet hot and step pressing, vacuum consolidation, pultrusion, double belt 

pressing incremental forming and many others [103, 104]. It is important to have a good 

consolidation method [105, 106], which is achieved by applying pressure and temperature 

for a required amount of time. The two general processes of forming are batch and 

continuous, where hot pressing, injection moulding and vacuum consolidation are usually 

used for batch forming; whereas, step pressing, extrusion, pultrusion and double belt 

pressing are generally used for the continuous forming process. The term formability, which 

forms an intricate part of the current research, can be used to define the ease of forming any 

material through various forming processes, such as vee-bending, air pressure, matched die 

and also by deep-drawing [107]. The studies which can be conducted to observe the forming 

process include shape conformance study, thinning, wrinkling, delamination, drawing ratios, 

grid strain analysis, in-situ strain analysis and others. 

Formability of material in single curvature vee-bending is studied through shape-

confirmation and calculating the amount of spring-back (SB) and spring-forward (SF). The 

process is illustrated in Figure 2-16 and further, there are studies that wood-fibre-

polypropylene can be easily formed into 3-D geometries from flat sheets. This finding is 

applied in the current study to plywood that represents a composite sheet, to observe the 

ideal conditions giving the best formability and shape stability through the design of 

experiments (Taguchi Analysis). The included angle is denoted by φ, the final sector angle 

by ɣ and the difference between the two by θ, a positive value of which gives spring-back 

and the negative value gives spring-forward. The vee-bending test, for the current research, 

is followed according to ASTM E290 – 14 standard, according to the guided bend detailing 

[108]. The guided vee-bending test is prepared for the current experiment by supporting the 

plywood on a flat surface, on both ends. The force is imparted through the male die with the 

desired radius, which is again heated to incorporate the thermo-forming process. The male 

die is plunged midway between the supports and is lowered till the desired shape, which is 

the shape of the female die, is achieved, ensuring that it has bottomed out with the female 

die. Figure 2-17 illustrates the standard for performing any guided bending procedure, where 
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C is the distance between the supports, r is the radius of the male die, t is the thickness of the 

sample and d is the diameter in case of round samples. The relation between the specified 

parameters, as given in the standard, should be C=2r+3t±t/2. This equation, when solved for 

the current situation gives a C value of about 18 1 mm when r is 6 mm and t is averaged at 

2 mm. Another static bending method, whose formability is also studied through shape-

confirmation, is the four-point bending method. 

 
Figure 2-16: The vee-Bending process and the possible outcomes. 

 
Figure 2-17: Schematic of the guided bend test as illustrated in ASTM E290-14 standard 

[108]. 
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The general process, according to the ASTM D6272 – 17 standard [109], is illustrated in 

Figure 2-18 and the desired outcome and the two possible outcomes for bending plywood 

on the rig is illustrated in Figure 2-13. The universal testing machine is used according to 

the standard which is properly calibrated, capable of operating at a constant fixed rate and 

the load cell error is less than 1% . Moreover, the loading noses must be cylindrical, which 

avoids failure due to excessive indentation or stress concentration. According to the 

standard, the radii of the noses of the supports and the loading pins should be 5 0.1 mm, 

however, for the current test, based on the studies of the vee-bending procedure, the nose 

radii were kept at 6 mm. The standard testing procedure is performing the test when the span 

is 16 times that of the depth o thickness of the specimen, when the specimen is more than 

1.6 mm thick, for flatwise tests. However, apart from the standard span length, other spans 

are also tested to study the variability in forming and the strain variations. The width of the 

sample should be one-fourth of the support span, which is also varied for the present 

research. ASTM D6272-17 standard specifies two types of the 4-point bending process, one 

with the load span being one-third of that of the support span and the other being half of the 

support span, as shown in Figure 2-18. However, for forming plywood, it is important to 

hold the formed parts after bending with the load applied for a certain duration of time to 

ensure in-situ curing is initiated. Therefore, the standard for the span length is changed for 

the current study, and the difference is only 2 mm between the two to accommodate the 

plywood samples, giving them a U-shaped geometry.  

 
Figure 2-18: The schematic for a 4-point bending setup as given in ASTM D6272-17 
standard [109]. 
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In Figure 2-18, the total force applied is denoted by P which is divided between the two 

loading pins equally, the total span length is denoted by l and the supports are also found to 

give a reaction force equal to that of the loading pins. The next forming method used in the 

research is the matched die method, where three types were used, one for forming a top-hat 

section, the next to have a developable surface and the last one to perform a corrugated 

structure to build corrugated and honeycomb cores, all from plywood. The matched die 

process in composites is directly taken from sheet forming where the male die matches with 

the female die, to form the sample into the desired shape [110]. In sheet metal industries, the 

blank is heated to a temperature above its melting point and then placed in the rig which 

quickly closes to form the required shape on cooling. However, in composites and especially 

in plywood this is not possible. Therefore, for the thermoforming process, the male die or 

both the dies are heated to the desired temperature before forming [1]. The easy and quick 

process of matched-die forming had given the process a lot of exposure and uses in various 

industries. Out of all the various sheet forming methods, roll forming is the only 

continuous/semi-continuous composite sheet forming method and has a lot of advantages 

when it comes to forming continuous sheets of both engineered composites and natural 

composites like plywood [103].  

The forming process of composite sheets and metal sheets are complex and are often 

accompanied by large strains in the forming plane or axis. One of the methods for 

quantifying the strains is known as the Grid Strain Analysis, where the surface of the sheet 

is covered by uniform grids. These grids are then measured before and after the forming 

process and the variation in the sizes provide the strain. This method helps in evaluating the 

macroscopic kinematic strain without the information on the constitution of the material, 

along with observing the thinning and thickening of the material formed. The method uses a 

finite element (FE) analysis developed by Christie [111] and works primarily on the 

assumption that the deformed components can be considered as 2D elements in the 3D space. 

The accuracy of the software is completely dependent on the measurement of the nodal 

points on the 2-D plane. The FE method works on the consideration of the surface geometry 

as bicubic Hermite elements for both the deformed and undeformed surfaces [112], which is 

topologically rectangular with four nodes on the corners. Once these elements are joined 

together as an FE mesh, the adjoining elements also share the same properties as that of the 

nodes, making the displacement and the strain completely continuous along the surface. The 

graphical user interface helps in illustrating the mesh clearly and in plotting the strain space 

diagrams which help in observing the patterns of the strains, the regions of the plane strain 
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and the drawing strain as well. Few other studies were also used in observing the formability 

of plywood, which are described in the respective chapters. 

 Developable surfaces 

One of the classical techniques for developing 3D models involves developing planar 

unfolding of the desired geometry, which are simply cut and glued together. Majority of the 

curved surfaces do not have an unfolding of the curved geometry. However, a special class 

of surfaces do possess the unfolding ability, where the geometry can be unfolded into a 

straight sheet. These surfaces are called developable (de) surfaces, which can be prepared 

from any material, but they function as papers that when bent or twisted, do not experience 

any twist or stretches. These surfaces have great structural advantages as they can be easily 

covered by rolling out sheet metals and gives excellent aesthetic values. Some examples of 

structures formed through de surfaces include Walt Disney consult hall, the sphere of Nur 

Alem and many other structures designed by Frank Owen Gehry [113]. To get a good 

understanding of these surfaces, it is important to understand the basics of ruled surfaces and 

the curvature theory of surfaces, both of which will be briefly introduced in the current 

section. Traditionally, surfaces are broadly classified into different surfaces based on the 

kinematic generation of those and are always built by a profile curve that is swept in a 

continuous smooth motion. These include extruded surfaces obtained by curve translation 

along a line, rotational surfaces obtained by a curve rotation along a line, translational 

surfaces obtained by moving a profile curve along another curve in a certain way and ruled 

surfaces [114]. Ruled surfaces are defined as those surfaces which are generated by moving 

straight lines along spatial curves. Therefore, surfaces with a family of straight lines can be 

classified as ruled surfaces, which can be easily built and are often visible in timber frames, 

concrete architecture and other construction areas, such as Ysios Winery in LaGuardia, 

Spain, The Japanese Art and Technology Centre in Krakow, Poland and many others [114]. 

The continuous family of straight lines in a ruled surface are called generators or rulings (g) 

and the curve along which the generator moves is called the directrix curve (c1). In general, 

ruled surfaces extend to infinity when observed with the perspective of the geometry. 

However, only finite parts are considered in engineering, generated by straight line segments 

only. A ruled surface can be formed by moving a single point on g continuously along c1 

when the parametric representation of the directrix curve is considered as c(u) and d(u) is 

the continuously moving direction vector for a moving straight line. Therefore, the position 
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of a point x on the ruled surface can be calculated by adding the two vectors c(u) and v.d(u), 

and the ruled surface can be represented as: 

 ( ) ( ) ( )x u,v c u v.d u= +   (2-9) 

A constant direction d will result in achieving a cylindrical surface. Other examples of ruled 

surfaces include conoids, Mobius strips and others which are primarily formed by moving a 

straight line along a directrix curve. In the case of conoids, where the generator g intersects 

the directrix 1c , which is a straight line, at right angles and is allowed to only rotate about

1c . Moreover, the z-axis can also be used as the directrix, which results in its vanishing z-

coordinate and subsequent parametrisation of the directrix curve as c(u)=(0,0,u) and the 

direction vector as ( ) ( )( ) ( )( )( )d u cos f u ,sin g u ,0= . Thus, the parametrisation of the ruled 

surface becomes: 

 

( ) ( )( )

( ) ( )( )

( )

x u, v v.cos f u

y u, v v.sin g u

z u, v u

=

=

=

  (2-10) 

 where, f(u) and g(u) are two functions which when constant gives a plane and when equal 

generates helicoids. Ruled surfaces can also be generated by connecting the corresponding 

points of two generating directrix curves c1 and c2, which intersect each other when both the 

curves have the same value of ‘u’.  Furthermore, a hyperbolic paraboloid (HP) can also be 

defined as a ruled surface as the geometry can be represented to start from two skewed line 

segments. Two equal points can be calculated through linear parameterization on segments 

and the arbitrary ruling which connects the two points form the generator of the ruled surface. 

This generator can be used to form the HP surface by dividing the line segments into equal 

ratios and connecting the corresponding points. The Pengrowth Saddledome, created by 

Graham McCourt in 1983 in Calgary, is an example of an HP in the family of ruled surfaces 

[114]. Many unique surfaces and geometries fall under the family of ruled surfaces and 

minute variations result in significant changes in the shapes and final structure. In any ruled 

surface, the tangent plane at an arbitrary point runs through the arbitrary point and contains 

the generator, and if the point varies with respect to the generator, the tangent plane rotates 

about the generator. 
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The theories of surface curvatures also form an important basis for designing a surface that 

represents the developable surface. The computation of curvature and the corresponding 

osculating circle of a planar curve can be carried out through the second-order differentiation 

of the curve equation [114]. Therefore, numerous curves can touch any given circle at a 

particular point and all of those have the same curvature, which is usually denoted by k, and 

the same osculating circle. A simple way for obtaining an osculating parabola is Taylor’s 

theorem [115]. Assuming that a curve c represents the function ( )f x , any point on the curve 

can be represented by the value x ( )x a= and by the equation ( )( )p a,f a= . Therefore, 

considering a as constant, the following function for a new curve can be established: 

 ( ) ( ) ( )( ) ( )( )
21g x f a f a x a f a x a2 = + − + −   (2-11) 

where, ( )f a  and ( )f a  represent the first and second-order derivatives of f. It can be 

observed from Eq. (2-11) that the first and second derivative of g are equal to that of f, when

x a= , proving that the new curve passes through the same point, have the same tangent at 

p and the same curvature as well. The curvature is constant because the second derivative is 

constant, giving ( ) ( )g x f x = and since the two curves agree in all the aspects up to the 

second-order, both graphs osculate at the point p. The new curve is also known as the second-

order Taylor approximation of the first one, only at x a= . Therefore, since the new curve is 

a graph of the quadratic function g(x), it is also known as a parabola. The concept of 

curvature helps in denoting the curvature (k) of various functions such as sine curves, 

osculating paraboloid and normal curvatures of a surface. In order to calculate curvature, the 

classification of the surface points is important to be known, which can be divided into four 

main parts, elliptical, hyperbolic, parabolic and flat surface points, each defined by the 

geometry osculating the point. The knowledge of the surface points helps in understanding 

the various curved surfaces, one being the surfaces of revolution, such as a torus. 

Segmentation of any surface can be performed based on the Gaussian curvature, which can 

be defined as the product of the principal curvatures of the segments [116]. A principle 

curvature is that curve on the concerned surface whose tangents lie in the principle direction. 

Thus, at a general point on any surface, two principal curvatures intersect each other at right 

angles and touch the principal directions. Two separate principle directions are defined only 

when the principal curvatures have two different values of k1 and k2. A surface of revolution 

or a plane has k1=k2=0 and the surfaces with the same curvature values for the principal 
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curvatures are called umbilics. A parabolic point or a flat point is characterised by that having 

a zero Gaussian curvature, whereas elliptical and hyperbolic points have a +0 value of the 

same. Therefore, for two line segments with k1 and k2 as the principal curvatures, the 

Gaussian curvature can be given as: 

 1 2K k .k=   (2-12) 

The Gaussian approach of measuring surface curvatures can be briefly described as the 

method where a surface S is mapped onto a unit sphere S*, which is a sphere of radius unity 

having the centre at the origin of the underlying Cartesian coordinate system. The process 

can be summarised in short by considering a point x on S. The outward normal vector n of 

x is then viewed as the coordinate vector of the point x* on S*. Therefore, the mapping of x 

to x* is known as the Gaussian spherical mapping, and the image of S obtained is referred 

to as the Gaussian image. A disk D with centre p needs to be considered while performing 

Gaussian mapping of the sphere S with radius R. The disk D is then mapped to another disk 

D* on the Gaussian sphere S*. The boundary of the disk D can be defined as the curvature 

of the sphere S and denoted as k1. The connection of k1 with the centre of the sphere gives a 

cone of revolution N and is a congruent of the corresponding cone N*, formed by joining 

the boundary circle k2 of D* with the centre of S*. Therefore, it can be concluded that D 

results from D* through uniform scaling and translation with a factor R. Thus the two surface 

areas, A and A* of S and S*, respectively, satisfy the relation, A*/A=1/R2. Since the normal 

curvature of S at any point is equal to k1=k2=1/R, the Gaussian curvature (K) can be derived 

as 1/R2 and therefore: 

 2K 1 R A* A= =   (2-13) 

It can also be observed that if the variation of the surface normal of D is strong, the domain 

of its image D* will be bigger and vice-versa. Therefore, it can be concluded that the ratio 

of the areas (A*/A) which is K, Eq. (2-13), is the measurement of the variation of the normal 

which gives the measurement of the curvature. The limit of A*/A is defined by the Gaussian 

curvature of a certain point for a surface D, which when shrinks to that point the limit 

becomes zero. Therefore, the Gaussian curvature can be further defined as the measure of 

the distortion in the local area under the Gaussian spherical mapping. The same mapping 

system is generalised to map the earth through isometric mapping when it is considered as a 

perfect sphere. Thus, isometric mapping can be defined as a mapping system that can 

preserve the intersecting angles and the surface areas between curves. When a surface can 
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be successfully mapped onto a plane by isometric mapping, that surface is defined as a de 

surface [114]. Therefore, due to the preservation of the Gaussian curvature under isometric 

mapping, a de surface has a vanishing Gaussian curvature, K=0, at any given point. 

Moreover, the de surfaces are also called single curved surfaces because of the zero Gaussian 

curvature, since double-curved surfaces have non-zero K values. Thus, a de surface has the 

same Gaussian curvature as that of a plane because isometric mapping preserves Gaussian 

curvatures. 

 Flammability of wood and plywood 

Babrauskas [117] illustrated that plywood has similar properties to that of the wood in 

general, when the type is same, therefore, although very limited work has been carried out 

on plywood, extensive research had been made on wood products and a study to critically 

categorize and relate them to the functioning of plywood is important for the plywood 

industry. The current work helps in providing an overview of the thermal and flammability 

characteristics of wood and plywood and the important analytical models representing 

flammability.  

2.3.4.1 Thermal and flammability characteristics of wood – plywood 

Thermal modification in wood can be caused primarily by two types, heat-treatment which 

has become very prominent since the 1980s and fire. Heat-treatment was introduced in the 

present world by the French and the Japanese who heat-treated wood for increasing its 

resistance towards microbes [118]. Although, the first use of heat-treatment can be dated 

back to 5200 years before, where people in Northern Sweden used to bend the front end of 

their wooden skies by applying heat. In the older days, the main purpose was to give the 

wood different shapes; whereas, in modern times the purpose of heat-treatment is primarily 

modifying the physical and mechanical properties, which include, strength, durability 

stability and others [118]. In practice, the temperature range of 150°C – 260°C has always 

been used for heat-treating wood and plywood, as temperatures in the range of 300 °C results 

in significant material degradation. There have been significant studies in the literature 

reporting various methods of wood being heat-treated for increasing the properties, such as 

high temperatures increase the dimensional stability of wood and plywood and reduce the 

strength and their hygroscopic nature [119-122]. Other studies include increasing resistance 

to fungi [123-127], the dimensional stability of pine [128] and others. Heat-treatment results 

in significant thermal degradation, which is again dependent on the presence of oxygen. 
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Studies have shown that heating any wood at a temperature of 120 °C results in the loss of 

its strength by 10% within one month; whereas, the same loss is observed in a week when 

heated to 140°C [129]. All thermal treatment results in decreased strength of wood because 

the hemicellulose cells are hydrolysed, reducing hygroscopicity in most cases and darkening 

especially at higher temperatures [30]. Kollman [130] defined the three main exothermic 

points for wood in general: the flame point is between 225 °C and 260 °C, the burning point 

is between 260 °C and 290 °C, and the flashpoint is between 330 °C and 470 °C. However, 

the main focus of the current work is on the change of the thermal characteristics due to 

flammability, where the fire is involved directly because most of the heat-treatments are 

performed through heat transfer from other hot materials. The thermal and flammability 

characteristics of plywood are greatly dependent on the characteristics of its three major 

constituents, namely, cellulose, hemicellulose and lignin [131]. Therefore, before detailing 

the fire performance characteristics, briefs about the individual components based on the 

significant literature are presented, followed by the plywood or wood in general. 

2.3.4.1.1 Characteristics of the individual constituents 

Figure 2-1 illustrates that the cellulose is made of n number of glucose units in long chains 

[132]. In general, the thermal decomposition of cellulose can be divided into 3 major steps, 

as elucidated in Figure 2-19. In the temperature range of 50°C and 100°C, the cellulose loses 

its moisture content, which evaporates and is denoted as Step 1. The second step can be 

observed in the temperature range of 200°C and 280°C, where the water evaporation results 

in cross-linking of the cellulose chains to produce dehydrocellulose which is further 

decomposed into char and other flammable gases, such as methane, ethylene, carbon 

monoxide (CO) and others. The final step of the thermal decomposition process can be 

observed in the temperature range of 280°C and 340°C where tar, also known as 

levoglucosan or 1,6-anhydro-b-D-glucopyranose, is formed [133]. This tar decomposes to 

form flammable volatiles such as aldehydes, alcohols and alkanes and dehydrates to form 

carbonaceous char [134, 135]. Another approach of characterising the effect of heat on any 

fibre based on temperature is to divide it into four types, glass-transition temperature (Tg), 

melting point (Tm), the temperature at which pyrolysis starts (Tp) and the combustion 

temperature (Tc). The cellulose will experience physical changes when the temperature of 

the heat reaches Tg and Tm; whereas, it will start experiencing chemical changes when the 

temperature reaches Tp and Tc [135]. According to Figure 2-19, the physical changes can be 

experienced before the cellulose starts decomposing into dehydrocellulose, which marks the 
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beginning of chemical changes and subsequent pyrolysis and/or combustion. Hemicellulose 

is the polysaccharide functioning as a cementing matrix for the micro-cellulose fibrils 

present in the plywood [132]. They usually decompose earlier in the temperature range of 

200°C and 300°C, releasing carbon dioxide (CO2) [136], acetic acid, furfural [137] and other 

incombustible gaseous products. The major component of hemicellulose is xylan [138], and 

Dorez et al. [137] performed an elaborate study on the thermal and flammability 

characteristics of xylan extracted from beech wood and concluded that xylan decomposes in 

two stages between the temperature range of 220°C and 350°C, which is partly consistent 

with the conclusion of Kim et al. [136]. Wang et al. [139] also concluded that the xylan or 

hemicellulose has reduced stability to high temperatures because of its lower polymerization 

degree when compared to the other two components of plywood. At high temperatures of 

about 600°C, hemicellulose also experiences a high degree of random re-polymerization 

between the products produced, resulting in producing char of 30% by weight [137]. 

Thermal characteristic studies and pyrolysis of lignin have been carried out many times in 

the literature, including analytical characterisation of the thermal behaviours [140, 141]. 

 
Figure 2-19: Schematic illustration of the step-wise thermal degradation experienced by 
cellulose [135, 136, 142, 143]. 

Lignin experiences a slower decomposition over a wider range of temperature between 

200°C and 500°C, compared to cellulose and hemicellulose, as illustrated in Figure 2-20. 

Lignin has a complex structure and composition and therefore, the decomposition is 

completely dependent on the nature of the lignin, the temperature, the rate of heating and the 

atmosphere [144]. The wider range of pyrolysis temperature is due to the weak bonds 

decomposing at lower temperatures and stronger bonds, namely, the carbon-carbon linkages 
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and the ether, decomposing at much higher temperatures [145]. The degradation process can 

be further divided into several steps as detailed by Brebu et al. [146], the salient features of 

which are highlighted in the present work. Lignin primarily experiences the loss of humidity 

in the temperature range of 100°C and 180°C, which is observed from various Differential 

Thermal Analysis (DTA) studies in the literature [147-149]. This is followed by an 

exothermal peak in the temperature range of 280°C and 360°C and the second one at around 

420°C [146]. The thermogravimetric analysis (TGA), Figure 2-20, shows the mass loss rate 

when the individual components are heated at 10°C/min. Lignin decomposes the slowest 

with only 40% mass loss experienced in the initial 700°C temperature, which can be 

calculated to about 0.15 wt%/°C. With the rise in temperature to 750°C and beyond, the 

mass-loss rate also increases to 0.3 wt%/°C and reaching almost 67% at 850°C [150]. The 

thermal degradation of lignin is primarily based on two aspects, heat and mass transfer, both 

of which have significant effects on the energy required for activation, which is again 

impossible to be defined because of the flat peaks and gently sloping DTA curves [151-154]. 

 
Figure 2-20: Thermogravimetric Analysis (TGA) of the three main components of plywood 
[146]. 

Other studies have defined the decomposition of lignin-based on activation energies, which 

varied from 54.34 to 79.42 kJ/mol within the temperature range of 244°C and 309°C, and 

increased to 81.2 kJ/mol between the range of 327°C and 1167°C [155]. Chan and Krieger 

[156] also reported that the thermal degradation of lignin in a microwave, between 160°C 

and 680°C, gives activation energy of 25.08 kJ/mol. The decomposition of lignin being for 
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a longer period results in a significant amount of products at different stages. The first 

decomposition starts in the temperature range of 200°C and 275°C resulting in the 

degradation of the propanoid side chains and formation of methyl-, vinyl- and ethyl-vanillin 

and guaiacol [157] and other products having the phenolic –OH groups [158, 159]. 

Moreover, end-product variation is prominent with the change in wood types, with 

softwoods producing guaiacols and hardwoods giving both guaiacols and syringols [160]. 

Cleaving of the C-C and− linkages of the monomeric lignin units occur in the 

temperature range of 275°C and 350°C; whereas, the formed radicals experience 

recombination, forming syringyl and guaiacyl compounds [161]. The amount of these 

compounds, being intermediate products of the degradation process, reduces as the 

temperature for pyrolysis gradually increases [162]. Temperature range of 350°C and 450°C 

can be classified as the period where the pyrolysis almost ends and is accompanied by 

converting the phenols into pyrocatechols through the dimethoxy groups’ demethylation 

[163]. In general, the aromatic C-O bond of the lignin cleaves to form products with one-

oxygen atom and the methyl C-O bond cleaves to form products of two-oxygen atoms [164]. 

The main products resulting from the thermal degradation or pyrolysis of lignin are acetic 

acid, CO, CH4, CO2 and other non-condensable gases [129]. Avni et al. [165] provided a 

detailed study of the products formed from pyrolysis of lignin in the temperature range of 

150°C and 900°C, with the help of Fourier Transform Infrared Spectroscopy (FTIR) 

analysis. The products include CO2 released from the carboxyl groups due to the 

decomposition of aliphatic and substituted groups of lignin, H2O released from the hydroxyl 

groups, H2 from the aliphatic and methoxy groups and CO from the aldehydes and other 

weakly bound groups. Higher temperatures result in additional production of CO and H2 due 

to the continuous breakage and rearranging of the stronger bonds such as phenols, C-C links, 

ethers and others. 

2.3.4.1.2 Characteristics of wood in general and plywood 

Wood and wood products have always been degradable and combustible materials under the 

influence of temperature. With a wide range of applications from building products to 

biomass products, wood has the property and characteristics for contributing to unwanted 

flames. The presence of the different chemical components, defined previously, results in 

the gradual thermal degradation of wood at different stages of the pyrolysis process [166]. 

Wood experiences a loss in its strength and elasticity modulus when the temperature rises 

above 65°C and the subsequent loss is directly dependent on temperature, time of exposure 
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to heat, amount of moisture present, type of wood, pH level and others [167]. This 

temperature reference is used in Eurocode 5 building design for studying the amount of 

degradation in stiffness and strength of wood and wooden buildings in the long run when 

exposed to temperatures higher than 66°C for various time durations under compressive and 

tensile loadings [168]. Studies [169] showing long term exposure of wood to 66°C for three 

years have illustrated that the amount of permanent reduction in strength is dependent 

directly on temperature by about 14% and on the chemical reactions by about 33%, giving a 

total of about 47% reduction. The chemical reactions primarily involve the production of 

acetic acid due to the hydrolysis process triggered for long term exposure of wood where the 

moisture content is continuously changing, splitting the acetyl groups from the hemicellulose 

bonds [170]. Wood, when exposed to temperatures up to 230°C, experiences hydrolysis of 

the acetyl in hemicellulose, forming acetic acid and in turn providing the ions of hydronium 

which aid in self-catalysing the hydrolysis process of wood, including that of the bonds of 

ester and ether [171]. This results in auto-hydrolysis of wood, producing a larger amount of 

oxidising aldehydes and more radicals, leading to imperceptible auto-oxidisation at low 

temperatures [166]. Wood chips and pellets, which are often stored for longer durations, 

while used for home heating, results in the production of a high amount of CO due to the 

phenomenon of self-oxidisation [172]. 

Literature reviews [129, 173-177] on the thermal characteristics of wood can be combined 

to define the temperature regimes for the mass loss of wood. Wood, when exposed between 

100°C and 200°C temperature, experiences dehydration and produces water vapour along 

with CO, CO2, glyoxal, acetic acid, formic acid and other non-combustible liquid and 

gaseous products due to the increasing amount of auto-oxidation and hydrolysis. Around the 

temperature of 130°C, the wood starts producing volatile substances and very slowly 

transforms into char, a carbon residue, which is formed due to the removal of CO2 and H2O 

vapours. Stamm [178] introduced a first-order reaction equation to represent the mass loss 

rate of wood when continuously exposed to lower temperatures, ignoring the production of 

volatile products and can be represented as: 

 
E

RTdm Ame
dt

 
− 
 = −   (2-14) 

where, t represents the time, m the mass, E the activation energy, R the universal gas 

constant, A the pre-exponential factor and T the temperature in Kelvin. The ideal conditions 

for the equation to be valid were isothermal reaction and a uniformly flowing gas is exposed 
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to a nominally thick piece of wood where the pressure is constant and the temperature is 

between 93°C and 250°C. The values of activation energy and pre-exponential factor were 

calculated to be 124 kJ/mol and 7 16.23 10 s− respectively. At temperature range of 200 °C and 

300 °C, some parts of the wood constituents experience a greater amount of pyrolysis and 

produce excessive amounts of CO and tar at a high boiling point because hemicellulose 

undergoes pyrolysis between the temperature ranges of 200°C and 300°C and lignin 

experiences pyrolysis in the range of 225°C to 450°C. Therefore, the deacetylation of 

hemicellulose mainly results in the production of acetic acid. The production of water, 

oxygen and acids from the pyrolysis of hemicellulose and lignin results in increasing the 

thermal reaction of the cellulose component, which do not undergo pyrolysis in the current 

temperature range. The third regime can be defined as the temperature zone between 300°C 

and 450°C, where the production of flammable volatile compounds increases rapidly. 

Cellulose undergoes significant depolymerisation between 300°C and 350°C, and with a 

higher rate of temperature, the forming of char is effectively bypassed by the production of 

tar. Around 300°C the lignin experiences splitting of their aliphatic side chains followed by 

the splitting of the C-C links in the temperature regime of 370°C to 450°C. The presence of 

moisture and various minerals help in overlapping and interlaying the pyrolysis process of 

the three main individual components of wood, which finish emitting volatile components 

around 450°C. At temperatures higher than 450°C, the residue is non-volatile char, which 

experiences afterglow causing more degradation and formation of a further amount of CO, 

CO2 and H2O [131]. To differentiate between the low temperatures regimes and higher 

temperature regimes, Tang [179] introduced a dual reaction model for defining the mass loss 

experienced by wood during pyrolysis. This equation can be given as: 
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1 2E E

RT RT
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dm m m A e A e
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− −   
   

 
= −  + 

  

  (2-15) 

where, the low-temperature pathway and the higher temperature pathway are represented by 

subscripts 1 and 2, and mend represents the final mass of the char residue. The values derived 

from Eq. (2-15), when tested on untreated pine sapwood, was A1=3.2×105 s-1, A2=6.5×1016 

s-1, E1=96 kJ/mol and E2=226 kJ/mol when mend=0.21 of the initial weight of the sample. 

Plywood is well-known for having issues when it comes to fire, at elevated temperatures. 

Around 105°C plywood experiences dehydration, and the water content in the cellulose part 

gets released as water vapour [180]. Studies [181, 182] have used constant densities between 
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450-500 kg/m3 to simulate the thermal behaviour of plywood in both numerical and 

experimental simulations. It is also stated that the mass loss or loss in the density of plywood 

is not dependent on a rise in temperature if they are on the ambient side because plywood 

contains a very small quantity of moisture, in the range of 8.5-11% [9, 183]. The thermal 

conductivity and specific heat form a significant parameter for performing numerical 

analysis, and various studies have provided different values at different temperatures [184]. 

Combining the significant studies [185-191] Jatheeshan and Mahendra [180] proposed that 

the specific heat value of plywood, in general, should be around 1500 J/kg/°C which is 

independent of temperature and the thermal conductivity value of any plywood will vary 

with the rise in temperature, being around 0.12 W/m/K between 20°C and 200°C, 0.15 

between 200°C and 350°C, 0.10 between 350°C and 600°C, 0.13 between 600°C and 800°C, 

0.16 between 800°C and 1000°C and 0.22 from 1000°C and above. A TGA study on the 3-

ply laminate made from Radiata Pine veneers, with orientation 0°/90°/0°, was performed 

and the results are illustrated in Figure 2-21. A loss in humidity is the initial stages are 

prominent between the temperature zone of 25°C and 120°C, which can be attributed to the 

loss of humidity by the lignin matrix present inside the plywood. The other exothermal peaks 

are also visible between the temperatures of 250°C and 350°C and at around 370°C, which 

is the peak. The pyrolysis of Radiata Pine plywood can be further divided into 3 parts, based 

on the mass loss rate. The first range is considered between 24°C and 100°C and the average 

mass loss rate was 0.5%/°C because of the rapid loss of humidity. The next range between 

100°C and 200°C experiences very stable and low mass loss at the average rate of 0.05%/°C 

because of the very slow decomposition of the plywood constituents and the main pyrolysis 

is not started. The pyrolysis of the plywood sample starts from 200°C and the mass loss rate 

increases rapidly between 200°C and 300°C to 0.52%/°C with all the constituents starting to 

degrade and produce non-combustible gases. This is followed by the final temperature zone 

of 300°C and 400°C, where the sample rapidly produces highly volatile gases and loses mass 

at the rate of 2.79%/°C till the pyrolysis ends at 380°C. The highest mass loss rate is recorded 

to be 4.7 at 364°C, after which the pyrolysis ends roughly at 380°C (pyrolysis range: 278-

375 °C, after which no mass loss can be experienced. The Fire Dynamics Simulator User 

Guide [192] helps in illustrating the method of calculating the kinetic parameters, namely, 

the pre-exponential factor A and the activation energy E, from the TGA analysis of a 

particular sample. The equations required to calculate those parameters can be given as: 
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Figure 2-21: Thermogravimetric Analysis (TGA) of 3-ply laminate made from Radiata Pine 
veneers, heated at a rate of 5K/min. 
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where, T is the reference temperature and r/Y(0) is the reference rate which is again 

calculated by diving the rate of reaction per second at any reference temperature with the 

mass fraction, Y(0) of the sample. In the present case, Y(0)=1 because it is a single 

component undergoing single reaction. T represents the heating rate of the TGA, which is 

again 5K/min. Therefore, for Radiata Pine veneer plywood having 3-ply orientation and in 

accordance to Figure 2-21, the reference temperature T is 364°C, the reaction rate r is 

calculated as 0.078 s-1, the heating rate T is 5K/min, the exponential constant e is 2.718, the 

Universal Gas Constant R is 8.314 and the mass fraction Y(0) is 1. Thus, the kinematic 

parameters are calculated from Eq. (2-16) as E=4.67075232×104 and A=1.069541984×106, 

and the pyrolysis range roughly lies between 255°C and 365°C. 

2.3.4.2 Experimental studies on the fire performance of wood–plywood 

The first reported studies on the fire-reaction properties of wood can be dated more than 100 

years ago with Baker [193] reporting the resistance of four different wood species to fire. 

12.5×12.5×152.4 mm3 samples of Douglas fir, White oak, Walnut and Redwood were tested 

under a gas burner and the time to failure was reported as 3.95 min, 3.02 min, 2.70 min and 

2.4 min, respectively. Furthermore, the time to flame penetration was also measured for 
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127×127×12.5 mm3 thick boards of yellow birch (2.6 min), Douglas fir (4.3 min), white oak 

(8 min), red pine (3.8 min), black spruce (4.4 min), Western red cedar (3.5 min) and Western 

hemlock (3.7 min) by Bryan and Knight [194] with the aid of a blow-pipe flame. Further 

studies by Brian and Domain [195] and McNaughton [196] was carried on in further 

analysing the resistance of the various wood species, details of which are elaborated in the 

study by White [197]. However, the main focus of the current section is to provide a more 

comprehensive understanding of the other vital fire-reaction properties of different wood 

types, namely, the ignition temperature (auto and pilot), the ignition time, the heat release 

rate, the peak heat release rate and finally the significant analytical models developed to 

represent the fire performance. 

2.3.4.2.1 Ignition temperature and heat flux 

Standard tests have always defined the fire performance of wood for various applications, 

including buildings and constructions. There has been a significant improvement from the 

first test method used to simulate the fire performance of wood to the current standards used 

and the regulatory tests [198]. Currently, there are two major types of devices used for 

performing the experimental tests to observe the fire performance of any material, namely, 

radiant heating under a specified heat flux of a specimen in open space in a cone-calorimeter 

and building a furnace or oven where the samples are manually plunged at different times 

depending on the required type of results [199]. The ignition of any material can be defined 

as that phase when the sustained combustion of material is first visible, which is fuelled by 

the pyrolysis of that material [131]. Therefore, it is necessary for an external fire or other 

means of heated object to provide the required heat flux or energy to induce the pyrolysis 

for ignition. There have been primarily two types of fire tests when it comes to ignition style, 

auto-ignition and piloted ignition. This part deals with both the ignition styles separately, 

detailed in a chronological order based on the time the tests were performed, categorised 

under known and unknown heat fluxes. 

2.3.4.2.2 Auto-ignition conditions 

One of the preliminary works on ignition of wood was carried out by Hill and Comey [200] 

in 1886 where the authors carried out an extensive study on auto-ignition of pine and 

hemlock wood samples, obtained from Calumet and Hecla Mine. The test apparatus, which 

can be defined as one of the basic test apparatus which has evolved greatly over time, was 

made from a cylindrical shaped air-bath of iron sheet. The apparatus consisted of a draught 
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pipe responsible for maintaining the air circulation during heating. A shelf was fitted on the 

bath on which a thermometer was placed to measure the temperatures and the sample was 

also placed near the same. Radiation losses and exposures were mitigated via asbestos sheets. 

The pine samples were tested in four different ways; the first two included keeping the 

samples in the bath and gradually and rapidly heating everything; whereas, the third type 

involved testing freshly burned wood and the fourth involved introduction of the sample into 

the bath, once it is heated. The first two cases gave higher auto-ignition temperatures (TIag) 

in the range of 405°C to 417°C and 403°C to 408°C respectively; whereas, the third case 

gave a much lower range between 360°C and 372°C and the fourth one provided the lowest 

range of 218°C to 330°C. Hemlock samples were introduced directly into the heated bath 

and gave TIag in the range of 208°C and 285°C. Bixel and Moore [201] eventually worked 

on the aspect of whether fire is caused by steam pipes and used general wood to observe that 

the TIag was around 200°C to 250°C for 35 mm long samples. The experimental method 

included an oven heater to ignite the samples, and the TIag was estimated by measuring the 

temperature of the oven. This was followed by Banfield and Peck [202] who again used 

general wood samples of 50×50×200 mm3 to be heated in an oven heater, where the surface 

temperature was measured, giving more accurate results than the air temperature. The TIag 

was observed to be around 302°C to 308°C, where the heat irradiance was not mentioned or 

monitored.  

Edwards and Harrison [203] introduced another method for studying the fire performance of 

wood dust particles. The apparatus consisted of a crucible where the samples were kept, a 

heated furnace, thermocouples and a Pyrex J-tube which had an outlet to the mini-voltmeter. 

A thermocouple was placed on the mouth of the J-tube, which had a funnel-like shape with 

enough precautions so that the dust particles do not escape through the tube. Two types of 

wood-dust particles were used, wood-pulp dust which had a TIag of 272°C and wood flour 

which had a TIag of 277°C (the wood type was not reported). A further experiment on general 

wood was conducted by Brown [204] where the air temperature was again measured, 

resulting in reduced observation of TIag in the range of 220°C to 250°C. Small samples 

between 1 g to 5 g were used for the experiment and the heat flux was not reported or 

measured. Jones and Scott [205] conducted extensive research on the fire performance of 

the anthracite refuse wood acquired from different parts of the tree. The study concluded 

that the location, age and moisture content play a significant part in the fire performance of 

the wooden materials. The TIag for high-grade anthracite was 498°C and were observed to 
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vary from 219°C to 270°C when the wood was acquired from various parts of the tree. The 

samples acquired from timber chute, bottom chute, side of the chute, side of the chute aged 

for 20 y and dried for 30 days at 105°C, 20 y old wooden knot, 20 y old wooden knot again 

dried for 30 days at 105°C, 20 y old wooden knot dried further for 83 days at 105°C, 

manways plant modified by 5% linseed oil, and the tree bark from the post in chute each 

gave a TIag of 270°C, 261°C, 252°C, 267°C, 242°C, 254°C, 270°C, 264°C, 219°C and 225°C, 

respectively. VanKleeck [206] subsequently extended the work to study the fire performance 

of finely chopped wood particles, in the form of chips and measured the specimen 

temperature to report the ignition temperature. The TIag was recorded to be about 235°C and 

the heat flux was not specified again.  

The National Institute of Standards and Technology (NIST) came up with its first 

experimental work in 1947 [207] on the flammability of softwood shavings. They tested the 

sample in a test-tube and reported the criteria under the categories of glowing or flaming. It 

was observed that the TIag of the shavings were around 228°C to 264°C. Graf [208] was one 

of the pioneers in observing the variation in the fire performance of different wood types. 

The work was segregated based on hardwood and softwood samples, each being cut in 

diameter similar to a match stick, with a length of around 57.15 mm and were stacked 

together to form a diameter of around 25.17 mm, having a mass of around 10 g. The study 

helped in elaborating the significance of moisture, oven temperature and sample type on the 

final fire performance of a particular wood. It was observed that the hardwood samples, in 

general, had lowered TIag, ranging from 217ºC to 235ºC, for the majority of the hardwood 

samples, except Oregon oak which had an auto-ignition temperature in the range of 261ºC 

to 263ºC. The softwood samples, on the contrary, had higher TIag when compared to 

hardwood, between 236ºC and 300ºC. The TIag were studied to lie in the ranges from 217°C-

219°C, 231°C-234°C, 232°C-234°C, 233°C-235°C and 261°C-263°C for Oregon big leaf 

maples, tarn bark oaks, Oregon ash, red alder and Oregon oak, respectively, which can be 

further classified as hardwoods. Furthermore, softwoods such as ponderosa pine (sapwood), 

redwood, western red cedar, lodgepole pine, western hemlock, western white pine (second 

growth), Sitka spruce, true fir, sugar pine, Douglas-pine, western white pine (old growth), 

ponderosa pine (heartwood), western white pine (pitchy second growth) and western larch 

were also tested and observed to have TIag between the range of 236°C-238°C, 241°C-243°C, 

242°C-244°C, 246°C-249°C, 246°C-248°C, 247°C-249°C, 248°C-252°C, 251°C-254°C, 

250°C-253°C, 250°C-255°C, 254°C-257°C, 260°C-262°C, 263°C-266°C and 298°C-300°C, 
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respectively.  Overall, among all the important wood types tested, the TIag varied between 

217ºC and 300ºC.  

Angell et al. [209] further extended the study of wood under fire, where the specimens of 

13×19×51 mm3 were used, and the TIag was measured to be around 204ºC through observing 

the temperature of the gas close to the specimen, at the time of ignition. Fons [210] 

subsequently studied the ignition time and auto-ignition temperature of ponderosa pine wood 

samples in an electric furnace. Samples ranging from 2.4 mm to 6.35 mm, each with a fixed 

length of 130.2 mm and having a cylindrical cross-section were tested in batches of 30 to 40 

for each type. The furnace temperature was kept constant at around 705°C for all the samples, 

with different sizes and moisture contents. All the specimens were oven-dried at about 65°C 

for 48 hrs before testing. The experiments showed that all the samples had an average TIag 

of 343°C. Jentzsch and Jelitto [211] invented the Jentzsch ignition tester and tested fourteen 

different wood samples of Germany, including, balsa, schrimbaum (umbrella tree), assaku, 

sequoia, fichte, pappel, kirsche, kiefer, buche, ulme, birke, eiche, persimmon and bongossi. 

The average TIag was observed to be in the range of 240°C to 310°C and measured through 

a thermocouple fixed inside the apparatus. Narayanamurti and George [212] further tested 

Tetramales Nudifera in an electric furnace for its fire properties and recorded the ignition 

temperature to be 228°C. Akita [213] again studied the fire performance of wood in a furnace 

and reported the TIag, measured by a thermocouple that measured the oven temperature 

during ignition. The auto-ignition temperature was finally derived to be 489°C through 

inverse calculation. 

Simms [214] carried out one of the earliest documented fire-reaction studies of wood in 

1960, where radiant heating was used. A carbon arc was used as a source of heat irradiance 

and the range of the intensities was studied. Three types of wood samples, namely, oak, 

cedar and mahogany were tested as thick samples with diameters greater than 10 mm. The 

specific heat of all the samples was taken as 1.423e3 J/kg/K, and they were conditioned in 

an oven at 95°C for 24 h and then subsequently cooled over phosphorous pentoxide. All the 

samples ignited over 41.84 kW/m2 of heat flux with varying times to ignition. The TIag was 

calculated through correlation to be around 525°C for all the samples. Another radiant 

heating reported in the same year was by Moran [215] where general wood specimens with 

50×50×6.4 mm3 dimensions were tested, and the surface temperature of the samples was 

noted with the aid of the thermocouples to study the ignition temperature. The heat flux was 

applied through a carbon arc and was measured to be 25 kW/m2, where the TIag was observed 
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to be 265°C. Patten [216] performed the fire study of wood shavings, where 3 g of shavings 

were tested, under unknown heat flux, to achieve an ignition temperature of 260°C, studied 

again through measuring the surface temperature during ignition. Shoub et al. [217] further 

extended the study of the fire-reaction properties of wood to larger samples of 920×920 mm3 

dimensions and studied TIag, again by measuring the surface temperature during ignition, as 

254°C. White-fir dowels were eventually tested by Tinney [218]. 127 mm (5 in) long 

samples having three different diameters of 6.35 mm, 9.53 mm and 12.7 mm were 

horizontally plunged suddenly in a pre-heated furnace, where the temperature was held 

between 300°C and 650°C. The experiment proved that the dowels did not ignite below 

350°C, and the intensity of the exothermic heat generated increased gradually as the 

temperature rose from 350°C to 650°C. The ignition temperature and the other temperatures 

were measured through a thermocouple measuring the oven temperature. 

Schaffer [219] additionally tabulated the TIag of small ponderosa pine samples, weighing 

between 0.2 g to 0.4 g, in a thermogravimetric balance where oxygen was supplied at 90 

mm/min, the pressure was kept constant at the atmospheric level, and the heating rate was 

varied from 6°C/min to 30°C/min. The ignition temperature was recorded to be nearly the 

same for all the variations in the heating rate, ranging from 287°C to 294°C. Simms and Law 

[220] further studied the effect of moisture content on the ignition temperature of wood with 

varying heat fluxes. A 300×300 mm2 radiant heating panel was used on oven-dried samples 

having 76×76 mm2 areas and 19 mm thicknesses. The results showed that the wood samples 

had a TIag of 545°C at a critical heat irradiance of 31 kW/m2 when five types of wood samples 

were tested under varying irradiances ranging from 41.84 kW/m2 to 75.4 kW/m2. The critical 

heat irradiance was calculated through correlation and was found to be the same for 

Columbian pine, oak, European whitewood, larch, abura and makore. Koohyar [221] built 

one of the first ignition cabinets which used radiating flame as the source of heating to 

observe the ignition by radiation and simulate the aspect of natural fire more closely with 

the actual spectral distribution through flame sheets. The apparatus also had a state-of-the-

art weighing scale to observe the weight loss of the sample even before pyrolysis, a system 

that is compulsory in the current cone-calorimeter apparatus. A radiometer head with an 

optical system for measuring only the optical radiations above 1.8 microns (which will 

eliminate reflection of light rays) was used to measure the heat flux and temperatures through 

the radiometer amplifier unit. Vertical orientation was used for the experimental analysis of 

oak, fir, mahogany, pine and redwood, with varying thicknesses of 12.7 mm, 15.88 mm and 

19.1 mm. All samples had a nominal area of 99.06×99.06 mm2 exposed to the radiant heat, 
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again similar to the present day cone-calorimeter apparatus, and conditioned for 24 hrs in an 

oven at 102°C. The reported ignition temperatures for one-sided and two-sided heating could 

be averaged to 426.5°C and 344.5°C, 456.2°C and 409°C,  390.2°C  and 380.8°C, 424.8°C 

and 332.3°C and 401°C and 334.4°C for oak, pine, mahogany, redwood and fir, respectively, 

under the irradiance of 32 kW/m2 to 35 kW/m2. The overall ignition temperature for all the 

samples was averaged to be about 419.7°C for one-sided heating and 360.2°C when heated 

on both sides.  

Jach [222] again tested tiny samples of wood, weighing very little, under unknown heat flux 

to observe that the TIag was 260°C-290°C, observed by measuring the temperature of the 

oven. Additionally, Smith and King [223] assembled another apparatus for studying the fire 

performance of various materials, including wood. The apparatus used quartz lamps to 

provide the required radiant heating and optical optometry was used to measure the ignition 

temperatures. A Hy-Cal Engineering water-cooled calorimeter was used to measure the 

irradiance, which was recorded between 41.84 kW/m2 and 104.6 kW/m2. The interference 

was completely removed through setting up a pyrometer which was sensible only to the 

wavelength range of 4.8 microns to 5.6 microns. Blocks and dowels of pine along with oak 

dowels were tested with different sizes, and the average ignition temperatures over the 

varying heat fluxes were 911°C, 1219°C and out of range in that apparatus for the pine block, 

pine dowels and oak dowels, respectively. Radiata Pine plywood samples (orientation: 

0º/90º/0º), glued with 2 pot polyvinyl acetate (PVA), were eventually tested in a cone-

calorimeter test rig by the authors. Standard 100×100 mm2 samples were taken according to 

ASTM E-1654-14 standard [199], with about 2 mm thickness. Three different heat fluxes of 

35 kW/m2, 50 kW/m2, and 65 kW/m2 were tested to observe the fire performance of the 

plywood samples under different heat irradiances. The cone calorimeter apparatus was used 

to achieve all the results, and a thermocouple was used to monitor the temperature of the 

surface of the sample. The TIag was observed to be around 374°C for the plywood samples 

with 35 kW/m2 heat flux. The subsequent heat irradiance of 50 kW/m2 and 65 kW/m2 gave 

the ignition temperature of 329°C and 287°C, respectively. The overall automatic ignition 

temperature, segregated based on the wood type, depending on the literature are listed in 

Table 11-1, detailed in Appendix 1. 

2.3.4.2.3 Piloted-ignition conditions 

Piloted ignition was introduced at a later stage in the field of fire performance studies, and 

the work by Akita [213] can be classified as one of the first available documents in the field. 
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General wood samples in the dimension of 20×20×1.8 mm3 were used to establish that the 

piloted ignition temperature, achieved through solving an inverse problem, was 450°C; 

whereas, it was less than 350°C when the oven temperature was measured. However, the 

study failed to report the heat flux used and the positioning of the ignitor. Patten [216] further 

studied the ignition of 3 g wood shavings to compare the results to plastics and reported that 

the piloted ignition temperature was also 260°C, same as the auto-ignition temperature when 

the oven temperature was measured and the Setchkin test method was followed to report the 

results. Buschman [224] also performed a fire study on general wood samples, having the 

dimensions of 57×57×8 mm3, and was one of the first authors to report the heat flux used in 

the study. The experiment showed that the heat flux in the range of 14.3 kW/m2 to 37.2 

kW/m2 gave a piloted ignition temperature (TIpg) of 369°C when the temperature of the oven 

was measured. Further studies on piloted ignition were carried out by Simms and Law [220] 

where again a 300×300 mm2 radiant heating panel was used on samples not bigger than 

76×76 mm2. The pilot ignitor was placed at 12.5 mm above the sample. The oven-dried and 

wet samples were exposed to variable heat irradiances in the range of 16 kW/m2 to 31.4 

kW/m2 to give a correlated TIpg of 380°C. Muir and Moysey [225] also tested 80×160 mm2 

wood samples under radiant heating of 15 kW/m2 to 25 kW/m2. The authors again measured 

the oven temperature to report the TIpg to be in the range of 364°C to 384°C. Koohyar [221] 

further reported the TIpg of the samples in the heating cabinet under a heat flux of 18 kW/m2 

to 35 kW/m2. Oak, pine, mahogany, redwood and fir were tested and the piloted ignition 

temperatures reported for one-sided and both-sided heating were averaged to be 413.7°C and 

297.6°C, 494.8°C and 333.3°C, 419.5°C and 300.3°C, 393.3°C and 300.9°C and 354.3°C 

and 275.3°C, respectively, when the surface temperatures of the samples were measured. 

Again an overall average ignition temperature can be calculated as 361°C for one-sided 

heated and about 300°C when heated on both sides. Smith and King [223] also performed 

piloted ignition studies on the same samples used for reporting automatic ignition, and 

observed the TIpg change to 650°C-1060°C for the pine block, 575°C-720°C for the pine 

dowel and 545°C-760°C for the oak dowel samples. 

In the early 1980s, researchers realised the importance of heat flux and started reporting the 

same more frequently in their studies. Atreya [173] performed a detailed fire study on ten 

different wood types, namely, maple, red oak, poplar, Philippine mahogany, mahogany, 

white pine, vertical grained pine, sugar pine, cottonwood and Douglas fir. The heat flux was 

varied between 6.8 kW/m2 and 7.9 kW/m2 and the ignition temperatures were recorded to 

vary between 445°C and 524°C for all the samples. The samples were pre-heated to ensure 
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proper results of the semi-infinite specimens, and the results were recorded by measuring 

the temperature below the samples. Atreya et al. [226] also investigated the effect of sample 

orientation on the flammability study on 76.2×76.2 mm2 samples, each having a thickness 

of 19 mm. The study reported that the ignition temperature was independent of the sample 

orientation when both horizontal and vertical samples of red oak and mahogany were tested. 

The reported averaged TIpg was observed to be 365°C and 375°C for red oak and mahogany, 

respectively, for both the horizontal and vertical orientations. The ignition temperature was 

measured by putting the thermocouple through a small hole in the centre and gluing the 

remaining part to the bottom surface with a wood adhesive through cold pressing. Two 

different heat fluxes of 18.8 kW/m2 and ≥36 kW/m2 were used for mahogany and red oak, 

respectively. The authors also reported that the ignition temperature was inversely 

proportional to the heat flux. Abu-Zaid [227] further extended the experimental investigation 

in the fire performance of wood samples experiencing piloted ignition under three 

irradiances of 18.5 kW/m2, >25 kW/m2 and 40 kW/m2. 150×75×37 mm3 samples were used, 

and the TIpg was observed to be 420°C for the irradiance of 18.5 kW/m2 and 350°C and 

530°C for the respective higher irradiances. Although the TIpg at 40 kW/m2 was quite high 

compared to the lower irradiances, the study also establishes the fact that the TIpg changes 

with change in heat fluxes. The temperatures were measured at the bottom of the surface 

again and a forced air-flow was maintained throughout the experiment.  

The 1900s saw the experimental analysis by Janssens [228] on the fire performance of wood 

samples under a known irradiance of 25 kW/m2, 30 kW/m2 and 35 kW/m2. The ignition 

temperature was measured at the surface of the samples with the aid of thermocouples and 

was reported to be in the range of 300°C and 364°C for six different wood types, namely, 

western red cedar, redwood, Radiata Pine, Douglas fir, Victorian ash and blackbutt. 100×100 

mm2 samples, each with a thickness of 17 mm and with varying density depending on the 

wood type, were tested. It was also observed that the heat flux was not dependent on the 

ignition temperature, which was quite contrary to previous studies. Li and Drysdale [229] 

tried to further prove the dependency of heat flux on the ignition temperature and tested four 

different wood species having 64×64 mm2 surface area and 18 mm thickness, namely, 

mahogany, Western red cedar, obeche and white pine with varying irradiances. The heat flux 

was varied between 15.4 kW/m2 and 31.7 kW/m2, and the TIpg was observed to vary 

significantly in accordance with the trend reported by Atreya et al. [226]. The piloted ignition 

temperature ranged from 353°C to 465°C for mahogany, 354°C to 450°C for Western red 

cedar, 340°C to 497°C for obeche and 375°C to 446°C for white pine, with a gradual 
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decrease in TIpg with the gradual increase in the irradiances. Masarik [230] further tested 

wood-based fibre boards weighing 2.5 gm through the Setchkin test method and reported the 

TIpg to be in the range of 220°C to 240°C. Fangrat et al. [231] were one of the pioneers in 

documenting the fire performance studies of plywood samples where four different types of 

Japanese plywood and one USA plywood USPW were tested under 25 kW/m2, 33 kW/m2 

and 50 kW/m2 in the horizontal orientation and under 35 kW/m2 and 55 kW/m2 in the vertical 

orientation. The area of the specimens tested was constant, but the thicknesses were reported 

to be based on the plywood types, where the Japanese plywood PW18, PW12, PW9 and 

PW55 had thicknesses of 18 mm, 12 mm, 9 mm and 5.5 mm. In addition, the thickness of 

the USPW sample was taken as 11.8 mm. The Japanese plywood samples had an overall 

higher ignition temperature in the horizontal direction compared to the US one (587°C to 

603°C compared to 572°C); whereas, the vertical test showed all the samples to have TIpg in 

the range of 586°C to 588°C. Therefore, the study concluded that the change in orientation 

does not have a significant difference in the ignition temperature.  

The work reported by Moghtaderi [232] was one of the earliest ones using ASTM E-1354 

standard. 9 mm thick oven-dried Radiata Pine, Pacific maple and Sugar pine samples with 

100×100 mm2 surface area were tested in a cone-calorimeter apparatus. The heat flux was 

varied between 14 kW/m2 and 60 kW/m2, and the TIpg was measured only on the Radiata 

Pine wood samples. The piloted ignition temperature was measured with the help of 

thermocouples on the top surface, and the reported values ranged from 298°C to 400°C 

depending on the heat flux and on the moisture content of the sample. Increase in the heat 

flux was again reported to decrease the ignition temperature of the samples; whereas the 

increase in moisture content was directly proportional to TIpg. White [233] tested the fire-

reaction properties of two types of plywood made from white fir and SYP species, both being 

glued with phenol-formaldehyde adhesive. The tested samples were 9 mm, with a density of 

0.449 g/cm3 for fir and 0.598 g/cm3 for SYP species. All the samples had a surface area of 

100×100 mm2 and were tested under a heat flux of 50 kW/m2, although the ignition 

temperatures were not recorded. Plywood samples made from Radiata Pine veneers having 

cross-orientation and a thickness of about 2 mm were also tested in a cone-calorimeter 

apparatus based on ASTM E1354 standard. The ignitor was placed 20 mm above the surface 

of the samples which had 100×100 mm2 surface areas and the heat flux of 35 kW/m2, 50 

kW/m2 and 65 kW/m2 were again used. The TIpg was again observed to be inversely 

proportional to the change in heat irradiances, and the values were recorded to be 664.9°C, 

697.2°C and 774.6°C with respect to the ascending order of the heat fluxes. The overall TIpgs 
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of various wood types and the respective heat fluxes are tabulated in Table 11-1, detailed in 

Appendix 1, to illustrate the piloted ignition temperatures of the different types of wood that 

has been reported in the literature. 

2.3.4.2.4 Ignition time 

Theoretically, auto-ignition time (tIag) and piloted ignition time (tIpg) should differ, with the 

tIpg being faster for any type of wood. Many studies have reported the same, and the current 

part focuses on elaborating the various conditions of ignition time for the different wood 

species as reported by different studies. The essence of the work lies in the attempt to list all 

the reported fire-reaction properties of individual wood types, with the current sub-section 

focusing on the time to ignition. The literature consists of few wood types that have been 

tested a limited number of times and a few that have been tested multiple times. The work 

is a humble attempt to generalise the ignition time of the different wood species based on 

the type of heating (spontaneous or piloted ignition), heat flux applied and sample size used. 

The sizes of the various samples were segregated based on four major sections, thickness, 

weight, density and large samples. Thickness was further sub-divided into five sections, 0-5 

mm, 5-10 mm, 10-18 mm, 18-40 mm and > 40 mm. The weight category was considered 

only for samples having 0-10 g weight because data for other weights were not available. 

Samples having more than 60 mm thickness were categorised under large samples. The heat 

flux was also divided into three categories because studies have shown that the change in 

heat flux has a significant effect on the heat flux of the samples. The categories considered 

were ≤ 35 kW/m2, 36 – 50 kW/m2 and ≥ 51 kW/m2. The categorisation helped to provide a 

general understanding of the expected ignition time depending on the size of the specimen. 

The data were averaged out of all the available tIgs reported, removing few dubious values. 

The various ignition times could be observed from The segregations based on weight and 

density gave a general idea of the ignition time of the samples and a relation was not drawn 

because most of the fire-reaction property tests on wood report the ignition temperature and 

the ignition time and the applied heat fluxes were not registered. Table 2 6, and a general 

trend can be concluded where the ignition time reduced for piloted ignition condition when 

compared to autoignition or spontaneous ignition phenomenon. Furthermore, the time to 

ignition also reduced for each sample type when the heat flux increased; whereas, it 

increased in general with the increase in size. The segregations based on weight and density 

gave a general idea of the ignition time of the samples and a relation was not drawn because 
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most of the fire-reaction property tests on wood report the ignition temperature and the 

ignition time and the applied heat fluxes were not registered. 

Table 2-6: Segregation of the time to ignition of wood samples based on the size categories. 

Category Subcategory Type of 

heating 

Heat flux Time to 

ignition 

Thickness 0-5 mm  
Autoignition 

 
 

Piloted ignition 

≤ 35 kW/m2 
36 – 50 kW/m2 

≥ 51 kW/m2 
≤35 kW/m2 

36 – 50 kW/m2 
≥ 51 kW/m2 

40.5 s 
27 s 
16 s 

33.2 s 
19.2 s 
12.4 s 

5-10 mm Piloted ignition ≤ 35 kW/m2 
36 – 50 kW/m2 

≥ 51 kW/m2 

97.6 
32.8 
18.4 

10-18 mm Autoignition 
 
 

Piloted ignition 

≤ 35 kW/m2 
36 – 50 kW/m2 

≥ 51 kW/m2 
≤ 35 kW/m2 

36 – 50 kW/m2 
≥ 51 kW/m2 

99.9 
80 
64 

159.8 
71 

30.6 

18-40 mm Autoignition 
 

Piloted ignition 

≤ 35 kW/m2 
36 – 50 kW/m2 

≤ 35 kW/m2 
36 – 50 kW/m2 

36.6 
27.6 
21.46 
20.3 

 
> 40 mm Both types ≤ 35 kW/m2 203-257 s 

Weight 0-10 g Autoignition 
Piloted ignition 

No flux 
specified  

 ≤50 
≤33.3 

Density (0.1-1 g/cm3) Autoignition No flux 
specified 

166.2 

Large samples (Cylindrical 
samples with length ≥ 61 mm) 

Autoignition No flux 
specified 

70 
 

However, an over-arching relation that could be drawn from the available literature is 

provided in Table 2-6. One example of the fire-reaction properties of thermally thin samples, 

1.9 mm thick Radiata Pine plywood, is given in Figure 2-22. As expected and observed from 

the segregation in the time to ignition for the spontaneous or auto-ignition phenomenon 

experienced a reduction with the increase in heat flux. The results of the tests reported in 

Figure 2-22 were achieved from the cone-calorimeter apparatus. Finally, it can be concluded 

that the time to ignition is significantly dependent on the intensity of the heat flux that the 

sample is exposed to. Furthermore, the thickness of the samples also plays a critical role in 
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the time to ignition and other fire-reaction properties, such as peak heat release rate, heat 

release rate, time to peak heat release rate, smoke and heat production and the total heat 

evolved. 

 
Figure 2-22: The fire-reaction properties of the 3-ply laminates made from Radiata Pine 
veneer (each veneer being 0.6 mm). 
2.3.4.2.5 Heat Release 

A limited number of studies have reported the heat release and the peak heat release rate 

(PHRR) values compared to the extensive studies carried out on the fire performance of 

wood and wood-based materials. One of the reasons might be due to the studies primarily 

focusing on the ignition temperature and ignition time. Secondly, the majority of the studies 

have reported the ignition properties based on a periodic increment of the temperature and 

heat flux the samples were exposed to. Another reason might be the limitation of suitable 

apparatus, like the cone calorimeter, for measuring the heat release rate and the PHRR values 

in the earlier times when the majority of the fire performances studies were performed. Thus, 

all the available vital data are summarised in the current part of the chapter to observe the 

usual trend. Atreya [173] was one of the pioneers in reporting the heat release rate of the 

various samples tested, each having a diameter of 610 mm and a thickness of 19 mm. The 

Oregon maples were observed to have a heat release range of 0-28 kW/m2 with a PHRR of 

28 kW/m2. The reported PHRR and HRR range for all the samples were quite low, with a 

PHRR ranging from 5.5 kW/m2 to 28 kW/m2. However, the results are not authentic as the 

values are actually lower than many fire-retardant materials and therefore, the possibility of 

variation in apparatus and the instance during which the readings were recorded might have 
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affected the results. The author also reported the heat flux ranges of red oak, poplar, 

Mahogany, white pine, sugar pine, cottonwood and Douglas fir, details of which are 

provided in Table 11-1 (Appendix 1). 

Simms [214] also reported the heat release rate, but only at ignition for oak, cedar and 

Mahogany. The HRR at ignition, of the samples having diameters greater than 10 mm, was 

reported to be ≥ 25.12 kW/m2. This value is interesting and can be considered as a piece of 

vital information on the ignition time of various wood samples, as the minimum heat release 

rate was observed to be roughly similar for the different wood types. McGuire [234] further 

suggested that the minimum heat flux of ignition could be considered as 12.5 kW/m2 for 

most of the wood-based materials, including fibreboards. The value of 12.5 kW/m2 has 

henceforth been widely used for modelling various apparatus, including the cone-

calorimeter, for reporting the fire-reaction properties of various materials [235]. Finally, the 

HRR response of 1.9 mm thick plywood samples, made from Radiata Pine veneers (3-ply, 

each having about 0.6 mm thickness) was observed to shift gradually inwards with the rise 

in the heat flux. Furthermore, the time to PHRR was also lowered, with the rise in THE and 

total smoke production as the heat irradiance changed from 35 kW/m2 to 65 kW/m2. The 

mass loss % was also observed to increase with the rise in the heat flux. 35 kW/m2 gave a 

residue of 27.36%, which decreased to 18.79% for 50 kW/m2 and 19.83% for 65 kW/m2. 

Thus, the amount of char formed decreased with the increase in heat flux. Although, very 

high irradiance experienced a very fast ignition and burnout, resulting in slightly more char 

residue than 50 kW/m2. Therefore, the rise in heat flux has significant effects on the fire-

reaction properties of the wood samples. The rise in heat flux gradually lowers the fire 

resistance capabilities, making the samples more hazardous. 

2.3.4.3 Analytical studies on the fire performance of wood–plywood 

The literature goes back more than half a century in reporting various numerical models and 

analytical studies on the fire-reaction properties of wood and cellulose-based structures. The 

current part of the chapter deals with some of the significant analytically established models 

for calculating the various properties. One of the primary points of attention had always been 

the ignition time and ignition temperature. The ignition process can be broadly classified 

into glowing ignition, flaming ignition modelling and miscellaneous sources of ignition. The 

glowing ignition model is referred to as direct surface oxidation. Baer and Ryan introduced 

one of the simplest models for representing the glowing ignition model as: 
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Eq. (2-17) was proved to work under the condition ( )e S S S
(x 0)

dT q B Q exp E / RT
dx =

 = + − , 

where the temperature is represented by T, thermal conductivity by  , density by , time by 

t, irradiance by q , heat capacity by C, pre-exponential factor by BS, activation energy by 

ES, the heat of reaction by QS and the universal gas constant by R. The equation was then 

extended by Langelle et al. to analytically calculate the ignition temperature by: 
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−
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where, Tig represents the ignition temperature, andrepresents the non-dimensional rise in 

temperature, which is equivalent to 0.15. Eq. (2-18) helps to prove that the required ignition 

temperature reduces with the increase in heat flux, which is an aspect related to glowing 

ignition. Radiant heating often shows the opposite trend as can be observed from Table 11-1 

in Appendix 1. Furthermore, the availability of experimental data to prove the equation is 

also very limited [235] and thus, qualitative rudiments are only available for the same. 

Janssens [236] reviewed the various century-old models on flaming ignition from a radiant 

heating source and concluded that the relation between the ignition time and the external 

heat flux for an inert solid could be given as: 

 ( )0.55
Ig e er igt q q B−  = −   (2-19) 

where, q represents the heat flux, Big is the inverse of the slope, erq is the x-intercept of the 

data plot and tIg is the time to ignition which is raised to a power of -0.55. Babrauskas [235] 

illustrated the validity of the equation based on experimental data and observed that an 

overall correlation should be assigned after considering the moisture content of the wood 

because dry wood was concluded in many studies to ignite faster than the moist ones. 

Therefore, the new correlation established was: 

 
( )

0.73

Ig 1.82
e

130t
q 11


=

 −
  (2-20) 

The ignition through direct fire is an area where studies are quite limited, although, it is an 

important aspect because of its applicability and daily use in fire-places and other everyday 
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applications. According to Babrauskas  [235], a thin piece of wood when lit would be able 

to sustain the flame throughout, whereas a thick piece might not allow complete self-

sustained combustion. Bryan [237] reported that the maximum allowable thickness for self-

sustained combustion of wood is 19 mm when the bottom of the piece is exposed to direct 

fire. However, in the horizontal direction, the thickness was reported to be less than 12 mm 

[238]. The methenamine test, commonly used for testing floor coverings, further showed 

that the ignition was not experienced for wood samples having a thickness greater than 10 

mm [239]. The use of ISO 11925 small burner test on wooden boards showed that exposure 

of fire for 30 s to the wood surface was not enough for the material to produce self-sustained 

combustion beyond 150 mm mark with thicknesses as less as 2 mm. However, when the 

flame was exposed to the bottom part, the maximum thickness for reaching the 150 mm 

mark of self-sustained combustion was reported to be 10 mm and samples above 18 mm did 

not ignite [240]. Ebeling [241] provided the most important correlation equation for flames 

being exposed to the entire surface, through various tests on oak, white pine, redwood and 

yellow. The correlation equation can be represented as: 

 ( )
1.820.94

ig et 41.3 q −
=    (2-21) 

where the critical heat flux can be calculated as zero due to the absence of convective cooling 

in an actual flame-ignition scenario. The literature consists of many correlation equations 

reported by various authors on the different fire-reaction properties of wood and wood-based 

structures. Thomas et al. [242] worked on the correlation of the ignition temperature to that 

of the exposure time, using the experiment carried out by Prince [243] to prove through 

inverse correlation that the ignition temperature is not entirely dependent on the time of 

exposure. The study showed that the piloted-ignition temperature of various wood species, 

when tested as 101.65×31.75×31.75 mm3 samples, was around 210°C. Furthermore, 

Melinek[244] reported the theoretical calculation on the convectional approximation of the 

ignition hazards by defining the coefficient of constant heat transfer and its dependency on 

the temperature-related coefficient. The author also reported an analytical relation to study 

the rate of volatile emission from the wood surface. Atreya et al. [226] further reported the 

minimum heat flux required for a piloted ignition, through experimental verification, as: 

 ( ) ( ) ( )4 4
e ig igminq h T T T T 
 = − +  −   (2-22) 
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where,  is unity and h is the convective heat transfer correlation that is equal to 10 W/m2K 

for the horizontal direction and 15 W/m2K for the vertical. The authors also reported the 

analytical representation for the flame spread velocity (V) of a thermally thick solid as: 

 ( ) ( )

( ) ( )

2

a ck f igg
2

ck ig ss

V T T
V

T T

 −
=

 −

  (2-23) 

where, ( )ck g and ( )ck s represent the thermal responsivities of the gas and the solid phases, 

respectively, Tf represents the temperature of the flame and Va represents the opposed flow-

gas velocity. A mathematical model was further predicted by Tinney [218] on the 

combustion of small wooden dowels. The Fourier conduction equation was used to derive 

the heat transfer equation, and the decomposition was observed to follow the first-order 

Arrhenius equation. The work also showed the requirement of increasing the activation 

energy, the constant velocity and the heat of decomposition after one-half of the dowel 

consumption, to represent the slower degradation of the remaining charcoal material. Simms 

[214] further proposed a correlation model for the ignition time-correlated to the thermal 

properties to prove that the ignition is experienced only after a certain temperature is reached. 

Schaffer [219] reported the various models introduced on the char development based on 

heat conduction equation, the heat of combustion, weight loss and many other aspects. The 

literature consists of many other studies [198, 227, 231, 232] which had developed 

correlation equations on different fire-reaction properties based on experimental studies, 

giving a strong background for analytical studies on the fire performance of wood and wood-

based structures. 

2.4 Limitations in the current literature 

Wood veneers have been limitlessly used in furniture industries for giving a unique and 

lasting finishing to wooden structures. However, these veneers have been observed to be 

vulnerable to decay or damage due to furniture construction [245]. Different categories of 

vulnerability have been cited based on the types of failure observed [246]; whereas, there 

has been an insignificant amount of research carried out to understand the possible reasons 

and effects of the veneers themselves [247]. Woods and subsequently the veneers have very 

complex and unique behaviour. They are orthotropic and works differently in all three 

different directions and also being hygroscopic; the properties do not change with time or 

age [248, 249]. It has been observed that the tangential direction of wood is immensely 
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affected by the moisture content, with shrinkage of up to 12%; whereas, the longitudinal 

direction experience lower shrinkage and the radial direction experience almost half of that 

experienced tangentially [247]. Plywood are formed by overlaying two or more (mostly odd-

numbered) veneers over each other, with the grains of each layer being perpendicular to each 

other, such that the various properties of the wood are available in both the longitudinal and 

tangential directions. This complex structure requires an impressive amount of study and 

observation for understanding the formability and behaviour of the mechanical properties, 

something which is very limited in the current literature. Although, studies have been carried 

out in composites, comprised of wood fibres of Alder, birch, pine, aspen, spruce and many 

other species and on polymer matrices, having unique and different properties [250], yet 

those in natural wood fibre composites, that is plywood, is missing. 

Among the available studies carried out on the formability of the veneers, one of the 

significant ones was that by Blomqvist [251]. The author carried out an extensive study on 

the influence of the adhesive, used for lamination, in the forming characteristics of the 

veneers. The main influencing parameters involve the curing time of the adhesive, 

interactions between the adherence of the adhesive, mechanical properties, reacting ability 

and wettability of the adhesive used [252]. Further observation on the types of adhesive was 

carried out by Srinivasan et al. [62] which involved phenol-formaldehyde, polyurethane and 

commercially used polyvinyl acetate. The adhesive, at the instance of forming, acts as a 

lubricating agent between the two veneer surfaces, reducing friction and can even enhance 

the forming properties if applied on the top surface [253]. Additionally, after the forming 

process is over, the adhesive acts as a connection between the layers interlocking them into 

the final given shapes [118]. Other studies include understanding the effect on formability 

due to the orientation of the fibres [254], the orientation in which the veneers should be cut 

from the trees [255, 256] and the outcome of the different moulding techniques, such as Vee-

bending, match-die forming and others [1, 62]. However, all the forming studies have been 

carried out by considering the standard parameters of temperature, moisture, force and other 

influential parameters required for testing. Srinivasan et al. [62] used the softening 

technique, making the moisture content of the laminates more than the fibre saturation point 

[64], by soaking it in hot water (60 – 800C) for 60 seconds and Penneru et al. [76] applied 

heat to achieve the forming in a short period. Veneers are famously known as structures that 

are significantly difficult to be formed. This is attributed to their viscoelastic property which 

disables the cells to form even after stretching, resulting in relaxation. This challenge can be 
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curtailed by applying heat, which kills the cells at the forming point [76] and therefore, 

makes forming possible. 

The literature helps to provide a general idea of the forming process with an established 

equation that successfully represents the vee-bending process of plywood. However, the 

literature fails to provide a comprehensive understanding of the effects of the individual 

forming parameters on the bending process. Furthermore, the spring-back phenomenon has 

never been properly controlled or minimised to achieve the exact desired geometry from 

plywood and to form complex developable structures. Moreover, the current equation works 

only for an ideal set of parameters in the vee-bending rig and fails to predict the expected 

spring-back when varying parameters are used. Additionally, the effects of the formed 

plywood structures, in inner linings of chambers or compartments, sandwich cores and 

panels and other structural applications, on the fire-reaction properties have never been 

studied. Likewise, the availability of numerical models to simulate the fire-reaction 

properties of standard Radiata Pine plywood and to replicate the effects due to formed 

corners are also very limited. The current work is a humble attempt to address all these gaps 

and provide a concrete base for wood forming and for understanding the fire performance of 

the various formed structures to report the effect on flammability due to formability. The 

study also introduces the possibility of making hybrid veneer composites to enhance the fire-

reaction properties of the material system. 

2.5 Summary 

The chapter primarily focuses on reporting a detailed background of wood and plywood 

structures. The comprehensive literature survey is reported on the various aspects of wood-

based on the chemical composition, structure and cellular classification of the various types 

available. Intrinsic properties such as natural moisture content, density, tensile strength, 

compressive strength, bending strength and the stress-strain relationship are elaborately 

discussed. Furthermore, the thermal properties, with a special interest in the conductivity, 

temperature effect and burning phenomenon were illustrated. Eventually, a brief 

introduction on the various available wood products used in daily life was provided, 

followed by a detailed discussion and illustration of the different forming methods, plywood 

preparation, bending procedures and flammability of wood and plywood structures. Finally, 

the gaps or limitations of the literature were illustrated, most of which were addressed in the 

current thesis.
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Chapter 3 

  Formability of wood 
veneers: single and 

multiple bend analyses 
with shape conformance 

Parts of the research presented in this chapter have been published as: 

Chanda, A.; Bhattacharyya, D. Formability of wood veneers: a parametric approach for 

understanding some manufacturing issues. Holzforschung. 2018 72(10), 881-887. 

Chanda, A.; Dutta, S.; Bhattacharyya, D. Shape conformance via spring-back control during 

thermoforming of veneer plywood into a channel section. Materials and Manufacturing 

Processes. 2020, 7(35), 859-868. 

Chanda, A.; Bhattacharyya, D. Understanding the applicability of natural fibre composites 

in hybrid folded structures. Advanced Materials Letters. 2018, 9(9), 619-623. 

Chanda, A.; Bhattacharyya, D. Formability Study of Plywood for Specific Geometric 

Formations. In the proceedings of 11th Asian - Australasian Conference on Composite 

Materials. 2018, 29 July - 1 August, Cairns, Australia 2018. 
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3.1 Introduction 

The goal of effective and efficient construction from plywood leads towards the reliable 

understanding of the properties of the formed plywood, with respect to the strain, stress, 

shape and final structure. Many processes have been introduced for effective manufacturing 

from plywood; however, the excessive precautionary steps and complex procedures limit 

their use to manufacture specific geometry-based outputs. Standardised static bending tests 

help understand the underlying properties of the forming process and produce unique and 

desired structures. Forming of plywood is a relatively new and less ventured field. Still, it 

has immense potential benefits, and the possible applications might include but will not be 

limited to floors, corrugated fences, tops and coverings and even wall panels for buildings. 

Having continuous profiles will significantly increase the entire structures’ stability, 

especially for buildings and can also aid in other aspects. Being a natural source, wood has 

a lot of importance and economic advantages over other synthesised engineering structures 

[257].  However, it is orthotropic, showing different properties in three different directions 

[248] and is viscoelastic. Moreover, forming plywood results in a significant spring-back 

(SB) during the post-forming curing stage. This phenomenon is also observable while 

forming most composites [258-261] and has been studied to control and optimise the forming 

processes. Despite the issues, wood is naturally a great insulator of heat and electricity, with 

desired acoustic properties and great strength to weight ratio, making it a potential material 

for various applications [249]. 

Veneers of Radiata Pine is an important raw material for the production of plywood, with 

the advantage of good laminating properties and turning and shaping characteristics [1]. 

Commercially available plywood made from veneers (usually less than 1 mm thick), may 

have even more value-added applications, if they can be formed into desired profiles, for 

example, to channel sections, hollow-sandwich structures, corrugated sheets, hollow pillars, 

auxetic structures, just to mention a few [62]. Plywood samples are difficult to be formed 

into stable structures due to their viscoelastic properties. This challenge can be tackled by 

applying heat, which modifies the cells at the forming point [76] and thus facilitate the 

forming process [250]. However, the shape stability of complex plywood structures has 

received hitherto little attention. Blomqvist (2016) studied the forming characteristic of 

veneers with various adhesives. The adhesives can act as a lubricating agent [253], as a 

connector [118], and influence the forming, which is dependent on the curing time, 

mechanical properties [252], and the glue type [62]. Other parameters were also investigated, 
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such as the formability as a function of fibre orientation [254], wood cutting orientation [255, 

256], different forming techniques (Srinivasan, 2008, Srinivasan et al. 2007), and various 

pre-forming techniques, for example softening [64] and pre-heating [76]. In focus of the 

initial study are the parameters influencing the formability characteristics of 3-ply Radiata 

Pine (Pinus Radiata D. Don) veneers. To this purpose, the standard process of soaking the 

plywood in hot water will be followed [48] and the vee-bending process will be applied, 

which is a single curvature bending. According to Norimoto and Gril [64], plywood should 

be softened above the fibre saturation point (FSP), which is around 30% MC [60]. Studies 

have shown that it is important to soften the plywood before forming [262] to increase the 

pre-forming moisture content (MC), as it is impossible to be formed with its natural MC of 

around 9% [9]. Besides, the glass transition temperature (Tg) plays a vital role in determining 

the temperature of the water-bath in which the samples are softened, as the plywood tends 

to soften at a temperature that is higher than the Tg of its constituents [60]. Moreover, the Tg 

of the wood constituents are dependent on moisture and has been observed to decrease with 

the increase in the MC [67].  Furthermore, temperatures above the Tg of hemicelluloses and 

lignin are ideal for forming. Tg is dependent on the pre-forming MC of the plywood and 

decreases after the plywood reached the FSP. The anisotropic nature of wood may result in 

unwanted and unaccounted distortions after forming [64, 71, 263, 264]. Thus, veneers and 

plywood show spring-back (SB) and spring-forward (SF) behaviour post the forming 

process. In the present chapter these behaviours should be addressed by a systematic 

variation of parameters, and the experimental data will be complemented by mathematical 

simulation. The most essential variables are the nose radius of the punch, rate of forming, 

forming temperature, temperature of the water bath and pre-forming MC. 

The ideal conditions observed from the previous study are used again for a double bend 

analysis of the same material system. Furthermore, the plywood experienced a significant 

amount of negative spring-back or spring-forward in the initial stages of post-curing after 

undergoing vee-bending, which can influence each other in case of multiple bends. A 

preliminary study is thus carried out in the chapter to understand the effect of multiple bends 

with straight legs in a four-point bending setup and observe the ideal post-forming curing 

time. The results obtained from the study and the average spring-back helped in designing 

the legs for the shape conformance study. Other studies [9, 92] have also shown that the 

currently established equation on plywood forming is only valid for an ideal combination of 

Tf and pre-forming MC values and fails to predict the final SBs at various Tf and MC. 

Additionally, due to the limited number of studies carried out on the forming of plywood, 
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and with the majority being oriented towards the adhesive used [118, 253, 262] and the fibre 

orientations [254, 255], it is essential to have a more realistic equation which can be validated 

over a greater range of the concerned forming parameters. Thus, the current work also aims 

to manufacture a standard U-shaped channel structure from plywood by controlling the 

eventual SB effect as much as possible and understanding the influence of each bend on the 

other through strain analysis. The work further conducts a shape conformance study to 

confirm that the desired structure is achieved, and also develops an empirical equation for 

calculating the final SB during plywood forming, over a broader range of Tf and pre-forming 

MC. 

3.2 Material and methods 

 Sample used 

The sample used for the parametric analysis is illustrated in Figure 3-1. 3-ply laminates made 

from veneers of Radiata Pine were used in the current work. The plywood was commercially 

acquired from Gibson Veneer & Plywood Ltd., Auckland, New Zealand. The veneers were 

glued together by uniformly spreading 250 g/m2 of 2 pot Poly (vinyl acetate), industrially 

known as Superlock 3042M, on each surface and then by pressing them together in 0°/90°/0° 

ply orientation. Each veneer was 0.6 mm thick, giving an overall thickness of about 1.9 mm 

to the plywood sheets. The laminate was cut in 250×35 mm2, 280×30 mm2 and 90×20 mm2 

for the three different forming studies conducted. 

 
Figure 3-1: Schematic representation of the sample used for the parametric study 
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 Experimental setup 

3.2.2.1 Vee-bending test 

Static vee-bend tests were performed on 3-ply laminates. The test rig illustrated in Figure 

3-2 represents the one designed for the current study. A combination of in-situ curing and 

post-forming curing had been used to study the final spring-back or spring-forward 

phenomenon of the formed plywood. The vee-bending test rig was set up on an Instron 1185 

(Instron, Norwood, USA) and the entire experiment was conducted based on displacement 

control, where the load cell was set to achieve a load of 0.4 kN at a rate of 200 mm/min. The 

nose was then held at the final punched position for one minute, triggering the in-situ curing 

process, and then kept outside at room temperature for 10 min before taking the first reading 

and for 24 h before taking the final one. The nose radii and the forces applied by the load 

cell of the Instron were varied to understand their effects, following which a heating element 

was drilled into the male punch to increase the temperature of the nose, keeping the 

temperature of the female punch and the die at room temperature. The forming temperature 

was controlled by a temperature controller, and the entire setup is depicted in Figure 3-2 (b). 

The temperature was varied from 120ºC to 250ºC to understand the effect of temperature on 

the forming of the plywood samples. Furthermore, previous studies [265] have established 

that veneers cannot be formed without increasing the pre-forming moisture content. 

Therefore, a parametric study was carried out to observe the ideal temperature of the water-

bath in which the plywood was soaked for varying the pre-forming moisture content, the 

forming temperature and the pre-forming moisture content. The formability for the various 

cases was correlated to the spring-back (SB) and spring-forward (SF) phenomena, Figure 4, 

experienced by the plywood. The angles were measured using a digital protractor, based on 

the included angle of the male punch, 45°. Therefore, the sector angle ( ) or the amount of 

spring-back or spring-forward experienced by the plywood after forming can be calculated 

from: 

  = −   (3-1) 

where,   is the included angle (45°),  is the measured angle with the help of the digital 

protractor. Graphical illustration of the bending process is further provided in Appendix 2. 



Chapter 3   Single and multiple bends 

89 | P a g e  

 

 
Figure 3-2: (a) The Vee-bending test rig used for the study and (b) description of the different 
parts of the test rig 

3.2.2.2 Multiple bend test rig 

The preliminary test was a static four-point bending test, and the same curing method was 

carried out to obtain the final results. The 4-point bending rig was designed in CREO 

Parametric, with a wider span, Figure 3-3. The static vee-bending test provided the ideal 

parameters, which were applied in the conventional four-point bending method (included 

angle= ϕ = 90°). Each result was averaged based on three tests to minimise the experimental 

aberrations.  

 
Figure 3-3: Representation of the experimental setup. 
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The same Instron 1185 was used to perform all the tests. Displacement control was the 

method used to assign the end of the Instron movement and the beginning of the in-situ 

curing time. The load cell was programmed to move at 200 mm min-1, where it tends to attain 

a load of 400 N, achieved from the vee-bending study. The final SB or SF readings were 

obtained after the overall curing time. The average SB of 7.46°, observed from the test, 

enabled the designing of a modified four-point bending rig, with the legs being inclined at 

7.5°, Figure 3-4. The basic steps of the test method are also illustrated in Figure 3-4. The 

bottom legs were adjustable, Figure 3-4 (b), which were restrained at the position shown in 

Figure 3-4 (c), during the in-situ curing time. The 2D design of the legs is further given in 

Appendix 2. 

 
Figure 3-4: Graphical representation of the vital steps; (a) initial step before starting the 
process, (b) second step where the height between the two ends decrease and the bottom 
supports are pushed in gradually to maintain a 2 mm gap and (c) the step when the plywood 
sits on the support and the in-situ curing time of 1 min starts. 

 Parameters studied 

The primary parameters which can have significant effects on the final formed structure of 

the plywood samples include the nose radius (R) used for forming, the pre-forming moisture 

content (MC), the temperature of the water bath (TWB), the forming temperature (Tf), the rate 

of forming and the bending force. A parametric analysis was carried out for all these 
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variables to obtain a desirable set and understand each parameter's effect on the final sector 

angle. 

 Pre-testing conditions for multiple bend analysis 

According to the initial vee-bending study, the two most significant pre-forming treatments 

required are increasing the pre-forming MC of the plywood and the Tf, where the nose of 

the male punch is heated for terminating the viscoelastic cells at the forming axis. The ideal 

forming parameters for soaking the samples in the water-bath to achieve the desired MC and 

the forming temperature, achieved from the statistical analysis, were used. 

 Strain measurement 

Two types of strain measurements were carried out, the in-situ strain measurement and the 

kinematic strain measurement. Initial strain histories, of the formed samples, were obtained 

through a three-strain gauge rosette, fixed at the bottom of the surface, in the 90° (horizontal) 

direction. The other technique was selected to be a kinematic one because it is free of the 

constitutive relationship of the material. The method, namely, Grid Strain Analysis (GSA) 

[111, 266] was used to measure the deformation patterns of the plywood by comparing the 

original grids drawn on the un-deformed surface of the plywood with the formed ones. The 

grids were digitised with the help of the 3-D coordinate measuring device (Immersion 

Corporation, Micro-scribe, USA), Figure 3-5. The un-deformed data points were measured 

through fitting a mesh; whereas, a deformation surface was fitted on the deformed data points 

through the least-square finite element method. The deformation gradients provided the 

strains.  

 Shape conformance and delamination study 

For quality assessment, it is important to confirm the geometric quality of the structure. The 

quality assessment was performed on the samples used for GSA. The profile of the desired 

structure was designed using AutoCAD® software, and a 1 mm graphing sheet was used to 

draw and compare the achieved and desired profiles for each sample. The two profiles were 

compared together, for each case, to provide a clear visual observation of the differences. 

The samples were then observed under the microscope for possible delamination, during 

forming, as laminates tend to delaminate during any kind of heat-treatment due to the 

adhesive de-bonding [267]. The microscope also elucidated that the exposure to high 
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temperature terminated the viscoelastic cells, enabling the plywood to take the desired 

profile. 

 
Figure 3-5: Illustrations of (a) gridded plywood (2x3 mm) for GSA, (b) Co-ordinate 
measuring used for gridding the plywood, (c) MicroScribe used for getting the points, for 
GSA, before and after forming, d) plywood samples with the strain gauges attached and kept 
for curing after applying insulation and e) the experimental setup used in Instron 1185, for 
carrying out all the experiments. 

 Tensile strength of the formed samples 

The forming process exerts a lot of stress and heat on the forming plane, which can have a 

detrimental effect on the final strength of the formed structure. Therefore, it is important to 

study the variation in the tensile strength along the forming plane, perpendicular to the grain 

direction, to understand the effect of the forming process on the ultimate tensile strength of 
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the plywood. ASTM D143 standard [268] was followed, which elaborates the testing method 

for small clear specimens of timber. The standard was used because the formed plane had a 

radius of 6 mm and a maximum width of 100 mm. The samples were formed similarly with 

the modified 4-point bending rig and were subsequently trimmed to expose only the formed 

part for tensile testing. The nominal width of the tested samples was 17.38 mm and the 

thickness was 1.83 mm on average. The samples were uniform along the sides (no dog-bone 

shape) and were tested only to observe whether the tensile strength varies in the direction 

perpendicular to the grain, after forming. The main intention was to study whether the 

ultimate tensile strength of 27.6 MPa to 34.5 MPa for general plywood [269] is affected due 

to forming. 

 Post-forming curing time study 

The curing time plays a significant part in the final product and therefore, it was of 

importance to observe the ideal curing time for the samples. The experimental method used 

had two separate parts of curing, the in-situ curing phase and the post-forming curing phase, 

where the latter is the longest. The final structure and the final spring-back obtained 

depended greatly on the amount of time the post-forming curing phase was allowed, and 

therefore, it was important to study the ideal time where the sample could be deemed 

completely cured. 

 Analytical formulation 

The anisotropic behaviour of the thermal expansion coefficient of plywood was attributed to 

the spring-back or spring-forward phenomenon by Zahlan and O’Neill [270]. According to 

them, the change in the final sector angle of the formed plywood can be represented as: 

 ( )y x T =  −     (3-2) 

In Eq. 2, the change in sector angle is represented by , where the sector angle, 180 = −  

and  is the included angle of the male punch nose. The thermal expansion coefficients, both 

in-plane and out-of-plane are represented by
x and y , respectively and the variation in T is 

denoted by T . Further studies [271] have reported that the plywood undergoes a significant 

change in MC while forming. Srinivasan et al. [62], incorporated both the forming 

temperature and pre-forming MC in proposing: 
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 ( ) ( )y x y xT M =  −  +  −    (3-3) 

where, the in-plane and the out-of-plane shrinkage coefficients are represented by x and y

,  respectively and the variation in MC by M . The respective values of the four coefficients 

were proposed for a single-ply laminate [15, 32, 60], each varying with the change in grain 

direction. Therefore, considering 3-ply laminates, with 0º/90º/0º orientation, the appropriate 

shrinkage and thermal coefficients, both in-plane and out-of-plane, were calculated by 

Srinivasan et al. [62], as 4.95×10-6 and 1×10-5, respectively for in-plane and 45×10-6 and 

3.0×10-3, respectively for out-of-plane in case of flat-sown lumber.  However, the 

experimental results were observed to vary non-linearly with the variation in Tf and pre-

forming MC. Therefore, Eq. (3-3) failed to predict the final SB angle for a wider range of 

the parameters and was valid only for a pre-defined ideal set of values. To fill the gap, a 

virtual data scientist software, called Eureqa®, was used that helps the user to identify a 

logical pattern in the experimental data. The computer synthesis lab of Cornell University, 

New York, United States was used to develop the software [272, 273]. The software is the 

incorporation of artificial intelligence (AI) where symbolic regression is used to formulate 

the equations and also to identify the hidden mathematical relations between the parameters 

of the raw data [274]. The new equation was proposed based on all the significant parameters 

of the forming temperature, the pre-forming moisture-content and the sector angle, that any 

thermo-forming process of plywood is dependent on. This helped in accurate measurement 

of the final sector angle analytically over a certain range of the most influential parameters. 

3.3 Results and discussion 

 Single curvature bending analysis 

3.3.1.1 Analysis of the initial parameters 

3.3.1.1.1 Studying the nose radius 

The punch radius, as expected, was observed to affect the final structure of the Radiata Pine 

sheets. Srinivasan et al. [1] have found in their studies that the variation in the final sector 

angle increased with that of the punch radius because of the reduced bending strain, which 

was directly proportional to t/2R, with R being the nose radius and t the thickness of the 

plywood. Moreover, with the increase in the radius, the majority of the veneer core remained 

elastic, which helped in faster recovery after punch removal. Therefore, it was important to 
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understand the required punch nose radius to acquire the desired structure. This section of 

the work deals with understanding the effect of punch radius and finalising the radius, which 

would be used for studying the other aspects of formability. The study was carried out with 

both the male and female punches being at room temperature and the plywood being soaked 

in a water-bath for 60 seconds at 700 C. The results of the study are tabulated in Table 3-1, 

which show that the forming process did not take place when the nose radius was too small. 

With nose radii of 1 mm, 2 mm, 3 mm and 4 mm, the laminate cracked at the bending axis, 

thus proving that the plywood was not formable with those bend radii. However, with the 

bend radius being 6 mm, the plywood formed nicely, without any crack or delamination, 

establishing the fact that the minimum bend radius for forming should be around 6 mm. A 

further study was conducted with higher bend radii, and the outcome was significant and in 

agreement with the literature. The rise in the radius for forming, as can be observed from 

Table 3-1, increases the amount of spring-back due to the increased elasticity of the veneer 

core. It could be observed that the spring-back experienced with a 10 mm radius punch was 

around 119.50 and the minimum was experienced when the punch was 6 mm, giving a 

spring-back of 1010.  

Table 3-1: Illustration of the effect of nose radius on the formability of 3-ply laminate in a 
vee-bending test rig 

Effect due to variation in the radius of the male punch or nose radius 

Radius of the nose 
Temperature of the 

water bath (0C) 
Time of 

immersion 

Final sector angle 

After 10 
minutes (º) 

After 1 day (º) 

1 mm 70 60 sec Local failure at the bending 
axis (sample cracked) 

2 mm 70 60 sec Local failure at the bending 
axis (sample cracked) 

3 mm 70 60 sec Local failure at the bending 
axis (sample cracked) 

4 mm 70 60 sec Local failure at the bending 
axis (sample cracked) 

6 mm 70 60 sec 100.4 101 

7.5 mm 70 60 sec 109.4 114.2 

8 mm 70 60 sec 111.4 114.4 

10 mm 70 60 sec 112.5 119.5 
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Therefore, it was concluded that to get good forming characteristics, the range of the bending 

nose radius should be: 

 2t R 3t    (3-4) 

where, t is the thickness of the plywood and R is the nose radius. The punch radius, therefore, 

should be more than 4 mm and less or equal to 6 mm. The best result is achieved with the 6 

mm radius, the entire work was carried out with the radius of the male punch being 6 mm 

for all the following studies.  

3.3.1.1.2 Bending force 

Another important aspect of performing the vee-bending operation is the force that the 

Instron applies at the specified rate, before stopping further displacement of the load cell. 

Previous studies have not given any specific value of this force required for the forming 

operation and therefore, this section of the present study enlightens this important aspect of 

the vee-bending process. Static vee-bending was performed on the 3-ply laminates of 

commercially available Radiata Pine, which were treated before by soaking in hot water 

(700C). The experiment was performed with both the punch and the die being at room 

temperature and the effects due to the varying bending force is illustrated in Table 3-2. The 

study was conducted with two different moisture content, acquired by soaking the plywood 

over 60 seconds and 120 seconds respectively, for three different forces of 200N, 400N and 

800N. It can be observed from Table 3-2 that the amount of spring-back experienced in each 

of the forces was quite similar to each other, and the only difference was observed with the 

change in moisture content. Exposing the plywood to too much moisture made the wood 

more elastic and therefore, it experienced more amount of recovery; however, all the 3 SB 

values, with the changing force, were almost equal. Furthermore, with the less amount of 

exposure to moisture, there was a difference of 20 in each case, which was again negligible 

for the present structure but could be an important aspect for critical applications. Therefore, 

it could be concluded that force played very little role in affecting the formability of the 

wood and therefore, it had not been varied in further work. Still, to achieve the best possible 

formability of the 3-ply laminates, the Instron was programmed to apply a force of 400 N or 

0.4 KN, as with less moisture, the least amount of spring-back was achieved at that particular 

force. 
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Table 3-2: Illustration of the formability of the moistened 3-ply laminates due to variation 
in the bending force of the vee-bending rig 

Effect due to variation in the bending force 

Force 
Time of immersion in 

700 C water Observation 

Final sector angle 

After 10 minutes (º) After 1 day (º) 

200N 60 Spring-back 101.6 105 
120 Spring-back 106 108 

400N 60 Spring-back 100.4 101 
120 Spring-back 106.5 108 

800N 
60 Spring-back 100 103 
120 Spring-back 105.5 107 

3.3.1.2 Statistical evaluation of the influential parameters 

The remaining main parameters responsible for the forming process are the rate at which the 

forming process takes place, the temperature of forming and the pre-forming moisture 

content of the plywood. A statistical analysis, following the Taguchi Method of experimental 

design [275], was carried out to understand which parameter had greater influence and 

needed a more elaborate understanding. The Taguchi method is widely used and can be 

applied for statistically designing experiments. This process helps in studying the various 

conditions of an experiment, from minimal variability to those with high sensitivity, thus, 

producing superior qualities with the least costs [276]. The method [276] usually has two 

focus points: (1) the signal to noise (S/N) ratios and (2) the orthogonal array, which help in 

observing the various parameters at the same scale level [277]. 

 
Figure 3-6: The outcome of the results obtained from the 2 Level Taguchi analysis. 
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In short, it contributes to a transparent graphical observation of the significant factors via the 

S/N ratio analysis [278]. In addition, the Pareto-ANOVA analysis renders the possibility of 

determining the exact contribution of each parameter in terms of the quantitative final SB 

behaviour. Initially, the Taguchi method was implied for two-parameter levels, Figure 3-6, 

and the min/max values were taken according to Table 3-3. The maximal variation was 

achieved by Tf, but the pre-forming MC also had a significant variation, with the forming 

rate being least relevant. To improve the evaluation, a 3 level Taguchi analysis was also 

carried out, followed by the Pareto ANOVA analysis [279]. Three variables were considered, 

Table 3-3, based on the L9 design matrix, according to Lochner and Matar [275]. The 

corresponding S/N ratios are plotted in Figure 3-7 and detailed matrices are provided in 

Appendix 2. According to the ‘smaller-is-better’ principle, the minimum response of the 

various parameter combinations was found based on: 

 ( )2/ 10log=− S N y n   (3-5) 

where, n represents the number of samples for each trial (n = 4 in the present study) and y is 

the response value that is obtained from the L9 matrix. Figure 3-7 demonstrates that the 

variation in the forming rate and the pre-forming MC of each sample affected the final SB 

values. Furthermore, Tf was the most relevant factor. Pareto-ANOVA analysis (Figure 3-8) 

elucidated the contribution of each parameter, and it was obvious that the contribution of Tf 

with 51.8% was the highest followed by the pre-forming MC (31.8%) and the forming rate 

(13%). It should be noted that the parameters listed were not completely independent of each 

other. A slow forming rate affected the final structure resulting in greater SB effects. At 

elevated forming rates from 200 to 500 mm min-1, the variation was negligible, with a 

difference of 12%, which meant ca. 1 ° variation. Thus, it may again be concluded that 

the forming rate should be in the range of 200 - 500 mm min-1. For better comparability, the 

forming rate was kept constant at 200 mm min-1 in further experiments, where the spring-

back was around 11°. 

Table 3-3: Parameters and the values used for performing Taguchi analysis 

Forming rate (mm/min) Forming temperature (°C) 
Pre-forming moisture 

content (%) 

A B C A B C A B C 

50 200 500 150 200 250 20 24.8 27.3 
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Figure 3-7: The S/N ratios, at various factorial levels, with the respective error bars, for the 
different parameters: (a) forming rate of the veneers, (b) forming temperature applied and 
(c) pre-forming moisture content of the plywood. 

 
Figure 3-8: Pareto ANOVA analysis for the various influencing parameters for the vee-
bending test of the veneers. 
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One of the most important aspects of forming any material is the forming temperature [280, 

281]. Therefore, it is important to study the temperature dependency while forming the 

laminates with the vee-bending rig. It is known from the literature that previous studies had 
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used particular temperatures for forming, but, the justification behind the same has often 

been missing. Mostly, the temperature in the range of 180° to 220°C had been taken as the 

convention [1], without any concrete study. Thus, a comprehensive study was carried out to 

understand the dependency of two aspects; TWB in which the plywood was soaked and the 

temperature of the punch nose or the male punch. 

3.3.1.4 Temperature of soaking water (TWB) 

TWB was varied between 60-80°C and the results are presented in Table 3-4. The 3-ply 

laminates were tested with a Tf of 200°C, while the pre-forming MC was achieved with 60 

s soaking time. As evident, TWB had significant effects on the results. The specimen obtained 

with a Tf of 22ºC had a final spring-back (SB) of 17.5º and the final sector angle of 57.5º. 

This SB effect decreased with increasing T leading to final SB data via 16.3º, 14.2º, 13.4º, 

12.9º, to 11º (70ºC) and 10.5º (80ºC). As the improvement between 70ºC and 80ºC was 

minimal, the following experiments were performed with 70ºC soaking temperature.  

Table 3-4: Illustration of the formability of the moistened 3-ply laminates due to variation 
in the temperature of the water bath 

Effect due to variation in the temperature of the water bath (TWB) 

Temperature (ºC) Time of immersion (s) Observation 
Final sector angle 

After 10 min (º) After 24 h (º) 

Room 
temperature 

(22ºC) 
60 Spring-back 6.7 17.5 

30 60 Spring-back 4.4 16.3 

40 
60 Spring-back 3.9 14.2 

50 60 Spring-back 1.6 13.4 

60 60 Spring-back 0.8 12.9 

70 60 

Initial spring-
forward and 

eventual 
spring-back 

-0.4 11 

80 60 

Initial spring-
forward and 

eventual 
spring-back 

-1.2 10.5 
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3.3.1.5 Temperature of punch nose 

The final SB data are listed in Table 3-5, as the punch-nose T was elevated from 150°C to 

250ºC. At low Tf, the SB was high, which gradually decreased along with increasing 

temperatures, experiencing the ideal at 200ºC. The further increase of Tf to 250°C was 

detrimental. The initial SF, obtained at higher Tfs could have a great impact in the case of 

multiple bending axes. The minimum SF of 2.5º was achieved at 150ºC. No SF behaviour 

was seen at 120ºC, although the final sector angle was 60.6º after 24 h.  

Table 3-5: Illustration of the formability of the moistened 3-ply laminates due to variation 
in the forming temperature 

Effect due to variation in the temperature of forming 

Temperature (ºC) 
Time of immersion in 70ºC 

water (s) 
Observation 

Final sector angle 

After 10 min (º) After 24 h (º) 

0 (Cold nose on 
Cold Base) 60 Spring-back 100.4 101 

150 (Hot nose on 
Cold Base) 

60 Spring-back 5.45 12.15 

180 (Hot nose on 
Cold Base) 60 Spring-back 0.35 15.5 

200 (Hot nose on 
Cold Base) 60 

Initial 
spring-

forward and 
eventual 

spring-back 

-0.4 11 

220 (Hot nose on 
Cold Base) 60 

Initial 
spring-

forward and 
eventual 

spring-back 

-0.3 11.4 

250 (Hot nose on 
Cold Base) 60 

Initial 
spring-

forward and 
eventual 

spring-back 

-0.35 18.5 

3.3.1.6 Effect of moisture 

The natural MC of the plywood was 8.5%, which was not sufficient for forming due to 

cracking or delamination of the laminates. The effects of MC increment are listed in Table 

3-6, while the MC was measured by a digital mini moisture-meter with probes inserted into 
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the wet plywood immediately after removing it from the water-bath. As mentioned before, 

the Tf was 200° of the male punch, with the female punch and die being at room temperature. 

The soaking time was varied from 30 to 120 s. Table 3-6 reveals that the formability was 

poor at low MCs and the laminates experienced an SB of 20.5° (30 s, 20% MC). The best 

result (11° SB) was obtained with 60 s soaking time leading to an MC of 24.8%. 

Interestingly, the formability deteriorated at higher MCs, for example, the SB was 22° (120 

s, 27.3% MC). Surprisingly, an 80 s soaking time led to an initial SF of 0° during the first 

10 min, but the SB value rose suddenly to 15.7°, i.e. to a value, which was higher than that 

observed after 70 or 90 s soaking times. The highest SF of 2° was observed after 90 s soaking. 

Accordingly, the best formability is obtained after 60 s soaking time. 

Table 3-6: Illustration of the formability of the moistened 3-ply laminates due to variation 
in the pre-forming moisture content of the laminates 

Effects due to variation in the moisture 

Time of immersion 
in 70ºC water (s) Observation 

Pre-forming 
moisture 

Content (%) 

Final sector angle 

After 10 min (º) After 24 h (º) 

30 Spring-back  20 0.5 20.5 

40 Spring-back  22.4 0 19.1 

50 Initial spring-forward 
and eventual spring-back  23.7 -0.4 19.1 

60 Initial spring-forward 
and eventual spring-back  24.8 -0.4 11 

70 Initial spring-forward 
and eventual spring-back  25.2 -3 12 

80 Spring-back  25.7 0.3 15.7 

90 Initial spring-forward 
and eventual spring-back  25.9 -2 14 

100 Initial spring-forward 
and eventual spring-back  26.8 -1 16 

110 Initial spring-forward 
and eventual spring-back  27.1 -0.8 15.7 

120 Initial spring-forward 
and eventual spring-back  27.3 -0.6 22 
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3.3.1.7 Analytical correlation 

In a vee-bending test, the plywood specimens experienced both MC and T changes, and 

these are considered in Eq. 5. This was the reason why the exposure of the sample to ambient 

climate resulted in significant changes in the sector angle , due to the prevalent SF and SB 

effects. The calculated value for 200°C Tf was 10.97° after 24 h and that for 220°C was 

11.1°. The comparison of experimental and calculated data is presented in Table 3-7. The 

results presented form a healthy basis for further vee-bending tests of veneers. However, the 

increase in percentage variation, between experimental and numerical results, with 

increasing Tf, proves that the coefficients used in the equation are also temperature-

dependent and their variation is not linear. Thus further studies are necessary to find 

appropriate coefficients in a semi-empirical or empirical manner through extrapolation or 

interpolation. 

Table 3-7: Comparison between the analytically calculated and experimentally achieved 

sector angles of the plywood samples 

Forming temperature Analytical value of 
final sector angle  

Experimental value of 
final sector angle 

Percentage deviation 
(%) 

150 °C 10.71 ° 12.15 ° +11.87 
180 °C 10.87 ° 15.5 ° +29.87 
200 °C 10.97 ° 11° +0.2 
220 °C 11.1 ° 11.4 ° +2.8 
250 °C 11.24 ° 18.5 ° +39.2 

 Multiple curvatures bending analysis 

3.3.2.1 Post-forming curing time 

The plywood was formed at a right angle, with the 4-point bending rig, and the subsequent 

effect and the amount of spring-forward and spring-back were measured after intervals of 

10 min, 1 day, 2 days and 3 days. The outcome of the spring-forward and spring-back values 

are given in Table 3-8. The amount of spring-back was relatively low at the initial 10 min 

threshold. In fact, for smaller spans from 40 mm to 12 mm, the plywood was found to 

experience a spring-forward phenomenon in the initial stages. The plywood was placed at 

ambient conditions over the night(s). It was prominent that, the percentage difference 

between the sector angles, experienced during the initial 10 mins and a day, was significant. 

All the samples experienced SB of about 90%, with a few even going above 100%. 
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Therefore, it was obvious that the plywood was stabilizing over the 24 h period. However, 

the results obtained from observations after 48 h and 72 h were very similar to that of 24 h. 

The highest percentage deviation was 1%, with a few having null deviations. The overall 

variation on the 2nd day was as little as 0.23% and that on the 3rd day was negligible at 0.09%. 

The results also implied that the plywood experienced a little amount of change in sector 

angle after the 1st day (24 h period), with a negligible change on the 3rd day. Thus, it was 

concluded that the post-forming curing time of 24 h would be sufficient for curing, 

irrespective of the span formed. Another interesting aspect observed during the 

experimentation process was that in a few cases, the amount of spring-back was negligible 

even after 72 h. These cases were not considered in the studies, as the plywood were over-

burnt during the process. However, this observation gave a possibility of having lesser 

spring-back, with the increase in in-situ curing time. The overall average SB, after 24 h of 

post-forming curing, was calculated to be 7.46º, which would be further used for SB 

cancellation study on a modified bending rig. 

Table 3-8: The final spring-back observed from forming the plywood. 

Span 
(mm) 

Post 
10 

min 
(°) 

Spring-back post 
24 h 

Spring-back post 
48 h 

Spring-back post 
72 h 

(°) %  (°) %  (°) % 

200 0.1 7.91 98.74 7.87 0.51 7.88 0.13 

150 1.15 7.39 84.44 7.40 0.07 7.43 0.47 

100 2.51 7.87 68.11 7.88 0.13 7.88 0.00 

80 2.8 7.89 64.51 7.89 0.00 7.89 0.00 

60 0.88 7.18 87.74 7.13 0.70 7.15 0.28 

50 0.67 7.18 90.67 7.23 0.00 7.22 0.14 

40 -0.39 7.12 105.5 7.19 0.97 7.18 0.14 

30 -1.06 7.52 114.1 7.55 0.40 7.57 0.26 

20 -0.74 7.52 109.8 7.55 0.40 7.57 0.26 

12 -1.35 6.93 119.5 7.00 1.00 6.98 0.29 

Overall % variation between the post-formation curing time 

Variation between 1st and 2nd day  0.23 Variation between 2nd and 3rd day 0.09 
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3.3.2.2 Bending 

The basic test was the vee-bending, which had been illustrated in Section 3.3.1. The test 

helped in predicting the ideal parameters for forming plywood, where the SB was minimum, 

Tf was 200 °C, and the TWB was 70 °C, in which the samples were immersed for 60 s to get 

a pre-forming MC of 24.8%. Eventually, two types of four-point bending procedures, as 

explained earlier, were performed, primarily to make the analytical equation capable of 

predicting the forming behaviour of plywood at different scenarios, with varying sector 

angles.  The final average SB was calculated to be 7.46°, as given in Section 3.3.2.1. Further 

details of the entire experiment can be obtained from a previous study conducted by Chanda 

et al. [92]. Finally, a modified four-point bending study was performed with the established 

parameters and a new included angle of 82.5º, for all the span lengths. The main objective 

was to measure the final SB and observe, whether the desired profile of U can be achieved 

through SB control. The process illustrated in Figure 3-4 was carried out for each case, and 

the SB was again measured after 1 min of in-situ curing and 24h of post-forming curing. The 

measured values for each span length were averaged out over five trials for each type, and 

the overall average of the SB was calculated from the 55 trials, a few of which are given in 

Table 3-9.  

Table 3-9: Final SB values for various span lengths and the overall average. 

Span length SB Average Illustration 

23 mm 7.9375 
 

30 mm 7.4167 
 

40 mm 7.7333 
 

50 mm 7.25 
 

60 mm 7.5667 
 

80 mm 7.8333 
 

100 mm 7.575 
 

150 mm 7.5167 
 

200 mm 7.5167 
 

250mm 7.4167 
 

300 mm 7.4833 
 

Overall Average 7.5712  
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The overall average was experimentally observed to be 7.57°, whereas to achieve the desired 

profile, the desired amount of SB was 7.5°. Thus, the minute variation is greatly acceptable, 

and post-forming shape distortion control can be established. Most of the averages were 

found to be around the 7.4° mark, with the SB for 23 mm span and 40 mm span jumping up 

by about .4° and that of 50 mm span staying low by the same. It can be calculated that the 

average SB had a negative error of 0.45% from the anticipated SB. This amount of negligible 

deviation is greatly acceptable for confirming SB control. 

3.3.2.3 Strain analysis 

The plywood samples were attached with strain gauges, at the centre of each, to observe the 

strain experienced along the span, the lengths of which were 23 mm, 40 mm, 60 mm, 80 

mm, 100 mm and 200 mm, tested with the same parameters. The strains experienced by the 

samples, for the various span lengths, are given in Figure 3-9 (a). It can be observed that the 

samples experience negligible stain along the centre of the span, even when the span length 

is 23 mm. The average maximum strain experienced by all the samples were 0.0014% when 

the span was 23 mm, which was extremely low and could be deemed negligible. Another 

interesting aspect was that the end of each strain history, Figure 3-9 (b), experienced a rise 

in strain. This could be significantly attributed to the fact that any thin sample tends to bulge 

in the middle when two point loads were applied at a certain span.  

 
Figure 3-9: Illustration of (a) strain histories with respect to the displacement of the 
crosshead for a few selected samples and (b) zoomed plot area of the end of the histories. 
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The amount of bulging, studied by the rise in the curve, can be observed to be present in 

almost all the cases, with the minimum or negligible being for the span of 23 mm. Therefore, 

this behaviour of plywood could be concluded to be like that of a sheet-metal, which also 

experiences the oil canning effect [282, 283]. To understand the extent of the bulging or oil 

canning effect, a projection microscope was used. The microscope was attached with two 

micro-meters in the x and y planes, and the amount of movement of each in the respective 

axis gave the deviation, which was the amount of bulging in the present case. Bulging 

profiles were achieved from the microscope for 250 mm, 200 mm, 150 mm and 100 mm 

spans. Other spans had no or negligible deviation. A ground iron block was taken as the 

reference, which was set at x=0. The micrometre was also set at zero, and the plywood 

samples were kept against this reference, as can be observed from Figure 3-10 (b). The 

readings were taken at an interval of 10 mm, along the span, and the gap between the sample 

and the block was measured from the micrometre reading. The results are plotted in Figure 

3-10 (a) which shows that the samples with a 200 mm span experienced maximum bulging 

of 1.751 mm at a distance of 110 mm from the right bend. The span of 250 mm also 

experienced the bulging effect but significantly less than the 200 mm span, with a maximum 

deviation of 0.608 mm at a distance of 120 mm from the right bend. The reduction in bulging 

can be attributed to a similar amount of stress concentration for a wider span. Samples with 

150 mm and 100 mm spans experienced minimal bulging with a maximum of 0.115 mm and 

0.09 mm, respectively; whereas, other spans had no such observable effects. It could also be 

observed that the bulging or oil canning effect will have minimal aesthetic or structural 

issues, with no delamination or inter-laminar failure being observed. Grid strain analysis is 

a widely used kinematic method for calculating the strain on deformed planes and is 

dependent only on the geometric properties [284]. 

  
Figure 3-10: Illustration of (a) the amount of bulging experienced by the plywood with 4 
spans and (b) the projection microscope setup. 
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Studies [93] have shown that multi-veneer sheets have the capability of withstanding large 

amounts of deformation, without any effect on the structural integrity, as inter-laminar shear 

has negligible effect for static or dynamic forming processes, on plywood. Furthermore, for 

the current study, the samples were assumed to have an isotropic homogenous structure. 

Moreover, the analysis proves that the strain experienced is biaxial, with all the points in the 

strain space being in the second quadrant. The GSA also proved that the forming process 

had a minimal effect on the integrity of the samples when formed with any parametric set. 

3.3.2.4 Stress analysis 

The maximum tensile strength was tested on the Instron 1185, according to ASTM-D143 

standard [268], in the rig shown in Figure 3-11 (c). The cross-head speed was maintained at 

2.5 mm/min, as per the standard. The average maximum tensile strength was measured 

across five samples to be around 27.3 MPa, at a maximum average load of 0.87 kN. Majority 

of the samples experienced failure between the two grips, with two being exactly at the 

centre.  

 
Figure 3-11: Illustration of (a) the stress-strain relationship observed from the experiment, 
(b) the sample used and the directions of the grains and the forming plane and (c) the test 
rig. 
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The stress-strain relationship of the samples tested according to Figure 3-11 (b), is illustrated 

in Figure 3-11 (a). The results aided in concluding that the forming process had no 

detrimental effect on the tensile strength of the plywood samples, perpendicular to the grain 

direction, as the achieved strength stayed almost in the range of expected tensile strengths 

of any plywood structures (27.6 MPa to 34.5 MPa). Therefore, apart from the blackening of 

the samples, the current method of forming had an almost negligible effect on the strength 

of the structure.   

3.3.2.5 Shape conformation and delamination study 

The shape conformation study was carried out for each span length, from 23 mm to 250 mm. 

The obtained structures were placed on a graphing paper with 1 mm grids were traced. The 

variations from the achieved and desired geometries are illustrated in Figure 3-12. The 

overall variation between the desired and achieved shapes was calculated to be 0.45%, 

establishing control over SB. Samples with a 200 mm span or more experienced a bulging 

effect, calculated in Section 3.3.2.3. The samples were also studied under the microscope to 

observe whether any delamination was experienced. Images of the formed samples, 

belonging to all the span lengths, when observed under the microscope, are elucidated in 

Figure 3-13. The study proves that there is no delamination while forming plywood with the 

defined parameters along with darker forming region, proving that the viscoelastic cells have 

been terminated.  

 
Figure 3-12: Shape confirmation study showing 0.45% deviation between the achieved and 
desired profiles. 
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3.3.2.6 Analytical formulation and validation 

The current established analytical formulation, as represented in Eq. (3-3), was formulated 

based on the vee-bending test rig only, with the ideal parameters. Table 3-10 shows both the 

experimentally obtained and analytically calculated values of the final sector angles, based 

on the old equation, at different testing and forming temperatures. It can be observed that a 

minimum error of 0.2%, with respect to the experimental results, was obtained for the ideal 

conditions of 200 °C Tf and 24.8% MC [9] for the vee-bending test rig. However, even with 

the same values of the parameters, but with different included angles, the error increases 

drastically. Thus the results prove that a linear equation will not be sufficient to predict the 

final sector angle, after spring-back, and the old one works well only when the ideal 

condition of the parameters (Tf = 200 ºC, MC =24.8%) is used to form the plywood in a vee-

bending rig. It is evident from Table 3-10 that, variances exist between the experiment and 

analytical SB values with changes in the influential parameters. To fill this gap, an open-

source Artificial Intelligence enabled software named Eureqa® has been used to formulate 

an analytical equation capable of predicting the different forming properties during both the 

types of bending tests, which was validated with experimental data. 

 
Figure 3-13: Microscopic study of the various span lengths, showing no delamination in the 
samples. 
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Table 3-10: Analytically calculated and experimentally obtained sector angles. 

Type of 

Experiment 

Tf 

(°C) 

Sector angle 
Error 

(%) 
Calculated 

(°) 

Experimental 

(°) 

Vee-bending (included angle of 45º 
and sector angle of 135°) 

150 10.71 12.15 +11.87 
180 10.87 15.5 +29.87 
200 10.97 11 +0.2 
220 11.1 11.4 +2.8 
250 11.24 18.5 +39.2 

Four-point bending with perpendicular 
Legs (included and sector angles of 90º) 200 7.319 7.465 +1.956 

Four-point bending with inclined legs 
(included angle of 97.5º and sector 

angle of 82.5º)  
200 6.706 7.571 -11.43 

3.3.2.6.1 Proposed general equation that is based on all parameters 

The new equation was proposed based on the three different experimental methods, 

elaborated previously. Eq. (3-3) accurately predicted the final sector angle for the ideal 

condition of the vee-bending test; whereas, for four-point bending, with varying sector angle

( ) , the accuracy decreased. In addition, when the Tf and the pre-forming MC varied in the 

vee-bending rig, the prediction accuracy got significantly lower. The new equation was 

dependent on the initial sector angle, the pre-forming MC and the Tf, which helped in 

calculating the SB value over a wider range of the parameters. Figure 3-14 (a) represents the 

change in the sector angle values obtained from the experimental data and the previously 

established and proposed equations. The values illustrated in Table 3-11 were used as the 

input dataset in the model description of the Eureqa® software. It can be observed that the 

new equation predicted the final sector angle with negligible or no variance with respect to 

the experimental data. 

 Table 3-11: Parameters used to propose the overall equation for forming plywood. 

  T   M  


Experimental 

  from 

Eq. (3-3) 

[1] 

 from 

Eq. (3-7) 
Experiment Type 

135 129 24.8 12.15 10.70799 12.15754 VEE-BENDING 
135 179 25.2 12 11.13979 12.01215 VEE-BENDING 
135 179 24.8 11 10.97833 11.01259 VEE-BENDING 
90 179 24.8 7.46 7.318886 7.469117 4-PT BENDING 90º 

97.5 179 24.8 7.57 6.705674 7.579682 4-PT BENDING 97.5º 
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The experimental values and the analytically calculated values from the proposed equation 

converged at each data point. The values of  for each case, along with those from Eq. (3-3) 

and the new equation, are also listed in Table 3-11. Eq. (3-3) failed to accurately predict the 

final sector angle even at the ideal forming conditions for the four-point bending tests, 

although the error was well inside the acceptable range. Figure 3-14 (b) illustrate the error 

variation in the values of the proposed equation with the experimental ones and a comparison 

of the same with the values obtained from Eq. (3-3). However, the amount of error for the 

ideal vee-bending condition was about the same for both the cases, having an error of 0.2% 

and 0.11%, respectively. But, for all other cases, Eq. (3-3) showed significant variations, the 

maximum error of 11.87% was observed for the vee-bending test results (Tf = 150 °C and 

MC =24.8%), compared to an error of 0.06% obtained from the proposed one. It was also 

noteworthy that the new equation had a consistent accuracy over all other data points with 

an error of 0.1% for the vee-bending test (for Tf = 200 °C and MC = 25.2%), 0.12% for four-

point bending test with the ideal set of parameters (for legs having 90o = ), and 0.13% for 

four-point bending ( 97.5o = ) again with the ideal parameters, in comparison to 7.17%, 

1.89% and 11.43% given by Eq. (3-3), respectively. The minute errors were primarily 

observed because the equation formulated by Eureqa® was modified and simplified based 

on standard mathematical rounding, resulting in very small but completely acceptable errors. 

Therefore, it could be concluded that the proposed equation successfully predicts all the final 

changes in sector angle, specifically in the ideal conditions for different bending forms, 

achieved due to the SB phenomenon, with negligible errors. The reduced equation is shown 

in Eq. (4): 

( ) ( ) ( )
2 3 44 18 3 174.67 7.617e T 1.103e T M 3.5e M 7.19e T− − − − = +  +   −  −    (3-6) 

Eq. (3-6) consists of quite a few constant terms, which can be further simplified as: 

 
Figure 3-14: Graphical representation of (a) the discreet points representing the experimental 
and analytical values, and (b) the comparison of the error. 
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 ( ) ( ) ( )
2 3 4

1 2C T c T M M c T = + +   + +    (3-7) 

where, out of the five constants,and can be related to the final thermal expansion and 

shrinkage coefficients, respectively, c1 and c2 to the viscoelastic and non-linear nature of the 

plywood and C is a constant. Therefore, in the case of flat sawn lumber, the constants and 

coefficients, used in Eq. (3-7) are tabulated in Table 3-12.       

Table 3-12: List and values of constants and parameters in the new equation 

     C c1 c2 

7.617e-4 -3.5e-3 4.67 1.103e-18 -7.19e-17 

3.3.2.6.2 Validation of the proposed equation 

The validation of Eq. (3-7) was carried out based on the experimental data for conditions not 

used in obtaining the equation. The experimental data sets, against which Eq. (3-7) was 

validated, were taken from the vee-bending study [9] and are listed in Table 3-13, along with 

the results obtained from Eq. (3-3). The range of Tf was selected to be 150°C to 200°C, and 

the pre-forming MC was taken to be between 24.8% and 27.1%. Higher forming 

temperatures failed to give a good trend of results, and the samples were often burnt due to 

over-heating. Tf below 150°C gave unrealistic results with high SB values because of less 

exposure to heat, where the viscoelastic cells were not terminated. The pre-forming MC was 

also given significant attention because of its high sensitivity. 27.1% was the highest MC 

content for a soak duration of 110 s, and a pre-forming MC of less than 24.8% gave 

unrealistic results with huge variations. The results due to the empirical validation are 

presented graphically in Figure 3-15 (a). The chi-square goodness of fit [285], based on the 

empirical validation, was calculated to be 0.95, which was greatly acceptable. The figure 

also helps in visualising the values obtained from Eq. (3-3) and in providing a proper 

graphical comparison between the values obtained from the two equations. Figure 3-15 (b) 

illustrates the amount of error between the analytical and experimental results. It can be 

observed that with the increase in pre-forming MC and constant Tf the error gradually 

increased. However, the highest amount of error was found when Tf was changed and 

decreased from the ideal condition, with the MC being at the ideal limit. Therefore, the 

equation is quite sensitive to both Tf and pre-forming MC, with errors of 13.93% for 

increasing the MC by about 2% and 15.42% for reducing the Tf by 20°C from the ideal 

condition. However, the errors obtained from 25.9% and 26.8% MC with ideal Tf were only 

1.04% and 2.49% respectively.  
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Table 3-13: Experimental data used for validating the proposed Equation (5) 

  T  M  

Experimental 
 from Eq. (3-3) 

[62]   from Eq. (3-7)  
135 179 25.9 14 11.42 13.85 
135 179 26.8 16 11.79 16.40 
135 179 27.1 15.7 11.34 17.29 
135 159 24.8 15.5 10.87 13.11 

On the other hand, Eq. (3-3) gave a significant amount of error in each case, as can be 

observed from Figure 3-15 (b). Thus, the overall fit and the accuracy of the new equation for 

thermo-forming of plywood concludes that the equation works in a more useful manner and 

can be used for planning purposes, without testing for various conditions. The range of SB 

in which Eq. (3-7) worked was 7.46º to 20.8º. The accuracy of Eq. (3-7) was further 

calculated to be better than that of Eq. (3-3), across the wide range of the parameters and the 

types of bending rigs, Figure 3-16. The accuracy was calculated based on the values obtained 

from the new equation, Eq. (3-7), against those obtained from the old Eq. (3-3). The least 

accuracy of about 0.08% was found to be between the ideal bending conditions of the vee-

bending test rig, with 200°C, 24.8% MC and 135º of the included angle. All the results had 

better accuracies, be it the ideal conditions or other empirically satisfied conditions. The 

calculations proved that Eq. (3-3) did not analytically represent thermo-forming of plywood 

efficiently, apart from the ideal conditions; whereas, Eq. (3-7) successfully represents the 

complex process for a significant range of Tf and pre-forming MC. The amount of variation 

from the experimental values was further observed based on those calculated from the new 

equation, Eq. (3-7), against those obtained from the old equation, Eq. (3-3), for all the cases 

previously mentioned in the study. The first two cases were taken from the two 4-point 

bending tests and all other cases from the vee-bending test. The values of the respective 

parameters, pre-forming moisture content (MC) and forming temperature (Tf), are outlined 

in the x-axis for each case, Figure 3-16. The least variation of about 0.08% was found to be 

between the ideal bending conditions of the vee-bending test rig, with 200°C, 24.8% MC 

and 135º of the included angle. All other parameters resulted in greater variations when the 

accuracies between the two equations were calculated, be it the ideal conditions or other 

empirically satisfied conditions. The highest variation of Eq. (3-3) was found to be for the 

vee-bending test, with Tf being 200°C and pre-forming MC was 27.3%, giving an error of 

42.4% in comparison to 13.93% given by the new equation.   
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Figure 3-15: Graphical representation of (a) the semi-empirical fit for validating the 
proposed equation and (b) the percentage of error each had from the experimental value. 

 
Figure 3-16: Illustration of the amount of accuracy Eq. (3-7) has over the wider range of the 
forming parameters when compared against the values obtained from Eq. (3-3). 

3.4 Concluding remarks and summary 

The current study helps in systematically observing the different studies on veneer laminates 

or plywood and in filling the various gaps in the current literature. The study initially focused 

on understanding the effects of the different parameters responsible for forming the 3-ply 

laminates made of Radiata Pine. The essential forming parameters for plywood are the pre-

forming MC, forming temperature (Tf), the nose radius of the male punch (R), and the 

forming rate. The R should be within the range of 2 3t R t  . Moreover, the punches with 
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radii of 4 mm or less were observed to be not suitable for forming plywood, leading to cracks 

along the bend axis. With punch radii above 6 mm, the spring-back tendency increased. 

Thus, the best choice was an R of 6 mm. Taguchi analyses at 2-level and 3-level variables 

were applied for an in-detail parameter evaluation resulting in the following order of 

relevance: Tf > pre-forming MC > forming rate. A forming rate of 200 mm min-1 was 

recommendable. The plywood experienced spring-forward beginning with 150°C, which 

increased gradually up to 200°C, and then dropped again at higher T. Therefore, 200°C 

seemed to be a good compromise for product optimisation. A 60 s soaking time led to an 

MC of 24.8%, which was optimum for laminate forming. The mathematical results were in 

good agreement with experimental findings in the range of 200-220°C Tf with a variation 

within 0.2 and 2.75%. In summary, the best results were obtained for the applied vee-bend 

apparatus for a single curvature bend with a nose radius of 6 mm, forming rate of 200 mm 

min-1, Tf of 200°C and TWB of 70°C with a dipping time of 60 s leading to an MC of 24.8%. 

Eventually, the focus was shifted on establishing the possibility of forming desired geometric 

profiles from plywood, through successful spring-back control and validating a new 

equation, which can analytically represent the thermo-forming of plywood over a wider 

range of the influential parameters. The method and the right set of parameters for carrying 

out the successful formation of specific structures could significantly help in the production 

of both smaller and larger scaled structures. The four-point bending study with legs inclined 

at 97.5º helped in providing the desired structure through controlled spring-back, where the 

shape conformation study gave a negligible error of 0.95%, and the microscopic observation 

confirmed that no delamination was experienced. The in-situ strain measurement also 

implied that the formation of the bends did not affect the span of the plywood. However, 

jumps in the strain history and the bumps on the shape conformation proved that the method 

of 4 point bending could be successfully used for forming desired channel sections only for 

samples having spans of 150 mm or less if structures without oil-canning effect were desired. 

The GSA helped in proving that the strains were primarily biaxial. The test results were then 

loaded as the raw data into Eureqa® Software, which used artificial intelligence to predict 

the analytical formulations for the forming process. The new equation was able to predict 

the thermo-forming process of plywood for all the three types of test rigs, with practical and 

acceptable accuracy. Validation of the equation was carried out in the range 150-200°C of 

the forming temperature (Tf) and 20-27.1% of the pre-forming moisture content (MC), which 

give very practical SB values, similar to those achieved experimentally.
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Chapter 4 

 Statistical and 
experimental analysis of 

spring-back minimisation 
and producing U-Channels 

and top-hat sections 

Parts of the research presented in this chapter have been published as: 

Chanda, A.; Bhattacharyya, D. A parametric study to minimize spring-back while producing 

plywood channels. Journal of Cleaner Production, 2021, 304, 127109. 

4.1 Introduction 

The change in the geometric shape at the sector angle of the forming plane after the forming 

process, due to the stresses induced by the forming tools being relieved, is known as the 

spring-back or the spring-forward phenomenon, depending on the direction of the response, 

Figure 4-1. Spring-back has traditionally been a critical and deciding factor for forming 

plywood, hindering the efficient construction and applications of sustainable, eco-friendly 

and renewable structural materials and designs from plywood. Historically, there had been 
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many attempts in forming plywood via various techniques [286, 287] and also through the 

inventions of new equipment [288, 289]. Norimoto and Gril [64] and Penneru et al. [76] 

introduced an analytical method to tackle the challenge of SB, which has been modified 

many times in the literature [290-294] and also in the present study for minimising the effect 

of SB or SF. Plywood is made from veneer sheets with cellulosic fibres in a lignin matrix, 

placed on top of each other in 0º/90º/0º orientation, and glued together in a press. The 

previous chapters illustrated a statistical analysis to identify the best possible forming 

parameters which resulted in minimum SB of the samples in a Vee-bending test rig [9]. 

Further analysis was conducted to understand the interaction effect due to forming multiple 

bends in the same plane and on the ideal time for post-forming cure [92]. Moreover, a shape 

conformance study and a more accurate analytical representation of the final SB or SF, based 

on both vee-bending and 4-point bending methods, were also carried out to establish the 

possibility of obtaining desired geometrical structures through design compensation and 

achieve an equation that worked for a wider range of pre-forming MC and Tf [295].  

However, all the forming parameters, especially the in-situ curing time (tI), were still not 

properly studied, with the possibility of forming desired geometric shapes being impossible 

without design compensation, gaps which are filled in the current chapter. The chapter 

initially focuses on reporting the ideal in-situ curing time, where the Taguchi method [275] 

is used to find the effects of the forming temperature (Tf) and tI on producing a top-hat 

channel section. Additionally, the full factorial method is used for finding the best 

combination of the forming parameters for achieving minimum SB where the structural 

integrity and aesthetic values, observed through an optical microscopic, remain intact after 

forming. Furthermore, the complete set of ideal parameters are then applied to form a top-

hat profile with multiple bends (four bending planes). The chemical-free forming is carried 

out with the grain directions of the outer veneer layer being both parallel ( )GD and 

perpendicular ( )GD⊥ to the forming axis. The application helped in observing that the ideal 

parameters on one bending rig might not be ideal for another application. Therefore, the 

detailed statistical analysis will help in selecting the required parameters as per the 

application and its requirements. Finally, the statistical and experimental observations lead 

to the development of a novel modified forming method, which results in negligible SB or 

SF of the samples, enabling for the first time to form desired geometric structures without 

any form of compensation. An additional in-situ curing time is introduced to the forming 

stages. The modified technique takes twice the amount of time for curing but gives negligible 
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variation in the final sector angle when compared to the desired ones. The successful 

application of this technique will help in addressing the decade-old problems of SB and SF 

while forming and processing environmentally sustainable, eco-friendly and renewable 

plywood structures with a minimal rejection rate. Achieving confirmed geometric shapes 

from plywood structures will result in varied applications in building structures, such as, 

continuous conduits made from biodegradable material (plywood) and other semi-structural 

and origami applications with complex geometries. 

 
Figure 4-1: Illustration of the spring-back and spring-forward/negative spring-back 
phenomena. 

4.2 Materials and methods 

 Sample preparation 

3-ply laminates made from veneers of Radiata Pine (Pinus Radiata D. Don) were again used 

in the current work, manufactured in the way detailed in Section 3.2.1. The plywood boards 

were cut to the desired length of 120 mm x 30 mm for the statistical study on the 4-point 

bending rig and to 280mm×50mm for forming the U-shaped channels. 

 Pre-testing preparations 

According to the literature and previous studies, the samples need to be pre-softened to make 

them pliable and to increase the pre-forming moisture content (MC). Therefore, based on 

previous studies [9] and Chapters 3 and 4, a water-bath was again taken for the pre-softening 

and the same methods were followed. All other pre-testing preparations were repeated as 

detailed in Section 3.2.4.  
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 4-point bending to manufacture top-hat sections 

Static 4-point bending test to achieve top-hat sections was carried out based on the statistical 

analysis for achieving the ideal forming parameters. The test rig was mounted on the Instron 

1185 (Instron, Norwood, USA) and a fixed span length of 80 mm was taken for all the tests. 

The software was programmed on displacement control so that the load cell moves till the 

top legs reach the bottom plane and hold the sample for the specified in-situ curing time 

before returning to the starting point and ending the test. The bottom support was maintained 

at room temperature and the top legs were heated. This temperature variation triggered the 

in-situ curing, the time of which was varied from 20 s to 100 s. The temperature of the top 

legs, denoted as Tf, were also varied from 150°C to 250°C. The schematic of the bending 

rig is detailed in Figure 4-2 (a). 

 
Figure 4-2: Schematic representation of (a) the 4-point bending process and (b) the 
Continuous U-mould used for the current study. 

 Design of experiments 

The primary task of this research was to understand the effect of Tf and tI on the final spring-

back of the product. To understand the individual and interactive effects of these parameters 

on the final SB, the statistical technique called the Design of Experiments (DoE) was adopted 

[296, 297]. The primary method used for the study was the Taguchi analysis, a powerful 

technique for statistically observing the effects of the independent parameters and those of 

their interactions [275, 298]. The Taguchi method primarily concentrates on two aspects: (i) 

one being the signal-to-noise (S/N) ratio and (ii) the other being the orthogonal array (OA) 
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that helps in understanding the effects of the responsible parameters on the same scale [277]. 

The selected manufacturing parameters, along with the desired range, can be easily analysed 

with the method through the OA (L9 matrix) where the required parameters can be inserted 

for carrying out the analysis. The method also helps in understanding the amount of 

variability of the parameters through the calculation of S/N, which further predicts the mean 

value of the repetitive responses [276]. The Taguchi Analysis is commonly followed by the 

Pareto-analysis of Variance (ANOVA), which helps in determining the exact quantitative 

contribution of each factor towards the final aspect [278], which for the current study is 

minimum SB. Pareto ANOVA forms a statistical technique for data optimisation and helps 

in quick analysis of the data set [299]. The information provided by the Taguchi method 

helped in preparing a DoE for the Factorial method. A full factorial method always helps in 

studying all the possible cases of the respective parameters and thus helps in understanding 

the best values for the parameters that can give the best results, which in the current study 

was minimum SB. 

 Microscopic observation of the formed samples 

A microscope with 25 times and 7.1 times zoom is used to observe the samples after forming. 

The main objective is to ensure that the plywood is not burnt and the process of eliminating 

the viscoelastic cells do not affect the integral mechanical properties of the veneers. The 

utility is to observe which set of parameters provide minimum SB with minimal damage to 

the properties and the aesthetic value of the plywood samples. 

 Experimental setup for forming U-channels 

The continuous U-shaped channels from plywood were prepared with a specifically designed 

U-shaped die, as schematically represented in Figure 4-2 (b). The forming planes were 

doubled to four for the verification of the findings from the 4-point study and the Instron 

1185 was once more used for the purpose. The Instron was again set on displacement 

controls depending on the depth of the mould. The DoE method was used to finalise the in-

situ curing time and the forming temperature. Plywood samples with the forming plane both 

parallel ( )GD and perpendicular to the grain directions ( )GD⊥ of the outer veneers were 

tested. The temperatures at the forming planes were controlled by two separate temperature 

controllers, monitored by three thermocouples. 
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4.3 Results and discussions 

 Taguchi analysis 

The Taguchi method was carried out for both two and three parameter levels [275] of the 

two factors and their interaction. One of the critical aspects for a successful Taguchi analysis 

is the selection of the correct values representing the factors for achieving a proper range. 

These factors and levels were chosen very carefully based on previous studies [9, 92].  

Table 4-1: Concerned parameters and their values for the Taguchi Analysis. 

Factors Forming temperature (Tf) (°C) In-situ curing time (tI) 
(sec) 

Levels A B C A B C 
Values 150 200 250 20 60 100 

 
Figure 4-3: (a) Variation of the standard deviation of the parameters obtained from 2-level 
Taguchi analysis and (b) effect analysis from the 2-level Taguchi Analysis 
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The 2-level study was conducted by the A and C levels of each, as listed in Table 4-1. The 

2-level study was also accompanied by an effect analysis study to quantify the effects of the 

respective parameters and the effect of their interaction on the final SB value. Figure 4-3 (a) 

elucidates the logarithmic value of the standard deviation of each parameter. It could be 

observed that variations in the value of Tf had the greatest effect on the final SB value of the 

plywood samples. Figure 4-3 (b) helps in observing that the effect of Tf can be quantified to 

8.88 on a scale of 10; whereas, that of tI was 2.85 and that of their interaction was 1.97. The 

2-level study proved that the in-situ curing time also has a significant effect and therefore, a 

3-level study is required to understand the ideal combination of the parameters. The main 

aspect of the 3-level study is the calculation and observation of the S/N ratios, which help in 

investigating the experimental parameters in detail, as they represent both the variations and 

the mean responses [300]. Three levels of each parameter, as given in Table 4-1, were used. 

Park [276] outlined the different characteristics, namely, smaller-is-better, nominal-is-best 

and larger-is-better, that can be calculated based on the required response type. The current 

study was conducted to observe the values of Tf and tI for which the value of SB or SF was 

minimum. Therefore, the smaller-the-better approach was followed in the work and the 

equation used to calculate the S/N ratios was: 

 ( )210logS N y n= −    (4-1) 

where, the number of repetitions of each sample was denoted by y (=3) and the response 

obtained from the L9 matrix was denoted by y. Figure 4-4 (a) elucidates the S/N ratios of the 

two parameters, and the variation of Tf was observed to be the highest, making it the most 

influential parameter among all the responsible ones [9]. Figure 4-4 (a) also helped in 

illustrating that for achieving the minimum SB, both the values of Tf and tI should be the 

highest, which were, 250°C Tf and 100 s tI. The Pareto-ANOVA analysis was subsequently 

carried out and is illustrated in Figure 4-4 (b). The analysis helped in cementing the fact that 

Tf had the highest contribution towards the final SB of the plywood sample during forming, 

with a contribution of 59.7%. However, tI had a contribution of 19.28% and their interaction 

had 9.31%. Therefore, a balance between the two parameters was required for minimizing 

the SB. A minimum SB of 0.23 was achieved when the Tf was taken as 250°C and the tI was 

kept at 100 s. However, the microscopic analysis revealed that the plywood samples were 

extremely burnt at those parameters. Moreover, as expected, the mechanical properties 

significantly degraded, and the sample became brittle. The microscopic images, Figure 4-4 

(c), elucidated that the samples were not mechanically and aesthetically stable for Tf  = 250°C 
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and tI = 100 s. Hence, it was important to observe the ideal values of Tf and tI when the 

sample could hold its integrity and was not completely burnt. The inclusion of the burnt 

parameter as another variable for the Taguchi analysis could have helped in achieving the 

desired results, whereas, an additional methodology such as the full factorial method could 

also be used to get the ideal parameters with acceptable burning. The latter approach, 

although more time consuming, was followed to generate a clearer picture. 

 
Figure 4-4: Illustration of (a) S/N ratios of the respective parameters, (b) Pareto-ANOVA 
analysis of the two parameters and their interaction and (c) Microscopic image of the sample 
when Tf = 250°C and tI = 100 s. 
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 Factorial method 

The factorial method is also known as the conventional DoE and, if performed, gives the 

best results by studying all the possible cases of the involved factors. Therefore, although it 

is time-consuming, to achieve the most desirable result, the factorial method is the best 

possible way. The Taguchi Analysis helped in making the limits shorter for the Factorial 

Method. The range of Tf was taken from 180°C to 250°C and that of tI was taken from 40 s 

to 100 s. This finding is also supported by a previous study [9]. Moreover, the Taguchi 

Analysis proved that lower in-situ curing time gave a spring-back of around 11°-12°. Both 

the upper limits were maintained as a significant reduction in SB was experienced at higher 

Tf and tI. A total of 168 samples were formed over 56 sets for the study, each set being 

averaged over three iterations. The various sets used for the Factorial Method are outlined 

in Figure 4-5, which helps in detailing the various SBs achieved from the factorial design. 

The trend experienced for the respective changes in Tf and tI are plotted in Figure 4-6 (a). 

The amount of SB was observed to decrease gradually for the increase in Tf for each tI and 

similarly, it was also observed to decrease with the increase in tI for each Tf. The average 

rate of decrease was much higher with the change in Tf (about 11% in SB) when compared 

to that of tI (about 3% in SB). Therefore, it could again be concluded that Tf had a higher 

influence on the final SB. Moreover, according to the study, a Tf of 250°C gave the best 

values, which with the tI of 100 s resulted in burnt and brittle samples. Furthermore, the 

current literature and previous studies [62, 92] observed that an SB of about 7.5° is expected 

when the punch angle is 90°. Thus, the ability to reduce the SB further will be extremely 

beneficial for forming critical structures and possible developable surfaces.  

The tI responses in Figure 4-6 (a) showed two steep falls in the SB values. The first decline 

was between 180°C and 200°C Tf and the second was between 230°C and 250°C Tf. The 

initial steep reduction could be attributed to the fact that the amount of SB was higher when 

Tf was less than 200°C, due to the reduced amount of viscoelastic cell elimination. All the tI 

trends experienced a gradual decrease in SB when Tf was varied from 200°C to 230°C, 

proving that the amount of SB decreased with the increase in Tf. The second fall resulted 

from the excessive amount of viscoelastic cells being eliminated when the temperature rose 

above 230°C, especially between 240°C and 250°C. Figure 4-6 (a) further helped in 

illustrating the fact that the SB gradually decreased with the increase in the tI values. 

Srinivasan et al. [1, 93] established that one of the ideal in-situ curing times was 60 s for 

forming plywood. However, the current study proved that a further increase in the value of 
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tI provided even smaller SBs, the best being for 100 s. The two statistical analyses were 

backed up by a microscopic study which helped in observing whether the material had 

undergone any significant degradation and whether there had been any delamination 

experienced by them. Figures 5-6 (b), (c) and (d) illustrate the microscopic study of the three 

samples which experienced the minimum SB after the one formed with Tf = 250°C and tI = 

100 s. Samples with Tf of 250°C experienced the minimum SB at higher tIg. However, the 

greater amount of tI also caused the samples to be burnt in certain parts resulting in 

degradation and weaker materials. Figure 4-6 (d) shows that with tI of 90 s, the sample also 

experienced burning on the face exposed to the heated rollers and subsequent degradation. 

However, no such critical zone was observed for the in-situ curing times of 70 s and 80 s, 

both experiencing visually acceptable effects. Another important aspect to observe was that 

the sample became darker with the rise in Tf and tI, due to the greater number of viscoelastic 

cells being killed during the forming process. Thus, the study helped in concluding that the 

best parameters for obtaining minimum SB in a 4-point bending setup would be the plywood 

formed with a Tf of 250°C, tI of 80 s, pre-forming MC of 24.8% and post-forming curing 

time of 24 hrs, giving an SB of 2.93°. 

 
Figure 4-5: The DoE for the Factorial Method and the obtained spring-back (SB) values. 
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Figure 4-6:  Graphical representation of the results obtained from the Factorial method when 
the variation in SB is plotted against Tf for each tI and microscopic study of the vital samples 
along with a more concentrated view of the forming plane. 

 Top-hat section production 

The U-shaped continuous channels were manufactured to observe the applicability of the 

statistical analysis in the formability of different geometry. The plywood samples were cut 

in 280 mm x 50 mm dimensions, according to the designed rig, which spanned for 160 mm 

and had a depth of 62 mm. A Teflon paper was used as a mould release agent to ensure the 

plywood do not stick to the mould when the crosshead moves back to the home position, 

after the in-situ curing time. Studies [1] have shown that the forming plane should ideally be 

perpendicular to the grain direction of the outer layer having an orientation of 0º. However, 

the presence of the middle layer at 90º has significant effects on shape distortion. Moreover, 

there might be certain applications and instances where the effect of strain, in both the 

transverse and longitudinal directions of the outer veneer layer, due to the forming process 

must be known. Therefore, the samples were formed in both the perpendicular and parallel 

planes with respect to the grain direction of the outer veneers to observe the varying 

responses. The two differences in the sample orientations are illustrated in Figure 4-7 (a). 

The forming planes of each sample were denoted as C1, C2, C3 and C4, shown in Figure 4-8 
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(a). The results are averaged over nine successful experiments of each sample type and the 

formed samples are depicted in Figure 4-7 (b). Interestingly, when the samples were formed 

with the statistically established ideal parameters of Tf being 250°C and tI being 80 s, the 

samples experienced extensive blackening all around the surface and even de-lamination 

during mould release. Moreover, the samples became extensively brittle and the core layer 

experienced shear failure. These issues might be attributed to the fact that the 4-point 

bending mould was primarily heated only at the forming planes with the help of the rollers. 

The rollers were joined to the supports through a pin and therefore, heat loss resulted in the 

other parts of the supports having significantly reduced temperatures, which had minimal 

effect on the plywood structures.  

 
Figure 4-7: Illustration of (a) the different orientations of the sample used for forming the 
U-shaped channels and (b) the samples formed via the traditional method, after complete 
curing. 
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On the other hand, when a solid mould for forming the U-shaped channels was used, the 

entire mould got easily heated and the solid structure had no internal heat loss. Therefore, 

the adjacent sides also reached similar temperatures to that of the forming planes, degrading 

the structure severely. The observation led to the realisation that the solid mould needs to 

have a decreased in-situ curing time, thus limiting the time to which the heat is exposed to 

the samples. Therefore, the tI was reduced to 70 s for all the samples. The GD plywood 

samples were soaked in the water-bath, kept at 70°C, for 60 s to attain the moisture content 

of 24.8%. The samples were easily formed without any visual defect or delamination. The 

two lower forming planes, C2 and C3 experienced an SB of about 0.6° and 0.4°, respectively. 

However, the two forming planes on the top, C1 and C4, experienced an SF of 5.4° and 5.7°, 

respectively. This could result from the effect of self-weight and gravity while the samples 

were curing, resulting in the outer flanges bending inwards. The outline of the samples, with 

the averaged SB and SF effects for each forming plane is illustrated in Figure 4-8 (a). The 

change in the forming axis direction had interesting observations. The GD⊥ samples were 

initially formed with the same parameters used in the aforementioned part. However, the 

samples experienced significant delamination and shear failure. This could again be credited 

to the greater rigidity of the plywood along the longitudinal direction compared to the 

transverse one. Therefore, when the samples were formed along the grain direction, the less 

rigidity along the transverse direction and subsequently, greater flexibility enabled easy 

forming. Consequently, the flexibility, which depends on the moisture content, needed to be 

increased for successfully forming the samples with the bending axis along the transverse 

direction.  

The pre-forming moisture content was increased to 25.7%, achieved by soaking the samples 

for 80 s in the water-bath. 70 s of soaking gave a moisture content of 25.2%, but it again 

failed to successfully make the plywood samples flexible enough to perform the high-

temperature forming. The water started evaporating immediately after the samples touched 

the heated mould. Thus, the greater amount of moisture content helped the samples in 

retaining the required flexibility throughout the forming phase, and the loss in humidity did 

not have any detrimental effect on the thermoforming process. The forming of the GD⊥

plywood samples gave similar results as that of the previous one. The top two forming planes 

C1 and C4 experienced SF of 5.3° and 4.3°, respectively; whereas, the lower planes C2 and 

C3 experienced negligible SB of 0.4° and 1.4°, respectively. The reduction in the amount of 

SF and the increase in the SB might be attributed to the lower thermal expansion coefficient 
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and lower shrinkage coefficient in the longitudinal direction compared to that in the 

transverse direction [62] and the increase in pre-forming MC resulting in higher SB values 

[9]. The 2D outline of the formed GD⊥ samples with respect to the desired outline is 

illustrated in Figure 4-8 (b). The comparison of the SB and SF values with that of the 

desirable trend, for both the forming types, are illustrated in Figure 4-8 (c). It could be 

observed that the SF of the lower planes in the geometry was higher for the GD samples, 

compared to the GD⊥ ones. Moreover, the SB value was almost similar for C2; whereas, C3 

experienced higher SB for the GD⊥ samples. Static bending of veneers experienced SF when 

studied immediately after removal from the hot mould. This phenomenon might result from 

the shrinkage coefficient of the samples. The high temperature resulted in the free-water, 

present in the plywood samples, being removed permanently when the heated mould was in 

contact with the sample with a moisture content above the fibre saturation point [1]. This 

resulted in the subsequent slow removal of the bound water contents in the cells, causing 

shrinkage.  

However, when the thermoformed plywood samples were kept for curing in the ambient 

conditions, they regained the atmospheric moisture which resulted in the swelling of the cell 

walls, and the plywood samples tended to reach the equilibrium moisture content. The cells 

swelled by absorbing the atmospheric moisture, which mostly increased the included angles 

that rose above the forming angles, resulting in SB. Therefore, the final included angle is 

greatly dependent on the ability of the formed cells to re-gain moisture from the atmosphere, 

the number of which reduced when a greater number of cells were eliminated during the 

thermoforming process. The current mould had two heating elements in the male punch 

which resulted in the overall punch being significantly heated. Thus, the material along the 

C1 and C4 forming planes experienced thermoforming on both the faces due to the heated 

male punch and the heated corners of the female punch. This most likely resulted in 

eliminating a substantial amount of the viscoelastic cells in and near the forming planes, 

limiting the ability to regain the moisture from the atmosphere. Thus, the cells failed to swell 

substantially to overcome the initial shrinkage effect, resulting in the two flanges, for both 

types, experiencing SF even after the curing phase. On the other hand, the sample along the 

other two planes, C2 and C3 experienced eventual SB as more viscoelastic cells were 

available at the forming planes in the bottom corners. 
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Figure 4-8: The graphical representation of the desired samples and the ones acquired 
through traditional forming method after curing when the forming axis is (a) parallel to the 
grains and (b) perpendicular to the grains and (c) graphical plot of the average SB or SF 
values of each plane of the formed samples. 

The overall averages of the final SBs and SFs of all the sides were also calculated to estimate 

the error from the general statistical study conducted. The GD samples gave an average SF 

of 2.5°, with the final sector angle of 87.5°; whereas, the GD⊥ ones gave an average SF of 

1.9°, with a final sector angle of 88.1°. According to the statistical analysis, samples formed 

at 250°C Tf and 70 s tI should experience an SB of 3.13° giving a final sector angle of 93.13. 

Therefore, the overall error was calculated to be 6% and 5% for the GD and GD⊥ samples, 

respectively. The final change in sector angle (SB or SF) of thermo-formed plywood can be 

calculated from a previously established analytical equation [295], which can be represented 

as: 

 ( ) ( ) ( )
2 3 4

f 1 f 2 fC T c T M M c T = + +   + +    (4-2) 

where, 180 = − is the sector angle, being the included angle of the punch nose (90°), M

is the pre-forming MC, is the thermal expansion coefficient and is equal to 7.617e-4, is 

the shrinkage coefficient and is equal to -3.5e-3, C is a constant and equal to 4.67, and c1 and 

c2 are related to the viscoelastic and non-linear nature of the plywood and are equal to 1.103e-

18 and -7.19e-17, respectively. The analytical equation gave the final sector angle to be about 

91.96° when the Tf was 250°C, and the moisture content was 25.2%, which had an error of 
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4.8% from the experimental values of the GD plywood samples. Furthermore, Eq. (4-2) 

gave an included angle of 92.2° when the pre-forming MC was increased to 25.7% for the

GD⊥ samples, which again had an error of about 4.4% from the experimental findings. The 

variations of the experimental results to that of the analytical ones were negligible and thus, 

Eq. (4-2) can also be used to analytically represent the expected forming of the U-shaped 

channels from plywood, irrespective of the orientation of the forming plane. 

 Resulting forming technique 

The excessive amount of spring-forward experienced in the U-shaped channels and the 

various studies conducted pointed towards the possibility of either having a modified die 

with designed included angles to compensate for the spring-forward or to introduce another 

in-situ curing phase to control the effects on the bend angles. The novel in-situ curing phase 

was introduced as it would result in the variation of the forming parameters and not of the 

designed rig for different bend angles. The method will ensure that the coefficients of 

thermal expansion and shrinkage, gravity and self-weight have a minimal hand in deciding 

the final structure, forcing the samples to maintain the desired shape while curing. This 

observation led to the novel forming process where the post-forming curing time of 24 hrs 

was preceded by the second phase of in-situ curing time. Therefore, the novel forming 

process included a tI of 70 s when the Tf was maintained at about 250°C, as per the previous 

studies and established methods. The heated in-situ curing phase was then followed by an 

in-situ curing phase of 24 hrs, where the forming temperature gradually decreased to the 

ambient temperature. The process helped the plywood to perform most of the curing process 

while still being forced to maintain the desired shape of the die. The power source for the 

heating elements was turned off after 70 s of the die closure, and the fall in temperature was 

recorded through a temperature logger with the aid of a thermo-couple. The dies took around 

4 hrs to reach ambient temperature (̴ 26°C), although the initial drop was drastic with the Tf 

being recorded to be around 200°C in 100 s and around 150°C in 450 s.  

The further decrease was gradual with 100°C being reached in about half an hour and 50°C 

being reached in about one and half an hour. The instant reduction in the forming temperature 

was further facilitated by compressed natural air to ensure the samples were not exposed to 

the high temperatures for a longer duration, which might result in significant sample 

degradation. The current process restricts the increase in the sector angle and subsequent 

swelling by forcing the samples to hold the current position while the ambient conditions of 
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moisture and temperature were reached. The formed angles were measured for the SB and 

SF immediately after their removal from the rig. Another reading was carried out after 48 

hrs of forming, giving the samples a further 24 hrs to cure after removal from the die and 

ensuring proper stability. The observed results, for both GD and GD⊥ samples, are graphed 

in Figure 4-9 (c). The 2D profiles of the experimentally observed GD and GD⊥ samples are 

illustrated in Figure 4-9 (a) and Figure 4-9 (b), respectively. The minimal change in the final 

sector angle, in this case, could be primarily caused by the extended in-situ curing time at 

ambient conditions. The final values of the sector angles and the eventual SB or SF of each 

forming plane and the final average are illustrated in Table 4-2. It was observed that the final 

averaged sector angle had a deviation of about 0.03º from the desired value, which could be 

easily deemed negligible.  

 
Figure 4-9: Graphical illustration of the average SB and/or SF values of each forming plane 
of the different samples and the desired variation. 

Moreover, the only major deviation with an SF of 0.3º was observed at the C1 plane, which 

might have resulted from the gravity effect and some possible minute experimental errors. 

Other planes, especially C3 and C4 had zero average deviation from the desired sector angle, 

with C2 having a negligible SB of 0.2º. The overall averages of SBs or SFs values were 

calculated over five samples. The method had no detrimental effect on the aesthetic or 

structural value of the samples when observed with the naked eye and under the microscope. 
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The GD⊥ samples were formed with the same parameters as explained before and showed 

an average SF of 0.5° after 24 hrs of in-situ curing and an average SB of 0.03° after a further 

24 hrs of post-forming curing time. The little variation of 0.1° in the SF of the samples after 

both the in-situ curing times, could again be affected by the low shrinkage and thermal 

expansion coefficients in the longitudinal direction and to the lesser flexibility of the 

samples. Furthermore, the high thermal expansion coefficient in the transverse direction 

resulted in the final overall SB of 0.03° for the GD⊥ samples, which had a lesser tendency 

to shrink and a higher tendency to expand. Thus, the forming method is proved to give 

samples with superior stability in shape and structure after curing. The method, therefore, 

helps in forming plywood samples with negligible variations in the sector angles, from the 

desired ones, for all the forming planes in the selected structure. This method can be a 

significant introduction to the field of forming complex longer profiles from plywood, 

beyond the elastic limit, with stable shapes and negligible SB or SF, enabling applications 

of renewable and sustainable material in structural aspects. 

Table 4-2: Results obtained from the modified bending method. 

Forming 
Planes 

Final sector angle (°) Final SB or SF value (°) 
Parallel to grain 

( )GD  

Perpendicular to grain 

( )GD⊥  

Parallel 

to grain

( )GD  

Perpendicular 

to grain GD⊥  

Post 24 hrs Post 48 hrs Post 24 hrs Post 48 hrs 

C1 89.5 89.7 89.4 89.4 -0.3 -0.4 
C2 89.3 90.2 89.9 90.4 +0.2 +0.4 
C3 89.5 90 89.5 90.1 0 +0.1 
C4 89.3 90 89.3 90 0 0 
Overall 

Average 

89.4 89.97 89.5 90.03 -0.03 +0.03 

Note: “-” indicates SF; “+” indicates SB; “SF” indicates spring-forward; “SB” indicates spring-back. 
All values are rounded to the nearest accurate decimal place 

4.4 Concluding remarks 

The current study is based on establishing a forming process that gives the minimum spring-

back when a biodegradable, renewable and eco-friendly material, such as plywood, 

experiences multiple bends, which can be used in the production of continuous top-hat 

channels as conduits or other structural/building applications. Design of Experiments, based 

on both Taguchi and full Factorial methods, were used to perform the various experiments 

needed for this study and obtain the most suitable forming parameters. The statistical studies 

and microscopic analysis of the final formed samples proved that the forming temperature 
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had the greatest influence on the forming process and the best forming parameters were the 

forming temperature of 250°C and in-situ curing time of 80 s, giving a spring-back of 2.93° 

and maintaining the aesthetic value of the samples. Furthermore, no delamination or damage, 

apart from the heat infused damage (blackening of the plywood), was observed from the 

microscopic study. The achieved values of the ideal plywood forming parameters were 

employed for successfully developing top-hat sections with the forming plane being both 

parallel and perpendicular to the grains of the outer veneer layers. The desired channels were 

formed with a forming temperature of 250°C, an in-situ curing time of 70 s and an increased 

pre-forming moisture content of 25.7%, having errors of 6% and 5% with respect to the 

statistical study for GD and GD⊥  samples, respectively. The study also helped in 

introducing another in-situ curing phase in the forming process to ensure the samples 

maintain desired shapes while curing. The method gave excellent results where spring-

forward and spring-back of only 0.03% were observed from the GD and GD⊥ samples, 

respectively. The minute variations can be easily deemed negligible, and the method can be 

successfully established in producing complex formed structures from an eco-friendly and 

biodegradable material with greater stability and fewer issues during the post-forming curing 

phase, irrespective of the forming direction. The method can be easily extended for mass 

production through the roll-forming technique for continuous profiles. 
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Chapter 5 

  Developable surface from 
plywood 

Parts of the research presented in this chapter have been published as: 

Chanda, A., Bhattacharyya, D. Chemical-free modification process of plywood to achieve a 

novel developable surface. In Forrest Products Society Virtual International Conference, 

2021, June 15-17. 

5.1 Introduction 

As said in Chapter 2, developable surfaces form a very critical and widely used design 

approach in many structural and semi-structural applications. Since there are no stretching 

or contraction in developable (de) surfaces, the concept is widely used in various materials 

like leather, paper, sheet metal and other flexible systems. The significance of a de surface 

lies in the phenomenon of forming multiple curvatures on multiple forming planes without 

any wrinkles on the surfaces. Therefore, it would be immensely interesting to see whether 

this concept could be applied to veneer forming as well. There are primarily three types of 

surfaces that can be defined under the umbrella of developable surfaces, cylinder of 

revolution, cone of revolution and tangents of a line of curvature which generates the 
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cuspidal edge of the surface. The formation of this kind of surface has seen variant ways and 

techniques, with one of the pioneers being Norlan [301] who defined this surface as being a 

special case under the umbrella of ruled surfaces that are defined by certain points given on 

the boundary curve. Aumann [302] then proposed the possibility of creating a de surface 

from two different curves as boundaries with the surface being categorised as a Bezier 

surface. Further methods were suggested by Lang and Roshel [303] where the Bezier 

surfaces were studied, and the required conditions were proposed for characterising the 

control nets in forming similar surfaces. B-spline de surfaces were also designed through a 

novel optimization technique by Chalfant and Maekawa [304]. Chu and Sequin [305] 

additionally introduced the method of creating similar surfaces through direct surface 

representation. Moreover, the duality between the plane and the point geometries was also 

used as a novel technique to design the same surface by Bodduluri and Ravani [306].  

The dual representation was then extended to projective geometry by Pottman and Farin 

[307] for again design a developable rational Bezier and B-spline surfaces. Eventually, the 

Frenet framework was used by Wang et al. [308] for introducing a parametric representation 

of the surface by satisfying both the isoparametric and geodesic conditions of the surface. 

The concept of geodesic was further utilised by Zhao and Wang [309] for proposing another 

new designing method for achieving similar surfaces through constructing a surface pencil 

and passing it through the geodesic curve. Moreover, the 3D Bezier curve was again used as 

a geodesic to design a similar surface by Li et al. [310]. The study was further extended to 

represent surface of curvatures through parametric surface pencils [311] which Bayram et 

al. [312] extended even more to report the required conditions for a certain curve to be 

asymptomatic to the surface pencils. Eventually, Li et al. [313] used the method of designing 

similar surfaces through a certain fixed space curve. The space curve was first defined, then 

proved through established differential geometry theorems to be a line of curvature, which 

was then proved to be de and finally the conditions for the curve to represent de cylinder, 

cone and tangent surface were derived. The authors even established a proper form to 

represent such a surface. The detailed method for proving a space curve to be developable 

was also used in the current work to prove that the curve proposed on a flat sheet was able 

to produce that surface. 

Studies [9, 92, 295] have shown that the decade-old problem of spring-back (SB) 

experienced by plywood after forming can be minimised and even eliminated by using ideal 

forming parameters. The successful elimination of the change in the final sector angle during 
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the curing phase can have important applications in various fields, including structural, 

geometric design and others. One such application can be the formation of de surface from 

plywood structure, an aspect which has always been applied on paper, leather or other 

materials which are known to be flexible. Chapters 3 and 4 helped in establishing the method 

of achieving different types of geometry from plywood with minimal spring-back, which 

could be extended to form a de surface. The current work aims at designing a curvature on a 

flat sheet, motivated by the design of the box of fries available in the market, and proving 

that curvature to be able to produce a developable surface through established theorems in 

the literature. Furthermore, the successfully established de surface is then applied on a sheet-

metal to observe the validity before finally extending the same to produce a de surface from 

plywood for the first time. The success in forming such a surface in plywood can have 

immense applications and possible future designs of complex geometries and structural 

aspects from the renewable, bio-degradable and sustainable material instead of sheet-metal. 

5.2 Developing the curvatures for forming developable surfaces 

 The concept of developable surface 

The main concept of the developable surface is illustrated in Section 2.3.3. A ruled surface 

is a curved one that is developed by a generator moving continuously in a particular direction 

along a space curve. A de surface is a class of special ruled surfaces where the tangent planes 

along a generator do not change. Two such examples are illustrated in Figure 5-1. A 

cylindrical surface, as can be observed from Figure 5-1 (a), can be formed from a family of 

parallel lines. The formation of a cylinder involves assigning the profile of a curve p and 

then extruding it by a distance of r. The isometric mapping or unfolding is the development 

of the cylinder which makes the curve p a straight line and the rulings become parallel to 

each other, giving a right angle between the ruling and the normal section. The lines on the 

surface, which are all parallel to r, form the rulings also form the generator. Therefore, a 

cylinder surface can be successfully mapped in an isometric domain, resulting in a vanishing 

Gaussian curvature and making it a de surface. A similar trend can also be obtained from a 

cone of revolution, where the rulings are connected to a single point to form the structure. 

The unfolding of a cone is similar to that of a pyramid, with the smoothness being the only 

difference. The smooth curve is again represented by p, and the intersecting curve of the 

cone S is given by q, which lies at a constant distance R from the vertex. The isometric 

development is again successfully achieved, Figure 5-1 (b), resulting in K=0, making it a de 
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surface. The current work focuses primarily on the cylinder of revolution to achieve the 

required curvatures to form such a surface. Therefore, it is important to first achieve the 

curvature and then prove those curvatures to be developable through established theorems. 

 
Figure 5-1: Illustration of the developments or mappings of (a) cylinder of revolution and 
(b) cone of revolution. 

 The curvature used and the proof of it being a developable surface 

A particular curve C1 was taken on a flat sheet, having a width W. The radius of the curve 

was assigned as R, with H being the height, Figure 5-2 (a). The arc length of the curve was 

taken as c1 and was assumed to denote a cylinder of revolution. The aspect of deformability 

of the curve was eventually proved through established theorems. The Pythagoras theorem 

[314] was first applied to achieve the required relations of the different parameters, by 

considering the triangles adc and bcd , where cd can be represented as ‘R-H’. Therefore, 

applying the Pythagoras theorem on adc it can be observed that: 

 
( ) ( )

2 2 2

2 22

ac cd ad

R W 2 R H

= +

 = + −
  (5-1) 

Furthermore, through simplification of Eq. (5-1), it can also be achieved that: 

 
2W HR

8H 2
= +   (5-2) 

)a )b
R

q

pp
r

Cylinder Cone
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Eventually, by applying the laws of simple trigonometry on abc , the relationship of the 

width of the flat sheet can be deduced as: 

 ( )W 2RSin 2=    (5-3) 

If the values of R and are known, the width of the flat sheet can be determined. Similarly, 

with a known width (92 mm for the current work) and height of the curvature (15 mm for 

the current design), the radius of the curve can be determined from Eq. (5-2) andcan be 

calculated from Eq. (5-3). Additionally, again through simple trigonometry relations, the arc 

length c1 can be calculated from: 

 
1

2

1

c 2 R
360

Wc H
360 4H

 
=   

 

 
 = + 

 

  (5-4) 

Therefore, from Eqs.(5-3) and (5-4), the arc length can be deduced after deriving the value 

of  . Consequently, the parameters of the random curve C1 can be estimated from simple 

trigonometric relations. Thus, with the establishment of the curve, it needed to be proved 

that the curve can represent a developable surface, for which the curve representing a 

cylinder of revolution, must be proved to satisfy the required theorems of these surfaces. 

Li et al. [313] detailed the theorems which a line of curvature must satisfy to represent a de 

surface. The current curve C1 also represents a certain line of curvature and thus, in the 

following part, it has been proved that the curve can generate a de surface. A ruled surface, 

which can be given as Eq. (2-9), can be defined to be developable only if, 

 ( )c (u),d(u),d (u) 0  =   (5-5) 

Primarily it is important to understand the theorem which proves certain lines to be the lines 

of curvature on a particular surface. The condition which is needed to satisfy to deduce a 

special curve to be a line of curvature is that the surface normal drawn along the curve must 

form a de surface. Therefore, according to Wilmore [315], for special curve c1, where

1u c (s)→  and s represents the arc length parameter, the normal surface of the curve can be 

given as: 

 ( ) 1Q u, t c u tn= +   (5-6) 
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Eq. (5-6) works on the assumption that the curve is on a surface P(u,t) and P(u,0)=c1(u), n=N 

cos θ + B sin θ and the angle between the vectors n and N is represented by b=B cos θ – N 

sin θ. The principal normal and bi-normal vectors of c1(u) are given by N and B, respectively. 

Therefore, n, b represent the rotation of N and B in c1(u), respectively. Hence, c1(s) is a line 

of curvature on the surface P (u, t) if Q (u, t) is developable and is a normal surface with 

respect to P (s, t). 

 
Figure 5-2: The illustration of the (a) initial curve considered on a flat sheet and the various 
parameters involved and (b) Frenet framework [313]. 

 

R c
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Thus, from the simple computation of Eq. (5-5), it can be derived that: 

 
( )
1(c ,n,n) 0

T, Ncos Bsin , Ncos Nsin Bsin Bcos 0

(T, Ncos Bsin ,( sin sin )N ( cos cos )B) 0
0

=

 +  − + +  =

 +  − −   +  +  =

 +  =   = −

  (5-7) 

The details of the unknown parameters can be achieved from the Frenet frame (T (u), N (u), 

B (u)), Figure 5-2 (b), and from the vectors n (u), b (u). Therefore, the angle can be 

represented as
0

u

0
u

du = −  +  , where u0 is the starting point of the arc length. Considering 

u0 = 0 and 0 (0) = a class of moving frames can be achieved [313]. Furthermore, from the 

special curve c1 (u), a developable surface P (u, t) can be achieved since it is a line of 

curvature. To prove that, another theorem needs to be accessed, where a normal surface is 

first denoted by P1 (u, t) = c1 (u) + t n (u), with n (u) = N cos θ + D sin θ. By considering

0

u

0
u

du = −  +  , it can be further proved that: 

 m(u) n(u)xT(u) d(u)= = −   (5-8) 

Therefore, the surface can then be represented as: 

 1P(u,t) c (u) tm(u)= +   (5-9) 

It can be observed that P (u, 0) = r (u), defining that the surface P (u, t) interpolate the curve 

c1 (u). Furthermore, it can also be calculated that: 

 
s t t 0

1 t 0

P (u, t) P (u, t)
(c tm(u)) m(u)
T(u) m(u) T(u) d(u)

=

=

 

= +  

=  = − 

  (5-10) 

Again, from the Frenet frame, Figure 5-2 (b), s t t 0P (u,t) P (u,t) n(u)=  = , proving that the 

surface P1 (u, t) is normal to P (u, t). Furthermore, since
0

s

0
s

du = −  +   , P1 (u, t) is 

developable as well. Finally, to prove that the actual surface P (u, t) is developable, it can be 

derived that: 
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m d(u)
B sin Bcos N cos Nsin

ksin T

= −

=  − +  + 

= − 

  (5-11) 

Thus, it can be concluded that: 

 ( ) ( )1c ,m,m T,n T, ksin T 0=  −  =   (5-12) 

Therefore, from Eq. (5-5), it can be deduced that the surface P (u, t) is developable. Thus, a 

de surface can be expressed as Eq. (5-9). Finally, to prove that the developable surface given 

in Eq. (5-9) is a cylinder of revolution, sin θ = 0 should be satisfied. From, Eqs. (5-8) and 

(5-11), it can also be derived that: 

 

( )

( ) ( )

m m d k sin T

cos B sin N k sin T
k sin n

 = −  − 

= −  +   − 

= 

  (5-13) 

Finally, n being a non-zero unit vector, Eq. (5-13) can be simplified as: 

 
m m 0

ksin n 0
sin 0

 =

  =

 =

  (5-14) 

Thus, it is proved that curve C1 is a line of curvature that produces a developable surface P 

(u, t) which can produce a cylinder of revolution. Three similar cylinders of revolution, 

denoted by C1, C2 and C3, were used in the current work to achieve the final structure of the 

sample and the forming rig, Figure 5-3. The curve C2 was taken also taken at a distance d 

from the centre, on the other side of the first curve. The final curve C3 was introduced on the 

lower surface of the sheet to provide the required bulge. Both the curves can again be 

deduced to be a line of curvatures that can generate de surfaces. The final achieved shape 

was thus a combination of three similar cylinders of revolution to design a connecting de 

surface that was further used to design and manufacture the forming rig to test the theory on 

aluminium and plywood channels. 
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Figure 5-3: The illustration of the three cylinders of revolution used to achieve the final 
developable surface on the samples. 

5.3 Experimental observations 

The established theory in the aforementioned section was further applied to aluminium and 

plywood samples to observe whether the theoretical calculation can be experimentally 

achieved. 

 Sample 

3-ply laminates made commercially from Radiata Pine veneers in 0º/90º/0º orientation, with 

a thickness of 1.9 mm, was acquired from Plyman Auckland Ltd. Poly-vinyl acetate (PVA) 

was used as the adhesive for manufacturing the plywood sheets. 250 g/m2 of the adhesive 

was applied on each surface of the central veneer before stacking, after which the laminates 

were hot-pressed to get the final product. The plywood sheets were finally cut into 160×70 

mm2 for the current study. Similar sized samples were also cut from aluminium sheet-metal, 

having a thickness of 1.5 mm. 

 Pre-testing preparations 

The literature [1] and previous studies [9, 92, 295] have shown that pre-softening of the 

samples is a prerequisite for forming plywood. Therefore, the samples were soaked in a 

water-bath for the desired time to make them pliable by increasing the pre-forming moisture 

content (MC). The temperature of the water-bath was maintained at 70°C [62] and the punch 

radius was maintained at 6 mm [9]. The Universal testing machine (Instron 1185) was used 

to perform the experimental validation of the established theory. 

3C

2C

1C
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 Experimental rig 

The experimental rig was designed based on the curvatures and desired profiles outlined in 

Figure 5-4 and the male and female punches are illustrated in Figure 11-12 in Appendix 4. 

The motivation of the design was acquired from that of a fries’ box used in any fast-food 

centre, where the profile was applied for the first time on plywood samples. Furthermore, a 

sheet-metal was also formed to observe the validity of the theory and whether any visible 

wrinkles or un-wanted bends can be noticed. The dimensions of the male punch were taken 

as 106×92 mm2, achieved by calculating the arc length of c1, based on a fries’ box and scaled 

up by two times and of c2 to derive the complete forming area. Three curvatures, c1, c2 and 

c3, were designed based on the established theory of developable surface, ensuring all of 

them meet the requirements of being a cylinder of revolution. Two heating elements were 

attached to the male punch to control the Tf through a thermocouple, all grooved along the 

side walls. A temperature controller was used to ensure the desired amount of temperature 

was delivered by the heating elements. Compressed natural air was used for preventing 

overheating of the load cell on the universal testing machine. 

 
Figure 5-4: Illustration of (a) the curvature on the plane surface, (b) desired final profile, (c) 
cylinder of revolution representing each curvature applied and (d) the CAD assembly of the 
complete rig used. 
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Teflon® was used as the mould release agent to ensure the proper removal of the formed 

samples from the die. The forming radius was taken according to the previously established 

ideal value of 6 mm, detailed in Chapter 3. 

 Forming the developable surface 

The developable profile, theoretically developed as Figure 5-3, needed to be applied 

experimentally on a material system to establish the validity of the theoretical model. Any 

successful de surface can be formed on a plane without any stretching or tearing of the same. 

Moreover, these surfaces can also be unfolded to again achieve the same flat plane without 

any distortions. Therefore, the theory of the established method of defining the de curves 

must be verified to ensure applicability. Firstly, the developed rig was used to form a sheet-

metal into the desired geometry to ensure that the equations work. Sheet-metal is known to 

be a stable material for forming with significant resistance to tear and breakage. On the 

contrary, the plywood is often prone to delamination, internal shear and other mechanical 

damages while forming if ideal forming parameters are not used. Therefore, the successful 

generation of the desired geometry on the sheet-metal will ensure that the theory is validated 

before applying the same on a more vulnerable material. The Instron 1185 was used to form 

the sheet metal under displacement control and the formation was successful, as can be 

observed from Figure 5-5. The grain directions on the forming plane made no difference to 

the final structure, as expected, and the forming was successful with grains both parallel and 

perpendicular to the bending axis. The image illustrated in Figure 5-5 represents the sheet-

metal formed with the grains parallel to the forming axis, which is less stable because of the 

shearing tendency along the grain directions.  

Forming the plywood samples with the same rig however highlighted quite a few issues and 

many subtle alterations to the ideal forming parameters had to be made to achieve the final 

product, Figure 5-5. Previous studies on forming plywood in vee-bending and 4-point test 

rigs showed negligible effect on the speed of the cross-head, for which that parameter was 

not considered in any statistical analysis of the parameters and no considerable differences 

were observed between the formed samples when the variation was studied independently. 

A fixed rate of 200 mm/min was used to form all the samples. However, the current complex 

forming process faced substantial issues while forming at the same speed, and the plywood 

experienced noteworthy un-wanted deformation and failures. After continuous iterations and 

speed reduction, the speed was obtained to be ≤ 45 mm/min. Speed below 45 mm/min also 
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could form the samples successfully. However, the maximum possible speed (45 mm/min) 

was used for reporting the current work. The plywood samples, as expected, showed 

variation while formed along two different bending axis. The forming technique applied 

stresses in both transverse and longitudinal directions. However, the presence of the span 

enabled the sample to withstand higher stresses in the longitudinal plane compared to the 

transverse one. Thus, when the grains of the outer layer of the plywood sample was parallel 

to the bending axis, the asymmetric orientation (90º/0º/90º) resulted in two veneer layers 

having their grains in the same direction, with only one veneer layer being primarily 

responsible to withstand the transverse stress.  

Studies [62] have shown that the ideal forming plane of a veneer layer is with the grains 

perpendicular to that of the forming plane. Otherwise, the tendency of splitting increases 

considerably. The primary reason being, for any material layer, the ability to withstand the 

stresses in the perpendicular direction of the grain is higher. Thus, the 3-ply laminates, 

having two layers parallel to the bending axis, resulted in splitting and subsequent 

delamination. However, with the outer layer being perpendicular to the bending axis 

(0º/90º/0º), the samples became more stable with the required ability to withstand the 

transverse stress imparted by the forming process. The other critical parameters of concern 

include the forming temperature, the pre-forming moisture content, the heated in-situ curing 

time and the size of the sample formed. The die had a total width of 92 mm, which needed 

to be reduced for the samples because the effects of the edges might introduce further 

complexity. Therefore, through critical observations, the width was fixed at 70 mm. 

Furthermore, the length of the sample was another important aspect as the possible shear 

along the grains would increase substantially for samples with longer webs. 

 
Figure 5-5: The successfully formed developable surfaces on sheet-metal and plywood 
samples. 

)a )b
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Table 5-1: The various critical forming parameters required to achieve the developable 
surface. 

Forming parameter Established values Derived values 

Cross-head speed 200 mm/min ≤ 45 mm/min 
Forming temperature 250ºC 200ºC 
Pre-forming moisture 24.8% 25.7% 

Sample size 190×92 mm2 160×70 mm 
Heated in-situ curing time 70 s 80 s 

Thus, even though 190 mm could have been successfully formed, as replicated by the sheet-

metal, the plywood samples were maintained at a length of 160 mm, giving two side webs 

of 29 mm each. The forming temperature (Tf) has been a critical aspect among the forming 

parameters in every plywood forming. The previous study has shown that a Tf of 250ºC can 

result in eliminating the spring-back and spring-forward (negative spring-back) effects on 

the sample while curing. However, the application of that on the current profile resulted in 

an extensive blackening of the outer face, primarily due to the bulky nature of the rig used. 

Therefore, the previously used forming temperature of 200ºC [295] was applied, which was 

successful in forming the plywood samples without any blackening or structural defects, 

Figure 5-5. The new forming method established in the previous Chapter was again used and 

the heated in-situ curing time was changed to 80 s, to compensate for the reduced Tf and 

maintain negligible spring-back after curing. Finally, the pre-forming MC, another critical 

aspect in forming plywood structures, was analysed. According to the present literature and 

the previous chapters, the ideal pre-forming MC was established to be 24.8%, achieved by 

soaking in a hot-water bath, maintained at 70ºC. However, similar to the issues faced in 

forming the top-hat sections, the samples failed to form properly due to moisture of the 

plywood being substantially evaporated during the forming process. Moreover, the rate of 

forming was quite low compared to the previous studies performed in Chapters 3 and 4. 

Thus, again after a few trials, the pre-forming MC of 25.7% was deduced to be the ideal one 

for forming the desired structures. The required MC was obtained by soaking the samples in 

the hot water-bath for 80 s. Lower pre-forming MC was observed to produce broken samples 

and more resulted in significant SBs. Therefore, the final parameters required to produce the 

desired profile, shown in Figure 5-3, from plywood were the Tf of 200ºC, pre-forming MC 

of 25.7%, heated in-situ curing time of 80 s, a further in-situ curing time of 24 h and the 

cross-head speed of ≤ 45 mm/min on the universal testing machine. The proper use of the 

parameters resulted in successfully achieving the theoretically developed de surface on 

plywood samples, as illustrated in Figure 5-5. 
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5.4 Concluding remarks 

The concept of developable surface is successfully applied to a bio-degradable and 

renewable material system for the first time in the current work. The study first develops a 

spatial curve on a sheet and works through established theories to prove that to be 

representing this surface. Eventually, two more similar curves were introduced to design the 

whole surface based on three lines of curvature, each of which can generate a cylinder of 

revolution. The desired shape was then used to design a rig for forming the surface on sheet-

metal to observe the validity of the same. Finally, the successful application of the devised 

theory on the sheet metal enabled it to be extended to plywood samples where the various 

critical forming parameters were observed and reported through numerous trials. The ideal 

set of parameters which enabled the formation of the developable surface for the first time 

on 3-ply laminates made from Radiata Pine can be reported to have a forming rate of ≤ 45 

mm/min, forming temperature of 200ºC, pre-forming moisture content of 25.7%, heated in-

situ curing time of 80 s, in-situ curing time of 24 h and a post-forming curing time of 24 h 

to achieve samples with minimal and negligible spring-back or spring-forward after curing. 



 

150 | P a g e  
 

. Chapter 6 

  Fire performance of 
formed structures 

Parts of the research presented in this chapter have been published as: 

Chanda, A.; Dutta, S.; Bhattacharyya, D. A Study of the Fire Performance of Timber-Walled 

Compartments. In: Makovicka Osvaldova L., Markert F., Zelinka S. (eds) Wood & Fire 

Safety. WFS 2020. Springer, Cham, Switzerland. https://doi.org/10.1007/978-3-030-41235-

7_47 

Chanda, A., Kim, NK., Das, O., Frosth, M., & Bhattacharyya, D. Experimental and 

numerical investigation on the fire performance of wood-based laminated structures. Nature 

Scientific Reports, 2021: Article under review. 

6.1 Introduction 

The ability to form plywood in desired geometric structures, as detailed in the previous 

chapters, has substantial applications, one of which is ventured in the current chapter. The 

development of light portable boxes, conduits, compartments, roofs or facades for various 

purposes from renewable material can be a very useful aspect if the problem of insulation, 

developing attractive formed structures and flammability can be rectified. Since, any 

structural or semi-structural application made of plywood have walls or sides, which are 
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perpendicular to each other, there are issues of insulation, mono-tone structures and possible 

drastic failures due to adhesive burn-out during a fire. Therefore, the aspect of having a 

continuous geometric structure is lucrative and SB cancellation is the only way to form any 

specific geometric shapes out of plywood. The establishment of the possibility of creating 

continuous walled structural and semi-structural aspects (referred to as compartments in the 

current chapter) from plywood with negligible shape distortion automatically leads towards 

analysing the performance parameters. Mechanical and fire performance for the two most 

critical aspects for performance characterisation. Studies on the effects of mechanical 

strength due to forming are common and detailed in the present literature. However, the 

effects on the flammability of the structures have not been properly studied and established 

yet. Moreover, Section 3.2.7 illustrated the tensile strength analysis of the formed edges and 

reported that minimal or negligible effects can be observed. This chapter, therefore, focuses 

on the effects of formability on the flammability of the formed structures. Plywood 

containers or chambers, if built for carrying or storing hazardous substances, should have a 

specific and known fire performance and thus, the responses of straight and curved edged 

samples are reported. Plywood has always been a typical lining material in buildings, and 

the New Zealand Building Code states that the fire-reaction properties of lining materials 

can be reported by using the cone-calorimeter [316]. The current work attempts to establish 

the normalised advantages or disadvantages with respect to the fire-reaction properties of 

structures with continuously formed inner linings and also for that of formed boxes or 

containers. In order to understand the fire performance, initially, the standard plywood 

samples are tested in the cone-calorimeter apparatus, ASTM E-1354 [199], under three 

different heat irradiances of 35 kW/m2, 50 kW/m2 and 65 kW/m2. Eventually, the 

traditionally pinned or joined compartments with the minimum and maximum possible sizes 

are tested along with the formed ones (6/50 radius to half-span ratio) to report the effect on 

the fire-reaction properties. Furthermore, the effect of orientation is also reported. The larger 

compartments had a surface area of 300×300 mm2 (6/150 radius to half-span ratio) and 

therefore, considering the size constraints, only vertical testing is carried out. The fire study 

with the increased size is primarily performed to observe whether the results vary with the 

change in sizes.  

Numerical models representing the fire performance of the standard 100×100 mm2 samples 

and that of the formed compartments with a 6/50 radius to span ratio when compared to the 

straight-edged compartments are established. The successful introduction of the numerical 
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simulation for the particular sample thickness and geometry also denotes a significant 

addition to the field of observing the fire performance of eco-friendly and sustainable 

structural materials. Fire Dynamics Simulator (FDS), which is a software, developed by the 

National Institute of Standard and Technology, is used to perform numerical study. Finally, 

the successfully verified numerical model is extended to study the dependency of the 

forming radius and the span of the walls on the fire-reaction properties. The heights of the 

walls are kept constant, in view of the validation carried out based on the experimental results 

of the 6/50 samples. The wall heights may have some influence on the fire performance of 

the structure, which was assumed to be constant and independent of the R/L ratio. The work 

will aid in observing a non-dimensional relationship between the fire performance of the 

formed and traditional structures and reporting the possible forming radius to span ratio that 

can experience the effect of formability on the fire-reaction properties. 

6.2 Materials and methods 

 Material used 

The current study is conducted again on 3-ply laminates or plywood, made of Radiata Pine 

(Pinus Radiata D. Don). The standard samples with 100×100 mm2 surface area were initially 

cut for the standard test from the acquired commercial plywood sheets. Further samples, 

from the same material, were cut as per the required sizes of the compartments.  

 Design of the compartments 

The plywood was made of 3 veneer layers, each being about 0.6 mm in thickness, giving an 

overall average thickness of 2 mm to the laminates. The samples for simulating a room or 

compartment were prepared to accommodate the bench-scale testing apparatus, which has a 

few size constraints. A standard floor of a room is about 2 m2 and the walls are usually 

around 3 m high [317]. To accommodate the size constraints and to ensure the sample gets 

proper exposure to the heating coil and stays within the safety limits, the chamber was 

designed at a reduced scale of 20:20:150. The main wall experiencing radiant heating was 

taken as 100×100 mm2, and the side walls were taken as 20×100 mm2 each. The design was 

made in a way to simulate the behaviour of a partial chamber, exposed to fire, with the source 

being directed towards the floor. The normalisation of the fire behaviour was carried out 

based on the formed radius to half-span ratios, and two of them were experimentally 

investigated: 6/50 and 6/150. The traditional sample with straight edges was designed by 
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gluing the side walls to the floor with Ados F2, which is a high-performance general-purpose 

contact adhesive composed of Polychloroprene [318], as shown in Figure 6-1 (a). Both the 

6/50 sample types are illustrated in Figure 6-1 (a). A graphical representation of the sample 

holder is provided in Figure 6-1 (b) along with three k-type thermocouples, attached at 

regular intervals in the top, bottom and centre parts, to observe the experimental temperature 

gradient. 

 
Figure 6-1: Graphical illustration of (a) the traditional and formed 100×100 mm2 
compartment, (b) the smaller compartment inside the sample holder with the thermocouples, 
(c) the traditional 300×300 mm2  sample, (d) the 300×300 mm2 sample holder with a sample 
attached with the thermocouples and (e) the standard sample inside the sample holder. 

 Experimental setup 

The continuous chambers were formed using a 4-point bending rig. The 140 mm × 100 mm 

samples were initially soaked in a hot-water bath, having a temperature of 70 ºC, for 70 s, to 

increase the moisture content to 25.7%. The other forming parameters were set based on the 

previous chapters and studies, as they were observed to optimise the bending of plywood 

[319]. The reaction to fire properties, namely, fire propagation, peak heat release rate and 

heat release rate were measured with the help of a cone calorimeter (FTT Limited, East 

Grinstead, United Kingdom). ASTM E1354 standard [199] was followed to perform the 

experimental analysis. Three radiant-heat fluxes of 35 kW/m2, 50 kW/m2 and 65 kW/m2 

)a )b

)c )d )e
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were used for testing the standard samples; whereas, two radiant heat fluxes of 35 kW/m2 

and 50 kW/m2 were used for the compartments, with the only deviation of having the surface 

of ignition 40 mm away from the spark ignitor and about 45 mm below the cone heater 

bottom-surface. This separation could not be reduced because the accessories required 

clearance of 25 mm (standard separation for straight samples) and the height of the walls 

was 20 mm. All the samples were pre-conditioned at the room temperature of 23 ºC and 

recommended humidity of 50%, for 48 h before starting the test [5]. The results concluded 

were averaged from 5 tests of each sample type, to minimise manual and experimental errors.  

 Numerical analysis 

Initially, a thermogravimetric analysis (TGA) was performed on the plywood sample for 

material characterisation to obtain the various parameters for the Fire Dynamics Simulator® 

(FDS) model. A detailed illustration of the analysis is represented in Figure 6-2 and the 

obtained results are tabulated in Table 6-1. The numerical package of FDS incorporated in 

Pyrosim Software® is used to perform the numerical analysis of the compartment under fire. 

McGrattan et al. [192] composed the FDS user’s guide, according to which the kinetic 

constant parameters A and E are calculated. The effective values of the kinetic parameters 

are derived from the reference temperature (TP), which can be calculated from the TGA 

experiment. The TGA analysis is a representation of the sample undergoing a single reaction 

from solid to gaseous state. The mass fraction curve represents the normalised density (Ys) 

of the sample, and the reaction rate is calculated from the curve, which shows the rate of 

mass loss. The normalised density gradually decreases when the sample is gradually heated 

at a rate of 5 K/min, and the reaction rate is calculated as the rate of change of mass fraction 

with the change in time (-dYs/dt). The point at which the mass fraction curve peaks is TP, 

which represents the temperature at which the sample experiences the maximum amount of 

drop in the mass loss. The normalized density is represented as Ys (0) for a single reaction. 

The kinetic constants are calculated based on the following equations: 
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where, (0)p sr Y is the reference rate which is the reaction rate at a given reference 

temperature divided by (0)sY , which is always unity for a single reaction sample. The 

reaction rate was calculated at the reference temperature, and the values substituted in Eqs 

(6-1) and (6-2) are given in Table 6-1. The substitutions and subsequent calculations gave 

A=1.07x106/s and E=4.67x104 J/mol. The TGA experiment also helped in observing that the 

pyrolysis range of Radiata Pine lies between 278°C and 375°C. The fire performance of 

plywood and its effect due to formability was numerically evaluated through a numerically 

developed predictive model which is based on the finite volume method (FV). The equations 

governing the simulation was detailed by McGrattan et al. [192]. Various sub-models, such 

as pyrolysis, combustion, turbulence and thermal radiation, are available in the FDS for 

simulating various combustion processes with the aid of computational fluid dynamics 

(CFD). The effects on the flammability of the plywood due to increasing the heat flux and 

the incorporation of formability were accessed numerically through ignition properties 

(ignition time and temperature) and through combustion properties (heat release rate, peak 

heat release rate, surface temperatures and burning time). Different models and designs of 

the sample were performed to observe the effects of formability on flammability and the 

computational domain was defined based on the cone-calorimeter standard specified in 

ASTM E-1354. The mesh boundaries for all the cases were taken at 400 x 400 x 400 mm3, 

through a sensitivity study, with the sides being assigned inert to prevent heat loss. A mesh 

convergence study was also carried out to establish the final mesh with 8 mm3 elements. The 

bottom was assigned as an open surface to enable airflow into the system, and the top wall 

had a vent to model the exit of the gases into the cone-calorimeter through its exhaust system. 

The volume flow rate of the duct on the top was specified at 0.024 m3/s. The piloted ignition 

was modelled through a single grid element placed at a height of 40 mm from the sample 

base and assigned a temperature of 1230 °C with an emissivity of 0.001 for minimised effect 

on the radiant heating of the samples. The cone heater was designed as a stair polygon to 

eliminate heat loss through the edges. Therefore, each object in the simulation region had a 

rectangular domain. The heat fluxes of 35 kW/m2, 50 kW/2 and 65 kW/m2 were used for the 

simulation, which was imparted through changing the burner temperatures, obtained through 

averaging the various temperatures required to attain the desired heat fluxes in the 

experiments. A convergence study on the net heat flux was further carried out to observe the 

required burner temperature for simulating the various heat fluxes. The surface temperatures 

were measured through the placement of a temperature gauge (solid-state device) at the 



Chapter 6                                                                      Fire performance 

156 | P a g e  
 

centre of the sample along with another gauge to measure the radiant heat flux at the same 

place.  

 
Figure 6-2: TGA results of a Radiata Pine sample derived from a 3-ply laminate made with 
Radiata Pine veneers and glued with PVA. 

Table 6-1: Physical and thermal properties of standard plywood used in the simulation 

Properties Unit Value 
Density Kg/m3 566 

Emissivity - 0.9 
Specific Heat Capacity kJ/kg K 2.58 
Thermal Conductivity W/m K 0.12 

Heat of Combustion kJ/kg 
Standard sample: 1.4233×104 

Traditional Compartment: 1.4233×104 
Formed Compartment: 2.112×104 

Heat of Reaction kJ/kg 430 
Reference Temperature °C 400 

Reaction Rate (rP) s-1 0.078 
Heating Rate (Ṫ) K/min 5 

Exponential constant (e) - 2.718 
Universal Gas Constant (R) - 8.314 

Mass Fraction (Ys) (no of reactions) - 1 
Pre-exponential constant (A) 1/s 1.07×106 

Activation energy (E) J/mol 4.67×104 
Pyrolysis Range °C 278 – 375 

Auto-ignition temperature °C 

35 kW/m2: 428 
50 kW/m2: 329 
65 kW/m2: 318 

Compartments: 405  

Surface temperature of the burner °C 

35 kW/m2: 750 
50 kW/m2: 830 
65 kW/m2: 900 

Compartments: 860 
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The direction of the radiant heat flux surface normal was assigned along the Z-axis. The 

properties of the plywood were manually entered into the software. The rule of mixture 

employed by FDS was not critical because the properties of the plywood were entered 

directly, and a single material system was considered. The reaction type was customised as 

plywood reaction where the simple chemistry model was followed. The fuel was composed 

of oxygen, carbon and hydrogen. The critical flame temperature was set at 1427 °C ( ̴ 1700 

K) for the current simulations, which is the default value for common hydrocarbons [320]. 

The auto-ignition temperature was changed for each heat flux, as per the values observed 

from the experimental analysis. The heat of combustion was also averaged from the 

experimental study based on the effective heat of combustion (EHC), and the values used 

are outlined in Table 6-1. The aspect of flame suppression is directly related to the 

temperature and the concentration of oxygen. The chemical formula for the plywood was 

taken as (C6H12O6) n, which is the general formula for cellulose, for simplification of the 

combustion process, and lumped solid component was considered. Additionally, the char 

yield from the burning of plywood was specified at 17%, which meant the reaction fuel 

yielded was 83%. The current sample base was placed at 25 mm for the standard samples 

and 45 mm for the compartments, from the base of the cone heater, to resemble the 

experimental analyses. The outer surface of the cone heater was assigned as inert to prevent 

heat loss and the inner surface was assigned as the burner. Front views of both the standard 

and traditional/formed samples, as per the numerical setup, are given in Figure 6-3.  

 
Figure 6-3: Illustration of the FDS setup showing the front views of (a) standard sample 
setup and (b) glued/formed sample setup. 
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6.3 Experimental results 

 Standard sample 

The overall fire performance is illustrated in Figure 6-4. The general HRR curve represented 

that of a thermally thin material [321], in accordance with the thin plywood samples. The 

HRR response shifted inwards with the gradual increase in the heat flux, as can be observed 

from Figure 6-4 (a), with a similar gradual increase in the total heat release (THR) as well, 

Figure 6-4 (b). The total heat evolved (THE) was recorded to be 13.1 MJ/m², 14.4 MJ/m² 

and 15.9 MJ/m² for heat irradiances of 35 kW/m², 50 kW/m² and 65 kW/m², respectively. 

The peak heat release rate (PHRR) also was recorded to increase in magnitude with the 

increase in the heat fluxes, with a gradual decrease in the time to PHRR, as is illustrated in 

Figure 6-5 (a). The PHRR was observed to be the highest at 603.1 kW/m2 for the irradiance 

of 65 kW/m2 and to be the lowest at 457.3 kW/m2 for 35 kW/m2. The time to ignition was 

observed to decrease with the increase in the heat flux, dropping from 33.2 s for 35 kW/m2, 

through 19.2 s for 50 kW/m2, to 12.4 s for 65 kW/m2. A similar decrease in time to PHRR 

was also observed along with a gradual decrease in the time to flame-out, with the gradual 

increase in the heat flux value. All the initial masses of the samples were almost similar and 

therefore, the heat fluxes caused the variations in the fire performance. The total smoke 

production also experienced an increase with the rise in heat flux, with 1.04 m2, 1.16 m2 and 

1.2 m2 for the three fluxes, respectively. The mass loss %, as in Figure 6-4 (d), was again 

observed to be maximum for the heat flux of 65 kW/m2, with 7 wt%, 15.5 wt% and 17.2 

wt% of mass residue being achieved for 65 kW/m2, 50 kW/m2 and 35 kW/m2, respectively. 

The fire-reaction properties proved that with the increase in heat flux, the fire resistance 

capability of plywood decreased like any other sample. The increase in irradiance increased 

the PHRR values and decrease in times to ignition, PHRR and flameout, for samples with 

similar average masses. The results will further help in generating a numerical model to 

replicate the fire performance of 3-ply Radiata Pine plywood. Moreover, the residue of the 

samples under each heat flux also reflected that the residual char mass was maximum under 

35 kW/m2 and the minimum under 65 kW/m2, in accordance with the mass loss %, Figure 

6-4 (d). Figure 6-5 (b) represents the residual chars of the samples under the three different 

radiances. It can be observed that the residual char was more prominent for 35 kW/m2, which 

gradually decreased for 50 kW/m2 and finally reduced substantially for 65 kW/m2, with only 
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7 wt% of the initial sample remaining. Higher irradiances thus, result in more degradation 

of plywood at a faster rate, since the burning time was lower with higher heat fluxes. 

 
Figure 6-4: (a) HRR, (b) THR, (c) TSP and (d) percentage mass loss of the standard plywood 
samples at 3 different heat irradiances. 

 
Figure 6-5: Illustration of the (a) significant fire-reaction properties of plywood samples 
under the three irradiances and (b) the residual chars under those irradiances post the fire 
tests. 
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 Standard (100×100 mm2: R/L=6/50) compartments 

6.3.2.1 Comparison between traditional and formed compartments 

Figure 6-6 (a) elucidates the HRRs of the Radiata Pine 3-ply laminates with about 2 mm 

thickness when tested under a cone-calorimeter with 35 kW/m2 irradiance. The HRR curves 

obtained from the straight-edged (traditional) and formed samples illustrated that the 

probability of the straight-edged samples catching fire was faster than that of the formed 

samples. Moreover, the traditional samples burn for a shorter duration having a smaller HRR 

curve span and the peak point was also lower. Furthermore, the HRR curves also signified 

that the straight-edged samples burn-out faster, leading to earlier sample decomposition 

when compared to formed samples. The presence of PVA should have facilitated the 

combustion process, but the effect of geometry was greater, resulting in the observed 

variations. Figure 6-7 also illustrates that the PHRR was higher for the formed samples at 

540.65 kW/m2, compared to that of 415 kW/m2 for the straight-edged samples. However, 

the time to reach the peak heat release rate was 80 sec for the formed samples, compared to 

65 s for the traditional ones. Figure 6-6 (b) illustrates the total heat released from the two 

types of samples considered.  

 
Figure 6-6: (a) HRRs, (b) THRs, (c) TSP and (d) mass loss for the formed and glued samples 
observed experimentally under the irradiance of 35 kW/m2. 
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The heat produced was again higher in the initial stages of the straight-edged samples, 

although the later stages experience a similar type of heat release. Additionally, the smoke 

produced by the traditional samples was also higher when compared to that of the formed 

samples, primarily because of the presence of excess adhesives, Figure 6-6 (c). The mass 

loss was also triggered earlier for the traditional samples, which experienced a greater loss 

compared to the formed ones, as can be observed from Figure 6-6 (d). However, the 

reduction in the amount of mass loss can be greatly attributed to the detachment of the 

sidewalls from the main surface because of the degradation of the glue. Therefore, the 

structure experienced failure much faster than the formed samples which had comparatively 

more structural integrity. The final mass of the residue was observed to be about 7.9% for 

the formed sample and 1.4% for the glued ones, showing that the straight-edged samples 

experience greater mass loss percentage and therefore, has less structural integrity. The 

formed samples were ignited in a later stage compared to the glued ones, with tIg being about 

52 s for formed samples and 41.4 s for the traditional ones, as could be observed from Figure 

6-7. Moreover, the burnout time was also higher at 132 s for the formed samples. The 

irradiance of 50 kW/m2 gave similar results and differences among the straight-edged and 

formed samples. The HRR curve had larger regions and higher peaks for the formed sample 

as shown in Figure 6-8 (a) and the total heat released being higher initially for the traditional 

samples, showed similar release in the later stages of the burning process, as illustrated in 

Figure 6-8 (b).  

 
Figure 6-7: Fire-reaction properties of the glued and formed samples, when tested under the 
cone-calorimeter with the irradiance of 35 kW/m2. 
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Figure 6-8: (a) HRRs, (b) THRs, (c) TSP and (d) mass loss % for the formed and glued 
samples observed experimentally under the irradiance of 50 kW/m2. 

 
Figure 6-9: Fire-reaction properties of the glued and formed samples, when tested under the 
cone-calorimeter with the irradiance of 50 kW/m2. 
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illustrates that the other fire-reaction properties also had similar responses in their responses. 

The experimental study highlighted that the smoke produced, and the rate of smoke 

production was significantly higher in glued samples compared to that of the formed ones, 

Figure 6-8 (c). The highest amount of smoke produced by the glued sample could be 

estimated at 1.7 m2; whereas, that for the formed samples were observed to be about 1.5 m2, 

under the heat flux of 50 kW/m2. Thus, it can be safely summarised that in a fire scenario, 

formed structures would give better safety when compared to the glued or joined structures. 

Additionally, the tfg was also slightly higher for the formed ones, making them more fire 

resilient than the glued ones and allowing more time for possible evacuation and other 

activities.  

 
Figure 6-10: Residue images of (a) formed samples after burnout and (b) glued samples after 
burnout. 

6.3.2.2 Effects of sample orientation 

The fire-reaction properties of the samples were also observed in the vertical orientation, to 

primarily report the variation in the performances due to the change in orientation. The 

vertical method is usually unique for observing the fire-reaction properties of samples 

prepared for aircraft interiors, tested in the Ohio State University (OSU) cone-calorimeter 

test rig [322]. The samples used for performing the vertical orientation fire test is shown in 

Figure 6-11 (a), and all had an average mass of 13.2 g. The comparison was made between 

the horizontal and vertical orientation of the formed samples under the heat flux of 50 

kW/m2. The other parameters were maintained according to the ASTM E1354 standard [199] 

and spark ignition was employed. The illustration of the vertical orientation testing setup is 

shown in Figure 6-11 (b), and the comparison of the fire-reaction properties with that of the 

Structure is withheld after burnout Structure collapses with the sidewalls 
being separated
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horizontal orientation is given in Figure 6-12. The HRR response showed that the heat 

release curve was higher for the samples when they were tested in the vertical orientation. 

The time to ignition was recorded at 39.7 s, compared to 32 s for horizontal orientation, 

Figure 6-13. Therefore, the increase in tIg could have resulted from the critical flammable 

mixture reaching at the later stage for the vertical sample and also the placement of the 

sample from the radiant heating source might have minute human aberrations. Additionally, 

the differences in heat transfer also played a major role in the final results. During the 

horizontal test, the convective flow was in the opposite direction of that of the heat flux, 

which was at 90° for the vertical test. This might lead to the possible lower imposed heat 

flux in the vertical direction, resulting in later ignition.  

The results were in reasonable agreement with the previous studies on the orientation effect 

[5, 117, 323], and an increase of about 19.4% was experienced. Furthermore, the location of 

the spark ignitor and the pyrolysis gas formation method might also affect the final time to 

ignition. Horizontal samples (H-samples) are usually assumed to experience a pyramidal 

covering by the pyrolysed gases, whereas, the vertical samples (V-samples) experience only 

a very thin layer of the same [323]. Moreover, the direction of the fire plume could also 

explain the reason behind the longer ignition time taken by the vertical samples. The 

direction of the fire plume and the normal to the heat exposed surface being perpendicular 

to each other resulted in the minimal contribution of the residual plume to the surface for the 

V-samples. Thus, the ignition time was greatly affected, and the vertical orientation 

experienced a longer time to ignite. The average tPHRR was also recorded to be 53.3 s during 

the horizontal study, compared to that of 58.3 s for the vertical ones. Thus, the V-samples 

took 8.6% more time to reach the PHRR which was also increased by 24.6%. The total heat 

release (THR) graphs were found to have a similar response between the heat irradiance, 

with the THE being about 18.2 MJ/m2 for the H-sample and 19.3 MJ/m2 for the vertical 

orientation. Therefore, the V-samples tend to release more heat energy and total heat, which 

can be greatly attributed to the flame direction and the airflow during the burning phase 

[323]. The total smoke production also showed a similar trend, Figure 6-12 (c), where the 

V-samples had a higher rate of smoke production, giving a TSP value of 2.01 m2, compared 

to that of 1.63 m2 by the H-samples. The mass loss percentage, Figure 6-12 (d), also had a 

similar residue of about 18.1 for the V-samples, compared to 18.5 for the H-samples. 
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Figure 6-11: Illustration of (a) the formed sample used for vertical testing of the fire-reaction 
properties and (b) the sample under fire when tested with the cone-calorimeter in the vertical 
orientation. 

 
Figure 6-12: Comparison between the (a) heat release rate (HRR) curves, (b) total heat 
release (THR), (c) total smoke production (TSP) and (d) mass loss % of the formed samples 
when tested under horizontal and vertical orientations. 
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conservative approach towards material evaluation. Furthermore, the relation of the 

important fire-reaction properties, Figure 6-13, between the two orientations can be drawn 

in a non-dimensional way and are illustrated in Table 6-2. The burn-time (tbg), which is the 

difference between the tIg and tfg, was observed to interestingly decrease for the vertical 

orientation, resulting in faster burn-out and eventual failure of the sample. The tbg was 

observed to be 44 s for the V-samples when compared to 68.3 s for the H-samples. Therefore, 

it can be concluded that the fire-reaction properties are better when the samples are tested in 

the horizontal orientation, and the vertical orientation helps in reporting the worst possible 

fire-reaction properties of a particular sample type. 

Table 6-2: Relationship of the fire-reaction properties between the horizontal and vertical 
orientations. 

PHRR Time to PHRR Time to ignition Time to flameout 

PHRRV=1.33 PHRRH tPHRR-V=1.09 tPHRR-H tIg-V=1.24 tIg-H Tfg-V=0.83 Tfg-H 

 
Figure 6-13: The comparison between the various fire-reaction properties of the formed 
compartments under horizontal and vertical orientations. 
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50 kW/m2, with an average value of 97 s, when compared to 31.67 s for 69 kW/m2. The 

greater time to ignition can be directly attributed to the lesser amount of radiant heat flux. 

The time to flame-out (tf) for the 50 kW/m2 irradiance was observed to be about 185 s and 

Figure 6-15 (a) shows that the burn-time (tbg) lies in the range of 95–190 s, where the ignition 

time was visually observed to be 97 s. Moreover, Figure 6-15 (a) elucidates the HRR curves 

for both the irradiances, which experienced an earlier response for higher heat flux. The tbg 

range was achieved to be 30-120 s, and ignition time was 31.67 s and burnout time was 116 

s for the irradiance of 69 kW/m2. The peak heat release rate (PHRR) was observed to be 

213.3 kW/m2 for the flux of 50 kW/m2; whereas, it was 216.7 kW/m2 for 69 kW/m2.  

The increase in the amount of PHRR can be attributed to the aspect of the critical flammable 

mixture being attained at an elevated thermal condition and directly to the heat flux used. 

The conventional samples having larger dimensions show very little variation in the PHRR 

values even with the change in heat irradiances, which is an interesting observation and is 

only valid for larger samples. The change in the standard method of testing under a cone-

calorimeter apparatus might also have resulted in the outcome. The other fire-reaction 

properties, Figure 6-14, were recorded to be consistent with previous studies, with the tPHRR 

being 110 s under 50 kW/m2 irradiance and 50 s under 69 kW/m2. The tIg and the tfg also had 

noteworthy differences, with the compartments taking longer to ignite and to flame-out 

under lower heat flux. Figure 6-14 (b) illustrates the total amount of heat released during 

both the irradiances and total heat evolved (THE) was quite similar for both the cases, being 

8.9 MJ/m2 for the flux of 50 kW/m2 and 9.22 MJ/m2 for 69 kW/m2. 

 
Figure 6-14: Significant fire-reaction properties experienced by the 300×300 mm2 
conventional compartment under 50 kW/m2 and 69 kW/m2 irradiances.  
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The higher amount of heat release in a shorter time proves that the critical flammable mixture 

was reached earlier and the burn-out time was lesser when the flux was increased, a trend 

which was also achieved for the 100×100 mm2 standard samples. The faster burning also 

gave less time for smoke production as can be observed from Figure 6-14 (c). The percentage 

mass loss, as elucidated in Figure 6-14 (d), shows that the compartment experienced a 

gradual mass loss under lower irradiance of 50 kW/m2, although the final residual char was 

similar for both cases. The maximum mass loss was again observed during the burning 

range, with the MLR being highest at 110 s for 50 kW/m2 and 50 s for 69 kW/m2. Another 

interesting finding was that the rate of smoke production for 50 kW/m2 was almost twice 

that for 69 kW/m2, proving longer exposure of the samples to the flux due to reduced 

irradiance, before complete degradation. The surface temperatures of the samples were 

measured with the help of the thermocouples and the average results are plotted in Figure 

6-16. The temperature required for ignition (TIg) was 538.6 °C for 50 kW/m2; whereas, it 

was 446.5 °C for 69 kW/m2. The decrease in TIg can again be attributed to the faster ignition 

process fuelled by greater radiant flux and some aberrations that might be present because 

the manual observation was used for denoting the ignition time in each case and also, due to 

sample degradation, the reading of the thermocouples could vary slightly.  

 
Figure 6-15: Experimentally observed (a) HRRs, (b) THR, (c) TSP) (d) mass-loss percentage 
under the heating irradiances of 50 kW/m2 and 69 kW/m2. 
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Figure 6-16: The temperature profiles of the samples under vertical heating for the two 
irradiances of (a) 50 kW/m2 and (b) 69 kW/m2. 

6.3.3.2 Comparison with conventional and formed compartments at a larger scale 

The results obtained from the conventional straight-edged compartments were successfully 

compared to the formed ones at 50 kW/m2 heat irradiance. The aim, as mentioned earlier, 

was to study whether the effect on flammability due to formability had a similar trend as that 
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observed to be increased for the formed ones by 18 s, as illustrated in Figure 6-17. 

Furthermore, the tfg was also considerably longer at 212 s for the formed compartments, 

compared to 185 s for the straight-edged ones. Moreover, the tPHRR was again higher by 10 
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The THR responses observed were again similar, as can be seen in Figure 6-18 (b), where 
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compartments respectively. It is again interesting to note that, even though the formed 

compartments burn for about 30 s more, the THE value hardly increases when compared to 

the straight-edged compartments. However, the longer burning time results in a larger 

amount of smoke being produced, with the TSP curve of the formed samples having a higher 

response compared to that of the conventional ones, as can be observed from Figure 6-18 

(c). The mass loss percentage, as depicted in Figure 6-18 (d), shows that the formed 

compartments experienced a gradual loss in mass compared to the steeper one experienced 

by the traditional compartments. This can again be credited to the failure of the side walls 

resulting in the traditional or glued samples losing stability earlier than the formed ones. 
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Furthermore, the calculated residual chart% was observed to be 7.3% for the glued samples; 

whereas, it was about 9.6% for the formed ones. Therefore, the structural stability can again 

be established for the formed samples, and the effects on flammability due to formability 

were again quite similar, compared to the 100×100 mm2 compartments. 

 
Figure 6-17: Significant fire-reaction properties of the traditional compartments (glued) and 
the formed ones under a heat flux of 50 kW/m2. 

 
Figure 6-18: Experimentally observed (a) heat release rates (HRRs), (b) total heat release 
(THR), (c) total smoke production (TSP) and (d) mass-loss percentage of the formed and 
straight-edged compartments under the heating irradiances of 50 kW/m2. 
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6.4 Numerical validation 

The numerical models were developed for 35 kW/m2, 50 kW/m2 and 65 kW/m2 heat 

irradiances for the standard samples, whereas only the 50 kW/m2 heat flux was considered 

for the straight-edged and formed compartments. All the output measuring devices were 

placed on the upper surface of the sample. The fire-reaction properties, namely time to 

ignition, ignition temperature, heat release rate and peak heat release rate, were measured 

for the different models representing each sample type and the smoke-views are provided in 

Appendix 5. 

 Time to ignition (tIg) 

The time to ignition (tIg) of the standard plywood samples under all the three heat fluxes, 

from both experimental and numerical analyses, are shown in Figure 6-19. It must be noted 

that the FDS has no defined mechanism to simulate the time to ignition, which is majorly 

dependent on the pyrolysis model data. Therefore, the smoke view was used to predict the 

results outlined in the current section. The numerical study was observed to over-predict all 

the tIg values for all the heat irradiances. The difference between the experimental and the 

simulated tIg was observed to be about 3.2 s for the heat flux of 35 kW/m2, whereas the 

variation was only about 2.5 s for the 50 and 65 kW/m2 heat fluxes. The lower heat irradiance 

showed a little more discrepancy in the time to ignition value; the study by Dutta et al. [5] 

also had similar observations. The reason can be credited to the higher rate of pyrolysis and 

flow of combustible gases during the simulation when compared to that during the 

experiment. The reaction rates in the FDS are calculated using the TGA results, provided 

during the simulation setup according to Table 6-1 and acquired based on the rate and the 

decomposition temperature of the material. Therefore, the variation in the testing 

environments of the TGA and cone might have a considerable effect on the pyrolysis rate 

and eventually on the final variation in the numerical results.  

The time to ignition might also be affected by the location of the spark ignitor and the 

formation of gases due to pyrolysis of the material, which occupies a pyramidal volume 

[323]. The agreement between the simulation and experimental tIgs was observed to be 

greater for higher heat fluxes, with minute variations being observed for both 50 and 65 

kW/m2. This might be resulted from the inability of the samples to burn uniformly during 

the experiment under lower heat irradiance. Thus, the rate of burning might be involved in 
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providing the different variations in the time to ignition values. The increase in heat flux 

resulted in a gradual decrease in the time to ignition during both the experimental and 

simulation analyses. Therefore, it can be concluded that the critical flammable mixture for 

ignition was reached earlier with the increase in heat irradiance. Furthermore, the minute 

variation in the results, based on the time to ignition, could be easily ignored and the 

numerical model can be used for predicting the ignition time of standard Radiata Pine 3-ply 

laminated samples. A comparison on the dependency of the tIgs on the heat fluxes is 

illustrated in Table 6-3, which are also in excellent agreement. The numerical models of the 

traditional and formed compartments were further validated with the respective experimental 

results. The comparison between the tIg values are illustrated in Figure 6-20, and the 

simulation was again observed to under-predict the time to ignition for both the traditional 

and formed samples.  

The numerical simulation gave a tIg of 20 s in the traditional or straight-edged (glued) 

compartments and 24.4 s in the formed ones, where the experimental analysis recorded 26.2 

s and 32 s for the traditional and formed compartments respectively. The lower prediction 

can be caused again by the higher rate of pyrolysis in the numerical model and the variation 

in the testing environments for the TGA and the cone. Furthermore, the analyses were 

conducted with both the differences between the heat source and the sample bottom wall 

being 45 mm apart. However, the exact difference between the two during the experiment 

might not have been that accurate due to manual aberrations. Moreover, the cone-calorimeter 

is designed to measure the desired heat flux only at 25 mm. In order to measure the heat flux 

at a distance of 45 mm, a manual clamp needed to be used, the accuracy of which might 

again have affected the final results, because small variations in distances can have a 

noteworthy effect on ignition time. Additionally, the variation in the testing environment of 

the TGA and the cone-calorimeter could have again affected the ignition time along with the 

exact location of the spark ignitor. The relation of the times to ignition between the 

traditional (Tr) and formed (Fo) samples were observed to 0.82 from the experiment, where 

the tIg@Tr was 0.84 times the tIg@Fo from the numerical model. Thus, the relation was very 

closely depicted in the numerical model, even though the prediction was lower, as can be 

observed from Table 6-3. It must be noted that the effect of the glue was not considered for 

any simulation, which might have had some effects. 
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Figure 6-19: Time to ignition (tIg) of the standard Radiata Pine samples at different heat 
irradiances. 

 
Figure 6-20: Ignition time (tIg) of the traditional (glued) and formed compartments under 50 
kW/m2. 

Table 6-3: Comparison of the experimental and numerical tIg values of the different samples 

Type of variation Experimental Numerical 

Comparison due to variation of 
heat flux of the standard 

samples 

tIg@35=1.73 tIg@50 
tIg@50=1.55 tIg@65 
tIg@35=2.68 tIg@65 

tIg@35=1.78 tIg@50 
tIg@50=1.58 tIg@65 
tIg@35=2.85 tIg@65 

Comparison on the effect of 
time to ignition due to 

formability 
tIg@Tr=0.82tIg@Fo tIg@Tr=0.84tIg@Fo 

Note: @n (n = 35, 50 & 65) defines the heat fluxes; @X (X = Tr & Fo) defines traditional and formed samples 

 Ignition temperature (TI) 

Figure 6-21 illustrates the ignition temperatures of the standard plywood samples under the 

three different heat fluxes for both the experimental and numerical analyses. The TIg values 

were found to increase with the increase in heat flux for both analyses. Moreover, a constant 

increment was also observed between the samples with variations of ≤ 88°C. The highest 

variation was again found to be for the lower heat irradiance of 35 kW/m2, with the least 
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variation of about 45°C being observed at 65 kW/m2. In general, the numerical simulation 

was found to over-predict the TIg values for all the fluxes. This can be attributed to the use 

of thermocouples during the experiments. The thermocouples are known to have less 

consistency, and slight changes in contact during the burning phase might result in 

significant variations. Furthermore, the ignition temperature was considered as the 

temperature at the time to ignition, which was estimated visually. The setup of the simulation 

can also have some effects on the final results of TIg, obtained from the solid-state devices 

placed on the top surface of the sample. The calculation of A and E was based on the 

assumption that the sample underwent a single reaction. However, the activation energy is 

counter-intuitively dependent on the surface temperature, which at the time of ignition gives 

the ignition temperature. Furthermore, the complexities between the gas and solid phases 

become difficult to be segregated in full-scale simulations, like the one performed in the 

current study.  

Other uncertainties could be experienced due to the variation in properties and in the linked 

thermo-physical model, whose reaction rate was also dependent on the threshold 

temperature. The simulation was performed with the default threshold temperature value, 

eliminating its effect on the rate of pyrolysis. This assumption could also have a substantial 

effect on the final results as the results were entirely based on the material response during 

the simulation. However, in the FDS, due to the employment of the mixing-controlled 

combustion model, which assumes that the fuel and oxygen always react under any 

temperature, the burning control mechanisms and the mixing might result in the ignition 

before the sample ignites. Therefore, the actual ignition time and the subsequent temperature 

needs to be observed from the Smoke-view of the Pyrosim software, which is again a visual 

method prone to aberrations. Since the mixture fraction in FDS defines the ignition criterion, 

and the critical fraction is calculated based on the user-defined pyrolysis model, the 

discrepancies in the final results, from that of the experimental one, is quite inevitable. Table 

6-4 illustrates the non-dimensional relationship between the ignition temperatures under the 

different heat fluxes during both experimental and numerical analyses. The results conclude 

that the relation between experimental TIg at 35 kW/m2 and 50 kW/m2 has the best 

correlation to that of the numerical counterpart. Overall, the minute variations can be easily 

accepted in the route of establishing a numerical model for simulating the fire-reaction 

properties of Radiata Pine plywood samples.  
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Figure 6-21: Ignition temperature (TIg) of the standard Radiata Pine samples at different heat 
irradiances. 

Table 6-4: Comparison of the experimental and numerical TIg values of the different samples 

Type of variation Experimental Numerical 

Comparison due to variation of 
heat flux of the standard samples 

TIg@35=0.95 tIg@50 
TIg@50=0.9 TIg@65 
TIg@35=0.86 TIg@65 

TIg@35=0.97 TIg@50 
TIg@50=0.94 TIg@65 
TIg@35=0.91 TIg@65 

The ignition temperature results experimentally achieved from the traditional and formed 

compartments were not significant enough, and the thermocouples failed to give proper 

readings due to the lowering of the surface. Therefore, the ignition temperature of the 

numerical simulation was reported only to observe the change with and the effect of 

formability on flammability. The traditional compartment gave a TIg of 748.8 °C, whereas 

the formed compartments gave a TIg of 799.3 °C. Therefore, the relation between the two 

types was calculated to be about TIg@Tr=0.94TIg@Fo. Thus, it can be concluded that the 

time to ignition was higher for the formed compartments, resulting in the further rise of the 

ignition temperature before experiencing a fire when compared to the traditional 

compartments. 

 Heat release rate (HRR) 

Figure 6-22 depicts the heat release rate (HRR) curves for the standard samples under the 

three different heat fluxes. It can be observed that the HRR curves obtained from the 

simulations are in good agreement with those of the experimental ones. The best relation 

between the numerical and experimental values was observed for the heat flux of 35 kW/m2 

with very similar PHRR values (experimental ̴ 419.8 kW/m2 and numerical ̴ 416.9 kW/m2) 

and time to PHRR (experimental ̴ 51.2 s and numerical ̴ 50 s), Figures 7-7 (a) and (b). The 

PHRR values for the heat flux of 50 kW/m2 showed little variation in the numerical results 
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(̴ 563.5 kW/m2) from that of the experimental results (̴ 536.3 kW/2) which might be caused 

by the greater amount of mass loss rate and higher combustion in the simulation at higher 

temperatures and heat fluxes, compared to that of the experiment. Furthermore, the polyvinyl 

acetate glue, used to prepare the plywood samples, was ignored in the simulation. A similar 

variation was also observed for the heat flux of 65 kW/m2. The over-prediction of the HRR 

curves and the PHRR values might also be caused by the inability of the FDS model to 

simulate the formation and growth of char during the combustion process, and also due to 

the variation in the environments of TGA and cone experiments. Moreover, the charring 

process had been signified as to be simpler in comparison to the complex thermo-physics 

mechanisms of moisture, cracking, vaporisation and others, and therefore is not necessary to 

deal with [324]. Additionally, the oxygen deficiency during char formation, which also 

interferes with the transfer of heat between the source and the material, could have a critical 

effect on the results. Furthermore, the critical flame temperature (1427 °C), which was set 

as default and controlled the flame suppression phenomenon, might have resulted in the 

drastic drop of the HRR curves in the numerical simulations. The experimental HRR curves, 

on the other hand, experienced a gradual drop because of the natural process and no external 

suppressions in place. The HRR responses in the numerical simulations experienced 

shoulders in the initial stages of the reaction before reaching the PHRR. This phenomenon 

can result from assuming that the by-products from the combustion were segregated into 

83% of wood and 17% of char for which the stoichiometric equivalence of each component 

was not considered. The tPHRR values also experienced a similar kind of variation, with the 

model at 35 kW/m2 giving excellent agreement, whereas those at 50 kW/m2 and 65 kW/m2 

over-predicting the values by some variation. The tPHRR values experienced variations of 

about 8 s for both the 50 kW/m2 and 65 kW/m2 heat irradiances, where the numerical models 

over-predicted the results. The over prediction can also be affected by the auto-ignition 

temperature, which was set based on experiments conducted on the samples and measured 

again with the aid of thermocouples. Therefore, again the sensitivity issue might have 

resulted in actual values, though an attempt to reduce aberrations was made by averaging 

over three samples. However, the results obtained for all the heat fluxes are still in the 

acceptable range and their relations based on the respective heat fluxes, for both 

experimental and numerical analyses, are given in Table 6-5. 
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Figure 6-22: HRR responses of the standard plywood samples at different heat fluxes. 

The dependencies of the numerical PHRR on the different heat fluxes are in strong 

agreement with that of the experimental ones, with a maximum variation of 6.6% observed. 

Moreover, the tPHRR also showed similar relation where the numerical tPHRR under 35 kW/m2 

was 1.11 times that under 50 kW/m2, compared to 1.38 times, observed from the 

experiments. Similarly, the tPHRR under 50 kW/m2 was numerically observed to be 1.19 times 

of that under 65 kW/m2, compared to 1.23 times, detected experimentally. The close 

relations and the HRR responses prove that the experimental increase in heat release rate and 

decrease in time to PHRR, with the rise in heat flux, was also captured in the FDS model 

developed to represent the standard plywood samples of Radiata Pine, made from 3 veneers, 

each 0.6 mm thick, and cross-oriented (0°/90°/0°). The overall numerical results, with the 

slight variations from the experimental data, lie in the acceptable range and can be 

successfully used in simulating the various fire-reaction properties of the particular standard 

samples, under varying heat fluxes. The HRR validation of the experimental and numerical 

studies on the straight-edged and formed compartments showed a different trend compared 

to the standard sample. The numerical simulations under-predicted the HRR curves for both 

types of compartments, Figure 6-24. The PHRR was observed to be 502.64 kW/m2 for the 

numerical simulation of the traditional compartments, compared to 521.79 kW/m2 achieved 

from the experiment. Furthermore, the numerical simulation of the formed samples gave a 

PHRR of 561.16 kW/m2, which was again lower than the experimental one (636.82 kW/m2). 

The reason behind the under-prediction can be credited to the possible boundary conditions 

of thermal insulation assigned to the back surface of the sample. Moreover, the effect of glue 
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was not considered during the simulation, which can have a noteworthy effect on the heat 

release rate and the eventual PHRR values. The polyvinyl constituent of the adhesive can 

have a substantial effect on the intensity of the heat release rate and the eventual peak. The 

steep descent in the HRR curves can again be observed in the numerical simulations, in 

contrast to the gradual ones observed from the experiment. Apart from the default flame 

suppression temperature of 1427°C playing a critical part in the unique behaviour, the 

deficiency of oxygen during burning can also have a substantial effect. The formation of 

char during the experiment caused significant interference in oxygen and heat transportation, 

which resulted in oxygen deficiency and a gradual drop in the HRR curves. Even though the 

numerical models under-predicted the PHRR values, the relation between the dependencies 

was similar, proving that the geometry had a dominant influence on the properties. The 

experimental PHRR of the traditional sample was 0.82 times that of the formed samples, 

Figure 6-25 (a). The dependency was numerically observed to be 0.9, giving a little bit 

variation of about 8.5%, Table 6-5, which can again be primarily linked to the geometry of 

the formed samples.  

The experimental samples were formed with the help of a bending rig. However, due to the 

known issues in simulating curvatures in FDS, the curved samples were represented by a 

stair-like structure. Four rectangular parts, each having the dimension of 1.5×1.5×100 mm3, 

were attached to the side walls in a stepwise direction forming a total height and width of 6 

mm each, Figure 6-26 (b). This variation in geometry, although attempted to be minimised, 

still will have some effects on the final results and in the validation of the comparison with 

the actual traditional and formed samples. Additionally, the variation between the numerical 

and experimental PHRR values was observed to be only 3.7% for the traditional samples, 

compared to 11.9% for the formed ones, an aspect which can again be credited to the 

variation in the two geometries of the formed samples. The numerical tPHRR values of the 

compartments were observed to have a better correlation to the experimental samples, Figure 

6-25 (b). The traditional samples showed a variation of only .4%; whereas, the formed ones 

had 4.7% between the experimental and numerical studies. The dependency of the tPHRR on 

the formability can again be established to be 0.84 and 0.88 experimentally and numerically, 

respectively. Hence, the formed samples were observed to have a higher tPHRR compared to 

the traditional samples due to formability.  
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Figure 6-23: (a) PHRR and (b) the time to PHRR (tPHRR) for the standard Radiata Pine 
plywood samples at different heat fluxes 

Table 6-5: Comparison of the experimental and numerical PHRR and tPHRR values of the 
different samples 

Type of variation Experimental Numerical 

Comparison between the peak heat 
release rate due to the variation of 
heat flux for the standard samples 

PHRR@35=0.78 PHRR@50 
PHRR@50=0.98 PHRR@65 
PHRR@35=0.76 PHRR@65 

PHRR@35=0.74 PHRR@50 
PHRR@50=0.97 PHRR@65 
PHRR@35=0.71 PHRR@65 

Comparison on the time to peak heat 
release due to the variation of heat 

flux for the standard samples 

tPHRR@35=1.38 tPHRR@50 
tPHRR@50=1.23 tPHRR@65 
tPHRR@35=1.71 tPHRR@65 

TPHRR@35=1.11 tPHRR@50 
TPHRR@50=1.19 tPHRR@65 
TPHRR@35=1.33 tPHRR@65 

Comparison of the effect on peak 
heat release due to formability PHRR@Tr=0.82PHRR@Fo PHRR@Tr=0.9PHRR@Fo 

Comparison of the effect on time to 
peak heat release due to formability tPHRR@Tr=0.84tPHRR@Fo tPHRR@Tr=0.88tPHRR@Fo 

Furthermore, the variation in the dependencies was again considerably close for the two 

types of analysis, establishing that the numerical models represent the fire performance of 

the traditional straight-edged samples and the formed samples. Moreover, the numerical 

simulations were able to predict the variation in the fire-reaction properties due to 

formability at an almost similar rate as that observed during the experiments. Finally, with 

the establishment of the numerical model to correctly present the experimental values, the 

models were extended to observe how the change in formability is dependent on the surface 
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area of exposure under the radiant heat flux. Thus, the formed radii were varied along with 

the spans to develop a possible non-dimensional relation between the variation of the fire 

properties with the 9 different variations of the radius/half-span ratios, 3/50, 3/100, 3/150, 

6/50, 6/100, 6/150, 9/50, 9/100 and 9/150. The attempt was to observe and report how the 

variations affected the different fire properties and their dependencies. 

 
Figure 6-24: HRR curves of the traditional and formed samples under the heat irradiance of 
50 kW/m2. 

 
Figure 6-25: (a) PHRR and (b) the time to PHRR (tPHRR) for the traditional and formed 
samples under the heat irradiance of 50 kW/m2. 
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6.5 Dependency of the forming radii to span ratio on the fire-

reaction properties 

The radii of the samples for the experimental verification and further relationship 

development are presented by step-like structures which had the same width and height as 

per the radius, Figure 6-26. The process was used to ensure the edge effects are properly 

simulated simply with possible future upgrades to curved edges. The relationship between 

the span and the radii were developed based on the radius (r) and half-span ratio, R/L (R = 

3, 6, 9 and L = 50, 100, 150), where the entire span was denoted by 2L. The aim was to 

observe how the effects of the formed edges vary with the change in length and whether a 

non-dimensional relation can be established on the fire-reaction properties based on the 

variation of each type from the traditional straight edges. All the parameters of the simulation 

were maintained according to the established method detailed in the previous section. The 

non-dimensional relationship was observed between three fire-reaction properties, such as 

time to ignition, PHRR and time to PHRR, with a graphical representation of the HRR 

responses of the various spans for each radius. A general observation on the heat release rate 

showed that the amount of heat release reduced with the increase in span. Furthermore, the 

increase in the forming radii also greatly resulted in the gradual decrease of the heat release 

and the PHRR values, although the rate of decrease gradually reduced with the increase in 

span.  

The various results observed from the study are given in Table 6-6, and it can be observed 

that the formability had a noteworthy effect on the fire-reaction properties, the extent of 

which was greatly dependent on the surface area of the side exposed to the heat flux. The 

time to ignition was observed to vary substantially between the traditional and formed 

compartments, for all the R/L ratios. The R/L ratio of n/50 (n=3, 6, 9) saw an increase in tIg 

for the formed samples by about 9% for n = 3 and about 16% when n = 6 and 9. Thus, the 

surface area of 100×100 mm2 showed an increase in the time to ignition due to formability, 

with the forming radius changing from 3 mm and 6 mm, after which the amount of increase 

was stagnant for a higher radius of 9 mm. L value of 100 gave a completely different picture, 

with a significant increase in tIg for the introduction of formability following a low variation 

(gradually decreasing) with the increase in the forming radius. The increase was recorded to 

be 16%, 13% and 7% with the n values being 3, 6 and 9 respectively. Although, the response 

was different, in the broader picture it can be said that the surface area of 200×200 mm2 had 
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an average effect on the time to ignition, which was not greatly influenced by the increasing 

forming radius. 

 
Figure 6-26: Three different radii simulated in FDS for observing the non-dimensional 
relationship between the radius and fire-reaction properties. 

Finally, the L value of 150 showed that the change in formability did not affect the tIg values, 

with a similar response being achieved for all the formed samples, which were almost similar 

to the traditional ones. Therefore, it can be concluded that for a surface area of 300×300 

mm2, the R-values used had a negligible effect on the time to ignition, and larger radii might 

be needed. The dependency of the time to ignition on the introduction of formability can be 

further non-dimensionalised based on the change in the values due to the change in the R/L 

ratio. The tIg of the formed samples (tIg@Fo) was observed to be related to the tIg of the 

traditional samples (tIg@Tr) as illustrated in Table 6-6. The R/L ratio of 3/50, achieved from 

a span of 100 mm and 200 mm for radii of 3 mm and 6 mm, was calculated to affect the time 

to ignition as tIg@Fo = (0.9±0.02)tIg@Tr. However, the span of 300 mm, for all the three 

forming radii, showed no change in the tIg values, as can be observed from the 3:150, 6:150 

and 9:150 relations given in Table 6-6. Although the time to ignition had no change in larger 

spans, the other fire-reaction properties, namely, PHRR and tPHRR, experienced considerable 

variation for all the R/L ratios and the HRR responses were also substantially different. The 

time to PHRR was higher for almost all the samples, except for the one with an R/L ratio of 

3:50, which experienced a minor 2.6% reduction. The span of 100 mm experienced an 

increase in the tPHRR values by -2.6%, 11.8% and 13.8% as the forming radius changed from 

3 to 9. Similar effects were also observed for the other two spans with the tPHRR being 

increased by 20.7% and 21% (R = 3), 13.6% and 17.7% (R = 6) and 22.7% and 18.1% (R = 

9) for 200 mm and 300 mm respectively. The non-dimensional dependency can again be 

achieved in a similar way, Table 6-6, where the relation for the span of 3:50 (3/50, 6/100 

and 90/150) was calculated to be PHRR@Fo = (0.87±0.05)PHRR@Tr. The tPHRR values 

were observed to uniquely decrease when the radius was increased to 6 mm and then again 

increase with the change in radius to 9 mm. The variation is unique and might be a significant 

aspect for further analysis. The other relations based on the change in R/L ratios can be 

studied in Table 6-6. 

100 100 mm2: 3 mm radius 100 100 mm2: 6 mm radius 100 100 mm2: 9 mm radius
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Table 6-6: The observation of the different fire-reaction properties due to change in forming 
radius and surface area. 

Fire-

reaction 

property 

Surface 

area (mm2) 

Radius: 3 

mm 

Radius: 6 

mm 

Radius: 9 

mm 

Straight 

edge 

(Traditional) 

Time to 

ignition (s) 

100×100 22 23.8 23.8 20 
200×200 21 20.2 19 17.6 
300×300 26 26 25.8 26 

PHRR 

(kW/m2) 

100×100 625.68 561.16 510.54 502.64 
200×200 369.23 355.44 348.6 345.85 
300×300 167.01 160.25 164.29 151.54 

Time to 

PHRR (s) 

100×100 43.6 50.8 52 44.8 
200×200 48.2 44.2 49.4 38.2 
300×300 50.4 48.4 48.6 39.8 

The HRR responses were also plotted based on the change in span for a fixed forming radius 

and vice-versa. The study helped to qualitatively evaluate the possible deviations in the heat 

energy released by the samples, due to the introduction of formability. A general observation 

of the HRR curves aided in concluding that the heat release rate drastically reduced due to 

the increase in span, Figure 6-27 (a). However, the change in the forming radius for a fixed 

span had a very minimal effect on the overall HRR response, Figure 6-27  (b), with a similar 

trend being observed for all the responses. Although, a closer observation can conclude that 

the intrinsic fire-reaction properties, such as the time to ignition, the time to PHRR, PHRR 

and the burn-time had some effects. The traditional samples showed a lower and thinner 

response, proving lower tIg, PHRR, tPHRR and tfg, compared to the formed counterparts. The 

PHRR gave a very noteworthy response, and the dependencies were very clearly observed 

with the change in R/L ratios. The observed values illustrated that the formed samples gave 

higher PHRR, for all the variabilities used, compared to the traditional straight-edged 

samples. Furthermore, the increase in the forming radius also showed a general reduction in 

the PHRR values, and so did the increase in span length.  

The PHRR values were observed to be increased the highest for the forming radius of 3 mm, 

in all the three span categories. The 100×100 mm2 samples observed a decreasing PHRR 

variation of 16.7%, 10.4% and 1.5% compared to the traditional straight-edged samples 

when the forming radii were kept at 3 mm, 6mm and 9 mm, respectively. Moreover, a similar 

decreasing trend of 6.3%, 2.7% and 0.8% was achieved for the 200×200 mm2 samples. 

Finally, the 300×300 mm2 samples experienced 9.3%, 5.4% and 7.8% reduction, compared 

to the traditional samples, when the radius was gradually varied from 3 mm to 9 mm. The 
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individual non-dimensional relationships based on the L/R ratios are again illustrated in 

Table 6-6. The dependency due to formability on the ratio of 3:50 or 0.06 (3/50, 6/100 and 

9/150) was calculated to be tPHRR@Fo = (0.89±0.09)tPHRR@Tr. The other dependencies for 

all the ratios can also be observed in Table 6-6. Eventually, the PHRR responses were 

successfully segregated into two more specific non-dimensional equations, where the 

responses can be calculated analytically based on either a fixed forming radius or a fixed 

span. If the span is represented by 3n/L, where n is a whole number that varies from 1 to 3 

and L is the half-span, the PHRR of the formed compartments can be denoted by: 

 
Figure 6-27: HRR responses of the formed samples illustrated based on the (a) change in 
radius and (b) change in span. 

Table 6-7: The effect on the fire-reaction properties due to formability, derived based on the 
radius/half-span (R/L) ratio.  

R/L 

ratio 
Time to ignition PHRR Time to PHRR 

3:50 tIg@Fo=(0.9±0.02)tIg@Tr PHRR@Fo=(0.87±0.05)PHRR@Tr tPHRR@Fo=(0.89±0.09)tPHRR@Tr 
3:100 tIg@Fo=0.8tIg@Tr PHRR@Fo=0.73PHRR@Tr tPHRR@Fo=0.94tPHRR@Tr 
3:150 tIg@Fo=tIg@Tr PHRR@Fo=0.79PHRR@Tr tPHRR@Fo=0.91tPHRR@Tr 
6:50 tIg@Fo=0.84tIg@Tr PHRR@Fo=0.88PHRR@Tr tPHRR@Fo=0.9tPHRR@Tr 
6:100 tIg@Fo=(0.9±0.02)tIg@Tr PHRR@Fo=(0.87±0.05)PHRR@Tr tPHRR@Fo=(0.89±0.09)tPHRR@Tr 
6:150 tIg@Fo=tIg@Tr PHRR@Fo=0.82PHRR@Tr tPHRR@Fo=0.95tPHRR@Tr 
9:50 tIg@Fo=0.83tIg@Tr PHRR@Fo=0.86PHRR@Tr tPHRR@Fo=0.98tPHRR@Tr 
9:100 tIg@Fo=0.93tIg@Tr PHRR@Fo=0.77PHRR@Tr tPHRR@Fo=0.99tPHRR@Tr 
9:150 tIg@Fo=tIg@Tr PHRR@Fo=(0.87±0.05)PHRR@Tr tPHRR@Fo=(0.89±0.09)tPHRR@Tr 
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 PHRR@Fo A PHRR@Tr=    (6-3) 

In Eq. (6-3) if  L = 50 mm, then A = 1.24/(1.1)x, where when n = 1, 2, 3→x = 0, 1, 2. Again, 

if L = 100 mm, then A = 1.06/(1.03)x, where when n = 1, 2, 3→x = 0, 1, 2. Additionally, if 

L = 150 mm, then A = 1.1/(1.02)x, where when n = 1, 2, 3→x = 0, 2, 1, respectively. Now, 

for a fixed forming radius, a new equation can again be derived for the various spans. If the 

span is represented by 3n/mL, where n and m both are whole numbers that vary between 1 

and 3 and L = 50, then the dependency of the PHRR due to the introduction of formability 

can also be given as: 

 PHRR@Tr a PHRR@Fo=    (6-4) 

In Eq. (6-4), if n = 1, then 0.8 ≤ a ≤ 0.9, when m varies between 1 and 3. Similarly, if n = 2, 

then 0.89 ≤ a ≤ 0.97, when m varied between 1 and 3. Additionally, if n = 3, then 0.93 ≤ a ≤ 

1, when m again varies between 1 and 3. These novel equations can easily predict the rough 

PHRR of formed compartments based on the forming radius and the surface area of exposure 

under the cone-calorimeter test. Furthermore, the equations also help to have a proper non-

dimensional representation of the effect on PHRR (a fire-reaction property) due to the 

introduction of formability in traditional straight-edged compartments. The study also helped 

to conclude that there is a definite limit on the R/L ratio, below which the effects on the fire-

reaction properties are minimal or negligible. The limit can be given as: 

 R 0.06
L
   (6-5) 

Therefore, it can be concluded that the advantages of the formed samples can be observed 

clearly in lower scale applications, such as boxes, small compartments and containers where 

the radius to half span ratio can be maintained without causing issues to the aesthetic values 

and space utility aspects. 

6.6 Concluding remarks 

The study helped to experimentally investigate the fire-reaction reaction properties of 

standard plywood samples and the effect on the various properties due to the changing heat 

fluxes. The study showed that the increase in heat flux resulted in faster ignition, higher 

PHRR, faster time to PHRR and greater mass loss rate. Furthermore, the successful spring-

back minimisation method elaborated in Chapter 4 and the experimental process given in 

Chapter 3 were used to achieve formed structures from plywood. The formed structures, 
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representing partial chamber or compartment, were tested under the cone-calorimeter to 

observe the variation in the fire-reaction properties compared to the traditional straight-

edged samples. The horizontal fire study helped in reporting that the formed samples showed 

better fire-reaction properties, with later time to ignition, time to PHRR and burn-out time, 

for both the 35 kW/m2 and 50 kW/m2 samples. Moreover, the mass-loss rate was also lower 

for the formed samples, and the char residue showed better structural stability compared to 

the traditional ones. Additionally, the vertical fire test was also carried out on the formed 

samples to observe the effect due to orientation changes. Similar results were achieved with 

higher time to ignition, PHRR and time to PHRR, with a lower time to flame-out. Finally, 

the size of the sample was also varied to observe the effects on the fire-reaction properties 

and the variations between the formed and straight-edged samples. The results further 

illustrated that the formability had a definite influence on the flammability of structures, be 

it with different orientations or larger sizes. All the different types of studies helped to 

conclude that the formed samples, in general, have higher time to ignition, higher time to 

PHRR, lesser smoke, higher burning time and higher PHRR values, when compared to the 

straight-walled traditional samples. Thus, the formed samples could be deemed safer for fire-

related applications. 

A novel numerical model, to represent the fire performance of standard Radiata Pine 

structures, was further simulated under the three different heat fluxes of 35 kW/m2, 50 

kW/m2 and 65 kW/m2. The validation showed that the numerical model successfully predicts 

the experimental results with some expected variation. The model was found to slightly 

under-predict the time to ignition and over-predict the other fire-reaction properties, namely, 

ignition temperature, PHRR and time to PHRR. The non-dimensional relationship of the 

dependency of the different properties on the heat flux showed an excellent correlation 

between the numerical and experimental results, helping in strongly establishing the model. 

Eventually, the numerical model was extended to simulate the performance of both the 

traditional and formed compartments under the heat flux of 50 kW/m2. The dependencies of 

the individual intrinsic fire-reaction properties between the formed and traditional samples 

were again very closely predicted in the numerical model, where the effect of glue was 

ignored. Finally, the successful formulation of the numerical model enabled the extension of 

the same to perform a non-dimensional analysis of how the intrinsic fire-reaction properties 

are influenced by the forming radius and the span of the exposed surface area. Three radii of 

3, 6 and 9 mm were selected for the analysis along with three surface areas of 100×100, 
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200×200 and 300×300 mm2. The study helped to confirm that the inclusion of formability 

indeed has a substantial effect on the fire performance, although the change in the effects is 

dependent on the radius of curvature of the formed planes. The surface areas of 100×100 

mm2 and 200×200 mm2 showed different performances with reduced HRR response and 

PHRR values and increased time to ignition and time to PHRR with the change in forming 

radius. However, the increase in surface area to 300×300 mm2 showed that the overall HRR 

response and PHRR value decreased drastically, although the change in radius had very little 

effect on the other fire-reaction properties. Thus, the time to ignition was observed to be 

almost similar to that of the straight-edged samples, and the average increase in PHRR value 

was observed to be about 7.4%. Although, the time to PHRR did experience a good rise from 

the conventional samples with an average increase of 19%. The results proved that the 

formability had comprehensive effects on the flammability properties and the radius to span 

ratio might help to observe the extent of those effects on bigger sizes. Thus, the results were 

then mathematically analysed to form non-dimensional relationships between the formed 

and traditional types based on the radius to span ratios used. The work also developed two 

novel analytical equations to represent the change in PHRR values, one for a fixed span and 

varying radii and the other for a fixed forming radius and varying spans. Finally, the actual 

limitation of the radius to span ratio was calculated to be 0.06, above which the effect on 

flammability due to formability can be visible. 
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Chapter 7 

  Fire-reaction of sandwich 
panels with hollow cores 

made for natural 
materials 

Parts of the research presented in this chapter have been published as: 

Chanda, A.; Kim, N K.; Bhattacharyya, D. Fire-reaction of sandwich panels with corrugated 

and honeycomb cores made from natural materials, Journal of Sandwich Structures and 

Materials, 2021. DOI: https://doi.org/10.1177/1099636221989234. 

Chanda, A., Kim, N. K., & Bhattacharyya, D. Experimental Investigation on the Fire 

Performance of Corrugated Sandwich Panels made from Renewable Material. International 

Journal of Chemical and Materials Engineering, 2021, 15(1), 1-4. 

Chanda, A., Dutta, S., & Bhattacharyya, D. Experimental Investigation on the Fire-

performance of corrugated Sandwich Panels made from Renewable Material. In 23rd 

International Conference on Laminar Composites and Sandwich Structures, Feb 15-16, 

2021, Istanbul, Turkey. 
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7.1 Introduction 

The sandwich panels have been in use for many decades, although, the research is far from 

being complete, with the regular invention and introduction of various types of geometry, 

materials’ combinations and structures. The sandwich panels can be easily tailored according 

to the applications due to their unique benefits, including superior specific strengths and 

stiffness, impact resistance, great acoustic and insulation properties and low environmental 

impacts. Even though the sandwich panels have seen wide-ranging structural uses where 

weight is a significant concern, the flammability aspect has not been studied extensively, 

which in recent times has become an important issue in various sectors, such as aerospace, 

transportation and construction industries [325, 326]. In particular, the fire safety of the 

building structures has become a critical aspect of consideration due to many recent fire 

incidents around the world. Therefore, the thermal insulation and the fire-retardant properties 

of the material systems have become key elements for consideration during designing 

interior and exterior building components [327]. Materials with efficient production, 

lightweight, less smoke and lesser toxic gas production are sought after for usage in building 

applications [328]. Nomex is widely used as a honeycomb core to meet those requirements 

in interior structural applications, especially in the aerospace industry [329]. However, 

Nomex is a completely synthetic material and is neither renewable nor biodegradable. It 

should also be noted that a considerable proportion of other materials employed in the 

industries for developing sandwich panels includes polymers sourced from fossil fuels [330] 

that finally end up in landfills. Thus, the continuing interest in lightweight structures, 

coupled with the desire of moving towards renewable materials, has led to the development 

of sandwich panels from wood, veneers and natural fibre-reinforced composites [260, 326, 

331-334]. Recent advances have successfully demonstrated the potential of renewable and 

biodegradable materials for developing the core of eco-friendly sandwich panels with 

comparable specific properties to that of synthetic ones [335-337].  

Wood-based products have always been the primary form of natural products employed in 

structural applications. Radiata Pine has one of the highest industrial demands for various 

applications with proven forming capabilities [62]. Thin veneers of Radiata Pine, utilised to 

develop various sizes of laminates, can be formed into desired shapes, beyond the elastic 

limit, as shown in Chapters 3, 4 and 5, with the possibility of mitigating and managing the 

spring-back effects, extending the application to sandwich panels with formed cores [48]. 
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The possibility of structural applications leads to the requirement of investigating the fire 

performance of such cores and panels. The constituents of plywood and their individual 

decompositions are elaborated in Chapter 2, Section 2.3.4. It is noteworthy to mention that 

the orientation of the fibrils play an important role in the fire performance, with highly 

oriented fibrils having better performance than the other types [338].   

Natural fibre reinforced composites (NFRCs) constitute the other type of naturally derived 

material that has significant potential to be used in structural applications. However, the high 

flammability of the composites, due to the polymer constituents, has restricted their usage in 

many structural applications. Therefore, extensive research has been conducted to 

investigate the reaction between the composite’s constituents and flame retardant to reduce 

the flammability of the material system. Cellulosic fibres form one of the major constituents 

of NFRCs. One such widely used fibre is flax, which has promising performance in load-

carrying applications, under fire [339]. Furthermore, flax has been extensively used for 

various composite applications, and the specific mechanical properties have been 

extensively explored, with proven application in sandwich panel manufacturing. Thus, a flax 

fibre reinforced fire-retardant polypropylene (flax-FRPP) composite can also have 

substantial structural usage in the form of sandwich panels, if the fire performance can be 

successfully evaluated. Studies have shown that the burning of composites is primarily 

dependent on the matrix and the fibre type since each component has a different way of 

thermal decomposition. The flax fibres are also primarily composed of cellulose, which 

experiences a similar trend of decomposition process as that of wood. The crystallinity, 

structure and fibre orientation all play noteworthy roles in the fire performance. Since the 

amount of lignin is comparatively less in a flax-FRPP composite compared to that of wood, 

the addition of fire-retardant is important to achieve a good fire performance by increasing 

char formation. One such widely used fire-retardant is Ammonium Polyphosphate (APP), 

the addition of which leads to the increased complexity in fire mechanism but is also proved 

to improve the fire performance [136]. The APP is known to release polyphosphoric acids 

and non-flammable gaseous substances, such as nitrogen, during thermal decomposition 

[340]. Furthermore, the flax fibres are rich in hydroxyl groups and the possible reaction 

between the hydroxyl groups and the polyphosphoric acids, during the thermal 

decomposition of the composite, promotes intumescent char production, especially on the 

surfaces of the composites [341], enhancing the fire performance. 
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Bio-degradable core materials for sandwich panels have a significant demand in the current 

market, and their structural analysis has been carried out for many decades. However, the 

fire performance studies on the different cores and sandwich panels have hitherto received 

very limited attention. The current work focuses on an experimental investigation of the fire-

reaction of the two most utilised sandwich core configurations, corrugated and honeycomb 

cores, of the two separate naturally derived material systems. The flammability of two-

layered corrugated cores, three layered corrugated cores and sinusoidal honeycomb cores of 

3-ply laminates have been studied and then compared with three-layered corrugated cores 

and honeycomb cores of short flax fibre reinforced fire-retardant polypropylene (FRPP) 

composites. Solid Radiata Pine wood core is also tested as a reference sample. Furthermore, 

the fire properties of the sandwich panels with face-sheets made from the same core materials 

have also been evaluated and reported. The plywood cores and sandwich panels are observed 

to outperform the flax-FRPP cores and sandwich panels in many-reaction properties. 

Additionally, the honeycomb core and sandwich panels show better fire performance 

compared to the corrugated sandwich structures. Moreover, the study has pointed towards 

the possibility of having a hybrid layered laminated structure, where the 3-ply veneer 

laminates can be replaced with a fire-retardant core layer with veneers on both sides, giving 

superior specific mechanical and fire performances. 

7.2 Experimental details 

 Materials 

7.2.1.1 Radiata Pine 

3-layered commercial Radiata Pine plywood was again used in the current study which was 

manufactured as per the details given in Section 3.2.1. The plywood structures, in both flat 

and corrugated forms, were utilised to prepare corrugated and sinusoidal honeycomb cores 

and sandwich panels. The plywood was glued with PVA, and thus, the sandwich panels were 

also glued using the same glue to maintain the consistency of the final product. Solid Radiata 

Pine samples (100×100×24 mm3) were also prepared as a reference to investigate the effects 

of varying core structures on the flammability. 
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7.2.1.2 Flax-FRPP composite 

The fire-retardant composite employed for comparing the plywood results was a variant of 

the FRPP materials, adopted from FR 113-1 [342], with a slight modification in the PP grade. 

MOPLEN HP400L (PP) and flax fibres were supplied by Lyondell Basell (New Zealand) 

and Bruce Smith Ltd. (New Zealand), respectively. The flax fibres were procured in yarns 

and were finely cut into lengths of 50 – 60 mm, using the LabTech Scientific palletiser. 

Eventually, they were cut in a granulator (GRV variant series, Italy) to achieve an average 

length of 2.5 mm. Intumescent flame retardant Budit® 3167 and Maleic anhydride 

polypropylene, Licocene 6452 were acquired in the powder form from Budenheim 

(Germany) and Clariant (New Zealand), respectively. The acquired materials were first 

oven-dried for 48 h at 70 °C to remove moisture and then mixed at 15 Hz for four minutes. 

The mixture was then compounded with the aid of the Thermo Scientific Co-Rotating Twin-

screw Extruder. The processing temperature, which should lie between 150 °C and 220 °C 

[343],  was set at 170 °C near the hopper of the extruder and was gently raised to 190 °C at 

the die. The screws were rotated at 131 rpm giving a moderate compounding speed and 

eliminating prolonged exposure of the fibres to the high temperatures and thus, reducing the 

amount of fibre degradation. A detailed description of the method followed has been given 

by Kim et al. [278, 298]. Continuous sheets with a nominal thickness of 0.7 mm and a width 

of 100 mm were produced. The fire-retardant PP was prepared initially with 69.61 wt% of 

MOPLEN HP400L, 19.96 wt% of Budit® 3167, 0.69 wt% of Irganix® 1010 and 9.73 wt% 

of Plustalc N625. Finally, the flax reinforced fire-retardant composite was prepared by 

adding 74 wt% of the fire-retardant PP, 15 wt% of short flax fibres, 3 wt% of MAPP, 3 wt% 

of Halloysite and 5 wt% of Budit® 3167. The Budit was added externally to increase the 

overall wt% of the overall flame retardant to about 19.8 wt%. The overall constituents of the 

prepared composite are given in Table 7-1. 

Table 7-1: Main constituents of the flax fibre reinforced FR-PP composite. 

Constituents Weight (%) 

Fire-retardant Polypropylene (FR-
PP) 

[74wt%] 

MOPLEN HP400L 51.51 
Budit ® 3167 14.77 

Irganox ® 1010 0.51 
Plustalc N625 7.2 

Flax fibres 15 
Maleic Anhydride-graded Polypropylene, Licocene 6452 (MAPP) 3 

Halloysite 3 
Budit® 3167 (Added externally) 5 
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 Sample preparation 

The plywood and the natural fibre reinforced composite material were both subject to the 

same matched die forming process to obtain the sandwich cores. A hydraulic press was 

utilised to perform the bending operation on both samples. The hydraulic function helped in 

controlling the stroke of the press and the heating and cooling of the forming dies. Two types 

of dies were used for the forming process of the two materials. In the case of plywood, the 

radius of forming needed to be greater than two times the thickness and less or equal to three 

times the thickness [9, 62]. Therefore, a pair of sinusoidal dies were employed to form 

sinusoidal corrugations on plywood. Previous studies by the current authors have established 

the required parameters for forming plywood [9, 92, 295]. The dies in the press are heated 

by flowing high-temperature oils through them. The heating oil was supplied by Mobil and 

had a maximum temperature limit of 250 °C. Thus, the maximum forming temperature 

achievable was 190 °C with an in-situ curing time of 90 s.  

The corrugated plywood sheets, along with the cores, are illustrated in Figure 7-1 (a). The 

core assemblies were prepared by gluing the corrugated sheets, cut into the desired sizes, by 

PVA glue and clamping for 24 h under a moderate pressure of about 1 kPa [48]. All the 

samples had 100 mm x 100 mm dimensions with varying thicknesses. The sinusoidal 

honeycomb cores had a 24 mm thickness; whereas, the 2-layered and 3-layered corrugations 

had an average of 19 mm and 28.5 mm thicknesses, respectively. The non-corrugated 

versions of the same plywood were used as the face sheets of the sandwich panels, which 

are illustrated in Figure 7-2 (a). The flax-FRPP corrugated samples had a different method 

of forming, where the forming temperature, Tf, was set at 170 °C. The matched die process 

was again utilised with a pair of hexagonal dies to form the corrugation. The dies were then 

closed at the specified forming temperature, followed by cooling, during which the sheets 

were held in the formed shape till the temperature was reduced to 60 °C. This method 

resulted in a prolonged time to form the samples, an aspect which was not possible for the 

plywood forming, as prolonged exposure might have resulted in significant sample 

degradation. The corrugated samples and respective cores of the flax-FRPP samples are 

illustrated in Figure 7-1(b). A Rinco Ultrasonics MP2022, ultrasonic welding machine, was 

used to assemble the cores. The final corrugated and sandwich cores had a 100×100 mm2 

dimension with 24 mm thickness. The flax-FRPP sandwich panels were then prepared with 

non-corrugated 100×100 mm2 face-sheets. The final samples assembled by gluing the face-
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sheets together with an epoxy-based adhesive and clamping for 24 h, had an average 

thickness of 24 mm, Figure 7-2(b). 

  
Figure 7-1: The formed samples and the cores produced from (a) plywood and (b) Flax-
FRPP. 

 
Figure 7-2: Illustration of both the (a) plywood and (b) Flax-FRPP sandwich panels. 

 Experimental setup: cone calorimeter 

The fire-reaction properties of the materials under external heat irradiances were measured 

again by the cone-calorimeter (FTT Limited, East Grinstead, United Kingdom) [344]. The 

same properties of interest, namely peak heat release rate (PHRR), are also responsible for 

providing excess thermal energy for greater fire growth and spread [117], total smoke 

production (TSP), CO and CO2 yields, time to PHRR (tPHRR), ignition time (tI), flame-out 

time (tf), and mass loss were studied [199, 323]. The heat flux of 50 kW/m2 and horizontal 

orientation of the sample was selected for all the tests, as per the standard for construction 

materials. The pilot igniter was also availed for a spark-ignition. Standard pre-conditioning 

(a)

(b)

Corrugated samples Honeycomb coresCorrugated layered cores

Corrugated sandwich panels Honeycomb sandwich panels
(a)

(b)
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of all the samples were carried out in an environmental chamber for 24 h at 23 °C and 50% 

humidity. Each sample type was tested five times to achieve the averaged results and to 

eliminate experimental and human errors. 

7.3 Results and discussion 

 Solid pine 

The solid wood was tested as a reference material for comparison with the sandwich cores 

and panels. Figure 7-3 (a) helps in observing the response for the heat release rate of the 

solid wood, where the initial peak HRR was reached during the early stages with the tPHRR 

being around 35 s after the ignition. However, the peak was substantially low at 185.3 kW/m2 

compared to PP (1198.2 kW/m2), chicken feather fibre (CFF) reinforced polypropylene (PP) 

[345] (1234.1 kW/m2), flax-FRPP and many other composites.  

Table 7-2: The significant fire properties of the various sample types tested and their 

nomenclature. 

Properties Nomenclature Mass 
(g) 

PHRR 
(kW/m2) 

tPHRR 
(sec) 

tIg 
(sec) 

tfg 
(sec) 

Solid pine SP 114.2 185.3 35 20.3 1228 
Plywood 2-layered 

corrugated core 
P2CC 21.9 428.7 36 22.8 175.2 

Plywood 3-layered 
corrugated core 

P3CC 33.1 449 34 21.4 290.4 

Flax-FRPP corrugated 
core 

FFRCC 21 430.4 55 11.5 301.5 

Plywood corrugated 
sandwich 

PCS 41.7 396.4 32 20.2 384.2 

Flax-FRPP corrugated 
sandwich 

FFRCS 54.1 469.5 42.5 16 1006.5 

Plywood Honeycomb core PHC 27.1 376.5 100 23 201 
Flax-FRPP Honeycomb 

core 
FFRHC 24.1 458.7 127.5 15 378.5 

Plywood Honeycomb 
sandwich 

PHS 59.2 435 35 21 350.4 

Flax-FRPP Honeycomb 
sandwich 

FFRHS 41.1 485.2 42.5 16.5 1172.5 
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Figure 7-3: Illustration of the (a) time history of the HRR, (b) the total smoke produced 
(TSP) (c) the solid-wood sample tested and (d) the sample after the test. 

The HRR showed a very stable trend throughout the burning phase with a little rise at the 

end, just before the flame-out at 1228 s. The first peak in HRR can be attributed to the initial 

char formation, which being reasonably thick resulted in the drop of the HRR and was 

sustained till about 900 s before the continuous heat radiation could break the char, resulting 

in the second peak just before flame-out, proving that it is a thermally thick charring material 

[321]. The tIg for the samples was averaged at 20.3 s and the other observed parameters are 

illustrated in Table 7-2. The total smoke production trend is illustrated in Figure 7-3(b) and 

the maximum of 2.2 m2 was again substantially lower than other materials including  PP (̴ 

11 m2), CFF/PP [345] (̴ 9 m2), fire-retardant CFF#5/PP[345] (̴ 8 m2) and ethylene diamine 

phosphate polypropylene ( ̴ 7 m2). Figure 7-3(c) shows the solid wood sample used for the 

testing with an average mass of 114.2 g. The mass loss showed the samples produced about 

19% char without any fire-retardant, which can be extremely beneficial for structural 

applications. Figure 7-3 (d) further illustrates the negative aspect of wood’s fire performance 
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as the sample experienced substantial degradation and complete breakdown, resulting in 

catastrophic failure of the structure. The significant drop in the amount of HRR and a low 

PHRR can be attributed to the presence of numerous porous structures in the cells [15, 18] 

resulting in heat loss, poor conductivity of the air within the pores, and the char formed 

results in the reduced rate of pyrolysis of the underlying materials. Moreover, the 

combustible volatile products might get trapped in the pores till the pressure results in 

cracking the char and the sample, as is apparent from Figure 7-3 (d). 

 Corrugated cores 

A comprehensive graphical comparison of the important fire properties is provided in Figure 

7-4. The 2-layered and 3-layered corrugated plywood cores and the flax-FRPP corrugated 

core are referred to as P2CC, P3CC and FFRCC respectively. The HRR curves in Figure 7-4 

(a) show that both the P2CC and P3CC demonstrate slightly earlier heat release peaks than 

the FFRCC due to the faster char formation Both the plywood cores had a very similar HRR 

response in the initial stages when the first layer was primarily responsible for the fire-

reaction properties. The FFRCC, although having the PHRR at a later stage, continued to 

have a very high but stable HRR before the sudden drop during flameout. However, the 

plywood cores, though having the peak HRR at an earlier stage, experienced a noteworthy 

drop in the heat release rate and was maintained at lower levels throughout the burning phase. 

The HRR curves also experienced jumps and the number of peaks was observed to be equal 

to the number of layers, with P2CC having two peaks and P3CC and FFRCC having three 

peaks each. This proved that the intensity decreased while passing through the air, which is 

a bad conductor of heat, from one layer to another, thus gradually decreasing the peak and 

the rate of pyrolysis. Moreover, as the fire propagated thickness wise, the material available 

to burn decreased, resulting in the reduced PHRR value. The HRR response can be compared 

to that of a thermally thick charring material with addition peak(s) at the end and to that of 

standard thin samples, if the peaks were considered individually [321]. Since the peaks in 

the HRR trend were equal to the number of layers, the observed HRR curve can be concluded 

to be unique to only corrugated sandwich cores where each peak represents a standard 

thermally thin sample. The time to reach PHRR was higher for FFRCC (55 s) when 

compared to P2CC and P3CC, both having quite similar tPHRR, Table 7-2. However, the 

PHRR of the FFRCC was higher than the P2CC, though P3CC was the highest with 449 

kW/m2. Nevertheless, the density was also quite high for P3CC, due to more layers, 

compared to the other two types.  
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Figure 7-4: Graphical illustration of the (a) HRR, (b) THR, (c) TSP and (d) percentage mass 
loss of the 2-layered and 3-layered corrugated plywood cores and the 3-layered flax-FRPP 
corrugated cores. 

Therefore, higher mass gave more material for burning and produced more heat energy, 

resulting in the longer release of energy, with the third peak being outside the FFRCC HRR 

area. Interestingly, tIg was recorded to be minimum for FFRCC, even though it was a fire-

retardant material, with the plywood cores having almost 10 s more before igniting. The 

flameout time was very obviously maximum for the fire-retardant core, while the P3CC was 

off by only about 10 s. However, P2CC, which had a mass similar to that of the fire-retardant 

core, had a lower tfg of 175.3 s. Likewise, the total heat produced was also higher for the 

FFRCC, with a total heat evolved (THE) of about 70.5 MJ/m2; though, the P2CC and P3CC 

had only 27.9 MJ/m2 and 45.8 MJ/m2, respectively, as can be observed from Figure 7-4 (b). 

Figure 7-4 (c) illustrates the total smoke production of the three cores, and it can be observed 

that the plywood cores had a significantly lesser amount of smoke production, when 

compared to the PP based core, since polypropylene produces a larger amount of smoke. 

The maximum TSPs for the P2CC and P3CC were 2.2 m2 and 2.7 m2 respectively; whereas, 

for FFRCC it was about 9.1 m2. The higher amount of THE and TSP for the fire-retardant 
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core illustrated that wood-based cores if modified slightly, could result in a considerably 

better and improved material for use in structural applications. Another factor controlling 

the HRR is the mass loss rate (MLR) and the total mass loss controls the THR. The mass 

loss trends, as illustrated in Figure 7-4 (d), were observed to be quite similar for all the 

corrugated cores, though the plywood cores experienced a steeper loss. All the samples 

experienced about 75% to 80% loss in their masses during the burning stage. The peak MLR 

was observed at the time of PHRR, and the MLR curve also peaked as the different layers 

were gradually ignited. Furthermore, it was interesting to note that the residual char formed 

after the tests were similar for all the types, thus proving that the plywood samples produced 

a similar amount of char to that of a fire-retardant polypropylene composite. 

 Three-layered corrugated sandwich panel of plywood 

The heat release rate (HRR) response is shown in Figure 7-5 (a) and it could be observed 

that the initial response was similar to that of a thermally thin material [321], influenced by 

the 1.8 mm thin plywood face-sheet on the top. The trend experienced during the radiant 

heating phase, by the corrugated sandwich panels, showed around five peaks (3 prominent 

and 2 minute jumps), equivalent to the number of layers in the entire sample. Therefore, it 

could be concluded that the HRR response is a unique one, which can only be observed from 

a 3-layered corrugated sandwich panel. The ignition time for the samples was recorded at 

21.7 s, Table 7-3, which is significantly higher compared to PP based fire-retardant (FR) 

materials (Flax-FRPP: 16 s) and even other fire-retardant samples [298, 346]. Moreover, the 

samples were perceived to burn for a very long time (509.7 s) before flame-out, a noteworthy 

aspect that could be critical for evacuation. The PHRR was reported to be around 421.8 

kW/m2, which again was substantially on the lower side, compared to about 1200 kW/m2 for 

PP [345] and 469.5 kW/m2 for flax fibre reinforced fire-retardant (flax-FRPP) corrugated 

sandwich panel [346]. Furthermore, the time to PHRR (tPHRR) was also about 35 s which was 

also longer than many other polymeric composites. Additionally, apart from the initial peak, 

the HRR response showed a substantially lowered and stable response in most of the burning 

phase, with the highest HRR of about 220 kW/m2 being recorded. The sharp drop in HRR 

was analogous to the response of fire-retardant materials, which could be partially observed 

in non-treated renewable plywood samples. 
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Figure 7-5: (a) The total heat release rate (HRR) and (b) the total heat released (THR) 
responses of the three-layered corrugated sandwich panels 

Table 7-3: Fire-reaction properties of the three-layered corrugated sandwich panel 

Time to 

ignition 

(s) 

PHRR 

(kW/m2) 

Time to 

PHRR (s) 

Time to 

flame-out 

(s) 

Total smoke 

production 

(m2) 

Total heat 

evolved (MJ/m2) 

21.7 421.8 35 509.7 2.3 67.4 

Figure 7-5 (b) illustrates that the total heat released by the sample during the burning phase, 

which shows a THE of 67.4 MJ/m2, was almost equivalent to the fire-retardant flax-PP 

sandwich panels having a time to flame-out of only 370 s [346]. Hence, the plywood-based 

sandwich panel was perceived to have less amount of heat release, which could again be a 

great advantage for structural application. The highest amount of smoke produced was 

interestingly only 2.3 m2 at the time of flame-out, Figure 7-6 (a) and Table 7-3, an attribute 

which has one of the better responses in plywood and wood-based structures. The less 

amount of smoke would significantly aid in evacuation procedure by increasing visibility 

and subsequently aiding in the faster evacuation. The mass loss was recorded to be about 

91.82%, with 18.18% char being formed from the burning. The gradual mass loss could also 

be perceived, Figure 7-6 (b), preventing catastrophic failure of the structure under fire if used 

in structural applications. The residual char formation, Figure 7-7, can be detected to be 

noteworthy for a material that has no external fire-retardant element. The 18.18% char 

residue is almost similar to that of flax-FRPP sandwich structures [346], again a major 

advantage for the wooden materials because of the presence of the relatively higher amount 

of lignin compared to other natural fibres. Moreover, the residue had the structural shape of 

the corrugations intact even after complete flameout, Figure 7-7 (a). The overall results 

demonstrated that the core structure was one of the major factors for determining the fire-

reaction properties of the sandwich panels and the unique behaviour of the different cores 
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can benefit the selection of the core-type for different structural and semi-structural 

applications. 

 
Figure 7-6: (a) The total smoke produced (TSP) and (b) the mass loss percentage curves of 
the three-layered corrugated sandwich panels 

 

Figure 7-7: The front and top views of the char produced by the sandwich panel. 

 Honeycomb cores 

In comparison to the corrugated sandwich panels, the honeycomb cores showed better fire-

reaction properties with different burning behaviour. The difference in heat and smoke 

production between the two structures can be largely attributed to the aspect that honeycomb 

cores were placed perpendicular to the heat flux with the open cells being exposed to the 

cone heater directly. The plywood sinusoidal honeycomb core and the flax-FRPP 

honeycomb core are referred to as PHC and FFRHC, respectively. Figure 7-8 (a) 

demonstrates that both the cores had single picks, in contrast to the tendency of the 

corrugated cores to form multiple peaks. The HRR curve could be roughly compared to 

standard, intermediate thick non-charring materials [321], although, the cores did experience 

char formation which was limited due to the limited availability of material with the open 

cells being exposed to the heat flux. Therefore, this response could be categorised as a unique 
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trend for char forming honeycomb cores. The tPHRR was twice for FFRHC (127.5 s) and 

almost thrice for PHC (100 s) when compared to the respective corrugated cores, Table 7-2. 

Comparing the two honeycomb cores, it can be observed that even with the presence of fire-

retardant the FFRHC performed poorly compared to PHC in many aspects of the fire 

performance, apart from withstanding the fire and the final structural stability. The PHRR, 

as can be observed from Table 7-2, was higher (458.7 kW/m2) for the fire-retardant core 

when compared to 376.5 kW/m2 for the plywood core. Moreover, the tIg was also less for 

FFRHC (15 s) than 23 s for PHC, showing that the plywood core took longer to reach the 

critical flammable mixture, even though the initial masses had very little variation. In 

addition, the responses of THR, THE and TSP were significantly higher for FFRHC in 

comparison to the plywood core, as illustrated in Figure 7-8 (b) and (c), respectively, which 

could also be partly attributed to the longer burning time of the FFRHC (378 s). However, 

the limited amount of smoke production has always been an advantage for wood and wood-

based products, as could be seen in the different cores in the current study as well. 

 

Figure 7-8: Graphical illustration of the (a) HRR, (b) THR, (c) TSP and (d) percentage mass 
loss of the plywood and flax-FRPP honeycomb cores. 
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Figure 7-8 (d) shows the mass loss of the two honeycomb cores where the PHC experienced 

a steeper loss in mass compared to a gradual mass loss of the FFRHC. Since the MLR 

controls the HRR, the highest MLR was obtained at the tPHRR of each core. Furthermore, the 

steeper drop in mass loss percentage for PHC resulted in a reduced THR trace and 

subsequently, a reduced THE as well. Both the samples again experienced a mass loss of 

about 80% by the time of flame-out, with the plywood having a similar amount of char 

formation as that of the fire-retardant composite. 

 Sandwich panels 

The inclusion of face-sheets tends to have a significant impact on the fire performance of the 

sandwich panels, which is usually influenced by the adopted material systems, with fire-

retardant materials generally having better fire performances. However, the results obtained 

from the current comparative study pointed to a different direction, with the plywood-based 

corrugated sandwich panels performing better in the PHRR value, the amount of overall heat 

energy released, the mass which was quite lower, in tIg and the amount of smoke produced. 

The HRR curve, as shown in Figure 7-9 (a), demonstrated that the curve of the heat release 

rate was higher throughout the burning phase for the flax-FRPP based corrugated sandwich 

panels (FFRCS) with the PHRR being 469.5 kW/m2. On the contrary, the plywood-based 

corrugated sandwich panels (PCS) showed a lower response in HRR with a PHRR of 396.4 

kW/m2.  The HRR curve also illustrated that the FFRCS did not experience a steep rise and 

consequent steep fall in heat release rate, during the initial stages of the experiment and the 

decrease in HRR was quite gradual when compared to that of plywood. In addition, the tfg 

being thrice the time of the PCS proved that the FFRCS structure was quite safer in that 

aspect. It was also noteworthy that for sandwich panels, with all the layers being placed 

perpendicular to the heat flux, the HRR curve formed multiple peaks which were again equal 

to the layers, with each peak representing a thermally thin material [321]. The THR, on the 

other hand, showed a considerably higher trace with a THE of 164.7 MJ/m2 for FFRCS 

compared to 53MJ/m2 for PCS, as can be observed from Figure 7-9 (b). Moreover, the 

maximum smoke produced was much higher with 23.3 m2 for FFRCS, compared to 2.59 

m2 for PCS, as given in Figure 7-9 (c). The mass loss percentage, Figure 7-9 (d), also showed 

a similar trend as that of the corresponding corrugated cores, with the final mass residue 

being the same for both samples. 
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Figure 7-9: Illustration of the (a) HRR, (b) THR, (c) TSP and (d) percentage mass loss of 
the plywood and flax-FRPP corrugated sandwich panels. 

The honeycomb sandwich panels (HS) further had a similar response as observed in the 

corrugated sandwich panels, with the FFRHS having even longer tfg of about 1172 s, 

compared to about 350 s for the PHS, with a bit longer tPHRR. However, PHS successfully 

outperformed the FFRHS samples in tI, PHRR value, smoke production, HRR, THR and 

THE, as illustrated in Table 7-2 and Figure 7-10. The HRR curve, Figure 7-10 (a), consists 

of primarily two peaks along with a small protrusion in each structure, corresponding to the 

top face-sheet, the core and the bottom face-sheet, respectively. Additionally, though the 

heat released by the FFRHS was primarily higher, the PHS had a second peak which rose 

above the corresponding FFRHS curve. This can be attributed to the fact that the heat flux 

propagated faster, with a greater amount of combustion and release of volatile substances, 

to ignite the honeycomb core in the PHS samples, resulting in the second peak at an earlier 

stage. The heat release also proved that the flax-based fire-retardant sample, as before, had 

a much stable and gradual decrease in the amount of heat release. On the contrary, the 

plywood sample experienced one very steep rise and fall, with another peak also having a 

significant rise in the latter half of the burning phase. 
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Figure 7-10: Illustration of the (a) HRR, (b) THR, (c) TSP and d) percentage mass loss of 
the plywood and flax-FRPP honeycomb sandwich panels. 

The first peak in the HRR trend can be compared to that of a thin sample [321] and is 

influenced by the face-sheet. However, the heat release rate experienced a subsequent peak, 

influenced by the core, and thus, the overall HRR response is specific for honeycomb 

sandwich panel samples. Figure 7-10 (b) and (c) illustrate the total smoke production and 

total heat release, which were both quite higher for FFRHS. Figure 7-10 (d) presents the 

mass loss experienced by the samples, and as was observed from the previous studies, the 

mass loss was similar with the PHS having a steeper response compared to the gradual one 

of FFRHS. The honeycomb sandwich panels have another interesting variation, where the 

FFRHS had a residual char of 29%, whereas the PHS had only 20%. This proved that the 

FFRHS retained a higher amount of material after flameout, which might result in greater 

structural stability post burning. However, the aspect of the critical flammable mixture of 

plywood cores and sandwich panels being reached at a later stage compared to that of the 

flax-FRPP structures can be beneficial for wood-based structures. The mass of the FFRHS 

is considerably higher than that of PHS, as can be observed from Table 7-2. Thus, the lighter 

weights and better properties of plywood samples in some of the flammability aspects can 
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be exploited significantly to achieve a novel hybrid fire-retardant veneer material with better 

properties, unique applications and cheaper costs. 

7.4 Burning mechanisms of the various cores 

 Corrugated cores 

The heat release responses, as shown in Figure 7-4 (a), of the corrugated cores show that the 

samples experienced combustion with a high heat release rate at the initial peak. The HRR 

was then subsequently reduced by the char formation, which eventually broke due to the 

continuous heat radiation, allowing the heat to pass to the next layer and subsequently 

burning it to achieve the second peak. The process continued in the same manner, depending 

on the number of layers. In the case of plywood, the samples might have experienced thicker 

chars and confined cells. These, in turn, have resulted in greatly limiting the volatiles and air 

in the plywood samples, giving a lower PHRR and heat release curve, compared to the 

composite samples. The composite layers were quite thinner (0.6 mm) compared to the 

plywood layers (1.8 mm). Therefore, thermally thin samples tend to have greater PHRR 

[321], as can be observed from Figure 7-11 (c). Furthermore, the internal cellular structure 

of the wood also helped in trapping the volatiles and the air more efficiently than the 

composite, resulting in less heat energy released, very limited smoke production and a lower 

HRR. 

 
Figure 7-11: Representation of the (a) 2-layered corrugated plywood core, (b) 3-layered 
corrugated plywood core and (c) flax-FRPP corrugated core after cone-calorimeter tests. 
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Figure 7-12: Schematic illustration of the possible burning mechanisms of (a) the corrugated 
cores and (b) the honeycomb cores. 

The post-test residues, shown in Figure 7-11, proved that the burning process was hindered 

by the presence of air gaps between the samples and the combustible gases often got trapped 

in the pores, building up high pressure and resulting in swelling and subsequent cracking of 

the char and momentarily increasing the combustion. The observed burning mechanism is 

also illustrated in Figure 7-12 (a) where the thick top layer represents the initial char formed, 

giving the first peak in the HRR response. The momentary increases in combustion, while 

the fire travels from one layer to another, resulted in the formation of the peaks and was 

dependent on the number of layers.  The subsequent cell, represented by the hexagon in 

Figure 7-12 (a), eventually trapped the combustible volatiles resulting in a sharp drop in 

HRR. Thus, the more the number of cells, the more was the trapping and lesser the HRR and 

subsequently the PHRR. Hence, the plywood structures having significantly more cells 

experienced less overall HRR. The build-up of the trapped volatiles slowly broke the char, 

allowing the fire to propagate to the next layer, forming another char and a subsequent peak 

in the HRR curve. However, the amount of heat energy was lesser compared to the first heat 

energy due to the char formed at the top layers. Finally, the stability in the HRR curve of the 

flax-FRPP samples can be attributed to the less swelling and subsequently better structural 

stability due to controlled burning, resulting in better structural stability. The general HRR 

response observed from the corrugated cores can be easily categorised as a unique 
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phenomenon for thermal corrugated core samples, with similarities to the established trends 

for thermally thin samples [321], but with multiple peaks. 

 Honeycomb cores 

The HRR curves gave single peaks during the entire burning phase for the honeycomb cores 

of both materials. This could be attributed to the aspect of the open cells of the honeycomb 

cores being perpendicular to the heat flux, resulting in the heat flux penetration only from 

the top to bottom edges. The edges of the cells, having a substantially limited area exposed 

to the heat flux resulted in a reduced amount of heat energy being released and subsequently 

transferred. Moreover, the heat flux from the cone heater moves from top to bottom and is 

primarily thickness dependent. Thus, in the case of honeycomb cores, the material was burnt 

primarily from the top edge to the bottom edge, giving one major peak in the HRR curve. 

Though the flame radiated heat fluxes in all directions, the time for those irradiances to reach 

the neighbouring materials was quite high because of the gaps in the structure and the higher 

presence of air, which is again a poor heat conductor. Furthermore, the time to char formation 

was also delayed because of the delayed heat transfer process, giving lower PHRR values 

and HRR curves. The overall burning process, thus, took longer, resulting in delayed char 

forming reaction of the intumescent flame retardant (IFR) for the FRPP. This further reduced 

the amount of heat flux penetration to the material surface and subsequently reduced the 

amount of diffusion of the flammable volatiles produced during the burning process. 

Generally, PP is observed to form less amount of char, and the APP usually combines with 

the charring and foaming agents to form the IFR. 

 
Figure 7-13: Representation of the residue of the (a) plywood honeycomb core, (b) flax-
FRPP honeycomb core after cone-calorimeter tests. 
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The delay in IFR reaction and ability of APP to result in effective char formation and reduced 

combustion delays the eventual time to reach the PHRR. The plywood loses its structure 

considerably, whereas the flax-FRPP based core retains the initial shape to a much greater 

extent, as can be observed from the post-test residues illustrated in Figure 7-13. Furthermore, 

the bonds between the honeycomb structures can be observed to have significantly failed for 

the plywood cores; while, those for the FRPP structure were retained without a similar 

catastrophic failure. However, the bonding methods do play an important role in the final 

structural integrity of the residue. Since the FFRHC was prepared through welding and the 

PHC were prepared by gluing with PVC, the glue subsequently melted during combustion 

resulting in a greater structural failure. Figure 7-12 (b) shows the burning mechanism of the 

central cross-section of the honeycomb core. The rectangular edges represent the edges of 

the individual honeycomb cells with open spaces in-between. These open spaces resulted in 

the easy escape of the combustible air and volatiles. Since the open cells were placed 

perpendicular to the heat flux, the edges were the only parts exposed to fire, and the flux 

travelled from the top of the edge to the bottom. Therefore, the entire edge radiated heat, but 

the presence of air and gap resulted in slower heat radiation and a longer time to reach the 

decomposition temperature or tPHRR to attain the point where the char produced acted as an 

insulator. Consequently, the honeycomb core structure itself can be more beneficial to 

improve fire properties than the corrugated cores when the top surface is exposed to heat 

radiation. The HRR response can again be categorised as a unique one for thermally charring 

honeycomb core samples and has limited similarities to any of the established trends for 

charring samples[321]. 

7.5 Concluding remarks 

The successful formation of the corrugated and honeycomb cores and the subsequent 

sandwich panels with natural materials resulted in a unique comparison of the individual fire 

properties. Primarily, the use of solid wood as the core material had both advantages and 

disadvantages. Solid wood sustained the fire for a longer period but resulted in complete 

material failure by the time of flame-out unless other fire-suppression methods can be 

introduced. Moreover, the higher mass of the solid wood provided greater availability of 

material to burn and sustain the flame, giving a very gradual, continuous and controlled HRR 

throughout the burning phase.  Furthermore, the heavy nature of solid wood made it 

redundant to be used as a sandwich core material when the whole purpose of sandwich panels 
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is to give a superior material with minimal mass. However, the properties do indicate that 

the use of engineered wood-based products can have a substantial advantage, especially with 

fire properties. The corrugated plywood cores gave a lower heat release rate when compared 

to that of the flax-FRPP cores, with higher ignition time, lesser heat energy released and 

considerably lower smoke production. However, the flax-FRPP cores had a similar PHRR 

value for P2CC and outclassed P3CC. Furthermore, FFRCC also outperformed the plywood 

cores in the time to reach PHRR, time to flameout and the consistency of the heat release 

rate. The results of the honeycomb core showed significant differences from that of the 

corrugated cores. The comparison demonstrated that the plywood honeycomb cores had 

better fire performance than the flax-FRPP honeycomb cores in almost all aspects, apart 

from flameout time which was 80 s more for the FRPP and the time to reach PHRR. This 

interesting comparison helps in establishing the use of plywood or veneers as the core 

structures. The plywood honeycomb had an ignition time of 23 s, compared to 15 s for the 

FRPP cores, a PHRR of 376.5 kW/m2 compared to 458.7 kW/m2, extremely low smoke 

production and a low total heat release trace and total heat evolved when compared to the 

flax-FRPP cores. The absence of PP and the abundance of lignin might have resulted in their 

superior fire performance in the mentioned aspects. Furthermore, the honeycomb cores of 

both the materials were observed to have superior fire-reaction properties compared to the 

respective corrugated cores, making the honeycomb panels a better fit for sandwich panels 

in structural applications involving fire. In addition, the study also helped in establishing two 

new categories of HRR responses unique to the corrugated and honeycomb cores. The 

observed fire properties can easily be tuned further with the use of fire-retardant glues and 

other fire-suppressing or retarding methods and hybrid composite panels, to achieve superior 

mechanical and fire properties. 
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Chapter 8 

  Mechanical and fire 
performance of hybrid 

veneer laminated panels  

Parts of the research presented in this chapter have been published as: 

Chanda, A.; Kim N K; Bhattacharyya, D. Introduction to possible hybrid veneer composite 

laminated panels. In the proceedings of Antec® 2021, March 21-25, 2021, Denver, 

Colorado. 

Chanda, A., Kim, NK., & Bhattacharyya, D. Manufacturing and characterisation of wood-

veneer sandwich panels with flame-retardant composite cores. Composites 

Communications, 2021, 27, 100870. DOI: https://doi.org/10.1016/j.coco.2021.100870 

8.1 Introduction 

The shortage of wood as a raw material has increasingly become a significant concern for 

the plywood and wood-based industries [347]. Several studies in the last decade have seen 

the production of hybrid plywood, also known as veneer composites or hybrid veneer 

composite laminates, with the core layer being made of natural fibre reinforced in 

formaldehyde-based resin [348]. Natural fibres, such as coconut fibres, have been 
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increasingly used in preparing hybrid plywood structures primarily because of their 

abundance in the developing countries of Indonesia, India, Philippines, Malaysia and others 

[348]. These composites have been widely used as replacements for veneers in plywood 

construction, especially in the core. Natural fibres have always been employed as filler 

materials in construction, namely, latex, cement and others. The production of hybrid 

plywood laminates with natural fibre reinforced composites can be treated as advancement 

from filler materials to proper structural materials whose properties are primarily dependent 

on the fibres and their orientation. Oil palm forms another biomass source for preparing 

hybrid plywood structures where successful studies have proved the possibility of having 

alternate layers of oil palm trunk veneers and empty fruit branch mat layers for producing 

plywood [347]. Studies have also shown that the hybridisation of natural fibres with veneers 

generally results in the improved mechanical properties of the final plywood product. 

Furthermore, plywood structures from hybrid acacia [349], oil palm trunk with hardwood 

veneers on either side [350], coconut coir fibre reinforced composite core, waste rubber as 

the hybrid core [351] and many others have been investigated and mostly, improvements in 

the physical and mechanical properties have been reported. 

Chapter 7 indicated the potential of the sandwiched plywood panels for structural 

applications, but the effects of fire-retardant core on the performance of the plywood panel 

have not been critically investigated. The current study primarily focuses on the 

manufacturing of fire-retardant natural fibre reinforced polypropylene (PP) composites as 

the core layer in 3-ply hybrid plywood structures with veneers made from Radiata Pine 

(softwood) being glued to either side. Flax fibre reinforced fire-retardant polypropylene 

(flax-FRPP) and fire-retardant wool-PP (FR wool-PP) composites were used as the natural 

fibre reinforced layered substitutes. Furthermore, fire-retardant polypropylene composite 

(FR PP-APP) was also prepared to perform a thorough study of the possible core layers. 

Both the mechanical and fire-reaction properties of the prepared veneer composites are 

studied along with a conventional plywood structure made from the same adhesive. The 

work helps to confirm that the use of fire-retardant composite core can be significantly 

beneficial in reducing the amount of wood usage and in enhancing the mechanical and fire 

performance of the structures. The research outputs also prove that the adhesive plays a vital 

role in both mechanical and fire performance and an exhaustive study on the same is required 

before understanding the best possible combination. 
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8.2 Materials 

 Plywood 

The commercial plywood was again acquired from Plyman Auckland having a similar 

manufacturing criterion as mentioned in Section 3.2.1. Single veneers of 0.6 mm thickness, 

cut from the same wood, was also acquired for the current study. The aliphatic glue type 

(poly-vinyl acetate), commonly used with gluing veneers and wood-based products, was 

substituted by an epoxy-based glue to observe the variations in performances. SPABONDTM 

345, an epoxy-based glue with high-performance ability, was used to manufacture 3-ply 

veneer laminates, referred to in the current chapter as Epoxy Plywood (EP) samples. The EP 

samples were prepared in a similar way as that followed in the industry. 250 g/m2 glue was 

applied on each face within the curing time of the hardener, 28 mins (100:48 mix ratio by 

weight). The glued samples were then pressed for ≥ 6 h to ensure proper curing of the 

adhesive. A clamping force of about 750 kN/m2 was applied during the curing phase. The 

epoxy-based glue had a viscosity of 30 Pa.s at room temperature and has a cleavage on steel 

equivalent to 12 kN, with a lap shear of 37 MPa and a glass transition temperature of 57°C. 

The prepared EP sample is illustrated in Figure 8-1 (a).  

 
Figure 8-1: (a) The epoxy glued plywood (EP) sample, (b) the press used for clamping the 
samples while the adhesive cured and (c) the FR Wool-PP composite layup under 
preparation. 

 Flax-FRPP 

The polypropylene, MOPLEN HP400L, was acquired in granules from Lyondell Basell and 

were needed to be grounded into fine powder for better homogeneous mixing, which was 

processed in a granulator (Wanner granulator). The flax fibres were procured in yarns from 

Bruce Smith Ltd. New Zealand and were then finely cut into lengths of 50 – 60 mm, again 

to promote better mixing, using the LabTech Scientific palletiser. Eventually, the fibres were 

)a )b

)c
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granulated using the same granulator, providing a final average length of 2.5 mm. The 

intumescent fire-retardant, Budit® 3167 and Maleic anhydride polypropylene (MAPP), 

Licocene 6452, were acquired in powder form from Budenheim (Germany) and Clariant 

(New Zealand), respectively. The material preparation is detailed in Section 7.2.1.2, with the 

orientation being detailed in Table 8-1. 

Table 8-1: Individual constituents of the composites used for preparing veneer composite 
layers. 

Sample Constituents Weight (%) 

Flax-FRPP 

Fire-retardant 
Polypropylene (FR-PP) 

[74wt%] 

MOPLEN HP400L 51.51 
Budit ® 3167 14.77 

Irganox ® 1010 0.51 
Plustalc N625 7.2 

Flax fibres 15 
Maleic Anhydride-graded Polypropylene, Licocene 

6452 (MAPP) 
3 

Halloysite 3 
Budit® 3167 (Added externally) 5 

FR Wool-PP 

Neat MOPLEN HP400L PP 53 
Budit ® 3167 (APP) 15 

Licocene 6452 (MAPP) 2 
Wool fibres 30 

FR APP-PP Neat MOPLEN HP 555G 80 
Budit ® 3167 (APP) 20 

 FR Wool-PP 

Wool fibres scoured in average thicknesses of 45.3 μm were provided by Bloch and Behren 

Ltd., New Zealand and the HP400L grade PP was used, with a flow index of 5.5 g/10 min. 

The PP grade was selected because studies [278] had shown that the HP400L grade had the 

best comparative dispersibility and wettability, giving good mechanical properties. The wool 

fibres were initially dried at 75°C before mixing with PP, APP and MAPP. The mixture was 

then melt-blended in a twin-screw extruder (LTE 26-40, LabTech Engineering Company 

Ltd.). Co-rotating screws (length/diameter = 32) was used for the compounding process, 

which was set to rotate at 170 rpm, having a temperature profile of 172°C-179°C, from the 

hopper to the die, in ten different heating zones (172,175,175,175,175,175,175,175,178,179 

°C). Eventually, a single screw extruder (JWS 45/30 extruder, China) with a slit die of 

100×3.5 mm2 split die was employed to extrude the continuous sheets of FR Wool-PP. The 

calendaring process was also used at the end to ensure the uniform thickness of the extruded 
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samples. Details of the preparation are provided in the work by Nam [298], and the 

constituent materials are tabulated in Table 8-1, as per weight % (wt%). 

 FR APP-PP 

The PP-APP composite sheets were prepared with PP-MOPLEN HP 555G which were 

initially mixed with APP and then dried at 70ºC for 24 h. Eventually, the mixture was 

palletized, and then the twin-screw extruder (Milacron Twin Screw Extruder) was used to 

extrude 1 mm thick and 300 mm wide continuous sheets with the aid of the calendaring 

process. The constituents of the material are given in Table 8-1. Other aspects of the 

manufacturing method was similar to the wool-PP composite sheet manufacturing methods 

detailed in Section 8.2.3. 

 Veneer layered composite panels 

The veneer composite panels were prepared using the adhesive and pressing the samples in 

a press at 700 kN/m2 force for ≥ 6 h to ensure the epoxy was cured properly, Figure 8-1 (b). 

The adhesive was applied in the measurement of 250 g/m2, on each surface of the composite 

and an example is illustrated in Figure 8-1 (c). The stacking of the laminates was performed 

in a way that all the significant orientations were considered. The EP samples were 

manufactured in two different orientations, 0°/90°/0° and 90°/0°/90° with a nominal average 

thickness of about 1.95 mm, to observe the effects of the orientation on the mechanical 

performance of the plywood samples. The veneer composites were further manufactured in 

three different orientations for the same reasons. The manufacturing method was kept 

consistent for all the samples. The final achieved products were classified as veneer-wool 

fire-retardant composite (V/W/V) with a nominal thickness of about 3.7 mm, veneer-flax 

fire-retardant composite (V/F/V) with a nominal average thickness of 1.93 mm and veneer-

APP-PP fire-retardant composite laminates with an average thickness of about 2.24 mm. The 

post-manufacturing analysis (manual) proved that the veneer-APP-PP composites failed to 

bond properly and therefore, no further orientations with APP-PP as the core was prepared 

and only fire-testing was carried out with the same, for reporting and comparison purposes. 

8.3 Methods 

Comprehensive mechanical and fire testing was carried out on the different samples based 

on the various ASTM standards, methods of which are detailed in the current sub-section. 
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 Tensile testing 

The tensile test was carried out according to ASTM D3500 standard [352], which outlines 

the method for testing wood-based structural panels, including plywood, composites of 

veneers and others, in tension. The tests were carried out only on dry samples conditioned 

at 65 ± 2% moisture content and 20 ± 3°C temperature for more than 48 h, according to the 

standard method. The samples tested are shown in Figure 8-2 (a) and the test rig used for the 

same is illustrated in Figure 8-2 (b). An extensometer was used to measure the change in 

length and to eventually calculate the strain. Instron 5567, a universal testing machine, was 

used for performing the tests where Method A with specimen type B was used because the 

thickness was less than 6 mm. The specimens were machined to the desired dog-bone 

profiles with 25 mm grips, tapering down to 13 mm at the centre, having an overall length 

of 406 mm. All the samples with the different grain directions were tested under similar 

atmospheric and testing conditions.  

 Impact testing 

The ASTM D3299 standard [353] for observing the toughness of wood-based structural 

panels was followed to specify the span length and the specimen size for performing the 

impact tests. However, due to limitations in apparatus availability, the Charpy testing 

apparatus was modified, and the digital meter was used for reporting the toughness values 

[354]. The method helps in observing the variation in toughness property between the 

materials and in concluding which type has better impact resistance. The reading on the 

meter was considered as R and the impact strength was calculated based on: 

 S
I

R /100I
A

=   (8-1) 

where, Is is the impact strength, R is the reading from the apparatus and AI is the impact area 

calculated by multiplying the width and the thickness of the individual samples. The samples 

were further notched according to the Charpy standard [354] to ensure the readings are in-

line with the requirements of the standard procedure. Since, the thickness of the samples 

varied between 1.8 – 3.8 mm, two spans were machined in the support, one at 50 mm for 

samples with thickness less than or equal to 3 mm and the other at 75 mm for those with 

thickness above 3 mm. The samples with thickness below 3 mm, were cut into 16×100 mm2 

specimens and those above 3 mm into 16×125 mm2, as per ASTM D3499. The support span 
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of the Charpy testing apparatus was modified into the required spans of 50 mm and 75 mm 

for the two broad classifications of samples based on thickness [353]. All the individual 

sample types were tested 10 times to produce average reported values. 

 
Figure 8-2: Illustration of the (a) tensile specimens used for the tensile study, (b) tensile 
testing rig, (c) flexural testing rig and (d) compression (CLC) testing rig used for assessing 
the mechanical performance. 

 Flexural testing 

The flexural testing method was completely followed based on ASTM D3043 standard for 

wood-based structural panels in flexural. Method A was followed to report the flexural 

performance of the different structures, where a three-point bending rig, Figure 8-2 (c), was 

used to perform the centre-point flexural test. The method was used with the assumption that 

all the samples had uniform elastic and strength properties. The spans were varied for each 

sample type, depending on the nominal thickness and the crosshead speed for the universal 

testing machine (Instron 5567) was calculated based on: 

 2N zL / 6d=   (8-2) 

where, N is the crosshead speed, z is the unit rate of fibre strain and is kept constant at 0.0015, 

L is the span calculated based on thickness and the fibre direction of the top-layer and d is 

the depth or nominal thickness. The samples with 25 mm width were tested with spans being 

either 48 times (for samples with the grain direction of the top layer being parallel to the 

span) or 24 times (for samples with the grain direction of the top layer being perpendicular 

to the span) of the thickness. The over-hang portions of the samples were maintained at 25 

mm on each side. The universal testing machine (Instron 5567) was used for the test and to 

CP EP

V/F/V

V/W/V)a )b )d)c
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record the flexural modulus, the maximum slope of the load-deflection curve, maximum 

flexural strength and maximum load at failure. The results helped in calculating the bending 

stiffness and the maximum moment by: 

 
( )3

b

EI L 48 P

S I c PL 4

= 

=
  (8-3) 

where, EI is the bending stiffness, L is the span, P  is the slope, bS I cis the maximum 

moment and P is the maximum load. 

 Compressive testing 

The compressive testing standard for wood and wood-based structural panels required a huge 

chamber and completely different apparatus which was not available at the Centre for 

Advanced Composite Materials laboratory. Therefore, to report a comparative compressive 

strength between the different laminates, the combined loading compression (CLC) method 

was employed as per ASTM D6641/D6641M standard [355]. The samples were machined 

to achieve the accuracy needed in size (140×13 mm2), and two strain gauges were applied 

to each sample to achieve the modulus value. The samples were conditioned at 50 ± 10% 

humidity and 23 ± 3°C temperature for more than 48 h, before testing. The stress of the 

laminates was calculated between 1000 and 3000 microstrains and the crosshead speed was 

maintained at 1.3 mm/min. The testing rig is illustrated in Figure 8-2 (d) and the screws were 

torqued at 3 N-m in a diagonal tightening pattern, as mentioned in the standard. The test rig 

was mounted in a way that a nominal clearance of 13 mm was kept at the centre where the 

two strain gauges were mounted. 

 Fire testing 

Two types of fire testing apparatus were used in the current study, the vertical burn test 

apparatus and the cone-calorimeter bench-scale apparatus, Figure 8-3. The vertical burn test, 

also known as UL-94, is a laboratory-scale method for measuring the tendency of flame 

ignition and spread in a solid sample when held in the vertical direction. The test helps in 

observing the direct fire response of the material when exposed to fire and the schematic is 

given in Figure 8-3 (a). The vertical burn test was employed to study the burning 

characteristics of the veneer composite panels and compare the same to commercial 

plywood. ASTM D3801 standard [356] was again used because of the inability to 
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manufacture the chamber required for testing wood-based structural materials according to 

the ASTM E84 standard. The main aim was again to compare the burning characteristics 

among the prepared samples and provide a comparative rating between the two. The 

125×13×t mm3 (t=thickness) samples were again pre-conditioned at 23°C and 50% relative 

humidity for 48 h before testing. The after flame time was recorded after the first fire 

exposure for 10 s as t1 and that after the second exposure was recorded as t2. Afterglow was 

also recorded as t3 after the second exposure, and the total time was calculated to provide the 

respective ratings. The analyses of the fire-reaction properties were carried out in a cone-

calorimeter apparatus which is a bench-scale testing method for studying the fire 

performance of solid materials. The setup was done in the same way as detailed in Section 

7.2.3 and the radiant heat flux of 50 kW/m2 was used. It should be noted that the vertical 

burning test is generally dominated by the core layer; whereas, the cone-calorimeter results 

will be initially dominated majorly by the external layers. 

 
Figure 8-3: (a) Schematic of the vertical burn test method [298], (b) the cone calorimeter 
and (c) the schematic of the functioning of the cone-calorimeter apparatus. 

8.4 Results and discussion 

 The effects of glue on the mechanical performance of plywood 

The current part of the chapter deals with the effects on the mechanical performance of 

plywood due to the change in the adhesive used during their manufacturing. The aliphatic 

and the epoxy-based adhesives were compared based on their tensile, flexural, impact and 

compressive properties to conclude the advantages and disadvantages of changing the 

commercial adhesive system. A detailed description of the work is provided in Appendix 6 

and some salient features are discussed in the current section. The tensile properties, as 

mentioned earlier, were observed based on the ASTM D3500 standard [352]. The observed 
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tensile properties are illustrated in Figure 11-14 (). As expected, the CP-0°/90°/0° samples 

gave the best tensile properties with a tensile modulus of 11.99 GPa and ultimate tensile 

strength of 101 MPa. The EP-0°/90°/0° samples showed a drop in the tensile properties 

compared to the commercial counterpart, giving a tensile modulus of 6.04 GPa and ultimate 

tensile strength of 63.5 MPa. However, the EP-90°/0°/90° samples interestingly displayed a 

rise in the tensile properties compared to the commercial counterpart, where the tensile 

modulus and ultimate tensile strength were recorded to be 3.28 GPa and 37.3 MPa, compared 

to 0.48 GPa and 2.76 MPa respectively. It was observed that the EP-0°/0°/0° gave the best 

results in tensile properties among all the EP samples, with a tensile modulus of 9.64 GPa 

and ultimate tensile strength of 74.3 MPa, primarily due to the orientation of the grains. The 

EP-0°/90°/0° samples experienced 37.1% drop in ultimate tensile strength, compared to the 

commercial counterpart; whereas, the EP-90°/0°/90° samples experienced a 92.6% rise 

when compared to the commercial ones. Therefore, the epoxy-based glue was observed to 

have significant advantages, providing greater strength in the transverse direction compared 

to that provided by the PVA glue. Additionally, the epoxy glue also gave better results, in 

all the orientations, when compared to the polyurethane glued samples, reported by Srinivas 

[1].  

The flexural properties were reported based on the centre-point flexure test stated under 

Method A in ASTM D3043 standard. The test method is more commonly known as the 

three-point flexure test, assuming that the strength and elastic properties vary uniformly 

throughout the samples, cut from defect-free larger samples. The comparison between the 

commercially prepared PVA-glued samples and the lab prepared epoxy-glued samples, in 

different orientations, showed interesting aspects with similar kinds of variations as 

experienced with the tensile testing. The results are shown in Figure 11-15 and Figure 11-16 

(Appendix 6). The flexural modulus (Fm) and the maximum flexural strength (Fs) given in 

Figure 11-15 shows that the CP-0°/90°/0° had the best properties again, compared to the 

different types of specimen, with Fm of 9.25 GPa and Fs of 88.6 MPa. The epoxy-glued 

counterpart showed reduced but promising results with Fm of 7 GPa and Fs of 66.7 MPa, 

which was about 24.7% drop in flexural strength. The 90°/0°/90° samples again showed a 

similar trend with the EP samples out-performing the CP samples, having an increase in 

strength by 62.6%. The EP-0°/0°/0° showed almost similar flexural strength as that of the 

CP-0°/90°/0°, with 83.2 MPa, higher than the other epoxy-glued samples, as expected due 

to the grain directions. The maximum moment, calculated based on Eq. (8-3), also illustrated 
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a similar trend with CP-0°/90°/0° (1.36 Nm) having the highest moment, followed by Ep-

0°/0°/0° (1.27 Nm) closely and then by EP-0°/90°/0° (1.17 Nm), Figure 11-16 (a). The 

transverse direction again showed superior performance for the EP samples.  

The results on the impact resistance are plotted in Figure 11-17 (Appendix 6). The CP-

0°/90°/0° again recorded to have the highest toughness, with 10.2 J/m, compared to only 2.4 

J/m impact resistance of the epoxy counterpart. The change in orientation also had similar 

results, with the CP samples having higher impact resistance compared to the EP ones when 

the orientation was 90°/0°/90°. Furthermore, the EP-0°/0°/0° samples showed the lowest 

resistance among all the samples. Thus, it can be concluded that the precise manufacturing 

technique in the industries had a huge effect on the impact resistance of the commercial 

samples, although the difference in resistance among the 90°/0°/90° samples were not 

substantial. ASTM D6641 [355] method was diligently followed to report the results of the 

compression property comparison between the samples with different glue systems. The 

compressive strength and the respective modulus are shown in Figure 11-18 (Appendix 6). 

The compressive property analysis showed a major advantage of the EP samples, elaborating 

the strength of the glue system in compression. The CP-0°/90°/0° samples gave a 

compressive strength of only 24.52 MPa and a compressive modulus of 5.83 GPa, compared 

to the 27.9 MPa and 6.425 GPa by the epoxy-glued counterpart. Thus, the epoxy-glued 

samples experienced an increase of 12.1% in compressive strength, even after being 

prepared in the lab. Therefore, the epoxy-glued samples definitely had better compressive 

properties, as can be observed from the other orientations as well. The 90°/0°/90° orientation 

again showed that the EP samples experienced a 73.9% increase in compressive strength and 

a noteworthy increase in the compressive modulus as well. The EP-0°/90°/0° samples further 

could bear more amount of load (0.823 kN), with respect to the PVA-glued counterpart 

(0.629 kN), (Appendix 6). The EP-0°/0°/0° again had the highest load-bearing capacity and 

the CP-90°/0°/90° had the lowest, again proving the PVA-glued samples had limited 

compressive properties. The lower extensions experienced by the EP samples also prove that 

the samples were stiffer due to the thermoset based glue. The comprehensive mechanical 

study between the two different types of glue helped to illustrate that the aliphatic adhesive 

increases the flexibility of the samples, with better tensile, flexural and impact properties in 

the longitudinal direction. However, the aliphatic glue has limited mechanical strengths in 

the transverse direction, where the epoxy-based glue out-performs in almost all aspects. 

Furthermore, the compressive strength of the epoxy-based adhesive is considerably superior 
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in comparison to the PVA adhesive and therefore, the application of the same can have 

substantial advantages in the mechanical aspect of the plywood structures, giving them better 

transverse strengths in tensile and flexural aspects and significantly higher compressive 

properties. 

 Understanding the best-suited hybrid veneer laminated panel 

In the current part of the chapter, hybrid laminates having veneer facesheets and natural fibre 

composite cores were fabricated to investigate their fire and mechanical properties and to 

observe a suitable combination. The study on the mechanical properties of the glues proved 

that the epoxy-based plywood samples have considerable merits, and the adhesive system 

can be successfully used for further manufacturing of hybrid-veneer composite layers. Wool 

and flax fibres were selected for fibre reinforcement, and ammonium polyphosphate (APP) 

was used as the primary flame retardant for all the composites. The mechanical performance 

of the flax fibre reinforced fire-retardant polypropylene (flax-FRPP) and fire-retardant wool-

polypropylene (FR-wool-PP) hybrid layered panels were further studied and compared to 

plywood made similarly. The results showed that hybrid laminates have better fire properties 

and the hybrid layered veneer composites can have substantial structural applications if 

proper bonding between the composite and the veneer layers can be achieved. The veneer-

APP-PP composite showed very poor bonding properties with the glue system used and 

therefore, the mechanical testing was not carried out for those samples. All other types of 

samples were tested for the mechanical properties to compare them with the plywood results. 

It should be noted that the veneer composites with 0º/C/0º orientation (C represents the 

composite) were only tested in the current part and compared to EP-0°/90°/0° samples and 

the individual composites. 

8.4.2.1 Tensile performance 

The results in Figure 8-4 (a) and (b) show that the flax-FRPP composite had the highest 

strength and Young’s modulus among the different materials tested. The stress-strain 

relation of the flax-fibre composite had the steepest response, giving higher Young’s 

modulus of 46.9 GPa and ultimate tensile strength of 684.9 MPa, although the difference in 

the testing standards can have a significant effect, as will be observed in Section 8.4.3.1. 

Even though the individual tensile strengths of the composites were higher, the strengths 

drastically dropped when the veneer composites were tested, giving responses even less than 

the plywood samples in most of the instances. The Young’s modulus was observed to be 
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higher for the V/F/V samples and to be lower for V/W/V samples when compared to that of 

the EP samples. Moreover, the flax-veneer hybrid laminate showed the minimum ultimate 

strength, although the flax composite itself has the highest response. This variation can be 

easily attributed to the bonding aspect as the FR wool-PP composites bonded quite well with 

the veneers whereas, the flax-FRPP layers failed to give a proper bond.  

 
Figure 8-4: (a) Tensile moduli (Young’s moduli) and (b) ultimate tensile strength values of 
the various samples. 

8.4.2.2 Impact resistance 

The modified Charpy testing method was used to compare the impact resistance between the 

samples when the span was fixed at 37.5 mm [357]. Figure 8-5 illustrates the comparison of 

the impact resistance between the samples. The epoxy-based glue helped in increasing the 

toughness of the material, primarily because of the thermosetting nature, giving an impact 

resistance of 44.7 J/m. The inclusion of flax fibre reinforced composite between two veneer 

layers, having the same grain direction, resulted in a drastic drop in the impact resistance, 

recording the lowest at 15.5 J/m. This drop mostly depended on the bonding between the 

flax-FRPP layer and the veneers, because of the smooth surface of the composite and poor 

adhesive property of PP. However, the FR wool-PP composite had a rough finishing due to 

the manufacturing constraints and therefore, bonded considerably well with the veneers. The 

resultant impact resistance was also very high and superseded that of the epoxy glued 

plywood at 51.8 J/m. Therefore, veneer composite laminates with good adhesive properties 

can significantly increase the impact resistance of the structure. 
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Figure 8-5: Comparison of the impact resistance between the samples. 

8.4.2.3 Vertical burning test 

EP ignited only during the first flaming and the overall burn time and afterglow recorded 

proved them to have a V-1 rating, Table 8-2. The epoxy-based plywood only recorded 75 s 

of burn time. Furthermore, the flax-FRPP and the APP-PP composites both had no rating 

because of the dripping, as illustrated in Figure 8-6 (d), and after-flame till the holding clamp, 

resulting in complete burn-out. The V/F/V sample, on the other hand, had a total burn time 

of 85.4 s and gave a V-2 rating due to dripping, which is a noteworthy improvement. The 

V/A/V samples also had a V-2 rating with a total burn time of only 68 s and dripping, which 

resulted in cotton ignition. The FR wool-PP composite had an excellent flammability 

characteristic with a V-0 rating which when used in the hybrid laminates gave a rating of V-

1, because of the increased burn time.  

Table 8-2: Cone calorimeter and vertical burn test results of the various samples 

Sample tIg (s) tPHRR (s) PHRR (kW/m2) UL-94 

EP 22.3 43.3 571.6 V-1 

Flax 17 48.3 400.7 NR 

V/F/V 17.7 75 630.6 V-2 

Wool [358] 16 60 367.2 V-0 

V/W/V 20 151.7 418.7 V-1 

V/A/V 17 81.7 460.6 V-2 

 

Epoxy glued
Plywood

Veneer/Flax/Vene
er

Veneer/Wool/Ven
eer

Impact
Resistance (J/m)

44.7 15.5 51.8

0

10

20

30

40

50

60



Chapter 8                                                                                                        Veneer composites 

225 | P a g e  
 

 
Figure 8-6: Vertical burning test of the (a) plywood samples, (b) V/W/V samples, (c) 
V/F/V sample after testing and (d) Flax-FRPP samples experiencing dripping. 

The illustration of the test is given in Figure 8-6 (b). Moreover, the V/W/V composite 

showed a self-extinguishment phenomenon during its first exposure to fire, as elucidated in 

Figure 8-6 (c), getting ignited again at the second flame application. Finally, it can be 

concluded that the successful application of fire-retardant composites as the core layer of a 

3-ply laminate can have significant advantages with reduced burn time, better ratings and 

better flammability characteristics with noticeable fire retardancy. Figure 8-6 illustrates the 

vertical burning test on epoxy-glued plywood, V/W/V and Flax-FRPP samples. 

8.4.2.4 Cone-calorimeter test 

The plywood samples had a longer time to ignition, primarily due to the material property 

of the veneer layers. The individual composites had a considerably faster time to ignition 

(tIg). The inclusion of the fire-retardant layers between the veneer layers increased the tIg 

when compared to the composites, rising almost to that of the plywood samples. EP showed 

the highest tIg value of 22.3 s. The V/F/V and V/A/V had similar tIg of around 17 s. 

Furthermore, the peak heat release rate (PHRR) also had noteworthy effects, with the 

inclusion of the FR layers. The epoxy glued plywood gave the higher PHRR. However, the 

FR composites reinforced with flax and wool fibres individually had quite lower PHRR 

values of 400.7 kW/m2 and 367.2 kW/m2, respectively [8]. Inclusion of these materials as 

the core layer in the hybrid laminates also had varying effects on the PHRR values, with 

V/F/V experiencing the highest PHRR of 630.6 kW/m2, the V/A/V having a reduced PHRR 

of 460.6 kW/m2 and V/W/V showing the least among the hybrid laminates at 418.7 kW/m2. 

The inclusion of the composite layers in the hybrid laminates showed a positive influence 

on the time to PHRR (tPHRR) as well. The EP samples had a tPHRR of 43.3 s. The individual 
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FR materials of flax and wool experienced tPHRR at 48.3 s and 60 s, respectively. 

Interestingly, the veneer composites showed very high tPHRR compared to both the plywood 

and the FR composites. 75 s for the V/F/V samples, 81.7 s for the V/A/V samples and 151.7 

s for the V/W/V samples were recorded. The HRR curves, shown in Figure 8-7 (a), illustrates 

that the Wool-PP and APP-PP fire-retardant samples successfully helped in lowering the 

HRR and in increasing the burning time. On the other hand, the flax-FRPP composite, 

although being able to initially reduce the trend of the HRR curve, experiences a steep rise 

in the latter half, giving the highest PHRR.  

The total heat release (THR) responses, shown in Figure 8-7 (b), illustrated that the plywood 

samples had the lowest amount of THR and total heat evolved (THE) values. THE values 

increase gradually with the introduction of the composite FR cores, the maximum being 

achieved for the veneer/wool-PP composite. The rise in the heat release curve and the THE 

value can be directly attributed to the prolonged combustion of the samples, with the highest 

being achieved for V/W/V as it had the longest burn-time along with being the thickest 

laminate. It is interesting to note that the combination of the veneers and the composites 

resulted in the reduced THE value and THR responses when compared to the composites 

themselves [358]. The fire-reaction properties showed that the application of different FRPP 

based core layers in a 3-ply veneer composite laminate had a substantial effect. The FR wool-

PP core layer in the hybrid veneer composite laminate had the best fire-reaction properties, 

with prolonged time to PHRR, reduced PHRR, reduced HRR response and having a V-1 

rating. The V/W/V samples also exhibited the ability to extinguish the flame before complete 

burn-out, a noteworthy advantage for any structural application. Moreover, the ignition time 

also increased compared to those of the other veneer composites and the FR-composites. 

The THR and the THE were also reduced significantly. Additionally, the mechanical test 

hinted towards the possibility of having a superior hybrid laminate with the FR wool-PP 

composite and thus a thorough analysis of both the glue and the hybrid veneer laminated 

wool-PP composite should be carried out. 
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Figure 8-7: (a) HRR and (b) THR graphs of the different samples 

8.4.2.5 Glue penetration study 

The wetting of the individual surfaces is critical to understand the structural stability of the 

sample and the bonding quality. Therefore, an optical microscope was employed to perform 

the glue penetration study, where a good glue penetration resembles proper wetting of the 

samples. Commercial plywood was first tested and then compared to the prepared ones to 

observe the differences and the ideal veneer composite hybrid laminate. The wood having a 

very porous structure, the adhesive tends to flow inside the cell cavities, and this gradual 

diffusion is critical in forming stable bonds between the layers through mechanical 

interlocking. The study was conducted by placing the samples on a stand under the 

microscope and by measuring the amount of penetration observed in each sample type. The 

veneer-APP-PP layer had no wetting and no adhesive penetrated the APP-PP layer, thus 

forming a very bad and weak bond. The commercial plywood samples were tested, and the 

proper penetration could be observed from Figure 8-8 (a), where the glue penetrated the 

cavities of all the layers and therefore, resulted in a strong bond. The penetration extent 

defines the wetting of the veneers.  

The PVA glue being transparent in colour was hard to observe and therefore, the penetration 

looked less. However, studies have confirmed that the adhesive penetrates about 400 μm 

from the centre glue line into each layer [1]. The epoxy-based adhesive, being black, gave a 

better picture of the penetration extent and it can be observed that the glue experienced a 

penetration of ≥ 400 μm when the EP samples were prepared, Figure 8-8 (b). The veneer-

flax samples also looked a bit promising with the naked eye, but the microscopic analysis 

revealed that the adhesive failed to properly penetrate the flax-FRPP layer resulting in gaps 

and inferior bonding, Figure 8-8 (c). The reason behind the inferior bond can be directly 

attributed to the presence of PP, which is proved to have almost negligible adhesive 

penetration. Interestingly, the FR wool-PP samples experienced excellent penetration with 

the adhesive wetting the wool composite layer more than 400 μm on many occasions. Figure 
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8-8 (d) illustrates the glue penetration level of the veneer-wool samples, and it can be 

observed that the penetration level is satisfactory and quite high. Therefore, it can be 

concluded from the study that the veneer-wool composite had the ideal bond strength 

required and therefore, a study on the structures’ mechanical and fire performance must be 

carried out and compared to that of commercial PVA glued and epoxy glued plywood 

samples. 

 
Figure 8-8: Optical microscopy analyses on the glue penetration extent of (a) commercial 
plywood, (b) epoxy-glued plywood, (c) veneer-flax FR and (d) veneer-wool FR composites. 

 Studying the mechanical and fire performances of the veneer-wool 

FR composites 

The study on the mechanical performance of the glue system and the observation of the ideal 

possible hybrid laminate with PP-based FR core led to the conclusion that the veneer 

composite with FR wool-PP core layer has the best possible mechanical properties and 

excellent bonding with the veneer when epoxy-based glue is used. Therefore, this section 

deals with the analysis of the mechanical properties of the veneer composite with various 

orientations and its comparison with the respective epoxy-based plywood and the individual 

FR material. The main aim was to observe which orientation has the best response and can 

be concluded to have a better possibility for future applications. Furthermore, the fire-

reaction properties were also accessed to observe the possible effects of fire-retardancy in 

the hybrid novel veneer composites. The cross-oriented samples, as expected, performed 
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better results than the transverse samples, whereas, the longitudinal ones outperformed all 

the orientations. However, the cross-oriented samples experienced significant warping under 

thermal loading due to the asymmetric nature of the layup and were thus, not used for the 

comparison. Therefore, the longitudinal (0°/FR Wool-PP/0°) and transverse (90°/FR wool-

PP/90°) directions of veneer composites were reported and compared to the plywood 

counterparts and the wool composite. 

8.4.3.1 Tensile strength 

ASTM D3500 was again used to perform all the tensile tests, including that of the composite, 

to compare the results successfully. The universal testing machine (Instron 5567), along with 

the extensometer, was again used for the experiment. The Young’s moduli of the various 

samples are plotted in Figure 8-9 (a) and a comparison is drawn between the best performing 

EP sample(s), observed from the study on effects of glue. The EP-0°/90°/0° again 

outperformed all the samples tested. As expected, the ultimate tensile strength was also 

highest for the EP-0°/90°/0° samples, Figure 8-9 (b). The FR wool-PP samples were 

recorded to have a tensile modulus of only 1.25 GPa and ultimate tensile strength of 16.4 

MPa. The application of veneers on either side of the FR wool-PP composite, to manufacture 

the veneer composite, had interesting results. Although, the EP samples out-performed the 

veneer composites, the veneer composites, gave higher ultimate tensile strength than the FR 

wool-PP composite itself when tested in both directions. The veneer composite, when tested 

longitudinally, as expected, gave the best results, among the hybrid-plywood, with a tensile 

modulus of 3.56 GPa and ultimate tensile strength of 35.1 MPa. The transverse direction, 

although gave the lowest Young’s modulus, the ultimate tensile strength was higher than the 

FR wool-PP composite. Therefore, it can be concluded that even though the tensile 

properties are not similar to that of the plywood samples, a substantial increase can be 

achieved when compared to the composite itself. An increase of 53.3% was achieved in the 

longitudinal, which was only 44.7% less than the EP-0°/90°/0° samples, compared to 74.2% 

for the composite. 
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Figure 8-9: The comparison between the (a) Young’s modulus and the (b) Ultimate tensile 
strength between the best performing plywood samples and the veneer composite. 

8.4.3.2 Flexural strength  

ASTM D3043 was again used to perform the comprehensive comparison of the flexural 

properties between the samples. The flexural moduli and the flexural strengths of all the 

samples are illustrated in Figure 8-10. The veneer composites showed good flexural 

properties in both longitudinal and transverse directions. The longitudinal direction had a 

modulus lower than the EP-0°/90°/0° samples, 23.6% lower. However, the veneer composite 

in the transverse direction gave a higher flexural modulus of 2.19 GPa, compared to 1.05 

GPa given by the EP-90°/0°/90° sample. Interestingly, the composite itself had very bad 

flexural properties, giving the lowest modulus of 1.25 GPa and the lowest flexural strength 

of 23.5 MPa. The EP-0°/90°/0° again had the highest flexural strength of 66.7 MPa, followed 

closely by the longitudinally tested veneer composite at 52.1 MPa. Furthermore, both the 

modulus and flexural strength of the veneer composite were higher than that of the 

composite. The maximum moment and the bending stiffness, calculated from Eq. (8-3), 

showed even more significant advantages for the veneer composites. 

6.04

3.28

1.25

3.56

0.64

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

EP-0°/90°/0° EP-90°/0°/90° FR Wool-PP V/W/V-Longitudinal V/W/V-Transverse

Epoxy glued Plywood FR Veneer / Wool / Veneer

Y
o

u
n

g
's

 m
o

d
u

lu
s

 (
G

P
a

)

63.50

37.30

16.40

35.10

17.30

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

EP-0°/90°/0° EP-90°/0°/90° FR Wool-PP V/W/V-Longitudinal V/W/V-Transverse

Epoxy glued Plywood FR Veneer / Wool / Veneer

U
lt

im
a

te
 t

e
n

s
il

e
 s

tr
e

n
g

th
 (

M
P

a
)

)a

)b



Chapter 8                                                                                                        Veneer composites 

231 | P a g e  
 

 
Figure 8-10: The (a) flexural modulus and (b) maximum flexural strength of the different 
veneer composites tested and their comparison to the best performing plywood samples. 

 
Figure 8-11: The (a) maximum moment and (b) bending stiffness of the different veneer 
composites tested and their comparison to the best performing plywood samples. 
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to increase by almost 61.7% from the best performing plywood sample, Ep-0°/0°/0°. 

Moreover, the bending stiffness also experienced an increase of 81.4% for the longitudinally 

tested veneer composite when compared to the epoxy-glued plywood with 0°/90°/0° 

orientation. Therefore, it can be concluded easily that the flexural properties increase 

drastically, even more than the epoxy-glued plywood in certain aspects when the FR wool-

PP composite is layered successfully with Radiata Pine veneers on both sides. 

8.4.3.3 Impact resistance 

The impact analysis was conducted again with the combination of ASTM D3499, and ASTM 

D6110 standards with the sample size and testing span maintained according to the ASTM 

D3499. The results were recorded and calculated according to ASTM D6110. Therefore, the 

discussion of the results would be carried out in the relative sense, instead of that based on 

the absolute values achieved from the experiment. The EP-90°/0°/90° showed the weakest 

impact resistance among the samples outlined in Figure 8-12, followed by EP-0°/90°/0°. The 

FR wool-PP composite gave an impact resistance that was 11.1% higher than the EP-

0°/90°/0° sample. The veneer composites experienced a further increase in the ability in 

resisting impact failure, greater than both the general plywood and FR composite. The 

V/W/V samples experienced 41.3% and 47.8% increase in the longitudinal and 6.9% and 

17.2% increase in the transverse directions when compared to the FR wool-PP and EP-

0°/90°/0° samples, respectively. Therefore, the combination can be ideally concluded to 

compliment both the material system by increasing the resistance of the final product from 

both the materials, an aspect which is ideal for composites.  

 
Figure 8-12: The impact strength of the different veneer composites again compared to the 
best performing plywood samples. 
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8.4.3.4 Compressive strength 

ASTM D6641 was again followed to compare the compressive properties of the various 

samples, with the aid of the combined loading compression (CLC) test fixture. Since, the 

standard is ideal for polymer matrix composites, which was used due to the limitation in the 

availability of the test rig for compression testing of wood-based structural panels, again the 

results would be discussed in relative terms instead of absolute values. The compressive 

strength, Figure 8-13 (a), experienced a significant increase for the veneer composites when 

compared to the two types of plywood structures and the wool composite.  

 
Figure 8-13: The (a) compressive strength and the (b) compressive modulus of the different 
veneer composites and their comparison to the best performing plywood samples. 

The V/W/V samples again gave the highest compressive strength with the strength in the 
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0°/90°/0°), 8.2% (EP-0°/0°/0°) and 21.3% (FR wool-PP) increase in the compressive 

strengths. The EP-90°/0°/90° samples again gave the lowest response, proving that the 

hybrid-plywood structures have better compressive strengths in both directions. The 

compressive modulus, Figure 8-13 (b), was expectedly observed to be the highest for EP-
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0°/0°/0° samples. However, the V/W/V samples, when tested longitudinally, had a higher 

compressive modulus than that of the composite itself (9.3% increase); whereas, the 

transverse direction had the lowest of all. The maximum load, Figure 8-14 (a), the samples 

could withstand before failure was again highest for the veneer composite when loaded in 

the longitudinal direction (2.6 kN) because of their higher compressive strength, followed 

by that when loaded in the transverse direction (2.4 kN).  

The veneer composites, as expected, managed to withstand higher loads compared to all the 

plywood and composite samples, due to their higher compressive strengths. The reporting 

of the maximum extension at maximum compressive load gave interesting results, with the 

FR wool-PP extending the most. The 90°/0°/90° veneer layers had the grains on both sides 

perpendicular to the compression plane, therefore, increasing the flexibility of the samples, 

a trend also visible in the V/W/V samples, loaded in the transverse direction. The 

longitudinally loaded veneer composites, interestingly, showed the minimum extension 

among the two directions, which was higher than all the epoxy-glued plywood samples. 

Thus, it can again be concluded that the combination of the veneer and the wool-PP fire-

retardant composite had significant effects on the compressive properties, with the 

combination having better performance than either one or both of the individual material 

systems. 

 
Figure 8-14: The (a) maximum load and the (b) extension at maximum compressive strain 
of the different veneer composites and their comparison to the best performing plywood 
samples. 
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8.4.3.5 Fire-reaction properties 

The study of the fire-reaction properties showed significant advantages in favour of the 

veneer composites, in almost all aspects. The important fire-reaction properties are listed in 

Table 8-3. The time to ignition (tIg) for the FR wool-PP composite was found to be the 

lowest, as usually observed in PP based composites [346]. However, the combination of the 

composite with the veneer resulted in the increase in tIg of the sample to 20 s, even higher 

than the commercial plywood (CP) sample. The epoxy-based plywood (EP) samples gave 

the highest tIg at 22.3 s, which influenced the veneer composite greatly in increasing the tIg. 

The EP samples have the highest peak heat release rate (PHRR) of 571.6 kW/m2, followed 

by the CP sample at 506.7 kW/m2. The FR wool-PP, as expected, gave the lowest PHRR 

value of 351.6 kW/m2. Interestingly, the combination of the two material systems 

significantly affected the PHRR value, which got decreased by 17.4% and 26.8% when 

compared to the CP and EP samples respectively, giving a PHRR of only 418.7 kW/m2. The 

PHRR value, although higher than the FR wool-PP samples, was significantly lower when 

compared to the two different plywood samples. The HRR response, Figure 8-15 (a), also 

showed a drastic drop for the veneer composite samples, with the result being similar to the 

FR wool-PP composites. The reduction in the HRR response and a stable response with the 

PHRR being recorded at a later stage showed that the effect of fire-retardancy was prominent 

in the veneer composites. Furthermore, after the initial peak, the fire-response was primarily 

controlled by the FR composite layer in the core, resulting in reduced and controlled 

response of the samples. 

Table 8-3: The fire-reaction properties of the veneer composite when compared to the neat 
composite and the plywood samples 

Fire-reaction properties 
Commercial 

plywood 

Epoxy-glued 

plywood 

FR wool-

PP 

Veneer/FR 

wool-PP 

Time to ignition (s) 19.2 22.3 18 20 
PHRR (kW/m2) 506.7 571.6 351.6 418.7 

Time to PHRR (s) 37 43.3 236.7 151.7 
Time to flameout (s) 113.4 125 589.67 395.67 

Mass loss (%) 13.53 8.42 9.52 13.44 
Mass of char residue (g) 1.55 0.94 2.7 4.2 
Fire performance index 0.037 0.039 0.05 0.048 
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Figure 8-15: The (a) HRR response and (b) THR trends recorded by the different samples. 

The first peak, experienced by the veneer composite, could be attributed to the veneer layer 

on top, after which the response gradually changed to replicate that experienced by the FR 

wool-PP sample. The second peak, which gives the PHRR, was observed due to the lower 

veneer layer and the possible burst of energy due to continuous combustion and subsequent 

char cracking with a possible increase in the effective rate of pyrolysis, a trend usually 

observed in thick charring material with an additional peak at the end of burning [321]. The 

total heat release (THR) curves, Figure 8-15 (b), were observed to be higher for both the FR 

wool-PP and veneer composite samples, primarily because of the longer burning time and 

partially due to the presence of PP. However, on observing the heat produced at a particular 

time when all the four samples were active, 50 s, interesting results were recorded. At 50 s, 

the veneer composite produced 8.42 MJ/m2, the CP samples gave 9.2 MJ/m2, the EP samples 

had 10.7 MJ/m2 and the FR wool-PP samples produced only 4.4 MJ/m2 of heat. Therefore, 

the heat produced by the composite was the least at a given time; whereas, the EP samples 

had the highest. The veneer composites again showed the influence of the FR composite, 

producing less amount of heat compared to both the plywood samples. The time to PHRR 

(tPHRR), Table 8-3, also got considerably delayed for the veneer composites (151.7 s) when 

compared to the CP (37 s) and EP (43.3 s) samples. The FR wool-PP sample had the longest 

tPHRR and again affected that of the veneer composite.  

The time to flameout (tfg) also increased drastically for the veneer composites, which 

recorded tfg of 395.7 s, compared to 113.4 s and 125 s for the CP and EP samples, 

respectively, affected considerably by the tfg of the composite (589.7 s). The total smoke 

produced (TSP) also showed similar responses as that of THR for the samples, Figure 8-16 

(a), with the highest being observed for the veneer composites, and closely followed by the 

wool composite. The overall responses of the plywood samples were comparatively lower, 

which can again be attributed to the lower burning time. A study of the total smoke produced 

at a common time by all the samples again showed interesting results. At 50 s, the CP 
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samples gave a TSP of 0.92 m2, EP produced 1.44 m2, FR wool-PP gave 0.58 m2 and the 

veneer composites produced 1.42 m2. Therefore, again the FR composite was found to 

produce lower smoke at a particular time, and the EP samples had the highest production 

which might be a resultant of the adhesive used in manufacturing the same. The veneer 

composites had slightly lesser smoke production than the plywood counterpart, an aspect 

again affected by the composite and the rise might be attributed to the epoxy adhesive used. 

The mass loss % was recorded based on the mass loss recorded by the cone-calorimeter 

apparatus, Figure 8-16 (b). The mass loss percentage of the plywood samples (remainder: 

13.53% for CP and 8.42% for EP) were observed to be very steep and drastic, compared to 

that of the veneer composite (13.44%) which had a similar response as that of the FR wool-

PP composite (9.52%). The percentage mass loss of the hybrid plywood was observed to be 

less than the wool-PP fire-retardant composite, and the overall average mass of the char 

residue was observed to be the highest (4.2 g), as can be observed from Figure 8-17. Finally, 

the fire performance index (FPI) was calculated, which is often used as a single quantity to 

define the fire performance of a material. The FPI was calculated to be similar for the 

plywood structures (0.037-CP, 0.039-EP), with a slight increase in the EP samples. The FPI 

was further observed to drastically increase for both the composite and the veneer composite, 

having a value of 0.05 and 0.048, respectively. Thus, it can be concluded that the fire-

performance of the hybrid plywood significantly increased, being almost similar to that of 

the fire-retardant composite. 

 
Figure 8-16: The (a) TSP and (b) mass loss % experienced by the samples when exposed to 
50 kW/m2 heat irradiance. 
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Figure 8-17: The residual char of (a) commercial plywood, (b) epoxy-glued plywood and (c) 
wool veneer composite. 

 Studying the advantages and disadvantages of the hybrid-veneer 

The comprehensive mechanical and fire study proved that the orientation of the veneer layer 

has considerable effects on the final performance of the structure. Therefore, it is imperative 

to observe the exact advantages and disadvantages of the veneer composite, when compared 

to both the epoxy-glued and commercial plywood structures and also the neat composite. 

The results of the hybrid-plywood when tested in the longitudinal direction (0°/FR Wool-

PP/0°) were compared to the plywood samples, both having 0°/90°/0° orientation, and to the 

FR composite. The reason behind this was the studies [62, 93] which have shown that 

plywood with 0°/90°/0° orientation have the best possible mechanical, forming and 

structural performances, and the previous sections which proved that the longitudinally 

loaded veneer composite had the best results. Furthermore, a comparison of the transversely 

loaded veneer composite with the 90°/0°/90° orientation of both the plywood structures and 

the FR composite was also carried out. Table 8-4 illustrates the percentage increase or 

decrease in the various important parameters tested to highlight the benefits of using the 

recommended hybrid-plywood structure. The mechanical properties of the commercial 

plywood sample (0°/90°/0°) was significantly higher for most of the studies, except 

compression, because of the ideal manufacturing method and the possible advantages of the 

adhesive system. The tensile strength was higher for both the plywood samples during 

longitudinal loading when compared to the hybrid plywood. However, the transverse loading 

of the hybrid-plywood out-performing both the plywood counterparts. The flexural strength 

again had a similar relation, with the plywood samples loaded at 0°/90°/0° orientation having 

better performance than the longitudinally loaded veneer composite. Nevertheless, the 

transverse loading again showed the veneer composite to have substantially better properties. 

Both the tensile and flexural properties of the hybrid plywood outperformed the neat FR 

composite, in both directions.   

)a )b )c
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Table 8-4: Percentage variation of the best performing veneer composite layups. 

Properties 0°/FR Wool-PP/0° 90°/FR Wool-PP/90° 

Relation with: CP EP FR wool-PP CP EP FR wool-PP 

Tensile strength -65% -45% +53% +84% -54% +4% 

Flexural strength -41.2% -21.9% +54.9% +73.9% +30.1% +25.6% 

Impact resistance -54.9% +47.8% +41.3% +41.4% +55.2% +6.9% 

Compressive strength +49.4% +42.5% +23.9 +83.9% +38.5% +15.3% 

Time to ignition +4% -10.3% +10% +4% -10.3% +10% 

PHRR -17.4% -26.8% +16% -17.4% -26.8% +16% 

Time to PHRR +75.6% +71.5% -35.9% +75.6% +71.5% -35.9% 

Residual char +63.1% +77.6% +35.7% +63.1% +77.6% +35.7% 

FPI +23% +19% -4% +23% +19% -4% 

Note: Plywood orientation of 0°/90°/0° are taken for CP and EP; '-' means lower and '+' means higher. Values in 
Italics font shows superior performance from their counterparts. 

The commercial plywood (0°/90°/0°) had 54.9% higher impact resistance compared to the 

longitudinally loaded veneer composite, which outperformed both the EP-0°/90°/0° and FR 

samples. The transverse loading again showed superior performance by the veneer 

composite. The compressive strength was higher for the veneer composites in both directions 

when compared to both the plywood samples and also the composite. The mechanical 

properties showed that the hybrid-plywood composites had quite similar properties in both 

the longitudinal and transverse directions, an aspect often missing in general plywood 

structures. Therefore, although the longitudinal loading showed improvements only from 

that of the composite, the transverse loading showed superiority over all the counterparts in 

almost all aspects. The fire performance, as expected, had no variation based on the grain 

direction of the outer veneer layers. The fire-reaction properties were also compared to show 

the increase in the time to ignition of the hybrid plywood when compared to CP and FR 

wool-PP samples. Furthermore, the PHRR was drastically decreased for the veneer 

composite and the time to PHRR was increased when compared to the plywood samples, 

Table 8-4, due to the influence of the composite layer, which had the best results. The ability 

of the veneer composites to produce intumescent char was the highest. The FPI was also 

observed to increase substantially for the hybrid plywood, when compared to the plywood 

samples, giving very similar results as that of the fire-retardant composite (-4%).  
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8.5 Concluding remarks 

The chapter deals with the introduction of a different glue system for manufacturing the 

plywood samples, changing the aliphatic base to an epoxy one. The mechanical study on the 

effects of glue showed that the epoxy-based glue has significant advantages in compressive 

and flexural properties, although under-performing in tensile and impact resistance in the 

longitudinal plane (0°/90°/0°-orientation). However, the change in the plane (90°/0°/90°-

orientation) results in the epoxy-glued plywood samples to out-perform in almost all the 

aspects of the mechanical performance, except impact resistance. Thus the epoxy-based glue 

could have a tougher and stronger bond with better mechanical performance when both 

longitudinal and transverse planes were considered. Therefore, the advantages in the glue 

system were utilised to manufacture hybrid novel veneer composites with various fire-

retardant polypropylene-based composites; namely, flax fibre reinforced fire-retardant 

polypropylene, fire-retardant ammonium polyphosphate mixed in polypropylene and fire-

retardant wool fibre reinforced polypropylene (FR wool-PP), being used as the middle layer 

of the three-layered hybrid laminate. Proper mechanical, fire and microscopic analyses 

revealed that the ideal laminate with perfect desired bonding and good fire response was the 

veneer composite made with FR wool-PP. Therefore, the same was used to conduct a 

comprehensive analysis of the mechanical and fire performance and compare the same with 

the best performing plywood samples, with two different glue systems and with the 

composite itself. 

The mechanical study concluded that the tensile strength of the epoxy-glued plywood sample 

was about 52% higher on average from the hybrid plywood, which was again about 44% 

higher than the FR wool-PP composite. Moreover, the flexural strength and the impact 

resistance again showed a similar trend with the combination of veneer and wool composite, 

resulting in a substantial increase of the mechanical performance when compared to the 

composite. Additionally, apart from tensile properties, the veneer composite out-performed 

the epoxy-glued composite in every other aspect including impact, flexural and compressive 

strengths. It should again be noted that the mechanical performance of the hybrid plywood 

was superior in all aspects when compared to the composite itself. Furthermore, the 

transverse loading of the hybrid plywood showed better performance in almost all aspects, 

proving that the structure is mechanically more stable in both directions. The fire-reaction 

properties also showed excellent variations for the veneer composites where the time to 
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ignition was increased from both the commercial plywood and the composite itself. 

Furthermore, the PHRR value was drastically decreased for the veneer composites when 

compared to the plywood samples giving a response similar to the fire-retardant wool-PP 

composite after the first peak. Moreover, the HRR response depicted substantial fire-

retardancy in the veneer composites, with a very stable response during the majority of the 

burning phase whose trend was similar to that of a thick charring material with a second 

peak. The time to PHRR was also considerably improved to 151.7 s for the veneer 

composites when compared to only 37 s for the commercial plywood and 43.3 s for the 

epoxy-glued plywood samples. The time to flame-out was also increased significantly for 

the veneer composites by almost three times compared to the plywood samples. The char 

formed after the burning phase was also highest among all the samples with a weight of 4.2 

g. The fire-performance index was further observed to increase for the veneer composites, 

giving a value similar to that of the fire-retardant composite itself. Overall, the veneer 

composites showed significant advantages in mechanical and fire performance and can have 

promising applications in various eco-friendly, biodegradable and sustainable structural 

aspects. The veneer composite was finally studied to have substantially increased both the 

mechanical and fire response from either one or all of the counterparts, proving possible 

future advancements and applications. 
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 1 

Chapter 9 2 

 Conclusions and Future 3 

Recommendations  4 

9.1 Conclusions 5 

The primary goal for the current research was to study and observe the thermoforming 6 

phenomenon of plywood, control and minimise the shape distortion for the same, apply the 7 

achieved methods to form complex structures for possible structural applications, and report 8 

the influence on the fire performance of those structures and enhance the same through 9 

manufacturing hybrid veneer composites. A discrete concluding section has been provided 10 

with all the individual chapters, and thus, this part concludes the salient features of the entire 11 

study in an overarching manner. The major findings can be detailed as follows: 12 

❖ Ideal parameters for forming 3-ply veneer (~2 mm) laminates, established through 13 

detailed statistical analysis in a vee-bending setup, were a forming temperature of 200ºC, 14 

moisture content of 24.8%, bend radius to thickness ratio of 3 and forming rate of 200 15 

mm/min. Furthermore, the effect of each parameter on the final shape distortion during 16 

the post-forming curing phase was studied and reported, with the forming temperature 17 

having the highest influence. 18 
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❖ The observed ideal parameters were then used to perform a multiple bend analysis with 1 

in-situ and kinematic strain analyses for observing the effects of the individual bending 2 

axis. Moreover, the ideal post-forming curing time was also established to be 24 h, and 3 

the included angles were calculated to roughly compensate for the shape distortion. A 4 

detailed shape conformance study was carried out, and the bends were found to have no 5 

influence on each other for the minimum possible span of 23 mm, highlighting a 6 

significant advantage of forming plywood structures. 7 

❖ The ideal in-situ curing time was further established to be 80 s for multiple bends, 8 

through another statistical study based on both Taguchi and Factorial methods, with a 9 

forming temperature of 250ºC. The study gave a shape distortion of only 2.93º, which 10 

was significantly less than that achieved in any plywood forming. Additionally, a new 11 

forming technique was introduced, with an in-situ curing time of 24 h, including the 80 12 

s of heated in-situ curing phase, giving negligible shape distortion and helping in 13 

achieving the exact desired top-hat sections. 14 

❖ Having achieved the possibility of forming the exact geometry, the parameters were 15 

further used to form a developable surface for the first time from plywood. The surface 16 

was theoretically established through curvatures which were proved to be developable 17 

through previously established theorems. A match die was designed based on the theory, 18 

which was verified on both sheet-metal and plywood. The forming parameters required 19 

to achieve the desired profile were a forming rate of ≤ 45 mm/min, a forming temperature 20 

of 200ºC, pre-forming moisture content of 25.7%, an in-situ curing time of 24 h with 80 21 

s heated in-situ curing phase and a final post-forming curing phase of 24 h. 22 

❖ The successful applications of the new forming technique were further used to 23 

manufacture partial compartments or chambers. The normalised significance on the fire-24 

reaction properties due to forming were reported through an experimental verification 25 

and compared to the traditional straight-edged samples. The formed samples were 26 

observed to have significantly improved fire performance, with higher time to ignition, 27 

time to PHRR, time to flame-out, burn time and ignition temperature. Although the 28 

PHRR was also recorded to be higher, the total smoke produced, and the mass loss had 29 

superior performances along with a stable char residue. Both the effects of orientation 30 

and size were also studied, which gave similar inferences. The experimental verification 31 

was backed by developing a numerical simulation that can successfully predict the fire 32 

performance of standard plywood samples, under varying heat fluxes. The simulation 33 
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was also extended to successfully replicate the fire-performance of the straight-edged 1 

and formed compartments. Both the simulations were observed to be in significant 2 

agreement with the experimental studies. Furthermore, the verified simulation of the 3 

compartments was then used to numerically observe the relationship of the radius to 4 

half-span ratio with the fire performance. The study concluded that the formed radii had 5 

significant influences on the fire-reaction properties, which can be properly observed 6 

when the radius to half-span ratio is ≥ 0.06. 7 

❖ The process of observing the effect of formability on flammability was extended to core 8 

structures where the fire performance of sandwich panels made from corrugated and 9 

honeycomb cores was experimentally studied. The results were compared with those 10 

made from natural (flax) fibre reinforced fire-retardant polypropylene composite 11 

counterparts. The plywood structures outperformed the composites in time to ignition, 12 

peak heat release rate, total smoke produced, total heat released and total heat evolved. 13 

Furthermore, the honeycomb cores were observed to have better fire-reaction properties 14 

compared to the corrugated counterparts. 15 

❖ The comparison between the natural composite (plywood) and natural fibre reinforced 16 

composite proved that plywood has significant advantages in many aspects of the fire-17 

reaction properties along with the already established mechanical significance. On the 18 

other hand, natural fire-retardant composites, such as fire-retardant wool-PP, lack in the 19 

mechanical aspects, although having excellent fire performance. Therefore, the 20 

possibility of combining the two materials to achieve a hybrid veneer composite was 21 

ventured with the fire-retardant layer in the middle of two veneer layers. Three different 22 

material systems were analysed where fire-retardant wool polypropylene composites 23 

were obtained to have both bonding and mechanical superiorities. Therefore, the wool-24 

veneer hybrid fire-retardant composite was reported to have promising mechanical 25 

properties and superior fire performance compared to those of ordinary plywood 26 

structures. 27 

9.2  Future recommendations 28 

The current thesis demonstrated that there are quite a few scopes for future works which can 29 

be used for tackling various challenges present. The possible future scopes are listed as 30 

follows: 31 
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➢ The ability to eliminate post-forming shape distortion can be successfully used to 1 

generate numerous complex formed geometries from plywood including origami and 2 

various other geometries for both structural and non-structural applications. The findings 3 

can also be used in roll-forming for manufacturing continuous profiles of the desired 4 

geometry for batch production. The work has immense possibilities of increasing the use 5 

of renewable, sustainable, bio-degradable and environmental friendly plywood 6 

structures in different applications. 7 

➢ The successful production of a developable surface for the first time in plywood can 8 

further facilitate the use of the material system in different structures where the 9 

hygroscopicity and other inherent properties of plywood can be beneficial. The use can 10 

be easily extended to both internal and external applications and in designing unique 11 

structures from a more economical and renewable material. 12 

➢ The numerical model predicted in the current study for representing the fire performance 13 

of the standard and formed plywood structures can be further extended to simulate the 14 

fire-reaction properties of corrugated and honeycomb structures. The presence of glue 15 

can also be included in the form of multiple material layups to have a better 16 

representation of the performance of the different samples under radiant heating. 17 

Furthermore, the formed parts were represented as gradual steps; which can be 18 

eventually replaced by actual curved surfaces for a more realistic representation. 19 

Additionally, the relationship of the height of the formed walls, on the fire reaction 20 

properties can also be obtained. 21 

➢ The fire-performance of the sandwich structures made from plywood, which showed 22 

considerably better performances in many aspects when compared to the fire-retardant 23 

counterparts, can be further enhanced in different ways. One of the ideal methods would 24 

be the possible application of fire-retardant foams inside the cavities, which might help 25 

in enhancing fire, mechanical and insulation properties. Other methods might include a 26 

fire-retardant coating or fire-retardant glue to manufacture the plywood and the 27 

sandwich structures. 28 

➢ The possibility of improving the fire-reaction properties by utilising a fire-retardant 29 

composite as the core layer in a veneer composite can have substantial uses and 30 

advancements for possible structural applications. The presence of veneers was also 31 

found to enhance the mechanical properties of the composite itself when bonded 32 

properly through the desired wetting. Therefore, there are significant possibilities of 33 

extending the work to achieve a better natural fibre reinforced fire-retardant composite 34 
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that can bond well with the veneers and result in even better performances. Another 1 

method of preparation might be the possibility of melting the composite by heat to enable 2 

the adhesion of the veneers on both sides (the matrix of the composite will act as the 3 

adhesive) and then curing to prepare a different variant of veneer composite. The veneer 4 

composites can be further used to make corrugated and honeycomb sandwich panels, 5 

giving superior fire performances to the veneer composites. 6 

 7 
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 Appendices  

11.1 Appendix 1 

Table 11-1: Summary of the experimental fire performance studies on various types of wood. 

Wood type Heat-flux 
used for 
experiment 
(kW/m2) 

Auto-
ignition 
temperature 
(°C) 

Piloted 
ignition 
temperature 
(°C) 

Time to 
ignition (s) 

Heat release 
rate ( 
kW/m2) and 
PHRR 

Abura (76 × 
76 × 19 
mm3) 

41.84 545 Not reported 520 (Dry 
state) Not reported 

Anthracite 
(standard 
sizing) Not 

reported 

498 (Pure 
wood) 

 
219-270 

(other parts 
of the tree) 

Not reported Not reported Not reported 

Ash: Oregon 
(25.17 mm: 

diameter and 
57.15 mm: 

length) 

Not 
reported 232-234 

The ignition temperatures were measured 
through a constant rise in temperatures every 
hour till the required temperature for ignition 

was reached. Therefore, other parameters 
were not reported. 

Assaku 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-312 Not reported 95 Not reported 

Balsa 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-310 Not reported 30 Not reported 

Birke 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-320 Not reported 179 Not reported 
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Blackbutt 
(100 × 100 × 

17 mm3) 
25-35 Not reported 300 Not reported Not reported 

Bongossi 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-323 Not reported 462 Not reported 

Buche 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-318 Not reported 151 Not reported 

Cedar 
(varying 

sizes) 

15-35 
≥41.84 

242-525 
350 

354-450 
Not reported 23-583 Not reported 

Cottonwood 
(610 mm 

diameter and 
19 mm thick) 

7.9 Not reported 492-504 481-653 

HRR varied 
from 0 to 10 

kW/m2 
(PHRR=10) 

Eiche 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-321 Not reported 272 Not reported 

Fichte 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-314 Not reported 140 Not reported 

Fir Douglas, 
true and 

white 
(varying 

sizes) 

7-8 
 
 

25-35 
18-35 (1 
side heat) 
18-35 (2 
side heat) 

>35 

Not reported 
 
 

Not reported 
401 

334.4 
250-255 

509 
 
 

350 
354.3 
275.3 

- 

354-1078 
 
 

Not reported 
124.7│285.7 
170.1│400 

Not reported 

HRR varied 
from 0 to 14 

kW/m2 
(PHRR=14) 
Not reported 
Not reported 
Not reported 
Not reported 

Hemlock 
(varying 

sizes) 
Not 

reported 208-285 

Not reported primarily because the studies 
only focused on the decay process and 

measured the rise of ignition temperature till 
ignition. 

Japanese 
plywood 
(varying 

sizes) 

Horizontal 
25 
33 
50 

Vertical 
35 
55 

Not reported 

 
Not reported 

587-603 
Not reported 

 
586-588 

Not reported 

 
158.2-272 
48.1-81.4 

Not reported 
 

Not reported 
Not reported 

Not reported 

Kiefer 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-317 Not reported 187 Not reported 

Kirsches 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-316 Not reported 144 Not reported 

Larch 
(varying 

sizes) 
41.84 298-500 Not reported 130 (Dry 

state) Not reported 
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Mahogany 
(varying 

sizes) 

Horizontal 
6-9 

 
15-32 

18-35 (1 
side heat) 
18-35 (2 
side heat) 

≥41.84 
Vertical 

36 

 
Not reported 

 
525 

390.2 
380.8 
350 

 
Not reported 

 
451-524 

 
353-465 

419.5 
300.3 

Not reported 
 

375 

 
438-1524 

 
38-850 

96.2│309.5 
223.4│382.13 
Not reported 

 
122.6 

 
HRR ranged 
0-5.5 (PHRR 

=5.5) 
Not reported 
Not reported 
Not reported 
Not reported 

 
Not reported 

Makore (76 
× 76 × 19 

mm3) 
41.84 545 Not reported 495 (Dry 

state) Not reported 

Maple 
(varying 

sizes) 

Not 
reported 

6-8 
14 
18 
20 
25 
37 
50 
65 

217-219 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 

Not reported 
456-505 

Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 

Not reported 
476-1331 

960 
160 
150 
69 
20 
8 
3 

Not reported 

Oak (varying 
sizes) 

Horizontal 
6-8 

 
16-21 
25-35 
≥41.84 

18-35 (1 
side heat) 
18-35 (2 
side heat) 
Vertical 

36 
Moist (20-

60%) 
16.7-31.4 

 
Not reported 

 
365 
525 

261-545 
426.5 
344.5 

 
Not reported 

 
Not reported 

 
459-498 

 
380 
365 

Not reported 
413.7 
297.6 

 
365 

 
380 

 
269-1046 

 
140-1260 

749 
75-93 

118.6│274.6 
134│451.9 

 
Not reported 

 
37-88 

 
HRR ranged 

0-20 
(PHRR=20) 
Not reported 
At ignition 

>25.12 
Not reported 
Not reported 
Not reported 

 
Not reported 

 
Not reported 

Obeche 
(64×64 mm2 

× 18 mm) 
15.4-31.7 Not reported 340-497 29-684 Not reported 

Pappel 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-315 Not reported 138 Not reported 

Persimmon 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-322 Not reported 197 Not reported 

Pine (varying 
sizes) 

7-8 
 

16-35 

Not reported 
 

≤456.2 

445-1060 
 

380-494.8 

122-479 
 

74.5│319.5 

HRR ranged 
0-18 

(PHRR=18) 
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32-35 (2 
side heat) 

≥41.84 

Not reported 
246-1219 

333.3 
Not reported 

257.4 
Not reported 

Not reported 
Not reported 
Not reported 

Ponderosa 
pine (varying 

sizes) 
Not 

reported 236-343 Not reported 

6-1320  
(depending 
on material 

size) 

Not reported 

Columbian 
pine (varying 

sizes) 

Dry 
16-21 
46-70 
Moist 

16.3-31.8 
46-70 

 
Not reported 

545 
 

Not reported 
545 

 
380 

Not reported 
 

380 

 
160-2130 

53-70 
 

62-119 
37-88 

Not reported 

Sugar pine 
(varying 

sizes) 

Not 
reported 

7-8 
20 
25 
35 
45 
55 

250-253 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 
Not reported 

Not reported 
464-510 

Not reported 
Not reported 
Not reported 
Not reported 
Not reported 

Not reported 
159-614 

150 
49 
13 
6 
36 

Not reported 

Radiata Pine 
(varying 

sizes) 
20 
30 
35 
 

40 
50 
 

60 
65 

Not reported 
Not reported 

428 
 

Not reported 
329 

 
Not reported 

318 

327-340 
312-378 

664.9 
 

311-376 
301-697.2 

 
298-368 

774.6 

179-540 
19-93 

40.5│33.2 
 

9-36 
5-27│19.2 

 
3-11 

16│12.4 

Not reported 
Not reported 
PHRR=414.7 

(57.5 
s)│419.8 
(51.25 s) 

- 
PHRR=444.7 
(35 s)│506.7 

(37 s) 
- 

PHRR=465.8 
(25 

s)│524.46 
(30 s) 

Western 
white pine 
(varying 

sizes) 

Not 
reported 

6-8 
 

15-32 

247-266 
Not reported 

 
Not reported 

A periodic rise in temperature, other values 
not recorded 

450-515 
 

375-446 

161-985 
 

32-1094 

HRR ranged 
0-22 

(PHRR=22) 
Poplar (610 

mm diameter 
and 19 mm 

thick) 

6-8 Not reported 450-515 161-985 
HRR ranged 

0-26 
(PHRR=26) 

Red alder 
(25.17 mm 

diameter and 
57.15 mm 

length; 10 g 
bunch of 

Not 
reported 233-235 Not reported Not reported Not reported 
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matchsticks 
like samples) 

Redwood 
(varying 

sizes) 

Not 
reported 
18-35 (1-

sided heat) 
18-35 (2-

sided heat) 

241-243 
424.8 
332.3 

Not reported 
393.3 
300.9 

- 
86│177.9 

122.2│340.6 

Not reported 
Not reported 
Not reported 

Schrimbaum-
Umbrella 

tree 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-311 Not reported 63 Not reported 

Sequoia 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-313 Not reported 105 Not reported 

Sitka spruce 
(25.17 mm 

diameter and 
57.15 mm 

length; 10 g 
bunch of 

matchsticks 
like samples) 

Not 
reported 248-252 

The ignition temperatures were measured 
through an hourly rise in temperatures, so 

nothing else was reported 

Tetramales 
Nudiflora 
(standard 
sample) 

Not 
reported 228 Not reported Not reported Not reported 

Ulme 
(Density: 

0.1-1 g/cm3) 

Not 
reported 240-319 Not reported 164 Not reported 

USA 
Plywood 
(100×100 

mm2 × 11.8 
mm) 

25 
33 
50 

Not reported 
 

572 
 

263.8 
54.7 
21.6 

Not reported 

Victorian ash 
(100 × 100 × 

17 mm3) 
25-35 Not reported 311 Not reported Not reported 

Whitewood 
(varying 

sizes) 

Dry 
15-21 
51-63 

Moist (20-
60%) 
15-21 
21-63 

 
Not reported 

545 
 

Not reported 
545 

 
380 

Not reported 
 

380 
Not reported 

 
180-2380 

45-48 
 

45-61 
45-61 

 
Not reported 
Not reported 

 
Not reported 
Not reported 

General 
wood 

(Varying 
sizes) 
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11.2 Appendix 2 

 Vee-bending of the samples 

The sample experiencing the vee-bending process is illustrated in Figure 11-1. 

 
Figure 11-1: Illustration of the vee-bending process when the sample is held at the holding 
position for in-situ curing. 

 Statistical analysis 

The details of the 2-level ((Figure 11-2) and 3-level (Figure 11-3) Taguchi and Annova 

Pareto analyses (Figure 11-5) are provided with the final results and the L9 matrices (Figure 

11-4) used.  It can be observed that the bending force was also used as one of the variables 

for performing the Taguchi analysis; however, due to the very limited effects, the results 

were not plotted eventually. 
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Figure 11-2: Matrix used to plot the graph for the 2-level variability study. 

 
Figure 11-3: L9 matrix filled with the values of the randomly ordered experiments. 

 
Figure 11-4: L9 matrix filled with the respective S/N ratios calculated from the previous 
matrix (Figure 11-3). 

 
Figure 11-5: Table used to plot the representation of the Pareto Annova Analysis. 

200 700 50 500 150 250 20 (30 sec) 27.3 (120 sec)

1 2 1 2 1 2 1 2

1 1111 1.13984108 1.139841 1.139841 1.139841 1.13984108

2 1122 1.28761798 1.287618 1.287618 1.287618 1.287617984

3 1212 0.79276796 0.792768 0.792768 0.792768 0.792767963

4 1221 1.20861956 1.20862 1.20862 1.20862 1.20861956

5 2112 0.99294142 0.992941 0.992941 0.992941 0.992941417

6 2121 1.29576974 1.29577 1.29577 1.29577 1.29576974

7 2211 1.1952556 1.195256 1.195256 1.195256 1.1952556

8 2222 1.13726365 1.137264 1.137264 1.137264 1.137263652

9.05007699 4.428847 4.62123 4.71617 4.333907 4.120806 4.929271 4.83948597 4.210591017

8 4 4 4 4 4 4 4 4

1.13125962 1.107212 1.155308 1.179043 1.083477 1.030202 1.232318 1.20987149 1.052647754

Total

No of values

Average

Rate of forming

Forming 

temperature Moisture content

Response table for log (s)

Combination

Standard 

order 

number

Observed 

values of 

log s

Bending force

200 400 700 50 200 500 150 200 250 20 24.8 27.3

1 2 3 1 2 3 1 2 3 1 2 3

1 1111 13.2 13.2 13.2 13.2 13.2

2 1222 11.933333 11.93333 11.933333 11.933333 11.9333333

3 1333 12.333333 12.33333 12.333333 12.333333 12.3333333

4 2123 11.866667 11.86667 11.866667 11.866667 11.8666667

5 2231 14.566667 14.56667 14.566667 14.566667 14.5666667

6 2312 8.8 8.8 8.8 8.8 8.8

7 3132 15.633333 15.63333 15.633333 15.633333 15.6333333

8 3213 8.5 8.5 8.5 8.5 8.5

9 3321 14.733333 14.73333 14.733333 14.733333 14.7333333

Total 37.46667 35.23333 38.86667 40.7 35 35.866667 30.5 38.533333 42.533333 42.5 36.3666667 32.7

Average 12.48889 11.74444 12.95556 13.566667 11.666667 11.955556 10.16667 12.844444 14.177778 14.1666667 12.1222222 10.9

Forming temperature Moisture content

Standard order trial number

Bending force Rate of forming

L9 matrix filled with the experimental values

200 400 700 50 200 500 150 200 250 20 24.8 27.3

1 2 3 1 2 3 1 2 3 1 2 3

1 1111 -22.41264 -22.41264 -22.412642 -22.41264 -22.412642

2 1222 -21.60669 -21.60669 -21.606686 -21.60669 -21.606686

3 1333 -21.82795 -21.82795 -21.82795 -21.827949 -21.827949

4 2123 -21.49691 -21.4969 -21.496911 -21.49691 -21.496911

5 2231 -23.26943 -23.2694 -23.269432 -23.269432 -23.269432

6 2312 -19.04643 -19.0464 -19.04643 -19.04643 -19.046434

7 3132 -23.88368 -23.88368 -23.883677 -23.883677 -23.883677

8 3213 -18.59679 -18.59679 -18.596786 -18.59679 -18.596786

9 3321 -23.37166 -23.37166 -23.37166 -23.37166 -23.371663

Total -65.84728 -63.8128 -65.85213 -67.79323 -63.472903 -64.24605 -60.05586 -66.47526 -68.981058 -69.053736 -64.536797 -61.921647

Average -21.94909 -21.2709 -21.95071 -22.597743 -21.157634 -21.41535 -20.01862 -22.15842 -22.993686 -23.017912 -21.512266 -20.640549

L9 matrix filled with the s/n values

Standard order trial number

Bending force Rate of forming Forming temperature Moisture content

200 400 700 50 200 500 150 200 250 20 24.8 27.3

A0 A1 A2 B0 B1 B2 C0 C1 C2 D0 D1 D2

-65.85 -63.81 -65.85 -67.79 -63.47 -64.25 -60.06 -66.48 -68.98 -69.05 -64.54 -61.92

AO-A1 A1-A2 A0-A2 BO-B1 B1-B2 B0-B2 C0-C1 C1-C2 C0-C2 D0-D1 D1-D2 D0-D2

-2.034 2.0393 0.0048 -4.32 0.7731 -3.547 6.4194 2.5058 8.9252 -4.517 -2.615 -7.132

4.1392 4.1589 2E-05 18.665 0.5978 12.583 41.209 6.279 79.659 20.403 6.839 50.867

Sum of squares of differences

Total

Sa Sb Sc Sd

Contribution ratio

8.298152014 31.84547801 127.1468264

3.381494968 12.9770247 51.81230146 31.82917887

78.1084601

Differences of A Differences of B Differences of C Differences of D

Squares

L9 matrix filled with the experimental values

Standard order trial number

Bending force Rate of forming Forming temperature Moisture content

A B C D
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 Multiple bend analysis 

The two different types of legs were design and manufactured for the multiple bend analysis 

on the 4-point bending rig, which is illustrated in Figure 11-6. 

 
Figure 11-6: Illustration of the (a) standard 4-point bending leg designed to hold the 6 mm 
radius roller with heated element and (b) inclined legs at 7.5º for the shape conformance 
study. 

  

)a )b
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11.3 Appendix 3 

The L9 matrices used to perform the Taguchi analysis are illustrated in Figures 12-7 and 12-

8. The values form the basis that was used to achieve the graphs replicated in Chapter 4.  

 
Figure 11-7: The L9 matrix filled with the experimentally achieved values from the 
experimental combinations. 

 
Figure 11-8: The L9 matrix prepared from the S/N value achieved from the formula, based 
on the experimental values given in Figure 12-7. 

The detailed microscopic study of all the samples used for the Taguchi analysis is illustrated 

in Figure 11-9. Finally, the forming process of the top-hat section is illustrated in Figure 12-

10, and the match-die designed for the formation of top-hat sections from plywood is 

illustrated in Figure 12-11, with the 2D schematic of the male and female punches. 

L9 matrix filled with the experimental values

Standard 

order trial 

number

Combination
Observed 

Values

A= Forming temperature ( C) B= In-situ curing time (sec) AB=Interaction

150 200 250 20 60 100
A B C

A B C A B C

1 1111 11.96667 11.96667 11.96667 11.96667

2 1222 11.38333 11.38333 11.38333 11.38333

3 1333 11.08333 11.08333 11.08333 11.08333

4 2123 11.8 11.8 11.8 11.8

5 2231 9.416667 9.416667 9.416667 9.416667

6 2312 7.15 7.15 7.15 7.15

7 3132 5.05 5.05 5.05 5.05

8 3213 3.966667 3.966667 3.966667 3.966667

9 3321 0.233333 0.233333 0.233333 0.233333

Total 34.43333 28.36667 9.25 28.81667 24.76667 18.46667 23.08333 23.41667 25.55

Average 11.47778 9.455556 3.083333 9.605556 8.255556 6.155556 7.694444 7.805556 8.516667

L9 matrix filled with the S/N values

Standard 

order trial 

number

Combination
Observed 

Values

A=forming temp B=in-situ curing time AB

150 200 250 20s 60s 100s
A B C

A B C A B C

1 1111 -21.5912 -21.5912 -21.5912 -21.5912

2 1222 -21.129 -21.129 -21.129 -21.129

3 1333 -20.9003 -20.9003 -20.9003 -20.9003

4 2123 -21.4532 -21.4532 -21.4532 -21.4532

5 2231 -19.4804 -19.4804 -19.4804 -19.4804

6 2312 -17.0899 -17.0899 -17.0899 -17.0899

7 3132 -14.5083 -14.5083 -14.5083 -14.5083

8 3213 -12.0026 -12.0026 -12.0026 -12.0026

9 3321 5.016894 5.016894 5.016894 5.016894

Total -63.6204 -58.0236 -21.4939 -57.5527 -52.612 -32.9733 -50.6837 -37.5653 -54.8889

Average -21.2068 -19.3412 -7.16465 -19.1842 -17.5373 -10.9911 -16.8946 -12.5218 -18.2963
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Figure 11-9: The detailed optical microscopy images of the 9 samples used to perform the 
Taguchi analysis. 

 
Figure 11-10: Top-hat section production from plywood. 

tI=20sec
Tf=150°C

tI=20sec
Tf=200°C

tI=20sec
Tf=250°C

tI=60sec
Tf=150°C

tI=60sec
Tf=200°C

tI=60sec
Tf=250°C

tI=100sec
Tf=150°C

tI=100sec
Tf=200°C

tI=100sec
Tf=250°C

Burnt part resulting
in degradation
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Figure 11-11: Illustration of the (a) female punch and (b) male punch for the match-die 
prepared to produce top-hat sections from plywood. 

  

)a

)b
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11.4 Appendix 4 

 
Figure 11-12: Illustration of the (a) female punch and (b) male punch for the match-die 
prepared to produce the developable surface on sheet-metal and plywood. 

  

b)

a)
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11.5 Appendix 5 

 
Figure 11-13: Smoke views of the different FDS models simulated showing (a) the standard 
samples at different heat fluxes and (b) formed compartments with different R/L ratios. 

  

3/50 6/100

35 kW/m2 50 kW/m2 65 kW/m2

b)

a)

9/150
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11.6 Appendix 6 

 The effect of glue on the mechanical performance of the plywood 

structures 

The aliphatic and the epoxy-based adhesives were compared based on their tensile, flexural, 

impact and compressive properties to conclude the advantages and disadvantages of 

changing the commercial adhesive system. 

11.6.1.1 Tensile properties 

The tensile properties, as mentioned earlier, were observed based on the ASTM D3500 

standard [352]. The observed tensile properties are illustrated in Figure 11-14. The EP 

samples were manufactured in all possible combinations, and the tensile properties were 

studied to observe the differences due to orientation. The CP-0°/90°/0° samples gave the 

best tensile properties with a tensile modulus of 11.99 GPa and ultimate tensile strength of 

101 MPa. The superior properties can be attributed directly to the manufacturing method, as 

the samples were prepared commercially with much more precision and accuracy. Another 

reason could be the superior bonding between the veneer laminates, although the other 

results prove otherwise. The EP-0°/90°/0° samples showed a drop in the tensile properties 

compared to the commercial counterpart, giving a tensile modulus of 6.04 GPa and ultimate 

tensile strength of 63.5 MPa. However, the EP-90°/0°/90° samples interestingly showed that 

a rise in the tensile properties compared to the commercial counterpart, where the tensile 

modulus and ultimate tensile strength were recorded to be 3.28 GPa and 37.3 MPa, compared 

to 0.48 GPa and 2.76 MPa respectively. The rise in the tensile properties with the change in 

testing orientation pointed towards the possibility of the epoxy glue is mechanically superior 

to the PVA glue used commercially, and the better performance in the initial configuration 

can be solely related to manufacturing superiority. However, other mechanical properties 

were needed to be studied for concluding the same. Two other orientations of the EP 

samples, namely, 0°/0°/0° and 0°/0°/90°, were studied to observe the variation and influence 

of the orientations. It was observed that the EP-0°/0°/0° gave the best results in tensile 

properties among all the EP samples, with a tensile modulus of 9.64 GPa and ultimate tensile 

strength of 74.3 MPa. The reason can be linked to the orientation with the grains of all the 

layers being parallel to the testing direction, giving stronger samples in the longitudinal 

plane, which will automatically become very weak in the transverse plane. The EP-0°/0°/90° 
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samples showed similar results as that of Ep-0°/90°/0°, with a little bit higher modulus and 

a little bit lower ultimate tensile strength. Therefore, it can be reported that the alternate 

orientation works best for the plywood samples, distributing the strength properly in all 

directions. The EP-0°/90°/0° samples experienced 37.1% drop in ultimate tensile strength, 

compared to the commercial counterpart; whereas the EP-90°/0°/90° samples experienced a 

92.6% rise when compared to the commercial ones. Therefore, the epoxy-based glue was 

observed to have significant advantages, providing greater strength in the transverse 

direction compared to that provided by the PVA glue. Additionally, the epoxy glue also gave 

better results, in all the orientations, when compared to the polyurethane glued samples, 

reported by Srinivas [1].  

 
Figure 11-14: The comparison between the (a) Young’s modulus and the (b) Ultimate tensile 
strength of the commercial PVA-glued plywood and epoxy-glued plywood samples. 

11.6.1.2 Flexural properties 

The flexural properties were reported based on the centre-point flexure test stated under 

Method A in ASTM D3043 standard. The test method is more commonly known as the 

three-point flexure test, assuming that the strength and elastic properties vary uniformly 

throughout the samples, cut from defect-free larger samples. The comparison between the 

commercially prepared PVA-glued samples and the lab prepared epoxy-glued samples, in 

different orientations, showed interesting aspects with similar kinds of variations as 
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experienced with the tensile testing. The results are shown in Figure 11-15 and Figure 11-16. 

The flexural modulus (Fm) and the maximum flexural strength (Fs) given in Figure 11-15 

shows that the CP-0°/90°/0° had the best properties again, compared to the different types 

of specimen, with Fm of 9.25 GPa and Fs of 88.6 MPa. The epoxy-glued counterpart showed 

reduced but promising results with Fm of 7 GPa and Fs of 66.7 MPa, which was about 24.7% 

drop in flexural strength. The 90°/0°/90° samples again showed a similar trend with the EP 

samples outperforming the CP samples, having an increase in strength by 62.6%. The Ep-

0°/0°/0° showed almost similar flexural strength as that of the Cp-0°/90°/0°, with 83.2 MPa, 

higher than the other epoxy-glued samples, as expected due to the grain directions. The 

maximum moment, calculated based on Eq. (8-3), also illustrated a similar trend with CP-

0°/90°/0° (1.36 Nm) having the highest moment, followed by Ep-0°/0°/0° (1.27 Nm) closely 

and then by EP-0°/90°/0° (1.17 Nm), Figure 11-16 (a). The transverse direction again 

showed superior performance for the EP samples. Interestingly, the bending stiffness showed 

a unique observation, with the CP-0°/90°/0° having the highest stiffness at 13.86, followed 

by EP-0°/90°/0° at 12.62.  

 
Figure 11-15: The (a) flexural modulus and (b) maximum flexural strength of the PVA-glued 
and epoxy-glued samples. 
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The EP-0°/0°/0° samples showed a stiffness of 10.79, which was lower than the EP-

0°/90°/0°. This unique phenomenon can be attributed to the symmetry of the plywood 

system, where the 0°/90°/0° orientation gave a much more stable response compared to the 

0°/0°/0°. The 90°/0°/90° again gave a higher response for the EP samples (1.41) compared 

to that of the commercial ones (0.68). Therefore, the commercial plywood again 

outperformed the EP samples in the 0°/90°/0° orientation and under-performed in the 

90°/0°/90° orientation. The reasons can again be concluded to be similar, better 

manufacturing accuracy and precision in the industry, giving better mechanical properties in 

the longitudinal direction. Moreover, with the two tests conducted, it can be observed that 

the PVA-glued veneers have better mechanical properties at 0°/90°/0° when compared to 

that of the epoxy-glued samples; whereas the properties of CP samples drastically decrease 

in the 90°/0°/90° orientation, where the Ep samples perform quite better. 

 
Figure 11-16: Illustration of the (a) maximum moment and (b) bending stiffness (×104) of 
the plywood samples with two different adhesives. 
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11.6.1.3 Impact resistance 

The results on the impact resistance are plotted in Figure 11-17. The CP-0°/90°/0° again 

recorded to have the highest toughness, with 10.2 J/m, compared to only 2.4 J/m impact 

resistance of the epoxy counterpart. The change in orientation also had similar results, with 

the CP samples having higher impact resistance compared to the EP ones when the 

orientation was 90°/0°/90°. Furthermore, the EP-0°/0°/0° samples showed the lowest 

resistance among all the samples. Thus, it can be concluded that the precise manufacturing 

technique in the industries had a huge effect on the impact resistance of the commercial 

samples, although the difference in resistance among the 90°/0°/90° samples were not 

significant. Additionally, the aliphatic glue might have a stronger bond with the veneers with 

respect to the impact resistance of the structure. However, it will be interesting to observe 

how the application of the FR wool-PP composite as the core layer affects the overall impact 

resistance of the veneer composites. 

 

Figure 11-17: The impact strength of the different samples tested. 
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of 12.1% in compressive strength, even after being prepared in the lab. Therefore, the epoxy-

glued samples definitely had better compressive properties, as can be observed from the 

other orientations as well. The 90°/0°/90° orientation again showed that the EP samples 

experienced a 73.9% increase in compressive strength and a significant increase in the 

compressive modulus as well. The 0°/90°/0° and the 90°/0°/90° had little variation in their 

compressive strength, proving that the glue helps in significantly enhancing the transverse 

properties of the samples. EP - 0°/0°/0° had the best compressive properties, with the highest 

strength, modulus and maximum load-bearing capacity; whereas, the EP - 0°/0°/90° samples 

showed the worst properties primarily due to the symmetry issue of the lay-up used. The EP-

0°/90°/0° samples further could bear more amount of load (0.823 kN), with respect to the 

PVA-glued counterpart (0.629 kN), Figure 11-19 (a). 

 
Figure 11-18: The (a) compressive strength and the (b) compressive modulus of the different 
samples tested 
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Figure 11-19: Illustration of (a) the maximum load and (b) the extension experienced at 
maximum compressive strain by the samples. 
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aspects. Furthermore, the compressive strength of the epoxy-based adhesive is significantly 

superior in comparison to the PVA adhesive and therefore, the application of the same can 

have significant advantages in the mechanical aspect of the plywood structures, giving them 

better transverse properties in tensile and flexural aspects and significantly higher 

compressive properties. 
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